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Preface

Biochar has rapidly evolved from a traditional soil amendment into a multifunctional 
material with broad relevance across agriculture, environmental science, and sustain-
able resource management. Produced through the thermochemical conversion of
biomass under oxygen-limited conditions, biochar exhibits a unique combination
of physicochemical stability, surface reactivity, and porosity that underpins its diverse
applications. As global challenges related to soil degradation, food security, climate
change, and environmental contamination intensify, biochar-based technologies
have gained increasing attention as part of integrated, low-carbon solutions for
agroecosystem management.

The edited volume Biochar – Applications in Agriculture and Environment brings
together recent advances that span fundamental processes, technological innovations, 
and applied case studies. The chapters collectively reflect the transition of biochar
research from empirical observations toward mechanistic understanding, systems
integration, and field-level implementation. The volume is organized into two
complementary sections that guide the reader from production and functionalization
strategies to agricultural, environmental, and plant health applications.

The first section focuses on biochar production pathways, functional modifica-
tion, and advanced analytical and technological approaches. The opening chapter,
“Biochar Synergy with Smart Agriculture and Environment: From Soil Amendment to
Precision Regulation Systems”, introduces biochar as an enabling component of smart
and climate-resilient agricultural systems. It highlights the integration of biochar
with sensors, nanotechnology, artificial intelligence, and closed-loop management
of carbon, water, and nutrients. This systems-level perspective sets the conceptual
foundation for the volume.

The following chapter, “Combined Thermochemical Conversion as a Pretreatment
of Manure Waste for Environmental Applications: An Overview”, examines bio-
char production in the context of manure management and anaerobic digestion. It
emphasizes thermochemical pretreatment strategies that enhance biogas yields while
producing nutrient-enriched biochar, thereby contributing to waste valorization and 
environmental sustainability.

In “Recent Progress in the Influence of B- and N-Doped Primary and Secondary
Hydrochar-Based Electrodes from Renewable Raw Materials on the Capacitive
Performance for Energy Storage Applications” attention shifts to material functional-
ization and emerging non-agricultural uses of biochar-derived carbons. This chapter
reviews the role of heteroatom doping and hydrothermal carbonization in tailoring 
carbon materials for energy storage, illustrating the expanding technological scope
of biochar research.
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The first section concludes with “Isotopic Tracers and Biochar in Soil Fertility and 
Plant Nutrition: Mechanistic Insights into Nutrient Cycling, Carbon Dynamics 
and Agroecosystem Functioning – A Review”. This chapter addresses a critical meth-
odological gap by demonstrating how stable and radioactive isotopes can disentangle 
biochar-driven processes in soil–plant systems. By resolving carbon turnover, nutri-
ent fluxes, and priming effects, isotopic approaches provide a robust framework for 
advancing mechanistic understanding and improving agronomic recommendations.

The second section centers on agricultural and environmental applications, with 
an emphasis on soil health, crop productivity, and plant protection. “Research and 
Application Progress of Biochar in Amelioration of Saline-Alkali Soil” synthesizes 
current knowledge on the role of biochar in improving saline–alkali soils, detailing 
its effects on soil physicochemical properties, nutrient availability, microbial activity, 
and carbon sequestration. The chapter highlights both opportunities and limitations 
associated with large-scale implementation.

Field-based evidence is further explored in “Use of Biochar and Compost in Soil 
Remediation, Growth and Yield of Cereals and Legume Crops in Niger State, Nigeria”. 
This chapter presents applied research demonstrating how biochar, alone or in 
combination with compost, can remediate problem soils, enhance crop growth, 
and improve yields under smallholder farming conditions, thereby linking biochar 
technology to food security and rural livelihoods.

The volume concludes with “Biochar as a Management Tool for Soilborne Fusarium 
and Phytophthora Pathogens”, which expands the discussion to plant health and dis-
ease suppression. By focusing on soilborne pathogens of major economic importance, 
this chapter highlights biochar’s indirect mechanisms of action through rhizosphere 
modification, microbial interactions, and soil environmental changes, positioning 
biochar as a complementary tool in sustainable plant disease management.

Together, the chapters in this edited volume provide a coherent overview of biochar 
research across scales, from molecular-level mechanisms and material engineering to 
field applications and agroecosystem functioning. By integrating production tech-
nologies, mechanistic insights, and practical applications, the book aims to support 
researchers, practitioners, and policymakers seeking science-based strategies for 
sustainable agriculture and environmental management.

We editors gratefully acknowledge all contributing authors for their expertise and 
commitment, as well as the reviewers whose constructive comments strengthened the 
quality of this volume. Appreciation is also extended to the IntechOpen editorial team 
for their professional support throughout the publication process.

Dr. Kassio Ferreira Mendes and Dr. Rodrigo Nogueira de Sousa
Professor,

Center for Nuclear Energy of Agriculture,
University of São Paulo,

Piracicaba, SP, Brazil
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Chapter 1

Biochar Synergy with Smart 
Agriculture and Environment: 
From Soil Amendment to Precision 
Regulation Systems
Mengmeng Kong, Xiaoyong Liu, Dongjie Chen, Yangyang Xu, 
Jie Zhang, Xiting Chen, Jinyuan Liang and Hui-lian Xu

Abstract

Biochar, a carbon-rich product of biomass pyrolysis, is undergoing a paradigm 
shift from a conventional soil amendment to a precision regulation tool within smart 
agricultural systems. This review examines the evolving applications of biochar, inte-
grating nanotechnology, sensor systems, and artificial intelligence (AI) to facilitate 
precision management of carbon, water, and nutrient cycles. We investigate how the 
combination of biochar and intelligent technologies fosters closed-loop systems that 
enhance resource efficiency, mitigate climate change, and promote environmental 
sustainability. Key topics include the functional enhancement of biochar via nanosen-
sor integration and its role in climate-smart agriculture. By synthesizing scientific 
evidence and case studies, we highlight biochar’s potential to tackle global agricultural 
challenges while underscoring the necessity for collaborative governance and techno-
logical innovation.

Keywords: biosensor, nanotechnology, closed-loop management, 
climate-smart agriculture (CSA), precision environmental management

1.  Introduction

Biochar’s legacy traces back to the ancient Amazonian Terra Preta de Índio 
(Indian Black Soil), where its use transformed infertile tropical soils into enduringly 
fertile ecosystems, demonstrating prehistoric mastery of soil enhancement through 
carbon-rich amendments [1]. Modern science confirms biochar’s multifaceted value: 
its porous structure (300–2000 m2/g surface area) improves water retention by up 
to 39% and soil porosity by 15–35% [2–4]; oxygen-rich surface groups (carboxyl, 
hydroxyl) enhance cation exchange capacity (CEC), allowing for better retention of 
nutrients like NH4 

+ and K+ [5, 6]; its alkalinity counters soil acidity [7]; and it sustains 
microbial habitats while sequestering carbon for centuries [1, 8–12].
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However, traditional applications face critical constraints: a passive “input-only” 
role, reliance on empirical field trials, narrow system boundaries, and non-optimized 
“one-size-fits-all” approaches [13]. These limitations collide with today’s agricultural 
challenges, including the need to increase output by 60% by 2050 amid shrinking 
arable land [14], agriculture’s 17–21% contribution to greenhouse gas emissions [12, 
15], water scarcity (accounting for 70% of global usage), soil degradation, and pollu-
tion from agrochemicals [12, 14].

Intelligent technologies are now catalyzing a paradigm shift, transforming biochar 
from a basic amendment into a dynamic smart agriculture regulator [15]. This evolu-
tion hinges on three advances:

1. Functional innovation, where biochar becomes an “intelligent carrier” embed-
ded with nanosensors (optical, electrochemical) or stimuli-responsive nano-
materials (e.g., pH/temperature-sensitive hydrogels) [16–18]. These engineered 
composites enable real-time soil monitoring (moisture, nutrients, pollutants) 
and adaptive responses—moving beyond static amendment to active “sense-
and-respond” systems [19–25].

2. System integration, repositioning biochar as a hub for closed-loop resource 
management. It connects carbon loops (12–50% CO2-equivalent reduction [15, 
26]), water cycles (precision irrigation via enhanced retention [8]), and nutrient 
recycling (slow-release fertilizers from waste-derived biochar [2, 27, 28]), align-
ing with Climate-Smart Agriculture (CSA) goals [29].

3. AI-driven decision-making, where biochar-based sensors feed IoT networks. 
Machine learning algorithms then optimize variable-rate applications—reducing 
fertilizer use by 30% while maintaining yields [15, 30, 31].

This triad of advances converges in real-world systems like Jiangsu Province’s 
AI-biochar project for rice-wheat rotations [32]. By integrating real-time soil and 
weather monitoring, AI-prescribed nitrogen management, and biochar’s nutrient-
retention capabilities, the project reduced fertilizer inputs by 20%, boosted yields by 
8.7%, and curtailed N2O emissions—showcasing scalable synergy between ecological 
function and digital precision (Figure 1).

Thus, biochar’s technological metamorphosis—from ancestral soil enhancer 
to AI-augmented systems regulator—offers a pathway to reconcile food security, 
resource efficiency, and environmental resilience in the Anthropocene.

2.  Biochar as an intelligent carrier: Nanotechnology and sensor integration

In the context of smart agriculture, biochar has emerged as an intelligent core 
carrier endowed with sensing, response, and regulatory capabilities through the 

Figure 1. 
The operational framework of the AI-biochar system in Jiangsu Province, China.
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application of nanotechnology and sensor integration. This evolution provides 
innovative tools for precision environmental management [33–36].

2.1 Precision regulation of biochar structure driven by nanotechnology

To optimize its performance as an intelligent carrier (loading capacity, target-
ing, response sensitivity), nano-scale structural design of biochar is imperative 
(Table 1).

2.1.1 Directed optimization of pore structure

Pyrolysis condition control: The temperature (300–700°C), heating rate, and 
residence time significantly influence pore development. Elevated temperatures 
(>500°C) facilitate micropore formation, while lower temperatures (300–500°C) help 
retain oxygen-containing functional groups [36].

Precursor selection: Lignocellulosic materials (such as wood and straw) yield 
abundant pores, whereas manured biochar tends to have a higher ash content and 
more complex pore structures [13].

Physical/chemical activation: The activation process using steam or KOH/ZnCl2 
expands pores and increases specific surface area (up to >3000 m2/g), thus enhancing 
loading capacity [38].

2.1.2 Surface functionalization modification

a. Acid/base modification: Oxidation with HNO3/H2SO4 increases carboxyl and 
hydroxyl groups; treatment with NaOH/KOH enhances negative charge and 
hydroxyl content [38, 39].

b. Metal (hydroxide) loading: Techniques such as impregnation-calcination or 
coprecipitation allow for the loading of Fe3O4, MgO, Al(OH)3, and La(OH)3, 
facilitating magnetic separation or selective phosphorus adsorption [40, 41].

Regulation strategies Specific methods Main objectives/effects Key performance improvements

Pore optimization High-temperature 
pyrolysis, steam 
activation, chemical 
activation (KOH, ZnCl2)

Increase specific surface 
area, regulate pore size 
distribution (micro-/
mesoporous ratio)

Loading capacity ↑, diffusion rate 
↑, mass transfer efficiency ↑

Surface 
functionalization

Acid/base treatment, 
metal (hydroxide) 
loading, organic 
molecule grafting, 
heteroatom doping

Introduce/enhance 
specific functional groups 
(–COOH, –OH, –NH2, 
quaternary ammonium, 
etc.)

Adsorption selectivity ↑, catalytic 
activity ↑, wettability control, 
electrochemical performance ↑

Nano-composite Loading nZVI, 
composite with carbon 
nanotubes/graphene, 
embedding in hydrogels, 
composite with clay

Synergize multiple 
material advantages, 
construct multifunctional 
interfaces

Multifunctionality (adsorption 
+ catalysis+ magnetic recovery + 
conductivity + water retention), 
stability ↑, responsiveness ↑

Table 1. 
Main methods and effects of nanotechnology on biochar carrier performance [37].
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c. Organic molecule grafting: The grafting of quaternary ammonium salts, amino 
groups, or hydrophobic groups modifies cation exchange capacity, metal chela-
tion, or wettability [38, 39].

d. Heteroatom doping: The introduction of nitrogen, sulfur, or phosphorus alters the 
surface electronic structure, enhancing catalytic or adsorption properties [39, 42].

2.1.3 Advanced nano-composite strategies

a. Biochar-based nano-zero-valent iron (nZVI-BC): Biochar stabilizes nZVI nano-
particles, synergistically enhancing the reduction of heavy metals and organic 
pollutants [43].

b. Biochar-carbon nanotube/graphene composites: π-π stacking facilitates the 
formation of three-dimensional conductive networks, thereby improving 
electrochemical performance [44].

c. Biochar-clay mineral composites: The combination of adsorption and ion 
exchange capabilities enhances the removal of nutrients and heavy metals [45].

d. Biochar-hydrogel composites: The integration of biochar within hydrogels 
merges adsorption with water retention, offering intelligent management of 
water and fertilizers [46].

2.2 Principles, construction, and integration of biochar-based sensors

Functionalized nano-biochar, characterized by its unique physico-chemical 
properties—including conductivity, catalytic activity, large surface area, and abun-
dant adsorption sites—serves as an ideal material for the development of high-perfor-
mance, cost-effective sensors for in-situ agricultural environmental monitoring. The 
primary types of these sensors are outlined below (Table 2).

2.3 Application cases

See Table 3.

2.4 Challenges and future directions

a. Stability and reliability of sensing performance: Complex agricultural environ-
ments (soil texture, organic matter, pH, microbial activity) may interfere with 
sensor performance. There is a need for the development of robust sensing inter-
faces, anti-pollution/self-cleaning materials, and in-situ calibration methods.

b. Long-term stability and service life: Ensuring long-term (months to years) field 
stability of biochar-based sensors remains a challenge, necessitating research into 
material aging mechanisms and self-repairing systems.

c. Scalable production and cost control: Simplification and standardization of 
functionalized nano-biochar and sensor fabrication are essential for cost reduc-
tion and practical implementation.



7

Biochar Synergy with Smart Agriculture and Environment: From Soil Amendment to Precision…
DOI: http://dx.doi.org/10.5772/intechopen.1011847

Se
ns

or
 ty

pe
C

or
e p

ri
nc

ip
le

T
yp

ic
al

 d
et

ec
tio

n 
ta

rg
et

s
Ro

le
 o

f b
io

ch
ar

A
gr

ic
ul

tu
ra

l e
nv

ir
on

m
en

ta
l 

ap
pl

ic
at

io
n 

ex
am

pl
es

El
ec

tr
oc

he
m

ic
al

 
se

ns
or

s [
47

]
Cu

rr
en

t/
po

te
nt

ia
l/i

m
pe

da
nc

e 
ch

an
ge

s
N

O
3− , N

H
4+ , P

O
43−

, K
+ , H

+ , 
he

av
y 

m
et

al
s (

Cd
2+

, P
b2+

),
 

pe
st

ic
id

es

A
ct

s a
s a

n 
el

ec
tr

od
e m

od
ifi

ca
tio

n 
m

at
er

ia
l, 

pr
ov

id
in

g 
a c

on
du

ct
iv

e s
ub

st
ra

te
, (

el
ec

tr
o)

ca
ta

ly
tic

 ac
tiv

ity
, a

nd
 h

ig
h 

ad
so

rp
tio

n 
en

ric
hm

en
t

Re
al

-t
im

e m
on

ito
rin

g 
of

 so
il/

irr
ig

at
io

n 
w

at
er

 n
ut

rie
nt

s, 
ra

pi
d 

po
llu

ta
nt

 
sc

re
en

in
g

Fl
uo

re
sc

en
t s

en
so

rs
 

[4
8]

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 
ch

an
ge

/w
av

el
en

gt
h 

sh
ift

H
ea

vy
 m

et
al

s (
H

g2+
, C

u2 ),
 

pe
st

ic
id

es
, H

2O
2 (

st
re

ss
 

m
ar

ke
r)

Fu
nc

tio
ns

 as
 a 

flu
or

es
ce

nt
 ca

rr
ie

r/
qu

en
ch

er
 

or
 p

ar
tic

ip
at

es
 in

 re
co

gn
iti

on
 re

ac
tio

ns
D

et
ec

tio
n 

of
 tr

ac
e p

ol
lu

ta
nt

s i
n 

w
at

er
/

so
il,

 ea
rly

 d
ia

gn
os

is 
of

 p
la

nt
 st

re
ss

Co
lo

rim
et

ric
 se

ns
or

s 
[4

9]
So

lu
tio

n/
te

st
 st

rip
 co

lo
r 

ch
an

ge
pH

, h
ea

vy
 m

et
al

s, 
pe

st
ic

id
es

, 
H

2O
2, 

gl
uc

os
e

Se
rv

es
 as

 a 
co

lo
r r

ea
ct

io
n 

ca
ta

ly
st

 
(n

an
oz

ym
e)

, c
ol

or
 su

bs
ta

nc
e c

ar
rie

r, 
an

d 
ad

so
rp

tio
n 

en
ha

nc
er

O
n-

sit
e r

ap
id

 v
isu

al
 d

et
ec

tio
n 

us
in

g 
te

st
 

st
rip

s/
m

ic
ro

flu
id

ic
s

Re
sis

ta
nc

e/
ca

pa
ci

ta
nc

e s
en

so
rs

 
[5

0]

Re
sis

ta
nc

e/
ca

pa
ci

ta
nc

e 
ch

an
ge

 w
ith

 en
vi

ro
nm

en
ta

l 
pa

ra
m

et
er

s (
hu

m
id

ity
, g

as
)

So
il 

vo
lu

m
et

ric
 w

at
er

 co
nt

en
t 

(V
W

C
),

 N
H

3, 
H

2S
Se

ns
iti

ve
 m

at
er

ia
l, 

w
ith

 d
ie

le
ct

ric
/

re
sis

tiv
e p

ro
pe

rt
ie

s t
ha

t c
ha

ng
e w

ith
 th

e 
en

vi
ro

nm
en

t

Pr
ec

isi
on

 ir
rig

at
io

n 
co

nt
ro

l, 
en

vi
ro

nm
en

ta
l m

on
ito

rin
g 

in
 li

ve
st

oc
k 

sh
ed

s, 
so

il 
ae

ra
tio

n 
as

se
ss

m
en

t

In
te

gr
at

ed
 se

ns
e-

re
le

as
e s

ys
te

m
 [5

1–
53

]
Se

ns
in

g 
sig

na
l t

rig
ge

rs
 ca

rr
ie

r 
re

le
as

e/
ac

tiv
at

io
n

N
ut

rie
nt

 co
nc

en
tr

at
io

n 
th

re
sh

ol
ds

, r
hi

zo
sp

he
re

 
sig

na
lin

g 
m

ol
ec

ul
es

, p
ol

lu
ta

nt
 

le
ve

ls

Co
m

bi
ne

s s
en

sin
g 

an
d 

re
sp

on
siv

e r
el

ea
se

 
fu

nc
tio

ns
O

n-
de

m
an

d 
pr

ec
isi

on
 fe

rt
ili

za
tio

n/
pe

st
ic

id
e a

pp
lic

at
io

n,
 in

 si
tu

 so
il 

re
m

ed
ia

tio
n,

 in
te

lli
ge

nt
 rh

iz
os

ph
er

e 
re

gu
la

tio
n

Ta
bl

e 
2.

 
M

ai
n 

ty
pe

s o
f b

io
ch

ar
-b

as
ed

 se
ns

or
s, 

pr
in

cip
les

, a
nd

 a
gr

ic
ul

tu
ra

l e
nv

ir
on

m
en

ta
l a

pp
lic

at
io

ns
 [4

7–
53

].



Biochar – Applications in Agriculture and Environment

8

d. Multi-parameter integration and selectivity enhancement: The development of 
miniaturized, integrated biochar sensor probes for simultaneous in-situ monitor-
ing of multiple parameters (N, P, K, pH, moisture, temperature, heavy metals) is 
critical.

e. AI-driven intelligent analysis and prediction: Deep integration of sensor data 
with AI (machine learning, deep learning) is essential for data denoising, fault 
diagnosis, and intelligent decision optimization.

f. Standardization and regulations: The absence of performance evaluation stand-
ards and environmental safety assessment frameworks for biochar-based sensors 
necessitates immediate attention.

2.5 Conclusion

The convergence of nanotechnology and sensor technology has transformed the 
role of biochar in smart agriculture. By precisely regulating nanostructure and surface 
chemistry, and incorporating sensing functionalities, biochar has transitioned from a 
passive amendment to an intelligent carrier equipped with environmental perception, 
information transmission, and responsive capabilities. Biochar-based sensors facili-
tate in-situ, real-time, and cost-effective monitoring of critical parameters within 
soil-water-crop systems, while the “Sense-Release” integration establishes closed-loop 

Case scenario Integration of decision-making and execution Advantages

In situ monitoring 
and simultaneous 
remediation of 
farmland heavy 
metal pollution [54]

Electrochemical or colorimetric sensor networks utilizing 
nZVI-BC composites monitor dynamic changes in Cd, As, 
etc., in soil pore water/leachate. When sensor-detected 
heavy metal concentrations exceed safety thresholds, 
the system automatically alarms and triggers enhanced 
adsorption/reduction of heavy metals through nZVI-BC 
repair materials deployed in the same area.

Integrated monitoring 
and remediation, 
dynamic evaluation of 
repair effects, precise and 
on-demand repair, and 
cost reduction.

Closed-loop system 
for precision 
water-fertilizer 
management [51, 
52, 55]

Distributed biochar-based electrochemical/capacitive 
sensor networks monitor NO3

−, NH4
+, K+, PO4

3− content 
and volumetric water content (VWC) at various soil 
depths. Monitoring data is transmitted via IoT to cloud 
AI platforms, which generate optimal water-fertilizer 
decisions (irrigation volume, fertilization formula, timing) 
by integrating crop models, growth stages, and weather 
forecasts. Continuous monitoring of soil conditions 
following water-fertilizer application forms a closed-loop 
feedback system, continuously optimizing decisions.

Enhances efficiency 
in water-fertilizer 
management, leading to 
improved crop yield and 
resource utilization.

Intelligent control 
of protected 
agricultural 
environment [56]

Biochar-based sensors integrated into greenhouses 
or plant factories monitor air temperature/humidity, 
CO2 concentration, substrate nutrients/water, and 
potential NH3/H2S gases. Data-driven environmental 
control systems (ventilation, humidification, CO2 
supplementation, irrigation fertilization) operate 
automatically to maintain optimal crop growth conditions.

Creates highly 
controllable 
environments, 
maximizes resource use 
efficiency, and achieves 
consistent high-quality, 
standardized production.

Table 3. 
Implementation scenarios in smart agriculture and environmental monitoring [51, 52, 54–56].
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management paradigms. Despite existing challenges related to long-term stability and 
scalability, ongoing advancements in materials science, the Internet of Things (IoT), 
and artificial intelligence (AI) will enhance biochar’s position as a fundamental intel-
ligent carrier in smart agriculture, promoting its digital, intelligent, and ecological 
transformation.

3.  Biochar-driven “carbon-water-nutrient” closed-loop management 
system: Establishing the resource circulation core of smart agriculture

The fundamental value of biochar in smart agriculture resides in its capacity to 
serve as a nexus for carbon, water, and nutrient cycles, facilitating the transition from 
traditional linear consumption models to efficient, collaborative closed-loop manage-
ment systems. This section explores how biochar reconfigures resource circulation 
pathways and how advanced technologies enable precise sensing, informed decision-
making, and dynamic regulation to achieve synergistic objectives of resource effi-
ciency, emission reduction, and productivity enhancement.

3.1 Biochar: The multifunctional “engine” of closed-loop systems

Biochar significantly impacts the migration, transformation, and utilization 
efficiency of carbon, water, and nutrients within soil-plant systems, providing the 
material foundation for closed-loop management.

3.1.1 Carbon cycle reconstruction

See Table 4.

Regulatory methods Mechanisms: enhancing solid retention from source to sink

Long-term 
sequestration in inert 
carbon pools

Biochar’s highly aromatic and biodegradation-resistant organic carbon (50–90%) remains 
stable in soils for centuries to millennia, thereby mitigating immediate CO2 emissions 
from biomass decomposition. Global models indicate that sustainable biochar application 
could sequester up to 1 billion tons of CO2 equivalent annually [29, 57].

Bidirectional regulation 
of the priming effect

Initial biochar application may temporarily “prime” the decomposition of native 
soil organic matter (SOM), but high-quality biochar—particularly that produced at 
high temperatures—suppresses SOM mineralization through structural stability and 
adsorption protection, indirectly enhancing overall soil carbon storage [9, 58].

Synergistic greenhouse 
gas emission reduction

N2O emission reduction Biochar can decrease N2O 
emissions by 30–70% through 
substrate adsorption, enhanced 
aeration, and promotion of 
N2O-reducing microbial genes 
[59, 60].

CH4 flux regulation In paddy fields, biochar has been 
shown to reduce CH4 emissions 
by fostering CH4-oxidizing 
bacteria, while its impact in 
upland areas is negligible [61].

Table 4. 
Mechanisms for carbon cycle reconstruction [9, 29, 57–61].
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3.1.2 Water cycle optimization: From water retention to efficiency enhancement

See Table 5.

3.1.3 Nutrient cycle efficiency: From loss to recovery

See Table 6.

3.2  Empowerment through intelligent technologies: Sensing, decision-making, 
and execution in closed-loop systems

While biochar provides the essential physical framework for closed-loop manage-
ment, intelligent technologies—such as AI, IoT, and big data—equip the system with 
“nerves,” “brain,” and “limbs,” enabling a transition from passive responses to proac-
tive precision regulation.

Regulatory methods Mechanisms: From water retention to efficiency enhancement

Physical structure 
improvement and water 
retention enhancement

Biochar’s porous structure lowers soil bulk density, increases total porosity, and 
enhances water retention (with field water capacity often rising by 15–50%), thereby 
reducing evaporation and surface runoff [62, 63]. In the semi-arid Loess Plateau of 
China, biochar application boosted soil water retention by 25%, alleviating water 
stress and achieving a 25% reduction in water usage [64].

Enhanced plant water 
use efficiency (WUE)

Improved soil moisture encourages root development and regulates stomatal 
conductance, resulting in increased dry matter production per unit of water used [65].

Table 5. 
Mechanisms for water cycle optimization [62–65].

Regulatory methods Mechanisms: From loss to recovery

Expanded nutrient storage 
and adsorptive slow 
release

Biochar’s extensive surface area and functional groups effectively adsorb NH4
+, 

NO3
−, PO4

3−, and K+, reducing leaching (20–80% for nitrate) and facilitating 
slow nutrient release, thereby extending fertilizer efficiency [66, 67].

Regulation of nutrient
Transformation process nitrogen (N) transformation: The adsorption of 
NH4

+ and the inhibition of nitrification decrease NO3
− accumulation and N2O 

emissions [68].

Phosphorus (P) activation: Biochar raises pH in acidic soils, diminishing Fe/Al 
phosphate fixation, and releases fixed P by adsorbing Al3+/Fe3+ [69, 70].

The availability of potassium (K) and trace elements: Biochar is inherently rich 
in potassium, particularly when derived from straw-based raw materials. Its 
cation exchange capacity (CEC) enhances with aging, facilitating the retention 
and exchange of cations such as K+, Ca2+, and Mg2+. Additionally, the surface 
functional groups of biochar have the capacity to complex trace metal elements, 
thereby influencing their availability and mobility.

Accelerated microbe-
driven nutrient turnover

Biochar’s porous structure fosters microbial biomass and activity, expediting the 
mineralization of organic matter and the release of nutrients [33].

Table 6. 
Mechanisms for nutrient cycle efficiency [33, 66–70].
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3.2.1 Intelligent sensing layer

See Table 7.

3.2.2 Intelligent decision-making layer

See Table 8.

3.2.3 Intelligent execution layer

See Table 9.

3.3 Closed-loop efficiency: Typical cases and quantitative evidence

See Table 10.

Multi-dimension Real-time data collection

In situ sensing 
networks

Dense deployment of 
low-cost, low-power 
smart sensor nodes

Soil sensors: Monitor volumetric water content (VWC), 
matrix potential, temperature, electrical conductivity 
(EC), pH, and ion-selective electrodes for nitrates (NO3

−), 
ammonium (NH4

+), and potassium (K+) [47].

Environmental sensors: Include weather stations and 
groundwater quality monitors.

Crop physiological sensors: Utilize stem flow meters, leaf 
temperature sensors, and canopy hyperspectral imaging.

Biochar status monitoring Embed fluorescent tracers or use wireless sensors (NFC/RFID) 
to track biochar distribution and aging [37].

Space-air-ground integrated monitoring Combine UAV remote sensing with satellite data for macro-
level insights.

Table 7. 
Multidimensional, real-time data collection in the intelligent sensing layer [37, 47].

Building of models AI-driven model prediction and optimization

Multi-source data fusion 
and feature extraction

AI (deep learning) processes heterogeneous spatio-temporal data to extract key 
features such as water stress and nitrogen nutrition indices [71].

Mechanistic-AI hybrid 
model construction

Carbon cycle simulation: A modified RothC model, combined with real-time 
data, predicts soil organic carbon dynamics and greenhouse gas fluxes [71].

Water-nutrient-crop coupling models: Integrate soil water dynamics (HYDRUS), 
nutrient transport (NLEAP), and crop growth models (WOFOST), utilizing AI 
for parameter calibration [72].

Closed-loop optimization 
decision engine

Employs reinforcement learning or multi-objective optimization to integrate 
real-time data, predictive outputs, and management goals, generating optimal 
regulatory instructions [72].

Table 8. 
AI-driven model prediction and optimization in the intelligent decision-making layer [71, 72].
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Regulatory methods Precision response and dynamic regulation

Water-char collaborative 
intelligent irrigation

AI-driven variable rate irrigation (VRI) adjusts water supply based on biochar-
modified soil water retention maps and real-time demand predictions [73].

Fertilizer-char collaborative 
intelligent fertilization

Base fertilizer optimization: Adjusts dosage based on soil nutrient levels and 
biochar’s adsorption potential.

Topdressing precision: Controls the timing and type of topdressing based on 
real-time nutrient monitoring and biochar release dynamics [73].

Biochar “activity” regulation Investigates external stimuli (electric/magnetic fields) or responsive materials 
to trigger biochar’s nutrient release or pollutant adsorption on demand [74].

Table 9. 
Precision response and dynamic regulation in the intelligent execution layer [73, 74].

Cases China’s loess plateau: Water-
char-nutrient synergy in dryland 
agriculture [75–78].

Netherlands greenhouse

Horticulture: AI-enabled

Carbon-water-nutrient closed-loop

Precision control [72, 79–81].

Challenges Severe soil erosion, drought, soil 
infertility, and low fertilizer efficiency.

High resource consumption (water, 
fertilizer, energy), nutrient leaching, 
and greenhouse gas emissions in 
high-input systems.

Solutions Large-scale application of straw biochar 
(20–40 t/ha) along with soil and water 
conservation measures; implementation 
of soil moisture sensor networks 
for supplementary irrigation; use of 
biochar-based slow-release fertilizers.

Mixing highly adsorptive biochar 
(5–15% v/v) into soilless culture 
substrates; establishing dense sensor 
networks; utilizing AI models 
to optimize nutrient solutions, 
irrigation, and CO2 enrichment [72, 
79, 81].°

Closed-loop 
efficiency

Water Soil water retention increased by 
18–35%, and water use efficiency 
improved by 20–30% [75]. Biochar 
enhanced substrate water retention, 
with AI control achieving 90% water-
fertilizer use efficiency and 30–40% 
water savings [72, 79, 80].

Carbon Soil organic carbon (SOC) increased, 
with carbon sequestration rates of 
1.5–3.0 t C/ha/yr., and N2O emissions 
reduced by 35–60% [75, 76].

Biochar sequestered organic carbon, 
and precise CO2 control maximized 
photosynthetic efficiency, reducing 
fossil fuel-derived CO2 emissions 
[72].

Nutrients Nitrogen use efficiency improved 
by 15–25%, phosphorus availability 
increased by 20–40%, and crop yields 
rose by 10–25% [75, 77].

Biochar reduced nutrient loss, 
with AI control achieving 25–35% 
fertilizer savings and a 70% reduction 
in nitrate leaching [71, 79, 80].

Intelligent upgrades/
outputs

UAV-based NDVI mapping for variable 
topdressing, optimizing resource 
precision [75, 78].

Achieved stable yields, improved 
quality (sugar content, vitamin C), 
and reduced environmental footprint 
[80].

Table 10. 
Typical cases and quantitative evidence [71, 72, 75–81].
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3.4 Challenges and advancing directions for closed-loop systems

a. Spatio-temporal heterogeneity and prediction challenges of biochar effects: 
Long-term field experiments and advanced data mining techniques are essential 
for developing precise predictive models.

b. Sensor cost, reliability, and deployment density: Innovations in high-precision, 
low-cost in-situ sensors and optimized deployment strategies are crucial.

c. Model complexity and edge intelligence: The development of lightweight AI 
models (TinyML) is necessary for facilitating real-time closed-loop responses.

d. System integration and standardization: Achieving interoperability among 
sensors and platforms requires the establishment of open standards for data 
interfaces and communication protocols.

e. Economic feasibility and scalable promotion: Policy support and cost reduction 
through economies of scale are vital for quantifying comprehensive benefits, 
including yield increases, cost savings, and emission reductions.

3.5 Conclusion

The biochar-driven “carbon-water-nutrient” closed-loop management system 
represents a significant innovation in smart agricultural resource management. 
Serving as the physical core, biochar enhances resource circulation through carbon 
sequestration, water conservation, and nutrient retention, while intelligent technolo-
gies function as the neural center, enabling precise collaborative regulation. Global 
case studies illustrate its potential to enhance resource efficiency (over 25% water 
savings and over 20% fertilizer savings), reduce environmental pollution (30–70% 
emissions reduction), and ensure food security (10–25% yield increase). Despite 
challenges related to prediction accuracy and system integration, the closed-loop 
system is poised to become a foundational element of smart agriculture, driving 
sustainable global agricultural transformation. Future research should prioritize the 
deep integration of biochar, intelligent technologies, and management practices to 
facilitate large-scale application.

4.  Role of biochar in reconstructing climate-smart agriculture (CSA) 
systems

Climate-Smart Agriculture (CSA) seeks to achieve three interrelated objectives: 
sustainably increasing agricultural productivity, enhancing resilience to climate 
change, and minimizing greenhouse gas emissions or enhancing carbon sinks. 
Biochar, with its distinctive physico-chemical properties and multifaceted impacts 
on soil-plant-atmosphere systems, is transitioning from a passive soil amend-
ment to a critical engineering tool for actively reconstructing and optimizing CSA 
systems, offering innovative and comprehensive solutions to meet these three 
objectives.
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4.1  Core mechanisms of biochar in empowering CSA: A multilevel action 
framework

Biochar’s contribution to CSA is multifaceted, forming a synergistic framework 
through its effects on soil physical, chemical, and biological processes, as well as 
interfacial reactions (Figure 2):

4.2 Cornerstone role: A significant carbon sink and emission reduction engine

4.2.1 Long-term carbon sequestration

The chemical stability of biochar is attributed to its highly aromatic carbon 
structure, which has a mean residence time (MRT) in soils ranging from centuries to 
millennia, significantly surpassing that of uncharred organic matter (which lasts only 
years to decades). Global assessments by Lehmann et al. [82] indicate that biochar’s 
carbon fixation efficiency exceeds 50%, markedly higher than composting (<20%). 
Large-scale models [29] estimate that the global annual sequestration potential of 
biochar is approximately 1 billion tons of CO2  equivalent, positioning it as one of the 
most promising negative emission technologies (NETs) in agriculture.

4.2.2 Greenhouse gas (GHG) emission reduction

a. N2O emission reduction: Biochar significantly contributes to reducing soil N2O 
emissions through mechanisms such as pH elevation, substrate adsorption, 
enhanced aeration, and the promotion of N2O reduction. A meta-analysis 
encompassing 112 studies demonstrated that biochar reduces N2O emissions 
by an average of 54% [83]. Field experiments in China’s winter wheat-summer 
maize rotation system [84] confirmed a 38–45% reduction in annual N2 O emis-
sions over a 3–4 year period with the application of 20–40 t/ha of biochar.

Figure 2. 
Multilevel action framework of biochar in empowering climate-smart agriculture (CSA) three pillars.
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b. CH4 flux regulation: The impact of biochar on CH4 emissions is complex and 
depends on soil moisture and properties. In paddy fields, low doses of biochar 
can reduce CH4 emissions by promoting oxidizing bacteria, while high doses or 
pore-blocking effects may lead to increased emissions. Meta-analysis [85] indi-
cated an insignificant impact on upland CH4, with variable effects in paddy fields 
(ranging from −37% to +66%), but overall, there was a significant reduction in 
the net greenhouse effect (GWP).

c. Indirect emission reduction: Biochar enhances nutrient use efficiency (NUE), 
which decreases the demand for chemical nitrogen and the associated produc-
tion and transport emissions [86, 87]. Improved root growth and photosynthetic 
efficiency further enhance crop carbon assimilation.

4.3  Enhanced resilience: Fundamental support for drought resistance, yield 
protection, and nutrient efficiency

4.3.1 Water use efficiency (WUE)

The porous structure of biochar (characterized by high surface area and porosity) 
improves soil water-holding capacity (WHC), thereby increasing the available water 
content (AWC), particularly in sandy soils.

a. Improved water retention: Biochar can enhance soil AWC by 10–50%, with high-
temperature biochar typically yielding better performance [87].

b. Reduced evapotranspiration and optimized transpiration: Biochar diminishes 
direct soil evaporation and fosters deep root growth, optimizing transpiration 
(T/ET ratio) and WUE. In arid and semi-arid regions, the application of biochar 
(20 t/ha) resulted in a 25% increase in maize WUE and an 18–30% increase in 
wheat WUE [88].

c. Long-term trials in Colombia [89] demonstrated that biochar improved maize 
survival and yield stability during the dry season.

4.3.2 Nutrient cycle efficiency and pollution control

a. Enhanced nutrient retention: Biochar’s surface functional groups and cation 
exchange capacity (CEC) effectively adsorb NH4

+, K+, Ca2+, and NH2 
+, thereby 

reducing leaching. Its pores also capture dissolved organic carbon (DOC) and anions 
(PO4

3−), ensuring nutrient availability in highly leached tropical soils [66].

b. Improved nutrient use efficiency (NUE): By minimizing losses and enhancing 
the rhizosphere microenvironment, biochar boosts nutrient absorption, leading 
to higher yields with equal or reduced fertilizer inputs. Meta-analysis indicates 
a 15–20% increase in NUE and a 10–25% increase in phosphorus use efficiency 
(PUE) [87, 90].

c. Non-point source pollution control: The adsorption of nutrients and organic 
pollutants (such as pesticides and antibiotics) mitigates the risk of migration to 
water bodies [91].
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4.3.3 Enhanced soil health and biological activity

Biochar offers physical protection and carbon sources for soil microorganisms, 
leading to increased microbial biomass, diversity, and activity, including enzyme 
activity. Robust microbial communities are essential for nutrient cycling, soil struc-
ture stability, and disease suppression. Certain biochars can directly inhibit soil-borne 
pathogens (e.g., Fusarium, Rhizoctonia) and induce plant systemic resistance (ISR), 
thereby reducing dependence on pesticides [92].

4.4 Intelligent regulation: Biochar as a “sensing-response” carrier in CSA

The value of biochar extends beyond its inherent improvement properties; it also 
encompasses its integration with modern information technologies (sensors, IoT, AI) 
as an “intelligent carrier,” facilitating dynamic sensing and precision regulation of 
CSA systems:

a. Integration of biochar-based sensors: Miniature environmental sensors (such as 
temperature/humidity, pH, and ion-selective electrodes) embedded in biochar 
particles monitor soil moisture, salinity, nutrients (NO3

−, K+), and pollutants in 
real time [93].

b. IoT and data-driven decision-making: Data collected from biochar-based sensors 
is aggregated on cloud platforms, where AI models (including machine learning 
and deep learning) generate variable irrigation and fertilization prescriptions, 
predict crop stress, and optimize management strategies [17].

c. Closed-loop feedback regulation: AI-driven automatic control systems imple-
ment precise water and fertilizer supply, with biochar enhancing soil buffering 
capacity for stable and effective regulation [17].

4.5 Typical cases: Validation from theory to practice

Dryland Agriculture in China’s Loess Plateau: Large-scale field trials [94] demon-
strated that straw biochar (15–30 t/ha) combined with film mulching:

a. Increased soil organic carbon by 20–50% and water retention by 15–30%.

b. Reduced spring maize irrigation needs by 1–2 times during critical growth stages, 
resulting in improved WUE by 20–35%.

c. Maintained relatively high yields during extreme drought years, significantly 
enhancing system resilience.

Australia’s “Soil Carbon Initiative” and Carbon Agriculture Projects: Established 
agricultural carbon credit (ACCU) market mechanisms enable farmers to engage 
in biochar projects, verifying carbon sequestration and emission reduction ben-
efits through scientific monitoring, and trading carbon credits for profit [95, 96]. 
Blockchain technology tracks biochar origin and carbon credit generation, ensuring 
transparency.
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4.6 Challenges and optimization pathways

Cost-effectiveness: The costs associated with raw material collection, pyrolysis, 
transportation, and field application remain significant barriers to scaling. There is 
a need to optimize pyrolysis technology (mobile, small-scale, combined heat and 
power), develop high-value applications, and leverage revenues from carbon markets.

Effect variability: The effects of biochar are influenced by feedstock, pyrolysis 
conditions, soil type, climate, and crop management. The development of big data 
and AI-based predictive models is essential for “site-specific” and “material-specific” 
precision solutions [97].

Long-term effect monitoring: There is a need for more long-term (>10 years) 
agronomic and environmental effect data under various management practices.

Standardization and Policy Integration: The lack of unified biochar product qual-
ity standards, carbon accounting methods, and certification systems poses challenges. 
Urgent integration of biochar into national and regional CSA strategies and agricul-
tural subsidy systems is necessary.

4.7 Conclusion: Toward the core of smart agricultural systems

Biochar has evolved from a mere soil amendment to a fundamental component 
of Climate-Smart Agriculture (CSA) systems. By facilitating irreversible carbon 
sequestration, significantly reducing greenhouse gas (GHG) emissions (particularly 
N2 O), revolutionizing water and nutrient efficiency management, and comprehen-
sively improving soil health and biological activity, it provides robust scientific and 
technological support for the three pillars of CSA. Notably, biochar’s integration with 
modern information technologies (IoT, sensor networks, AI) as a functional intel-
ligent carrier ushers in a new paradigm of precision sensing, data-driven decision-
making, and dynamic feedback regulation in smart agriculture. Global cases, such 
as efficient dryland practices in China’s Loess Plateau and innovations in Australia’s 
carbon agriculture market, underscore its technical feasibility and numerous benefits. 
Despite challenges related to cost optimization, effect prediction, long-term monitor-
ing, and policy standard integration, biochar—with its unique cross-scale functions 
and strong system integration potential—has become an indispensable engineer-
ing tool for advancing agriculture toward a future characterized by high yields, 
efficiency, resource conservation, environmental sustainability, and resilience. Its 
comprehensive integrated application signifies a paradigm shift from passive response 
to active design and regulation of sustainable eco-production systems in agriculture.

5.  Future outlook: Artificial intelligence and policy innovation—Toward 
an intelligent, fair, and resilient biochar system

Biochar’s role in smart agriculture and environmental regulation is evolving, 
presenting a new phase filled with opportunities and challenges. Its transition from 
“passive amendment” to “active intelligent regulatory core” relies heavily on the 
profound integration of artificial intelligence (AI) and the collaborative innovation 
of policy systems. This section delineates key future pathways, concentrating on 
AI-driven technological advancements and the collaborative design of policy, ethics, 
and market frameworks to maximize biochar’s potential in tackling global environ-
mental challenges and supporting sustainable agriculture.
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5.1  AI-driven biochar systems: From precision to prediction, from response to 
adaptation

Future applications of biochar will be intricately woven into the “nervous system” 
of the “Smart Earth,” with AI functioning as its “brain” to achieve unprecedented 
levels of precision, predictability, and adaptability.

5.1.1 AI-optimized biochar “customized” design and production

Multi-Objective Joint Optimization Model: Moving beyond single-performance 
optimization (e.g., carbon sequestration, adsorption capacity), we will develop 
AI models leveraging reinforcement learning and multi-objective evolutionary 
algorithms. These models will consider target application scenarios (e.g., enhanc-
ing water retention in sandy soils, reducing cadmium in acidic soils, and enrich-
ing greenhouse CO2 ), available raw material properties, cost constraints, and 
environmental regulatory requirements. The model will automatically identify 
optimal pyrolysis process parameters (temperature curve, heating rate, residence 
time, catalyst utilization) and potential modification strategies (e.g., nano-iron 
loading, microbial inoculation), generating biochar design schemes that meet spe-
cific “performance envelopes” (e.g., high stability, high phosphorus adsorption, 
low PAHs generation) [98].

Real-Time Process Control and Quality Prediction: The deployment of multi-
modal sensors (infrared thermal imaging, gas composition mass spectrometry, 
pressure vibration sensing) in pyrolysis reactors will facilitate the use of deep learning 
(CNN, LSTM) to analyze real-time data streams. This approach will accurately pre-
dict reaction progress, key product characteristics (specific surface area, functional 
group distribution), and dynamics of potential pollutant (PAHs) generation, pro-
viding real-time feedback to regulate heating power, feed rate, and carrier gas flow, 
thereby achieving “self-perception-self-decision-self-optimization” in intelligent 
production [99].

5.1.2 Constructing biochar-environment-crop “digital twins”

Multi-scale, multi-physics coupled simulation models will be developed, encom-
passing microscale (reactions within biochar pores, interactions between microor-
ganisms and char surfaces), mesoscale (carbon-water-nutrient flow in rhizosphere 
microdomains), and macroscale (water-carbon fluxes at field and regional scales). 
These models will integrate physical (water flow, heat conduction), chemical 
(adsorption-desorption, redox), and biological (microbial community dynamics, 
crop physiology) processes. High-performance computing and artificial intelligence 
(e.g., physics-informed neural networks, PINNs) will be utilized to tackle complex 
coupling challenges, facilitating ultra-high-precision simulations of system behaviors 
following biochar application [100].

Farmers or managers will be able to input localized data related to soil, climate, 
crops, management practices, and proposed biochar parameters into the digital twin 
platform. Utilizing twin simulations, the platform will forecast the long-term impacts 
(5–10-year scale) of biochar application on crop yield, WUE, nitrogen and phospho-
rus loss risk, net greenhouse gas balance, and soil health indicators across various 
scenarios (e.g., normal years, droughts, heavy rainfall), providing visual comparisons 
and optimal decision-making recommendations.
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5.1.3 AI-enabled real-time closed-loop control systems

A dense sensing network will be established across agricultural fields through 
the deployment of high-density, low-cost, low-power multi-parameter soil sen-
sors (measuring moisture, temperature, pH, electrical conductivity, and specific 
ions such as NO3- and NH4

+), crop physiological sensors (monitoring stem flow, 
leaf temperature, and canopy spectroscopy), and environmental sensors (includ-
ing weather stations and groundwater monitoring). Lightweight AI models (e.g., 
TinyML) will be implemented at field gateways or edge computing nodes to 
process sensor data streams in real time. Based on predefined optimization goals 
(e.g., maximizing water use efficiency, minimizing nitrogen leaching), along 
with predictions from digital twins, the models will dynamically generate control 
instructions: automatically adjusting the switch and flow rate of drip irrigation 
valves (facilitating biochar-water synergistic regulation), controlling intelligent 
fertilizer dispensers to deliver liquid fertilizers on demand (enabling biochar-
nutrient synergistic regulation), and regulating ventilation in greenhouses to 
optimize CO2  concentration (supporting biochar mineralization for CO2  sup-
ply). This establishes a second/minute-level closed-loop system of “perception-
analysis-decision-execution,” maximizing the spatial and temporal efficiency of 
biochar regulation [101].

5.2  Policy innovation: Developing an incentive-compatible, equitable, and 
risk-controlled governance ecosystem

The realization of technological potential is intrinsically linked to proactive and 
systematic policy design and institutional safeguards. Future policies must achieve 
groundbreaking innovations across four dimensions: incentives, equity, risk, and 
collaboration.

5.2.1 Smart policy toolkit

A high-credibility monitoring, reporting, and verification (MRV) platform for 
biochar carbon sequestration and emission reduction will be established using remote 
sensing (satellite/UAV monitoring of crop growth and vegetation coverage changes), 
Internet of Things (IoT) technologies (real-time monitoring of soil carbon pools and 
N2 O emissions), and blockchain (providing tamper-proof records of biochar produc-
tion, transportation, and application data). AI models will integrate multi-source 
data to automatically and accurately account for the actual carbon sequestration and 
emission reduction benefits at the plot scale, enabling a shift from “input-based” to 
“result-based” subsidy distribution and carbon credit issuance, thereby significantly 
enhancing policy efficiency and fairness (Figure 3) [102].

A “policy simulator” based on Agent-Based Modeling (ABM) and system 
dynamics will be developed to simulate the behavioral responses of stakehold-
ers (e.g., farmers, enterprises, consumers) under various policy combinations 
(e.g., carbon tax rates, subsidy intensities, biochar standard requirements). This 
simulator will predict the short-term and long-term impacts of policies on biochar 
market penetration, environmental benefits (such as carbon sequestration and 
water quality), social equity (including smallholder participation), and industrial 
development, providing a “sandbox simulation” for policy formulation and reduc-
ing trial-and-error costs [103].
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5.2.2 Embedding equity and inclusive mechanisms

A “Universal Biochar” initiative will be launched, establishing dedicated funds to 
support the research, development, and promotion of modular, low-cost, low-emis-
sion small/mini pyrolysis equipment designed for smallholders (e.g., solar-assisted 
heating). Community sharing models, such as biochar production cooperatives, 
will be developed to minimize investment costs for individual farmers. Policies will 
be implemented to provide smallholders with technical training, initial equipment 
subsidies, or microcredit guarantees, ensuring they can easily access carbon ben-
efits through the intelligent monitoring, reporting, and verification (MRV) system 
outlined above [104].

In international carbon credit transactions and large-scale biochar investment 
projects, mandatory fair trade certification or community benefit-sharing funds will 
be required. The rights and interests of local communities, particularly indigenous 
peoples and smallholders, regarding land rights, resource rights, free, prior, and 
informed consent (FPIC), and carbon income sharing (e.g., a minimum of 20%) will 
be clearly stipulated, with independent third-party supervision mechanisms estab-
lished [105].

Governments and non-governmental organizations will collaborate to provide 
digital skills and biochar knowledge training for farmers, especially in resource-
constrained areas. Multilingual, user-friendly AI-assisted decision-making mobile 
applications will be developed to offer farmers free, locally optimized biochar appli-
cation advice and risk alerts.

Figure 3. 
Precision carbon sequestration MRV system for biochar based on AI and blockchain.
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5.2.3 Dynamic risk governance and adaptive regulation

For the application of biochar in conjunction with new technologies (e.g., 
nano-modification, genetic engineering bacteria coupling), an “adaptive regulatory 
sandbox” facilitated by AI will be established. Innovative trials will be permitted 
within a controlled scope and timeframe. AI-driven real-time monitoring networks 
(see Section 6) will comprehensively collect environmental, health, and social impact 
data. Regulatory agencies will dynamically adjust regulatory requirements—such as 
modifying application limits and adding monitoring indicators—based on real-time 
data and AI risk prediction models, achieving a “regulate while developing, learn 
while regulating” approach [106].

The insurance industry will be encouraged to develop AI-based risk assess-
ment models for long-term (e.g., 30-year) environmental liability insurance 
products for biochar. Premiums may fluctuate dynamically according to plot risk 
levels (soil properties, groundwater vulnerability, biochar pollutant levels) and 
enterprise risk management levels (e.g., the adoption of intelligent monitoring). 
Blockchain technology will ensure the traceability of historical data and liability 
determination.

An international organization, such as the FAO or UNEP, will lead the estab-
lishment of an open global biochar application case database, with a particular 
emphasis on long-term monitoring data (over 10 years) and unforeseen negative 
events. AI will be employed for big data mining to identify potential emerging 
risk signals, thereby establishing cross-border risk information sharing and early 
warning mechanisms.

5.2.4 Promoting cross-sectoral collaboration and global governance

A domestic “Biochar-Climate-Agriculture-Environment” policy coordination 
office will be established to dismantle departmental silos across agriculture, envi-
ronmental protection, climate, science and technology, and industry. This office will 
also create a high-level coordination agency. Its primary objective will be to compre-
hensively formulate national biochar strategies, ensuring that agricultural subsidy 
policies, climate change commitments (NDCs), soil protection regulations, circular 
economy goals, and biochar industry development policies are seamlessly integrated 
and aligned with mutual incentives.

A Global Biochar Innovation and Governance Alliance (GBIGA) will be initi-
ated, establishing a global coalition of diverse stakeholders, including governments, 
research institutions, enterprises, NGOs, and farmer organizations. Its core respon-
sibilities will encompass: (1) promoting open science and sharing research data and 
models; (2) coordinating international standard mutual recognition (e.g., EBC, IBI); 
(3) establishing fair and transparent global carbon accounting methodologies; (4) 
facilitating technology transfer to developing countries and capacity building; (5) 
collaboratively addressing cross-border environmental risks (such as biochar particle 
migration); and (6) negotiating governance rules to prevent carbon leakage and 
carbon colonialism [107].

Biochar applications that adhere to high standards—such as sustainable 
feedstocks, low-carbon processes, strict pollution control, and equity—will be 
actively promoted for formal inclusion in the Nationally Determined Contributions 
(NDCs) under the United Nations Framework Convention on Climate Change 
(UNFCCC), the Carbon Offsetting and Reduction Scheme for International 



Biochar – Applications in Agriculture and Environment

22

Aviation (CORSIA), the EU Carbon Border Adjustment Mechanism (CBAM), and 
other global climate policy tools as qualified methods for emission reduction and 
removal. This will create a stable and expansive international demand market for 
biochar [108].

6.  Conclusions: Co-shaping a smart and sustainable future from soil to 
system

Biochar, a material rooted in ancient charcoal-burning practices, is experiencing a 
significant transformation driven by disruptive technologies such as artificial intel-
ligence, as well as innovative policies. It is evolving from a simple soil amendment to 
a central component of smart agriculture and environmental sustainability regula-
tion systems. This chapter systematically outlines the pathway, mechanisms, and 
extensive prospects of this transformation while thoroughly analyzing the associated 
challenges.

a. Core essence of the paradigm shift: The value of biochar transcends its inherent 
physical and chemical properties (such as porosity, alkalinity, and adsorption) 
and now encompasses its new roles as an intelligent carrier (integrating sensors 
and nanomaterials), a system connector (linking carbon, water, and nutrient 
cycles), and an information node (blockchain recording lifecycle data). Biochar 
serves as a crucial bridge between the physical world (soil, crops, environment) 
and the digital landscape (AI models, IoT, blockchain).

b. Transformative power of triple synergy:

1. Technological synergy (AI + Biochar): AI is deeply integrated throughout the 
biochar value chain, including design, production, monitoring, simulation, 
decision-making, and closed-loop control. This integration represents a shift 
from “experience-driven” to “data and model-driven” processes, unlocking 
unprecedented levels of precision, predictability, and adaptability.

2. System synergy (carbon-water-nutrient closed loop): As a central medium, 
biochar reconstructs the “carbon-water-nutrient” cycle within the smart 
agriculture framework, enabling multi-objective collaborative optimization of 
resource efficiency (water and fertilizer conservation), environmental emis-
sion reduction (carbon sequestration, N2O reduction, pollution control), and 
productivity enhancement. This robustly supports the implementation of 
Climate-Smart Agriculture (CSA).

3. Governance synergy (policy-market-ethics): Blockchain technology ensures 
transparent traceability and trust, while innovative policy tools (intelligent 
subsidies, carbon MRV, adaptive regulation) create effective incentives and 
risk prevention measures. Integrating fairness, ethics, and social participa-
tion into standards and governance frameworks is essential for ensuring the 
equitable distribution of technological benefits and preventing new forms 
of inequality. The convergence of the “circular economy and blockchain” 
fosters the resource utilization of biomass waste and the green transforma-
tion of industries.
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d. Call to action for the future: To effectively transform biochar from potential into 
reality, it is imperative to:

1. Continuously enhance fundamental research and technological innovation, 
focusing on long-term behaviors under complex environmental interactions, 
assessing environmental health risks associated with new biochars (e.g., nano-
biochars), and developing more efficient and inclusive AI models and hard-
ware.

2. Accelerate the iterative cycle of policy, market, and technology by rapidly 
refining incentive-compatible, equitable, effective, and risk-controllable policy 
frameworks and market mechanisms through “policy laboratories” and regula-
tory sandbox pilots, thereby facilitating large-scale applications.

3. Commit to responsible innovation by prioritizing ethical reviews, social impact 
assessments (SIA), fair benefit sharing (FPIC), smallholder empowerment, 
and global justice in technology development and project implementation, 
fostering broad public trust.

4. Strengthen global collaboration and knowledge sharing by establishing a robust 
global alliance (such as GBIGA), collaboratively formulating regulations, 
sharing knowledge, coordinating actions, and bridging gaps to ensure biochar 
technology serves as a global public good that benefits all nations, particularly 
the most vulnerable regions and communities.

The synergy of biochar with smart agriculture and environmental practices 
presents a pathway toward a more resilient, efficient, and equitable agricultural 
and ecological system. This journey is fraught with scientific uncertainties, techni-
cal complexities, competing interests, and ethical considerations. Nevertheless, by 
deeply integrating advanced intelligent technologies, innovative policy frameworks, 
and a steadfast commitment to sustainable development and equity, humanity can 
transform biochar—an ancient material—into a pivotal tool for cultivating a smart, 
green, and inclusive future. From the microcosm of soil to the global ecosystem, a 
profound, sustainable revolution driven by biochar is unfolding, illuminated by the 
light of wisdom.
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Chapter 2

Combined Thermochemical 
Conversion as a Pretreatment of 
Manure Waste for Environmental 
Applications: An Overview
Kalidas Mainali

Abstract

Globally, significant amounts of manure waste are generated. The primary method 
for valorizing manure waste is through its terrestrial use. This practice can lead to vari-
ous environmental issues, including the spread of infections, the release of unpleasant 
substances (such as ammonia or methane), and the contamination of aquatic systems 
with nitrogen and phosphorus compounds. However, the cellulosic substrates of 
manure biogas yield can be improved by combined thermal treatment along with wet 
oxidation. In fact, integrating mild combined treatment prior to anaerobic digestion 
maximizes methane yield. The solid digestate could serve as a renewable source for 
N-doped chars. Alternatively, a new carbonization technique can concentrate all nutri-
ents on the solid product. These compacted solid products are rich in nitrogen and 
phosphorus, making their transportation over long distances feasible for eventual use 
as soil amendments. Enhancing the carbon and nitrogen content in biochar derived 
from raw dairy manure and solid digestate through thermochemical methods may 
promote sustainable manure consumption and management. The biochar produced 
from large quantities of dairy waste serves as a tool for environmental sustainability.

Keywords: manure waste, thermal treatment, environmental issues, biochar, pyrolysis, 
carbonization

1.  Introduction

Our world is facing a growing array of global risks and environmental challenges, 
including climate change, clean water scarcity, and environmental contamination. 
With the increasing global population, the demand for food resources is escalating [1, 2]. 
Livestock production has undergone significant transformation over the past few 
decades. Predominantly, meat and dairy products are produced on large farms char-
acterized by single-species operations, leading to a twofold increase in milk output, 
a threefold increase in meat production, and a fourfold increase in egg production 
[3, 4]. While concentrated animal feeding operations (CAFOs) offer benefits such as 
economical sources of meat, milk, and eggs, they also present significant challenges. 
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Manure and wastewater contain numerous potential pollutants, including plant 
nutrients like nitrogen and phosphorus, pathogens, antibiotics, and other chemicals. 
Effectively managing and addressing wastewater pollution concerns is vital for pro-
tecting health, ensuring food quality, preserving the environment, creating employ-
ment opportunities, and generating energy [5–7].

The intensive CAFO system, a vital part of the agricultural economy, produces 
large amounts of solid organic waste, which creates ecological challenges and public 
health risks [8–10]. The use of biological processes for solid waste treatment is gain-
ing increased interest. Anaerobic digestion (AD) is recognized as an energy- efficient 
method for converting organic waste into energy. It offers a unique therapeutic 
approach for animal husbandry, providing benefits related to several issues, including 
renewable energy [11, 12]. AD involves a series of metabolic reactions that mainly 
occur without oxygen, proceeding through four stages: hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis [13]. Hydrolysis is the first step, where bacteria use 
enzymes to break down high- molecular- weight substances into soluble molecules or 
monomers. However, the stubborn nature of manure limits microbial access to key 
components—cellulose and hemicellulose—causing a rate- limiting step. The digest-
ibility of cellulose in lignocellulosic biomass is hindered by various physical, chemical, 
structural, and compositional factors. Studies show that only 20–30% of the initial 
biomass converts to methane during anaerobic digestion, with large amounts of carbon 
remaining as cellulose, hemicellulose, lignin, and proteins [14]. Additionally, improper 
handling of large amounts of digestate could lead to significant environmental issues. 
Converting these residual materials into biofuel is complex. Lignin, among these 
residues, is generally the most difficult to digest. Moreover, hydrogen bonds within the 
hydroxyl groups of cellulose strengthen a supramolecular structure with high crystal-
linity, further complicating digestion. Overall, these lignocellulosic materials greatly 
impact the hydrolysis process, forming a barrier that hinders microbial activity in 
substrate breakdown. Therefore, improving the digestibility of this feedstock is crucial 
to increase overall methane production. Meanwhile, mild hydrothermal pretreatment 
before anaerobic digestion is necessary to break down lignocellulosic fibers.

Prior research indicates that hydrothermal treatment eliminates the majority 
of hemicellulose from raw materials [11, 15]. Nonetheless, it is less efficacious in 
eliminating the lignin and other constituents. Due to its composition of 40–50% 
fibrous lignocellulosic material, dairy manure is not significantly amenable to lignin 
breakdown with hydrothermal processing alone [7]. Wet oxidation is a key technol-
ogy mostly used in the disposal of industrial and agricultural wastewater. However, 
it has received very little attention for treating solid waste (such as dairy manure). 
Along with thermal hydrolysis, wet oxidation is widely used to treat organic waste 
effluents. Wet oxidation has advantages over other alternative treatment technologies 
as it avoids the need for a dewatering step [7, 16]. Consequently, the integration of 
hydrothermal pretreatment with alkali supplementation seems to be an efficacious 
approach for lignin breakdown. Moreover, the application of ammonia enhances alka-
linity with low input, necessitating reduced chemical preparation relative to acidic 
treatment [17]. This results from the nitrogenous content in manure, which increases 
alkalinity. The utilization of ammonia generates fewer inhibitors, exhibits reduced 
corrosiveness to reactors, and allows for straightforward recycling. The efficient 
application of combined hydrothermal treatment prior to the anaerobic digestion 
(AD) process may offer a sustainable method for the usage of dairy manure.

The main goal of this chapter is to offer a comprehensive overview of combined 
hydrothermal pretreatment and wet oxidation of dairy manure for a sustainable 
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anaerobic biorefinery. Applying mild hydrothermal and wet oxidation treatments 
before anaerobic digestion can support sustainable dairy manure management with 
renewable energy. To fill the knowledge gap between anaerobic digestion and manure 
pretreatment, it is suggested that hydrothermal processing combined with wet oxida-
tion be used as a pretreatment method to improve manure lignocellulosic breakdown.

2.  Enhancement of anaerobic digestion of animal manure for biogas 
production

The generation of biogas from lignocellulosic materials offers a significant oppor-
tunity to convert waste manure into renewable energy [8, 18]. Despite its substantial 
methane potential, manure has not been efficiently used for biogas production. 
The main challenge with manure as a substrate is its effective digestion during the 
anaerobic digestion (AD) process, due to the complex and resistant nature of the 
feedstock [2, 10, 11]. Manure contains polymers such as cellulose, hemicellulose, and 
lignin; cellulose is the primary component of lignocellulosic material, surrounded 
by a hemicellulose layer and an outer lignin layer. The literature describes several 
pretreatment methods, including physical, chemical, and biological techniques, for 
treating lignocellulosic biomass, organic waste, sewage sludge, agro-waste, and other 
materials. However, there is limited research on preparing animal manure, mainly 
because its high fiber content is a significant barrier to effective utilization in anaero-
bic digestion. The main goal of pretreatment is to break the bonds between lignin 
and hemicellulose, reduce the crystallinity of cellulose, and increase the porosity of 
lignocellulosic materials. Various pretreatment methods have been studied to achieve 
these aims. Pretreatment is a common approach used to improve both the rate and 
yield of methane production [2, 10, 19]. Figure 1 below shows BMP results after 
pretreating the specified substrates.

Figure 1. 
Conceptual diagram of the effect of pretreatment on biogas yield (Redrawn, [20]).
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3.  Overview of the pretreatment procedure

3.1 Physical pretreatment

It can be classified into mechanical and thermal treatments. Mechanical pre-
treatments encompass milling, extrusion, grinding, and similar processes. The 
physical properties of biomass (manure) are altered using screens, sieves, presses, 
and centrifuges. Maceration is a frequently employed physical treatment method 
for animal manure. This procedure enhances the fiber’s surface area, facilitating 
microbial access to the substrate and augmenting methane output. In literature, 
mechanical separation is extensively employed for dairy manure utilizing devices 
such as screens, presses, and centrifuges. Masse et al. [21] developed a solid-liquid 
separation system that effectively eliminates a substantial fraction of solids to 
diminish phosphorus and heavy metal concentrations in raw manure [21]. Likewise, 
literature indicates that thermal pretreatment involves the gradual heating of 
biomass to release volatiles and alter its structure, hence enhancing digestibility 
[22]. This approach is energy-intensive, costly, and impractical for bio-refinery 
applications.

3.2 Chemical pretreatment

This involves the application of chemicals (including acids, bases, and organic 
solvents) to modify the physical and chemical properties of lignocellulose. It has 
been extensively examined in literature due to its efficacy in reducing stubborn traits. 
Acid pretreatment effectively hydrolyzes hemicellulose, hence augmenting the pore 
size or volume of the cell wall, which renders cellulose more amenable to enzymatic 
breakdown [23]. It also interferes with the lignin structure. The application of diluted 
and concentrated acid in the hydrolysis of lignocellulosic biomass improved sugar 
output. Alkaline pretreatment involves the solvation of lignocellulose particles and 
the hydrolytic degradation of lignocellulose through saponification. This technique 
improves hemicellulose dissolution, augments internal surface area, and decreases 
polymerization [24]. Nonetheless, they possess disadvantages like the elevated 
expense of acids, susceptibility to corrosion, and the necessity for neutralization prior 
to subsequent digestion.

3.3 Biological pretreatment

This technique utilizes the activity of microorganisms to alter the chemical com-
position and structure of lignocellulosic materials. The predominant microorganisms 
are white and brown soft-rot fungi, along with bacteria. Biological pretreatments are 
promising technologies due to their chemical-free nature, reduced energy use, and 
environmental sustainability. Nonetheless, biological pretreatment is less efficient, 
more time-consuming, and requires a regulated environment for optimal effective-
ness [25].

3.4 Hydrothermal carbonization

(HTC) is a thermochemical conversion process that employs lignocellulosic 
biomass to generate a solid, coal-like material. Introduced by Bergius in 1913, it 
replicates the natural coal formation process wherein cellulose converts into coal-like 
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substances in a laboratory environment [13, 26]. HTC presents advantages over other 
thermochemical processes, including the capacity to utilize biomass with elevated 
moisture content directly. The HTC process generally takes place at low temperatures 
(180–250°C) and under autogenous pressure, rendering it especially appropriates for 
wet materials, such as raw dairy manure and sludge, which comprises approximately 
80% dairy manure [10, 27].

The reaction mechanism of hydrothermal carbonization has been extensively 
examined in literature. The entire process is regulated by dehydration and decar-
boxylation. Initially, hydrolysis events result in the breaking of mostly ester and 
ether bonds within macromolecules with the addition of water [26]. This procedure 
yielded a diverse array of compounds, including cellulose oligosaccharides and 
phenolic lignin fragments. The dehydration process encompasses both chemical 
and physical mechanisms via which water is extracted from the biomass matrix. 
Chemical dehydration markedly carbonizes biomass by reducing the H/C and O/C 
ratios through the removal of hydroxyl groups. General hydrothermal treatment 
results in a partial removal of carboxyl groups. The response mechanisms remain 
mainly unidentified, particularly the influence of water’s presence. The carboxyl and 
carbonyl groups swiftly decompose above 150°C, producing CO2 and CO, respectively 
[28–30]. Probable sources of CO2 include short-chain acids, specifically formic and 
acetic acids, which are produced in substantial quantities during the decomposition 
of cellulose and hemicellulose. Additionally, there are condensation processes and 
the breaking of intramolecular bonds. Moreover, H2O functions as an oxidizing agent 
at high temperatures, resulting in the formation of extra CO2 through the thermal 
decomposition of these oxidized units. Ultimately, the fragments of biomolecule 
degradation aggregate, leading to polymerization. The creation of HTC products is 
primarily characterized by condensation polymerization, particularly aldol condensa-
tion. Condensation predominantly occurs with the generation of water. The mecha-
nism of free radicals may also occur in hydrothermal circumstances, but it is likely to 
be predominant at supercritical conditions and at low density.

Agricultural products are produced in substantial quantities worldwide each year. 
It presents significant potential to transform these plentiful resources into energy 
and valued products. The most promising technologies for converting trash into 
biofuels are hydrothermal procedures that utilize subcritical and supercritical water 
as processing media. Wilk et al. [31] conducted comparative analyses of sewage sludge 
and lignocellulosic biomass using hydrothermal carbonization [31]. A substantial 
increase in fixed carbon was seen in the case of lignocellulosic biomass. Conversely, in 
sludges, carbon compounds transitioned to the liquid phases, resulting in diminished 
carbonaceous products. In additional investigations, an anaerobically digested sludge 
was carbonized using hydrothermal carbonization to provide clean solid fuels. The 
hydrothermal carbonization of cow dung was also examined in the literature [32]. 
This investigation involved the hydrothermal carbonization of manure at tempera-
tures ranging from 180 to 260°C for durations of 5 and 30 minutes. The carbon 
content in hydro-char escalates with temperature, and the higher heating value 
(HHV) of hydro-char was documented as 22.1 MJ/kg [32]. Hydro-chars can serve as 
adsorbents for the remediation of environmental contaminants in water, particularly 
when their surfaces are functionalized with specific oxygen and nitrogen groups. 
Currently, carbon compounds modified with nitrogen, sulfur, and phosphorus groups 
are under extensive investigation as carbon electrodes for supercapacitors. Lentz et al. 
[33] investigated swine dung slurry using hydrothermal carbonization and reported a 
fuel with high energy content [33].
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3.5 Wet air oxidation

The wet oxidation technique was initially marketed for the production of artifi-
cial vanilla flavoring and subsequently employed for the degradation of paper-mill 
sludge and biological sludge [34]. This process involves the oxidation of organic and 
inorganic compounds in an aqueous solution using oxygen or air under increased 
temperatures and pressures. The primary processes resemble incineration (oxida-
tion) in water through WAO. The WAO method is optimal for the treatment of waste 
liquors, slurries, and similar materials with a high concentration of organic matter. 
Consequently, this technique is extensively employed to cleanse organic effluents 
and wastewater. This is a form of hydrothermal treatment for the removal of par-
ticulates in organic waste. Prior research demonstrated that a 90% reduction in total 
suspended solids and volatile suspended solids may be attained by the wet oxidation 
procedure [35, 36]. Research has examined the diverse organic chemicals, industrial 
processes, and wastewater through wet oxidation and catalytic wet air oxidation [35, 
37, 38]. Nonetheless, leaching of metal catalysts (e.g., CuO) and catalyst fouling were 
reported during the catalytic wet oxidation process [36]. The fundamental mecha-
nism of the moist air oxidation process entails the complete oxidation of organic 
molecules into carbon dioxide and water under conditions of elevated temperature 
and pressure. Under elevated temperature and pressure, molecular oxygen begins to 
solubilize in the aqueous medium and interacts with organic compounds, yielding 
CO2 and H2O through organic acid intermediates [7]. In this process, water constitutes 
the predominant aqueous phase and functions as an efficient heat transfer medium 
in the presence of Air/O2 to alter oxidation processes. In the primary chain reaction, 
free radicals are generated through the bimolecular interaction of oxygen with organic 
molecules [16, 39]. Considering all these scenarios, introducing wet oxidation along 
with hydrothermal as a mild treatment for dairy manure works as an effective treat-
ment. The procedure is devoid of any deleterious chemicals or reagents. In conclusion, 
mild wet oxidation treatment of dairy manure enhances solubility as well as decon-
structs lignocellulosic fiber of manure, which enhances methane yield [7].

Anaerobic digestion is a widely utilized manure method [18]. The primary 
obstacle in utilizing dairy manure as a substrate for anaerobic digestion is the low 
bio-digestibility of its fiber content [12]. Holm-Nielson et al. [40] revealed that animal 
dung has low biodegradability in anaerobic digestion due to its high fiber content [40]. 
Various hydrothermal processing strategies have been employed in the literature for 
the efficient exploitation of manure, including thermal hydrolysis (TH), hydrother-
mal carbonization (HTC), and hydrothermal liquefaction (HTL). Nonetheless, each 
process generates certain inhibitory chemicals, including furfural, 5-HMF, phenol, and 
phenolic derivatives. Furthermore, HTC and HTL necessitate extremely elevated tem-
perature and pressure conditions. Conversely, conventional biochemical processes like 
fermentation can convert biomass into volatile fatty acids; however, the reaction rates 
are sluggish and require several days to complete. Wet air oxidation of dairy manure 
has garnered significant attention and can be accomplished in a matter of minutes.

4.  Selective carbonization of nitrogen-infused biomass

Carbonization is the process whereby high-carbon-content solid residues are 
produced from organic material, often through pyrolysis in an inert atmosphere [26]. 
Slow pyrolysis is primarily used to achieve optimal char yield. Numerous studies have 
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explored the impact of pyrolysis operational parameters on the yield of products 
derived from lignocellulosic biomass. The kinetic and thermodynamic behavior of 
lignocellulosic materials during pyrolysis has been investigated to enhance under-
standing of the decomposition stages. Pyrolysis is the main method used for produc-
ing biochar and bio-oil [26]. The solid product serves various purposes, while bio-oil 
can function as fuel and be refined to produce chemicals. Despite the high energy 
content of bio-oil derived from biomass pyrolysis, it has undesirable characteristics, 
including high viscosity and corrosiveness. Previously, research focused on optimiz-
ing bio-oil production. The pyrolysis of protein-rich biomass (such as sewage sludge, 
dairy manure, and energy crops) presents a significant challenge due to the high 
nitrogen concentration in bio-oil, which leads to NOx emissions. Utilizing bio-crude 
as fuel requires additional technical measures to control nitrogen emissions to comply 
with fuel regulations [26, 41].

Numerous investigations have been undertaken in the literature regarding the 
slow and quick pyrolysis of protein-dense biomass, including sewage sludge [41]. 
This study indicates that the nitrogen content of biooil at 400°C was reported to 
be between 8.4 and 9.3 wt. %. Furthermore, the nitrogen content of bio-oil may 
attain up to 16 weight percent. Percentage during the catalytic pyrolysis of Spirulina 
(nitrogen-rich biomass). High nitrogen-content bio-oils would substantially impede 
the utilization of bio-oil as fuel. In a similar vein, the hydrothermal liquefaction 
of biomass with varying nitrogen content and model compounds was thoroughly 
investigated to ascertain the behavior of nitrogen and nitrogen-containing hetero-
cycles in the biocrude [26, 41]. The results indicated that the nitrogen concentra-
tion in bio-oil increased with elevated reaction temperatures in actual feedstocks. 
Furthermore, numerous investigations have suggested that Millard reactions, which 
include the browning reaction between reducing sugars and amino groups at elevated 
temperatures, affect thermal hydrolysis. Nitrogen-containing recalcitrant organics 
may be synthesized via Millard reactions [26]. The chemistry of the Maillard reaction 
is intricate owing to numerous reaction pathways, such as condensation, cyclization, 
dehydration, and rearrangements. Nevertheless, there is a paucity of research papers 
elucidating the impact of Millard responses in relation to dairy manure.

Figure 2. 
Selective carbonization to maximize carbon yield and enrich in N biochar structure.
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The transition behavior of nitrogen during pyrolysis remains inadequately under-
stood. The impacts of biomass type (N/C ratio) and biochemical processes on min-
eralization are inadequately comprehended. Consequently, optimizing solid carbon 
output and the retention of nitrogen and phosphorus in the solid phase may provide 
a novel approach for the sustainable utilization of manure. The utilization of acids 
and other desiccants may facilitate the catalysis and removal of oxygen in the form of 
water. The pyrolysis of acid-impregnated lignocellulosic biomass has been examined 
in the literature [10]. The pyrolysis of lignocellulosic biomass was mostly influenced 
by dehydration reactions rather than depolymerization reactions. Given these consid-
erations, the investigation of a novel carbonization approach (selective carbonization) 
should prioritize future thermochemical processes. Figure 2 illustrates the proposed 
selective carbonization process utilizing bioresources, including dairy manure.

5.  Biochar derived from manure and its usage in environmental contexts

Despite the long-standing establishment of biogas production via anaerobic diges-
tion, optimization of this process is necessary to enhance stability, increase methane 
outputs, and address inhibitory challenges [42]. A prominent issue related to the 
anaerobic digestion of nitrogen-laden materials is the inhibition caused by excessive 
ammonia. Conversely, the nitrogen-rich solid digestate may serve as a renewable 
feedstock for biochar. The solid component of digestate can serve as bedding material 
or soil amendments, albeit alternatives are restricted. The elevated organic matter 
and mineral nutrient content render animal manure an accessible fuel for bioenergy 
and biochar synthesis. Conversely, the substantial waste of amoebic-digested fiber, 
abundant in nitrogen and phosphorus, can function as an environmental resource. In 
recent years, biochar has increasingly garnered attention. Biochar is a carbon-dense 
solid produced by pyrolyzing biomass, including wood or manure, in an oxygen-
limited atmosphere. It can persist in soil for millennia [43]. As biochar research 
progresses, its significant environmental and economic advantages are widely 
acknowledged, prompting scientific investigations for its application in engineering. 
The upcycling of extensive manure waste by thermochemical and biological transfor-
mations into sophisticated carbon materials offers a viable alternative. While biochar 
research is compelling, numerous problems remain to be resolved for dependable 
applications. Manure typically exhibits complicated compositions, varied structures, 
and a heterogeneous character, posing considerable obstacles for the standardization 
of established preparation and modification processes [44].

A diverse array of modification techniques, including physical and chemical activa-
tion, has been documented in the literature [26, 45]. The chosen activation pathways 
and their application of diverse chemicals can substantially affect the modulation of 
pore architectures and biochar production. Furthermore, the protein-rich manure 
may function as an in-situ heteroatom dopant to enhance the intrinsic characteristics 
of biochar. While these waste biomass feedstocks inherently include advantageous 
dopants, external precursors are further employed throughout the synthesis process.

5.1  Biochar serves as a versatile adsorbent, catalyst, soil enhancer, and energy 
storage medium

Biochar is cost-effective and may be readily produced from various organic waste 
materials, including dairy manure, through thermal methods. By optimizing its 
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distinctive characteristics, including pore volume, surface area, long-term stability, 
and enhanced functional groups, biochar can be utilized in various applications 
such as wastewater treatment, catalysis, soil enhancement, fuel production, carbon 
sequestration, and energy storage [26]. Biochar is regarded as a promising universal 
adsorbent for the elimination of diverse contaminants in wastewater and soils. 
Biochar can adsorb heavy metals, organic pollutants, nitrogen, phosphorus toxins, 
PFAS, and various other contaminants. The physicochemical characteristics of the 
specified biochar govern the adsorption process. Engineering chars with specialized 
features can be designed by physical and chemical activation to target various pol-
lutants and impurities. The plentiful surface groups, primarily oxygen-containing 
groups like -COOH and -OH, exhibit a robust interaction with heavy metals, hence 
facilitating the adsorption process. Furthermore, the surface area and porous archi-
tecture of biochar influence the adsorption of heavy metals. In agricultural settings, 
the occurrence of per- and polyfluoroalkyl substances (PFASs) in water may endan-
ger irrigated crops and the human food supply [46]. Biochar may serve as a cost-
effective and eco-friendly method for the removal of PFAS from water. Ramos et al. 
[47] conducted a thorough assessment of several biochars derived from agricultural 
waste, including manure, and determined that, in addition to surface area, the carbon 
and nitrogen content of designed chars were effective in eliminating both long-chain 
and short-chain PFAS [47].

Biochar is regarded as a promising support material or catalyst used in environ-
mental and energy applications. Its comparatively high specific surface area and pore 
volume enhance catalytic activities by providing additional active sites for organic 
reactions. Furthermore, metal-enriched biochar feedstocks may function as support 
materials in catalysis. Dispersed findings indicate that hardwood-derived biochar 
demonstrates significant activity in esterification. Extensive literature supports 
biochar as an electrode material in supercapacitors [26].

Soil is crucial in terrestrial ecosystems. Soil degradation has occurred in recent 
decades due to poor land management, deforestation, and climate change [48]. These 
practices pose considerable risks to food security and agricultural sustainability. 
The unique properties of biochar, including its large surface area, stable carbon 
composition, and high nutritional content, make it an appealing candidate for soil 
rehabilitation. Soil remediation with biochar primarily happens through adsorption. 
The biochar adsorption mechanism includes surface complexation, hydrogen bond-
ing, and electrostatic attraction, among others. Biochar is reported to effectively 
remove organic contaminants and heavy metals, enhance cation exchange capacity, 
and improve soil fertility [49]. Moreover, soil, as a key carbon sink, plays an impor-
tant role in the global carbon cycle. Due to its highly condensed aromatic structure, 
biochar shows significant resistance to biodegradation, thus positively influencing 
carbon sequestration in the soil.

6.  Conclusions

Livestock production is a vital part of the global agricultural system. Excessive 
manure application to land causes social, economic, and environmental issues. 
Pretreating manure is an alternative method that improves anaerobic decomposition. 
The remaining solid digestate can be used as a renewable feedstock for biochar pro-
duction. Combining hydrothermal treatment before anaerobic digestion can reduce 
greenhouse gases, increase methane yield, and create a renewable energy source. 
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Additionally, this integrated approach offers significant benefits for sustainable 
manure waste management, with clean energy production as an added advantage. 
Making biochar through selective carbonization from dairy farms is an eco-friendly 
method. The protein-rich biochar can positively impact rural economies and serve 
as a solution for environmental restoration. Converting inexpensive manure feed-
stocks into biochar addresses waste management issues and supports environmental 
rehabilitation. These combined techniques, along with anaerobic digestion, help 
lower pollutants and greenhouse gas emissions, improve nutrient recovery, and boost 
bioenergy production, fostering a circular bioeconomy.
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Chapter 3

Recent Progress in the Influence 
of B- and N-Doped Primary and 
Secondary Hydrochar-Based 
Electrodes from Renewable 
Raw Materials on the Capacitive 
Performance for Energy Storage 
Applications
Jan Willem Straten

Abstract

A comparative analysis was conducted to elucidate the roles of primary char (PC) 
and secondary char (SC) formation in modulating the effects of B- and N-doping on 
the physical-chemical characteristics of the resulting electrodes for energy storage 
applications. For the synthesis of biobased N-doped hydrochar-based electrodes, 
sucrose (Suc), Miscanthus (Mis) and potato peels (PPs) were utilized as carbon 
sources, whereas urea and pyrrole (Pyr) were chosen as N precursors; boron trioxide 
(B2O3) was selected as B precursor. In situ doping via hydrothermal carbonization 
(HTC) was used, followed by pyrolysis, obtaining N-doped hydrochars (N-HCs). 
During HTC, the feedstocks undergo a multitude of complex decomposition mecha-
nisms leading to the formation of N-HCs, comprising different ratios of PCs and SCs. 
Subsequent pyrolysis and chemical ZnCl2 activation, produced N-doped pyrolyzed 
hydrochars (N-PHCs) with 5.6 wt % N from Suc and 4.8 wt % N from Mis applying 
urea. The N-PHCs from Suc and Mis employing Pyr, 3.1 and 4.2 wt % N, respectively 
were achieved. PPs-based syntheses focused mainly on activated carbons (ACs), 
B-doped AC yielded 0.2 wt% B, whereas co-doped B,N-AC reached 5.7 wt% N with 
0.1 wt% B. Electrochemical testing revealed that specific capacitance increased, 
detecting 47.0 F·g−1 at 5 mV·s−1 for N-PHCs based on Suc and 3.5 F·g−1 at 100 mV·s−1 
for those from Mis using urea. In case of PPs, the highest specific capacitances were 
recorded for B,N-co-doped AC, determining values of 51.7 F·g−1 at 100 mV·s−1 and 
71.9 F·g−1 at 5 mV·s−1.

Keywords: hydrothermal synthesis, boron and nitrogen doping, primary and 
secondary chars, pyrolysis, energy storage
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1.  Introduction

In response to the growing global demand for sustainable and efficient energy 
storage devices, carbon-based materials derived from renewable raw materials have 
attracted close attention. When properly processed, these carbon materials can serve 
as high-performance electrodes for energy storage systems such as supercapacitors 
and other electrochemical devices. The turning away from fossil fuels, like coal, 
towards biobased feedstocks, including lignocellulosic biomass and carbohydrates, 
not only fosters the recycling economy but also lowers the environmental impacts 
related to conventional synthesis routes.

A promising environmentally friendly and cheap technique for transforming 
biomass into carbonaceous materials is hydrothermal carbonization (HTC). HTC 
occurs in aqueous medium at mild temperatures of usually 190 and 240°C under self-
generated pressure, commonly known as subcritical water conditions. HTC produces 
hydrochar (HC) that resembles lignite in terms of structure and properties. The 
emergence and properties of HC through HTC depends on the nature of the biomass 
and the reaction conditions. Thus, the selection of the renewable resource is essen-
tial, as the chemical structure and composition are pivotal for material conversion. 
Depending on the structural complexity and decomposition behavior of the starting 
material, the HC is made up of solid char phases, which means either a mixture of 
primary char (PC) and secondary char (SC) or solely SC. Morphologically, in case 
of a blend of PC and SC, spherical particles of the SC accumulate on the PC surface. 
Generally, SC shows a higher C content and calorific value.

Due to their amorphous and chemically unstable nature, HCs often undergo a mild 
pyrolysis step or pyrolysis associated with chemical activation, generally performed 
between 500 and 900°C, in order to obtain thermally and chemically stable pyrolyzed 
hydrochars (PHCs) or, in conjunction with chemical activation, activated carbons (ACs) 
suitable for energy-related applications [1, 2]. By means of further modification, optimi-
zation, and functional tailoring, these biobased carbon materials can be processed into 
electrodes for use in electrochemical devices [3–5]. Notably, the incorporation of hetero-
atoms (in situ doping), e.g. nitrogen (N) or boron (B), has been proven to yield favorable 
material properties and structure–property relationships – for instance, improved 
surface functionalities or EC – for electrochemical applications [6]. Heteroatom-doped 
PHCs exhibit beneficial synergistic effects (e.g. electron donation or charge transport).

A large number of N-single-doped or B,N-co-doped carbon-based electrode mate-
rials for energy storage applications derived from earth-abundant renewable resources 
have already been investigated, e.g. shiitake mushroom or bean shell. They all demon-
strated promising electrochemical performance for supercapacitor applications.

This review is based on the findings of three recently published research articles. 
It focuses on a comparative analysis of carbonaceous electrode materials synthesized 
from biogenic starting materials, namely Miscanthus (Mis), sucrose (Suc) and potato 
peels (PPs), emphasizing the influence of B- and N-doping. Mis and Suc were used in 
combination with urea and pyrrole (Pyr), whereas the B,N-co-doping strategy was 
performed with PPs in connection with boron trioxide (B2O3) and urea [7–9].

The first study implies the utilization of Mis and Suc in the context of in situ 
doping with the N-precursors urea and Pyr. An identical synthetic pathway is applied. 
The HTC and subsequent pyrolysis are carried out at the same reaction conditions, 
differing only in the N-dopant. The as-obtained N-doped PHCs (N-PHCs) were 
examined for their physical-chemical properties and their electrochemical perfor-
mance. It aims to compare the material properties of N-PHCs, which contain various 
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ratios of N-doped PC (N-PC) and N-doped SC (N-SC). Urea and Pyr are N-dopants 
typically applied to enhance supercapacitive behavior. These electrodes were investi-
gated for their potential energy storage applications (Figure 1).

The second study deals with PPs. This synthesis route is different from the first 
study. Herein, the in situ doping involves B2O3 serving as the B-, and urea acting as 
the N-precursor. Urea and B2O3 are common precursors used to increase capacitive 
characteristics. Subsequent chemical activation with ZnCl2 results in B-, and N-single 
and co-doped AC electrodes. This study sheds light on how the in situ doping followed 
by chemical activation with ZnCl2 influences the physical-chemical features of the AC 
electrode materials for energy storage purposes (Figure 2).

Figure 1. 
Via HTC Suc and Mis were each added with urea and Pyr obtaining N-doped HCs (N-HCs) with PC and SC 
phases. Subsequent pyrolysis yields in N-PHCs for application in energy storage.

Figure 2. 
Synthesis route of B,N-co-doped AC electrodes stemming from PPs.
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The following sections discuss synthesis approaches, the role of PC and SC phases, 
the influence of distinct dopants on material properties, and the far-reaching conse-
quences for sustainable energy storage.

2.  The role of heteroatom-doped PC and SC char phases for energy storage 
applications

2.1 Synthesis strategies for biobased carbon electrodes

The fabrication of biobased carbonaceous electrode materials usually includes 
two steps. These steps involve HTC and subsequent pyrolysis, whereby pyrolysis 
and activation are typically combined. HTC is a thermochemical conversion process 
conducted in aqueous medium at subcritical conditions (190–240°C), transforming 
organic (waste) biomass into carbon-rich HC. HTC tailors morphology, chemical 
composition, structure and surface functionality of the HC. Therefore, the HTC is 
a suitable “green” synthesis technique offering an ideal environment for the in situ 
doping method. Briefly, the hydrothermal reactions imply decomposition reactions, 
namely hydrolysis, dehydration, fragmentation (e.g., decarboxylation), and polym-
erization reactions, such as (poly)condensation, as well as aromatization reactions. 
Depending on the type of feedstock, two morphologically and chemically distinct HC 
types emerge during HTC, PC and SC.

PC is produced from solid-solid carbonization reactions from the original 
structure of the raw material. It is characteristic of lignocellulosic biomasses like 
Mis or PPs. SC is formed from the aqueous phase through (re)polymerization and 
condensation reactions at the solid-liquid interface. This is especially prominent in 
carbohydrate-derived resources such as Suc.

After HTC, the HCs are either pyrolyzed or chemically activated (e.g. ZnCl2) at 
higher temperatures (500–900°C). These conditions are crucial to adjust the desired 
porosity and specific surface area (SSA) of the electrode needed for energy storage. 
It is also employed to boost thermal and chemical stability, EC, and graphitization 
degree. These are significant factors to ameliorate electrochemical performance.

Moreover, the in situ doping is a decisive synthesis strategy to integrate hetero-
atoms into the carbon network. These heteroatoms provide active sites for desirable 
electrical properties, improved charge storage, and overall capacitance performance.

2.2 PC and SC formation from biogenic resources

Since the structural and chemical nature of PC and SC phases is determined by 
the type of feedstock, the differentiation is paramount for getting an idea about the 
doping behavior and the physicochemical features of the carbon materials.

Suc is a disaccharide and the hydrothermal reaction takes place at 190°C. The deg-
radation starts with the hydrolysis of the α,β-1,2-glycosidic bond. The cleavage of the 
disaccharide results in the monosaccharides glucose and fructose. Via isomerization 
of glucose, fructose is formed. Fructose decomposes through dehydration reactions 
to the intermediate 5-hydroxymethylfurfural (HMF). HMF further decomposes via 
fragmentation reactions into organic acids (e.g. levulinic, acetic or formic acid). The 
organic acids and the byproducts (e.g. aldehydes, ketones) go through cyclization 
or (poly)condensation reactions in which cross-linking occur that lead to polyfu-
ranic chains. These furanic structures react to aromatic-like carbon frameworks, 
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aliphatic-based organic substances, gases and ultimately to solid polymeric HC. Suc 
is a carbohydrate, which means that SC predominates in HC, with PC being formed 
only to a lesser extent. In the liquid phase, (re)polymerization and condensation reac-
tions prevail. Concurrent parallel reactions to volatile side products and the formation 
of organic byproducts dissolved in the liquid supernatant are formed to a greater or 
lesser extent depending on the synthesis route. Besides, numerous side reactions yield 
undesirable soluble (polymeric) organic byproducts known as humins.

Mis and PPs are lignocellulosic biomasses. Mis consists of cellulose (44–45%), 
hemicellulose (29–30%), and lignin (20–22%). PPs comprise cellulose (32%), hemi-
cellulose (10%), starch (20%), lignin (20%), protein (18%), and lipids (1%).

During HTC, these main components influence the decomposition behavior. The 
emergence of HC encompasses two distinct pathways, the solved-intermediates-pathway 
as well as the solid-solid-conversion-pathway. The solved-intermediates-pathway 
is dictated by the polysaccharides cellulose, hemicellulose, and starch. Through the 
solid-solid-conversion-pathway, lignin is dominant. Hence, the HC formed from 
Mis and PPs are composed of PC and SC phases. The formation of HC from cellulose 
starts at temperatures above 220°C. The decomposition process initiates with the 
hydrolysis of the β-1,4-glycosidic bond into glucose. Afterwards, the degradation 
reactions are postulated to follow those of glucose. Compared to the above-described 
conversion mechanism of Suc via solved intermediates, there is an essential difference 
in the emergence of HC. The bulk of cellulose is directly transformed into an aromatic 
HC, which resembles the pyrolysis process.

2.3 Influence of N- and B-doping: Single and co-doping

Urea, Pyr and B2O3 are characteristic dopants used to improve physical-chemical 
material properties, such as the capacitive behavior.

Nitrogen is an n-type dopant and acts as an electron donor. Incorporated into the 
carbon skeleton, N modifies the surface chemical reactivity by enhancing wettability 
that is advantageous for both EC and capacitive performance. In contrast, B functions 
as a p-type dopant and is an electron acceptor. The presence of B raises the graphitiza-
tion ratio in non-graphitizable carbons, thereby substantially increasing the EC. In 
addition, B contributes to elevated capacitive performance. The introduction of N and 
B leads to preferable synergistic effects. Co-doping (dual doping) provides a unique 
electron distribution and structural distortions that may enhance the electrochemical 
performance. B,N-co-doped carbon electrodes indicate pronounced defects within 
the carbon lattice and elevate structurally complex active sites. These active sites give 
superior chemical properties compared to their single-doped counterparts, implying 
higher reactivity, better catalytic, chemical, and electrochemical activity, ameliorated 
wettability for more effective electrode-electrolyte interaction, increased electronic 
properties, improved EC, enhanced energy density, reduced ohmic as well as charge 
transfer resistance, and excellent cyclic stability resulting in extended operational 
lifetime.

2.3.1 Chemical composition of HCs from Suc and Mis: Urea and Pyr as N-precursors

To investigate whether the in situ doping method with the N precursor urea suc-
ceeded, the elemental composition of all HCs was analyzed (Figure 3).

With a mass ratio of 7% of the N precursor urea, the N content in HCs increases to 
6 wt% (Figure 3). The highest N content of 6 wt% is reached with Suc as feedstock. 
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N contents of up to 4 wt% are achieved using Mis as biogenic resource. If Pyr is used 
as N precursor with a mass ratio of 7%, the N content grows to 3 wt% for the HC 
stemming from Suc, whereas highest N content of 4 wt% is obtained utilizing Mis as 
starting material.

As the N content raises, the O content decreases in the cases of Suc and Mis 
applying both urea and Pyr. With respect to Mis, the C content drops slightly to 
(61.8 ± 0.2)% with growing urea content. If Suc is used as starting material, the 
increase in the C content is only marginal. In all cases, a decline in HC yield was 
achieved with the highest urea input of 7%. Conversely, if Pyr is used, the C content 
increases to (69.8 ± 0.1)% and (65.2 ± 0.8)% for HC from Suc and for HC based on 
Mis, respectively. Furthermore, a rise of HC yields was reached with highest Pyr addi-
tion of 7%. For the HC originating from Suc with 7% Pyr (HC-Suc-Pyr-7%), the HC 
yield is (48.9 ± 0.4)%, whereas for the HC from Mis with 7% Pyr (HC-Mis-Pyr-7%), 
highest HC yield of (55.8 ± 3.2)% was achieved.

Without the addition of N precursors, the HC yields are (42.0 ± 0.7)% and 
(49.7 ± 3.8)% for HC originating from Suc (HC-Suc) and for HC derived from Mis 
(HC-Mis), respectively. In Figure 3, the HC yield of HC-Suc is lower in comparison 
with HC-Mis. This can be accounted for by the various complexities of the decom-
position mechanism during HTC. The degradation steps during the decomposition 
process follow a more or less complicated pathway depending on the choice of Suc 
or Mis as the substrate. Likely, parallel reactions to volatile side products and side 
reactions to soluble (polymeric) organic byproducts (e.g. humins) in the aqueous 
phase might be the reason for the lower HC yield of HC-Suc. However, a very high C 
content of (68.3 ± 0.1)% can be observed by means of elemental analysis. The high 
values of C are attributable to the fact that mainly O-functions are decomposed, 
which is why many O containing compounds are identified among the decomposition 
products. Yet, the degradation products of Suc contribute to the emergence of the 
carbon network to a greater extent. This can be a hint of a more pronounced internal 
condensation level and cross-linking of the carbon framework of HC-Suc.

Figure 3. 
HC yield (columns) and N content (squares) after HTC of Suc (red) and Mis (green) with the corresponding N 
precursors urea and Pyr.
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Unlike HC-Suc, the HC yield of HC-Mis is lower, which is attributed to the emission 
of gaseous substances or to dissolved (polymeric) organic byproducts, in the same 
way as with Suc. Nonetheless, the decomposition products of Mis contribute to the 
formation of the carbonaceous framework to a lesser extent. The elemental analysis of 
HC-Mis also shows a lower C content (63.5 ± 0.01)%, which suggests a less pronounced 
internal condensation level and cross-linking of the carbon scaffold of HC-Mis.

Under subcritical water conditions, urea is decomposed into CO2 and NH3. Via 
Maillard reaction, NH3 reacts with reducing sugar (e.g. Suc, decomposed hemicel-
lulose). The Maillard reaction integrates N into the carbon scaffold and encompasses 
amination, imination (Schiff base), rearrangements, cyclization, degradation (e.g. 
Strecker degradation) reactions, or the transformation to aromatic compounds (e.g. 
pyrrole, pyrazine, furan, pyrone). The non-Maillard reactions are additional crucial 
reaction mechanisms to incorporate N into the carbon framework. They entail con-
densation (Mannich reaction), amidation (Schotten-Baumann reaction), (reductive) 
amination (Leuckart-Wallach, Eschweiler-Clarke reaction), or ring forming reactions 
(Paal-Knorr pyrrole and furane syntheses, Chichibabin pyridine synthesis or Staedel-
Rügheimer pyrazine synthesis). Cyclization reactions also involve cycloadditions, 
mainly (hetero-)Diels-Alder reactions, which produce N-heterocycles. These diverse 
reaction mechanisms result in a multitude of O- and N-functional groups, linkages as 
well as structural motifs such as heterocycles. Since urea is easily hydrolyzed and is 
involved in a wide range of chemical reactions, this may be one reason why higher N 
contents are obtained.

The role of Pyr under subcritical conditions is not yet elucidated and understood. 
There are no mechanistic studies in the literature on Pyr in combination with hydro-
thermal synthesis, only in connection with polypyrrole (polyPyr) [10, 11]. In the first 
step, Pyr is chemically polymerized to polyPyr in the presence of an oxidizer (FeCl3, 
ammonium persulfate or HCl) [11, 12]. In the second step, polyPyr is mixed with a 
carbon material (e.g. carbon cloth or graphene oxide) and hydrothermally treated 
to produce hybrid or composite materials [10, 11]. In a study, the mixture was added 
with Triton X-100® and hybrid or composite materials were synthesized via self-
assembly hydrothermal treatment [11].

Consequently, it can probably be assumed that Pyr itself is only decomposed or 
hydrolyzed slowly, so that Pyr itself is incorporated into the polymeric carbonaceous 
network, and the Maillard reaction only plays a minor role in this degradation pro-
cess. It is also reasonable to suggest that the N dopant might also be adsorbed on the 
carbon surface instead of being incorporated into the carbon skeleton.

In general, N-doping with urea and Pyr was successful as the N content rises to 
6 wt% (Figure 3). In the cases for HC-Suc and HC-Mis, where the N content increases 
but the O content diminishes, this can be ascribed to the fact that O-functional groups 
are substituted by N-containing functions.

2.3.2 Chemical composition of HCs from PPs: Urea and B2O3 as N- and B-precursors

PPs are waste biomass consisting of a self-doped enrichment of N and O. As a result, 
PPs are promising starting materials for the transformation into high-performance, 
biobased carbonaceous electrodes for high added-value energy storage application.

The in situ doping method was examined with the B- and N-dopants urea and 
B2O3, respectively. The elemental analysis was employed to characterize all HCs and to 
figure out whether the in situ doping method was successful (Figure 4).
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The share of N of the HC stemming from PPs (HC-PPs) amounts to 3.4 wt%. 
With the addition of urea, the proportion of N increases. The HC comprising a 
blend of the precursors B2O3 and urea (HC-PPs-B-N), the share rises to 5.5 wt%. 
The maximum percentage of N of 5.7 wt% was obtained for the single-doped HC 
with urea (HC-PPs-N). With the addition of the B-dopant B2O3, there is no notable 
growth of the amount of B. For both HC-PPs-B-N and HC-PPs-B, the B proportion 
has a comparatively low content of 0.15 and 0.17 wt%, respectively. The share of 
C is comparatively high in all HCs fluctuating between 64 wt% and 68 wt%. The 
sample co-doped HC-PPs-B-N possesses the minimum percentage of C. The HC-PPs 
and HC-PPs-N samples display the maximum amount of C. For all HCs, the share 
of H is consistent at around 5 wt%, whereas the proportion of O is in a state of 
stagnation at about 20–23 wt%. Before and after hydrothermal synthesis, the ash 
content is noteworthy. PPs, dried in the cabinet, are characterized by an ash content 
of approximately 8.2 wt%. After the HTC, the ash content of all HCs decreased 
significantly to between 0.4 and 1.7 wt%. It is well-known that during hydrothermal 
synthesis, the ash content diminishes by leaching of inorganic substances to the 
aqueous medium.

The elemental analysis exhibits a fairly high content of C for all HC samples 
between 64 and 68 wt%. The reason for this is that O-containing structures are 
largely decomposed. This might be a hint for a more intense internal condensation 
level and cross-linking of the carbon framework of the HC samples.

The PPs and the precursors urea and B2O3 degrade under subcritical condi-
tions. During the decomposition process and the associated transformation to HC, 
numerous reactions occur, particularly with the N-dopant urea that has already been 
described in-depth in the context of the decomposition process of Suc and Mis.

In fact, doping with N was successful, as the share of N rises. The sample 
HC-PPs illustrates an N proportion of 3.4 wt%. The sample single-doped HC-PPs-N 

Figure 4. 
Elemental composition, ash content (columns), and B-content (squares) of HCs from PPs with the B-dopant B2O3 
and the N-dopant urea. The S content was not considered in the diagram (S is <0.1%).
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indicates maximum N percentage of 5.7 wt%; co-doped HC-PPs-B-N has the second 
highest content of N with a value of 5.5 wt%.

Unlike N-doping, doping with B using B2O3 was unsuitable under subcritical con-
ditions. The B content is extremely low at 0.15 and 0.17 wt% for the samples HC-PPs-
B-N and HC-PPs-B, respectively. Accordingly, it can be stated that an extremely low 
amount of B is bonded in the carbon lattice of the HC. Nevertheless, investigations 
on reaction mechanisms with respect to B species under subcritical conditions are 
basically unknown. Some examinations assume that B structures bonded in carbon 
frameworks comprise substitutional B, boronic or borinic esters, and boronic acids. 
At temperatures below 800°C, inorganic B substances possess low doping efficiency 
because of their low reactivity. The role of the dopant B2O3 during hydrothermal syn-
thesis remains unknown because of the lack of mechanistic investigations. It stands 
to reason that no appreciable degradation processes take place during hydrothermal 
synthesis. It can be postulated that once B2O3 is dissolved in water, metaboric acid and 
boric acid (H3BO3) are formed. Diols (e.g. hydroxycarboxylic acids) are among the 
degradation products of carbohydrates. In the presence of hydroxycarboxylic acids, 
boron acids (e.g. boric or boronic acids) can enter into esterification reactions to form 
boric ester (borate monoester) or boronic ester (boronate monoester).

2.3.3  Chemical composition of PHCs from Suc and Mis: Urea and Pyr as 
N-precursors

Pyrolysis at 900°C alters the chemical composition and properties, characterized 
by a substantial growth of the C share with a concurrent reduction in the proportion 
of H and O of the resulting PHCs. In contrast, the N content indicates only slight 
deviations from those of the HCs. The PHC yield and N content of the PHCs are 
presented in Figure 5.

The C content of the PHCs ranges from 81 to 94 wt%. The maximum C percentage 
of (94.0 ± 0.9) wt% is detected for PHC-Suc, whereas the lowest, (80.8 ± 0.2) wt%, 
is observed for PHC-Mis in the presence of urea at a mass ratio of 7 wt% (PHC-
Mis-Urea 7%). The H content of all PHCs remains <1 wt%, while the N content lies 

Figure 5. 
PHC yield (columns) and N content (squares) after pyrolysis of Suc (red) and Mis (green) with the N-precursors 
urea and Pyr.
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between 1 and 6 wt%. The maximum amount of N of (5.6 ± 0.07) wt% is achieved 
for PHC-Suc with 7 wt% urea (PHC-Suc-Urea 7%), and similarly, PHCs stemming 
from Mis with a mass ratio of 7 wt% urea (PHC-Mis-Urea 7%) indicate the highest N 
content of (4.8 ± 0.2) wt%. Generally speaking, the PHC yield based on both Suc and 
Mis increases with rising N content. However, the PHC yield of PHC-Mis-Urea 7% 
with a value of (41.2 ± 1.4)% is essentially comparable to that of its N-free counterpart 
(41.3 ± 0.9)%. Besides, the sample PHC-Suc-Urea 7% reaches a slightly higher PHC 
yield, (57.8 ± 1.4)%, relative to its N-free counterpart of (55.3 ± 0.6)%. When Pyr 
is used as a dopant, it is noticeable that the N content of the PHCs is slightly lower 
than when urea is utilized. On the contrary, the C content increases when Pyr is 
applied. No trend can be observed for the O and H contents. The highest PHC yields 
are recorded for the PHCs prepared with a mass ratio of 7 wt% Pyr. In particular, 
PHC-Suc with 7 wt% Pyr (PHC-Suc-Pyr 7%) achieves a PHC yield of (59.4 ± 0.6)%, 
whereas PHC-Mis with 7 wt% Pyr (PHC-Mis-Pyr 7%) yields a value of (50.2 ± 5.0)%. 
Among all PHCs, the maximum PHC yield is hence obtained for PHC-Suc-Pyr 7%. A 
trend is visible in the PHC yields. The higher the C content and the lower the share of 
O, with moderate N content, the higher the PHC yields. The trend is reversed for HC 
yields, in which the HC yields diminish with rising N content.

Potential structural entities present in the N-PHCs are thermostable connectivites 
such as quaternary N groups, pyrrole- or pyridine-like moieties. Unlike the PHCs 
originating from Suc, the PHC samples based on Mis exhibit lower average PHC 
yields, ranging from 41 to 50%. These PHC-Mis materials have average O contents 
stagnating between 10 and 14 wt% relative to the PHC-Suc materials possessing lower 
values of 5.2–5.6 wt%. The elevated O percentage may be ascribed to thermostable O 
functionalities, which are involved in chemical bonds and consequently contribute 
to cross-linking within the carbon scaffold, thereby imparting particular stabil-
ity to the polymeric carbon framework. Likely structural motifs include phenolic, 
ether, and carbonyl groups, which are embedded as linkers within the polymer-like 
carbonaceous matrix. The sharp rise in C content, accompanied by a simultaneous 
diminution in O and H, can be related to the release of volatile species (H2O, CO2, 
CH4) during pyrolysis; for instance, through cyclization reactions or via the annula-
tion of (hetero)cyclic compounds into polycyclic aromatic ring systems. With regard 
to the PHC yields, it may be inferred that the N-SC in the PHC-Suc samples exerts a 
stabilizing effect on the carbon scaffold, resulting in higher PHC yields. In contrast to 
this, a mixture of N-PC and N-SC in the N-PHC-Mis materials does not seem to give 
any particular stability to the carbon skeleton, since the PHC yields remain essentially 
constant.

2.3.4 Chemical composition of ACs from PPs: Urea and B2O3 as N- and B-precursors

Following chemical activation of all HC samples with ZnCl2 at 900°C, noticeable 
changes in the elemental composition can be seen (Figure 6).

The activation process leads to a slight increase in the C proportion, varying 
between 71 and 74 wt%, accompanied by a sharp decrease in the amount of H. On the 
other hand, the percentage of N, B, and O remains comparatively constant.

The sample AC-PPs-B-N unveils the maximum C content, yielding 74.1 wt%, 
the minimum value of 70.7 wt% is found for pristine AC-PPs. The N-content ranges 
from 3.1 to 5.7 wt%, with the maximum share of proportion of 5.7 wt% measured 
for AC-PPs-B-N and the minimum proportion of 3.1 wt% for AC-PPs-B. O contents 
remain at a stable level between 18 and 26 wt%, with AC-PPs-B representing the 
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highest amount of 25.8 wt% and AC-PPs-B-N possessing the lowest of 18.4 wt%. 
The values of the B percentage of AC-PPs-B-N and AC-PPs-B amount to 0.1 and 
0.2 wt%, respectively. Of all determined chemical elements, H undergoes the most 
considerable decline upon pyrolysis. For AC-PPs and AC-PPs-B, H contents approach 
zero, with values of (0.6 ± 0.6) wt% and (0.7 ± 0.7) wt%, respectively. The sample 
AC-PPs-B does not contain any detectable H, while for AC-PPs-B-N a value of 
1.6 wt% was measured.

The use of ZnCl2 as a chemical activating agent, acting as a Lewis acid, is a dehy-
drant and facilitates carbonization reactions as well as promotes polycondensed 
aromatic ring reactions. Furthermore, ZnCl2 reacts with water to generate an acidic 
medium that exerts a corrosive effect on the carbon matrix, in this way causing the 
formation of a porous, channel-like structure. Moreover, ZnCl2 selectively emits 
volatile species such as H and O from the hydroaromatic structure, especially gaseous 
H2O and H2; hydrocarbons such as CO, CO2, or O-containing organic components. This 
phenomenon is probably attributed to the significant decline in the share of H while 
simultaneously explaining the relatively constant proportion of O after chemical acti-
vation, since the emission of oxygenated volatiles is limited. Furthermore, the elevated 
O percentage can be deduced from the presence of thermostable O-structural units, for 
example phenolic, ether, and carbonyl groups that cross-link the carbon framework 
conferring structural stability. As a matter of fact, ZnCl2 activation also promotes the 
production of benzoquinone and ether functional groups. The volatilization process 
creates reactive sites, in which cyclization reactions or annulation of ring structures 
into polycyclic aromatic compounds may take place. Besides, thermostable N- and 
B-components may account for the comparatively constant N and B content after 
chemical activation. N-structures are possibly existent in the form of quaternary-N, 
pyrrole, or pyridine, whereas B-structural links are probably present as substitutional 
B, boronic and borinic esters, or boronic acids, all of which remain stable at 900°C.

Figure 6. 
Elemental composition (columns) and B content (squares) after chemical activation of B- and N-doped HC-PPs 
with ZnCl2. The S content is not taken into consideration in the diagram (S is ≤0.3%).
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2.3.5  Electrochemical analysis of PHCs from Suc and Mis: Urea and Pyr as 
N-precursors

Cyclic voltammetry (CV) measurements were performed on PHC electrodes 
originating from Suc and Mis, as well as on their N-PHCs obtained with 7 wt% urea 
and 7 wt% Pyr, employing carbon black (CB) as the reference material. The PHC 
electrodes were assessed at two distinct scan rates, at a higher scan rate of 100 mV·s−1 
and a lower scan rate of 5 mV·s−1. Representative anodic and cathodic half-cycles are 
identified within the applied potential interval of −0.2–1.2 V, with the anodic and 
cathodic half-cycles appearing more pronounced at lower scan rates (Figure 7).

For all carbon electrodes, higher scan rates yield in lower specific capacitances, 
whereas lower scan rates lead to higher specific capacitance values. At lower scan 
rates, the CV curves depict less distortion. As a result, higher specific capacitances are 
reached (Figure 8).

Figure 8. 
Specific capacitances of the PHC electrodes (columns) from Suc (red) and Mis (green), as well as the N content 
(squares) with the N precursors urea and Pyr at a scan rate of (a) 100 mV·s−1 and of (b) 5 mV·s−1 in 0.5 M 
H2SO4. The reference material CB is denoted as gray column.

Figure 7. 
Cyclic voltammograms of the PHC electrodes derived from Suc and Mis with the N precursors urea and Pyr at a 
scan rate of (a) 100 mV·s−1 and of (b) 5 mV·s−1 in 0.5 M H2SO4. CB is the reference material marked as gray line.
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This phenomenon is due to the fact that more charge carriers (ions) penetrate 
into the pore network, which not only facilitates ion transport but also favors incor-
poration into the active carbon electrode. As a consequence, physical charge storage 
is enhanced through electrostatic interactions and physisorption, in conjunction 
with the development of an electric double layer (EDL) at the electrode/electrolyte 
interface (EEI). Previous reports note that both the shape of the CV curves and the 
specific capacitances of carbon electrodes deteriorate heavily with increasing scan 
rate. Considering that, the discussion section will focus on the results obtained at the 
lower scan rate of 5 mV·s−1.

The maximum average specific capacitance was recorded for the electrode with 
the highest N content, namely PHC-Suc-Urea 7%, made up of N-SC, which achieved 
47.0 F·g−1 at a scan rate of 5 mV·s−1. Equally, PHC-Mis-Urea 7%, composed of a 
mixture of N-PC and N-SC, with a N content of 4.8 wt%, has the maximum specific 
capacitance of 3.5 F·g−1 at 100 mV·s−1 and the second-highest one of 36.7 F·g−1 at 
5 mV·s−1. In both cases, the values of the N-PHC electrodes exceed their undoped 
counterparts, obtaining superior specific capacitance at 100 mV·s−1 (1.1 ± 0.1 F·g−1 
and 3.5 ± 1.0 F·g−1), as well as at 5 mV·s−1 (47.0 ± 8.2 F·g−1 and 36.7 ± 0.3 F·g−1).

The lowest specific capacitances are detected for N-PHC electrodes doped with 
Pyr. For PHC-Suc-Pyr 7%, the specific capacitance values are (0.1 ± 0.01) F·g−1 at 
100 mV·s−1 and (22.2 ± 7.6) F·g−1 at 5 mV·s−1. In the case of PHC-Mis-Pyr 7%, the cor-
responding values are (0.2 ± 0.06) F·g−1 at 100 mV·s−1 and (23.7 ± 1.6) F·g−1 at 5 mV·s−1.

The cyclic voltammograms shown in Figure 7 deviate from the representative rectan-
gular profiles and instead demonstrate severely distorted, oval-shaped cycles with steep 
incline. This is owing to the existence of O- functionalities on the carbon surface, the low 
EC leading to high intrinsic resistance, and the concomitant slow electron-transfer rates. 
The resistive contributions also arise from the restricted ion mobility within the porous 
system. Although a reasonable amount of O bonded into the carbon lattice provides 
ameliorated surface wettability and pseudocapacitance, the influence of O-functions is 
notable, since their location at the edges of the carbon planes hinders electron transfer, 
thus raising electronic resistance. These impacts are evident across all examined PHC 
electrodes but are primarily marked for the PHC-Mis series, which reveal comparatively 
high O contents with values of 9.8–14.1 wt%. The elevated O contents not only evoke 
inferior EC values but also induce deficient specific capacitances (Figure 8).

Additionally, tiny humps are ascertained in all CV profiles within the potential 
range from 0.5–0.8 V for PHC-Suc; 0.7–1.0 V for PHC-Suc-Urea 7%; 0.6–0.9 V for 
PHC-Suc-Pyr 7%; 0.7–1.0 V for PHC-Mis; 0.6–0.9 V for PHC-Mis-Urea 7%, and 
0.5–0.9 V for PHC-Mis-Pyr 7%, especially at a scan rate of 5 mV·s−1. These obser-
vations are attributable to synergetic effects of electric double-layer capacitance 
(EDLC) and pseudocapacitance associated with N- or O-containing structural moi-
eties. Nevertheless, the contribution from redox reaction peaks is minimal and barely 
discernible. The absence of apparent redox peaks is caused by faradaic charge transfer 
processes consisting of a vast number of reactions with innumerable onset potentials; 
there is no defined single reaction here. In view of the introduction of N-structural 
elements within the polymeric carbon network of the electrode, a variety of reac-
tions between the N-active sites and protons from the acidic electrolyte have been 
proposed.

The electrodes N-PHC-Suc and N-PHC-Mis appear to be appropriate electrodes 
in terms of fairly high average specific capacitances with a value of 47.0 F·g−1 at 
5 mV·s−1 and of 3.5 F·g−1 at 100 mV·s−1, respectively. These electrodes represent the 
best-electrochemical performing material among all analyzed PHCs. The N-PHC-Suc 
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electrode, containing SC, displays a sensible N content of 5.6 wt%, an EC of 
129.1 S·m−1, and a superior average specific capacitance of 47 F·g−1 at 5 mV·s−1. The 
N-PHC-Mis electrode, composed of both PC and SC, features a N content of 4.8 wt% 
and an improved average specific capacitance of 3.5 F·g−1 at 100 mV·s−1, even though 
its EC is lower than that of the undoped counterpart. In this context, the predomi-
nance of SC in the N-PHC-Suc electrode seems to be beneficial for physical-chemical 
properties, as it leads not only to an increase in EC but also to specific capacitance at 
a lower scan rate. Similarly, SC is also present in the N-PHC-Mis electrode, albeit to 
a slightly lesser extent. Here, the same phenomenon can be observed. SC appears to 
be favorable for the physical-chemical properties, particularly the improvement in 
specific capacitance at a higher scan rate. Presumably, the presence of PC appears to 
have a negative effect on the EC, since the EC value is lower.

Besides, as determined, the carbon materials contain N and O. N-PHC-Suc illus-
trates a percentage of 5.6 wt% N and 5.2 wt% O, whereas N-PHC-Mis unveils a share 
of 4.8 wt% N and 14.1 wt% O. These heteroatoms are critical for capacitive effects, 
as basic surface N- and O-functions actively contribute to pseudocapacitive behavior 
through Faradaic redox reactions in acidic electrolyte. N-structural units entailing 
pyridinic N and quaternary N work as active sites to enhance electrochemical perfor-
mance. Pyridinic N at the edge sites of the carbon lattice and quaternary N ameliorate 
electron donor properties by providing available electron pairs. These N-derived 
structures integrated into the carbon framework change the surface polarity that 
boosts wettability at the EEI and gives rise to pseudocapacitive effects. Ions diffuse 
preferentially through the pore system and enable beneficial access to the electrode 
surface, arousing higher specific capacitance.

Except for the amount of N and O, a definitive explanation for the highest specific 
capacitances of N-PHC-Suc and N-PHC-Mis is complicated. This finding cannot be 
explained by the results from the average pore size or total pore volume. N-PHC-Suc 
has an average pore size of 10.99 nm and a total pore volume of 1.02·10−3 cm3·g−1, 
whereas N-PHC-Mis possesses similar values. The average pore size accounts for 
5.29 nm and the total pore volume is 1.18·10−2 cm3·g−1. N-PHC-Suc shows an overall 
negligible SSA of 0.19 and 4.48 m2·g−1 for N-PHC-Mis accompanied by a relatively 
large average pore size and a low overall porosity. It is obvious that the comparatively 
large pore size favors diffusion of charge carriers to the carbon surface. Therefore, 
redox reactions are preferred, which eventually give superior specific capacitance. 
Nonetheless, an important reason for the inferior specific capacitance values is the 
generally very low SSA of all PHCs analyzed by BET measurements.

N-doping with Pyr did not provide any evident advantage in electrochemical 
performance, despite the paradoxically larger SSAs compared to the undoped coun-
terparts. The PHC-Suc-Pyr 7% sample, made up of N-SC, reveals the highest SSA 
of 29.39 m2·g−1, followed by PHC-Mis-Pyr 7%, consisting of a mixture of N-PC and 
N-SC, with an SSA of 13.63 m2·g−1. The SSAs and total pore volumes of the N-PHC 
electrodes containing 7% Pyr surpass those of the N-PHCs prepared with 7% urea, 
while only the average pore sizes being smaller in comparison.

It should be noted that Pyr, despite the N-PHC electrodes having a higher N 
content, does not imply any merits concerning physical-chemical characteristics. Pyr 
does not appear to be convenient as an N-precursor under subcritical water condi-
tions, since it might only hydrolyze slowly, whereby Pyr itself is embedded into the 
carbon matrix rather than being decomposed via Maillard reaction. Indeed, it stands 
to reason that Pyr might be absorbed on the carbon surface instead of being bonded 
into the carbon scaffold.
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Although pyrolysis at 900°C was carried out, it does not appear to have wielded 
any considerable influence on the SSA of the PHCs. Yet, the maximum reached 
specific capacitance for N-PHC-Suc with a value of 47 F·g−1 at lower scan rate and 
3.5 F·g−1 for N-PHC-Mis at higher scan rate remain quite lower than those reported 
for activated biobased carbon electrodes under comparable conditions. For instance, 
carbon electrodes based on Suc display specific capacitances ranging from 165 to 
316 F·g−1 and SSAs between 518 and 2102 m2·g−1 in acidic electrolyte. Apart from that, 
biomass-derived electrodes from Mis feature a specific capacitance value of 111 F·g−1 
and an SSA of 3024 m2·g−1 in organic electrolyte.

The primary reason for the poor electrochemical performance of the PHC 
electrode materials is the absence of chemical or physical activation to enlarge the 
SSA, which is typically required for supercapacitor applications. A further contrib-
uting factor is the weak adhesion of the PHC electrodes to the aluminum foil coated 
with carbon black (CB@Al current collector). The carrier film itself presents 
challenges, as the inhomogeneous distribution of the coating may cause uneven 
concentrations of physisorbed charge carriers at the EEI, whereby strongly impair-
ing the performance of the EDL [4, 5]. For Mis-derived carbons, the biomass ash 
content may also play a role in diminishing specific capacitance. Depending on the 
type of Mis, the ash content varies between 2.2 and 3.5 wt%, which are relatively 
low values [13]. Nonetheless, its presence might deteriorate the electrochemical 
performance. Apart from that, the use of H2SO4 as the electrolyte likely influenced 
the low specific capacitance values. In this study, H2SO4 was prepared at a concen-
tration of 0.5 M, whereas the highest specific capacitances are generally obtained 
at the optimal ionic conductivity of 1 M H2SO4 [4, 5, 14, 15]. Attempts to conduct 
electrochemical analysis in KOH were unsuccessful due to corrosion of the CB@Al 
current collector.

2.3.6  Electrochemical analysis of ACs from PPs: Urea and B2O3 as N- and 
B-precursors

Pristine AC electrodes from PPs, together with B- and N-single-doped as well as 
B,N-co-doped AC electrodes, were assessed by CV employing AC-Peat as a reference 
material. Measurements were performed in 1 M H2SO4 within the potential window 
of −0.2-1.2 V at a higher scan rate of 100 mV·s−1 and lower scan rate of 5 mV·s−1 
(Figure 9).

Figure 9. 
CV profiles of the AC electrodes springing from PPs utilizing ZnCl2 as chemical activator with the B- and 
N-dopants B2O3 and urea at a scan rates of (a) 100 mV·s−1 and of (b) 5 mV·s−1 in 1 M H2SO4. AC-Peat is the 
reference material.



Biochar – Applications in Agriculture and Environment

62

The AC electrodes illustrate similar CV curves characterized by a quasi-rectangu-
lar shape within the applied potential window. Both anodic and cathodic half-cycles 
are each endowed with a broad hump incurred by redox reactions of B, N, and O 
present in functional groups acting as active sites. The respective redox peaks of the 
anodic and cathodic half-cycles can be assigned to the potentials compiled in Table 1.

As depicted in Figure 9, at a lower scan rate, the half-cycles seem to be more 
intense, since enhanced specific capacitance values can be found. In turn, at a higher 
scan rate, lower specific capacitances are identified (Figure 10). Increasing the scan 
rate modifies the CV shape. It is distorted with a slight inclination and, at the same 
time, the specific capacitances decrease. The CV profiles at 5 mV·s−1 present less dis-
tortion and the specific capacitance values are improved. This means a larger number 
of charge carriers (ions, electrons) can readily penetrate the pores of the active AC 
electrode. The average pore size of the ACs ranges from 0.95–1.38 nm, outperforming 
the dimensions of dissolved electrolyte ions SO4

2− (5.33 Å) > K+ ≈ H3O+ (3.62–4.2 Å). 
Hence, the mobile charge carrier transport within the porous system is facilitated, 
allowing elevated physical charge storage through more extensive electrostatic inter-
actions and physisorption, in this way, leading to a more pronounced EDL at the EEI.

Both at a high scan rate of 100 mV·s−1 and at a low scan rate of 5 mV·s−1, the 
AC-PPs-B-N electrode unveils the maximum average specific capacitances of 51.7 

100 mV·s−1 5 mV·s−1

Sample Oxidation peak 
on the anodic 
half-cycle [V]

Reduction peak 
on the cathodic 
half-cycle [V]

Oxidation peak 
on the anodic 
half-cycle [V]

Reduction peak 
on the cathodic 
half-cycle [V]

AC-Peat 0.73 0.41 0.61 0.51

AC-PPs 0.68 0.41 0.61 0.50

AC-PPs-B-N 0.71 0.23 0.54 0.48

AC-PPs-N 0.69 0.40 0.61 0.55

AC-PPs-B 0.64 0.41 0.60 0.49

Table 1. 
Redox peak potentials of the AC electrode materials derived from PPs utilizing ZnCl2 as chemical activator with 
the B- and N-dopants B2O3 and urea at a scan rate of 100 mV·s−1 and of 5 mV·s−1 in 1 M H2SO4. AC-Peat is the 
reference material [9].

Figure 10. 
Specific capacitance values of the AC electrodes stemming from PPs using ZnCl2 as the chemical activator as 
well as the B- and N-dopants B2O3 and urea at a scan rate of (a) 100 mV·s−1 and of (b) 5 mV·s−1 in 1 M H2SO4. 
AC-Peat is the reference material.
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and 71.9 F·g−1, respectively. Despite relatively large standard deviations, these values 
outperform the values of the reference material AC-Peat that delivered 37.7 ± 2.5 F·g−1 
at 100 mV·s−1 and 54.3 ± 11.0 F·g−1 at 5 mV·s−1. The AC-PPs-N electrode provided the 
third-highest specific capacitance values of 32.8 and 48.1 F·g−1 at 100 and 5 mV·s−1, 
respectively. Pristine AC-PPs ranked fourth, with an average specific capacitance of 
27.7 F·g−1 at 100 mV·s−1 and of 39.5 F·g−1 at 5 mV·s−1, the latter value being the low-
est among all tested AC electrodes. The AC-PPs-B electrode produces the minimum 
specific capacitance with a value of 23.6 F·g−1 at 100 mV·s−1 and yields 43.3 F·g−1 
at 5 mV·s−1, slightly surpassing that of pristine AC-PPs with a value of 39.5 F·g−1, 
although with a relatively high standard deviation. Taken as a whole, the results of 
B- and N-single-doped AC electrodes demonstrate enhanced specific capacitances 
compared to pristine AC-PPs. The electrode B,N-co-doped AC achieves the maximum 
specific capacitance at both scan rates, exceeding AC-Peat utilized as the reference 
material. The superior specific capacitance of the electrode AC-PPs-B-N can be 
explained by its maximum N proportion of 5.7 wt%, a minor B share of 0.1 wt%, a 
large SSA of 793.5 m2·g−1 with an average pore size of 0.95 nm, and an improved EC of 
34 S·m−1.

In spite of the relatively small median pore size, the advantageous co-incorpo-
ration of the heteroatoms B and N alters the acid/base and electron donor/acceptor 
properties enabling charge carrier transport of the electrolyte ions within the porous 
AC electrode. The electrode B,N-co-doped AC changes the surface polarity of the 
carbon skeleton, and its hydrophilic character enhances electrode surface wettability 
in the electrolyte, simplifying ion access into the micropores. These synergetic effects 
accelerate ion kinetics, which increase the ion transfer efficiency and ease the elec-
tron-transfer ability. On account of their small ionic radii, the dissolved electrolyte 
ions can diffuse freely through the hierarchical pore systems that foster charge carrier 
transport within the carbonaceous electrode and across the EEI. Owing to the smaller 
ionic radii, the ion center approximates the AC electrode surface augmenting elec-
trostatic interactions, which ultimately result in improved capacitive effects. These 
features are preferable for charge storage mechanisms at the EEI. Figure 9 also depicts 
that O content substantially affects capacitive behavior. As is visible in Figure 6, the 
O proportion is between 18.4 and 25.8 wt%. In addition to B- and N-connectivities, 
O-structural moieties are implicated in pseudocapacitive performance through basic 
surface functions, which participate actively in reversible Faradaic redox reactions in 
acidic electrolyte. Among N-structural entities, pyridine, pyrrole, and quaternary-N 
are recognized as active sites. Pyridinic-N and pyrrolic-N, located at the edges of the 
carbon layer, provoke pseudocapacitive effects, while quaternary-N boosts electron 
transfer by donating its lone pair and thereby amending electron-donor proper-
ties. In terms of B-active sites, the precise Faradaic redox reaction mechanism is not 
yet completely understood. Nevertheless, the presence of B- and O-functionalities 
could contribute to reversible Faradaic redox reactions. Potential B-active sites imply 
substitutional B, boronic and borinic ester, or boronic acids, which, being electron-
deficient, act as electron-withdrawing groups and increase the electron acceptor 
properties. Regarding O-active sites, benzoquinone structures and ether groups are 
likely candidates, as these functionalities are preferentially formed during chemi-
cal activation with ZnCl2. In general, B-, N- and O-structural elements bonded into 
the carbon matrix alter the AC surface polarity and intensify wettability at the EEI 
triggering pseudocapacitance and enhancing rate performance. Therefore, charge 
carriers preferably migrate through the pore network to the electrode surface arous-
ing an improved specific capacitance.
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According to the pore textural parameters, AC-PPs-B-N accounts for an SSA 
of 793.5 m2·g−1, a median pore size of 0.95 nm as well as a total pore volume of 
0.38 cm3·g−1, pointing to microporous system. Although these pore textural parameters 
are not as well-developed as those reported in the literature, the existence of B-, N-, 
and O-structural motifs bonded into the carbon framework plays a decisive factor in 
facilitating ion or electron diffusion through the pore system to the carbon surface. 
This advantageous diffusion behavior, coupled with favored redox reactions, amelio-
rates overall capacitive performance. Hence, the synergetic interactions of B-, N-, and 
O-structural units are of vital importance for the emergence of both EDLC and pseudo-
capacitance. It is important to state that a sensible O content can exert beneficial effects 
through O-functional groups, for example by amending surface wetting or pseudoca-
pacitance. However, if a certain amount of O is surpassed, adverse impacts may result. 
The deviation from ideal rectangular CV profiles (Figure 9) is due to O-connectivities 
on the AC electrode surface, complicated by relatively low EC and high intrinsic resis-
tance, which in turn arise from slow electron-transfer rates. Likewise, the resistance is 
introduced by the restricted mobility of charge carriers within the micropore network. 
Furthermore, O-structural elements induce high electron resistance and serve as barri-
ers to electron transport. This phenomenon is observed across all AC electrodes, but is 
primarily pronounced for pristine AC-PPs, which represents the maximum amount of 
O with a value of 25.0 wt% (Figure 6). The elevated O content seems to be detrimental 
to the physical-chemical characteristics, since AC-PPs features the minimum EC of 
all characterized ACs and the minimum specific capacitance value at 5 mV·s−1. In the 
CV curves, little but discernible redox peaks are detected. The absence of well-defined 
peaks is on account of Faradaic charge transfer mechanisms encompassing a myriad 
of reactions with a multitude of onset potentials. The presence of N-structures within 
the carbon network, together with protons from the acidic electrolyte, can give rise to a 
great number of redox reactions rather than a single reaction.

The findings of the physical-chemical outcome were compared with literature 
studies on PPs-derived AC electrodes. Reported SSAs range from 103 to 1911 m2·g−1, 
with specific capacitances between 61 and 603 F·g−1 in acidic electrolytes; in neutral 
medium, the specific capacitances are 98–323 F·g−1.

In this study, the SSAs achieved with values of 627 to 825 m2·g−1 fall within the lit-
erature range. Nonetheless, the highest specific capacitances obtained with 51.7 F·g−1 
at 100 mV·s−1 and 71.9 F·g−1 at 5 mV·s−1 do not correlate entirely with the values in 
the literature. These results highlight that the synthesis strategy for PPs-based AC 
electrodes still offers ample opportunities for optimization.

2.4 Scalability and reproducibility

The global transition to a circular and climate-neutral energy economy requires 
both performance-optimized materials and environmentally friendly synthesis 
strategies. In this context, the usage of biobased raw materials such as Mis, Suc, and 
PPs represents an attractive and sustainable option to fossil fuels (e.g. coal).

2.4.1 Biomass and dopant selection

Mis is a resistant, perennial C4 grass with high biomass productivity, efficient CO2 
fixation, and low agricultural input requirements. Its robust lignocellulosic structure 
allows carbonization into structurally stable chars and offers long-term availability for 
scalable material production.



65

Recent Progress in the Influence of B- and N-Doped Primary and Secondary Hydrochar-Based…
DOI: http://dx.doi.org/10.5772/intechopen.1014226

Suc is less lignified but a globally abundant carbohydrate and serves a model 
compound suitable for mechanistic studies, as well as for fine-tuning of SC forma-
tion. Suc is a food resource and thus less ideal for large-scale applications. However, 
its structural simplicity and high reactivity make it a valuable template for material 
development.

PPs are a major industrial waste stream, accounting for 6–10% of global potato 
processing volume. Their conversion into biobased carbon electrodes for energy stor-
age technologies would be a key factor for high added-value applications or large-scale 
applications, avoiding landfill disposal or processing into fodder or fertilizer.

Urea is a cheap and harmless N-source widely used in agricultural and industrial 
applications. It is an appealing candidate for large-scale applications.

Pyr has some limitations with respect to toxicity, volatility, and lower incorpora-
tion efficiency, which would restrict large-scale applications.

B2O3 exhibits low doping efficiency under subcritical water conditions but may 
cause advantageous electronic effects at low concentrations. Nevertheless, large-scale 
applications are limited.

2.4.2 HTC and chemical activating agent

The hydrothermal synthesis employed across all studies is characterized by consider-
able ecological merits. HTC is processed at low temperatures (190–240°C), it is operated 
in aqueous medium without the need of organic solvents, and the in situ heteroatom 
doping is beneficial during char formation, thus avoiding post-treatment steps. Another 
advantage is the minimal gas emissions compared to conventional pyrolysis processes.

The utilization of ZnCl2 for chemical activation raises concerns about corrosive-
ness and waste disposal. Yet, with convenient recycling strategies and wastewater 
treatment, the environmental impacts can be alleviated.

Overall, the combination of waste biomass (PPs), harmless dopants (urea) and 
scalable HTC processes offers a promising path to environmentally friendly biogenic 
electrode materials. The results underline that, when evaluating materials for energy 
storage applications of the future, sustainability must be taken into account alongside 
performance.

3.  Conclusions

This presented study provides a comparative perspective on the synthesis, struc-
tural properties, and electrochemical performance of B-and N-single-doped as well 
as B,N-co-doped HC-based electrode materials derived from biogenic raw materials, 
including Suc, Mis and PPs. The investigation systematically assesses Suc, Mis and 
PPs, and their conversion into doped carbon materials via HTC, pyrolysis, and chemi-
cal activation. Briefly, the key findings are summarized below.

When doped with urea using a mass ratio of 7%, Suc forms an N-PHC that consists 
of SC with an N-content of 5.6 wt%. The N-PHC-Suc-Urea 7% electrode, comprising 
SC, unveils the highest EC of (129.1 ± 17.9) S·cm−1, and CV at a low scan rate of 5 mV·s−1 
yields the maximum specific capacitance of (47.0 ± 8.2) F·g−1. These enhancements in 
EC and specific capacitance corroborate their potential as high-performance electrode 
materials.

Mis, doped with urea applying a mass ratio of 7%, produces a mixture of PC and 
SC with a N share of 4.8 wt%. The PHC-Mis-Urea 7% electrode, which is made up of 
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a blend of PC and SC, achieves the highest specific capacitance at a high scan rate of 
100 mV·s−1, with a value of (47.0 ± 8.2) F·g−1. The improvement in the specific capaci-
tance confirms this electrode to be a promising candidate for advanced electrode 
material.

With respect to Pyr, after pyrolysis, PHC-Suc-Pyr 7% and PHC-Mis-Pyr 7% 
demonstrate a N percentage of 3.1 and 4.2 wt%, respectively. Pyr does not appear to 
be a suitable N-dopant, since it yields lower N content and reduced electrochemi-
cal performance. The specific capacitances drop to (0.1 ± 0.01) F·g−1 at 100 mV·s−1 
and (22.2 ± 7.6) F·g−1 at 5 mV·s−1 for PHC-Suc-Pyr 7%. For PHC-Mis-Pyr 7%, at 
100 mV·s−1 and 5 mV·s−1, the specific capacitance is (0.2 ± 0.06) F·g−1 and (23.7 ± 1.6) 
F·g−1, respectively.

In PPs-based electrodes, after activation with ZnCl2, the highest N content is 
recorded for AC-PPs-B-N with a value of 5.7 wt% and for AC-PPs-N with 4.9 wt%. 
Despite the low doping efficiency of B2O3, with AC-PPs-B-N and AC-PPs-B reaches 
0.1 and 0.2 wt%, respectively, both B- and N-doping affect the physical-chemical 
features. The AC-PPs-B-N electrode possesses the best electrochemical behavior, 
resulting in a specific capacitance of 51.7 F·g−1 at a higher scan rate of 100 mV·s−1 and 
71.9 F·g−1 at a lower scan rate of 5 mV·s−1. The outcome stresses that B,N-co-doping 
has positive impacts on the specific capacitance owing to synergistic effects.

In all, the HTC route enables sustainable char production using renewable and 
abundant feedstocks. Among the electrodes studied, urea-doped PHC made from 
Suc and B,N-co-doped AC based on PPs prove to be appealing candidates for energy 
storage applications and might pave the way for the production of next-generation 
sustainable electrodes.

© 2026 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Biochar has emerged as a multifunctional soil amendment with the potential to 
improve soil fertility, enhance nutrient use efficiency, mitigate contaminant mobility 
and contribute to long-term carbon sequestration. Produced through the pyrolysis of 
biomass under oxygen-limited conditions, biochar is characterized by a highly aromatic 
carbon structure, variable mineral composition and a chemically heterogeneous surface 
rich in oxygen-containing functional groups. These properties underpin its strong 
interactions with soil minerals, nutrients, microorganisms, and organic compounds. The 
mechanistic understanding of how biochar modifies biogeochemical processes in soil-
plant systems remains incomplete. A major limitation in biochar research is the difficulty 
in disentangling direct physicochemical mechanisms, such as sorption and surface com-
plexation, from indirect biological processes mediated by changes in microbial activity, 
nutrient cycling and rhizosphere dynamics. Conventional soil analyses largely rely on 
static measurements of nutrient pools and provide limited insight into fluxes, turnover 
rates and source-sink relationships. In this context, isotopic techniques employing stable 
and radioactive isotopes offer a powerful framework to resolve carbon, nutrient and 
contaminant dynamics in biochar-amended soils with high mechanistic resolution. This 
chapter synthesizes the principles, methodologies and applications of isotopic tracers in 
studies of soil fertility and plant nutrition under biochar amendment. Emphasis is placed 
on the use of 13C and 14C to elucidate carbon cycling and priming effects, 15N to quantify 
nitrogen transformations and biological nitrogen fixation and radioisotopes such as 
32P, 33P and 35S to assess nutrient availability and turnover. Isotopic approaches are also 
discussed in the context of micronutrient dynamics and contaminant fate.

Keywords: radioactivity, priming effects, nutrients fluxes, rhizosphere,  
14C radioisotope
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1.  Introduction

Biochar has gained global prominence as a soil amendment capable of modifying 
soil chemical, physical, and biological properties, with implications that extend from 
crop productivity to environmental quality and long-term carbon sequestration. 
Produced through the pyrolysis of biomass under limited oxygen availability, biochar 
is characterized by a highly condensed aromatic carbon structure, variable mineral 
content and a heterogeneous surface chemistry dominated by oxygen-containing 
functional groups [1, 2]. These properties collectively confer biochar a unique 
capacity to interact with soil constituents, nutrients, microorganisms and organic 
compounds [3]. Nevertheless, despite the extensive number of agronomic and 
environmental studies reporting positive or neutral effects of biochar application, 
the mechanistic basis underlying many of these responses remains incompletely 
resolved.

A central challenge in biochar research is the difficulty in disentangling direct 
physicochemical effects such as sorption, ion exchange and surface complexation 
from indirect biological effects mediated by shifts in microbial activity, nutrient 
cycling and rhizosphere processes. Conventional soil chemical analyses typically 
quantify changes in nutrient pools or extractable fractions [4] but are inherently 
limited in their ability to identify fluxes, transformation pathways and source-
sink relationships. In this context, isotopic techniques, employing both stable and 
radioactive isotopes, represent a powerful and underutilized toolbox to resolve the 
dynamics of carbon and nutrients in biochar-amended systems with unparalleled 
resolution.

Isotopic tracers have a long tradition in soil fertility and plant nutrition research, 
enabling the quantification of nutrient availability, biological nitrogen fixation, 
mineralization, immobilization turnover, root uptake efficiency and contaminant fate 
[5]. When integrated with biochar research, isotopic approaches allow researchers to 
discriminate between native soil-derived elements and those originating from fertil-
izers, amendments or organic inputs, to quantify isotopically exchangeable pools, and 
to track the transformation and mobility of nutrients and agrochemicals over time. 
This chapter synthesizes the principles, methodologies and applications of isotopic 
tracers in the study of soil fertility and plant nutrition in biochar-amended systems, 
emphasizing mechanistic insights into carbon cycling, macronutrient and micronu-
trient dynamics and contaminant interactions.

2.  Fundamental principles of isotopic tracers in soil: Plant systems

Isotopes are atoms of the same chemical element that differ in neutron number 
and, consequently, in atomic mass. This difference does not substantially alter chemi-
cal behavior but enables the discrimination of isotopic species during physical or 
nuclear detection [6]. Stable isotopes, such as 13C, 15N and 34S, do not undergo radio-
active decay and are quantified by measuring isotopic ratios relative to international 
standards using isotope ratio mass spectrometry (IRMS). Radioisotopes, including 
14C, 32P, 33P, 35S and 65Zn, possess unstable nuclei and emit ionizing radiation dur-
ing decay, which can be detected by liquid scintillation counting (LSC) or gamma 
spectrometry, depending on the emission characteristics.
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The power of isotopic tracers lies in their ability to follow the movement and trans-
formation of an element through complex systems without significantly  perturbing 
the system itself [7].

In soil fertility research, isotopes are used to quantify nutrient fluxes rather than 
static pools, providing direct measurements of availability, turnover rates and source 
contributions [8]. Two conceptual approaches dominate isotopic studies: enrich-
ment techniques, in which a system is deliberately labeled with an isotope at levels 
above natural abundance, and natural abundance approaches, which exploit inherent 
isotopic differences among sources or processes.

Isotopic dilution constitutes one of the most important quantitative frameworks in 
soil fertility studies. In the case of phosphorus, the use of 32P or 33P allows the deter-
mination of the isotopically exchangeable P pool (E-value), reflecting the fraction of 
soil P that is in rapid equilibrium with soil solution and potentially available to plants 
[9]. Similarly, 15N dilution methods enable the quantification of biological nitrogen 
fixation by comparing isotopic enrichment in fixing and non-fixing plants [10]. These 
approaches are particularly relevant in biochar-amended soils, where sorption pro-
cesses, microbial immobilization and altered soil chemistry can substantially modify 
nutrient exchange dynamics.

3.  Biochar properties and their isotopic implications

The intrinsic properties of biochar are central to understanding its interac-
tions with isotopic tracers. One of the most relevant features is its carbon isotopic 
signature. Biochar produced from C4 biomass, such as maize or sugarcane residues, 
exhibits a δ13C value typically around 12‰, whereas soils dominated by C3 vegetation 
generally present δ13C values near 26 to 28‰ [11]. This contrast allows biochar-
derived carbon to be traced in soil organic matter pools using natural abundance 
13C techniques, without the need for artificial labeling. Such an approach has been 
extensively applied to quantify the contribution of biochar carbon to total soil carbon 
stocks, microbial biomass and respired CO2 [12].

Beyond isotopic signatures, biochar’s surface chemistry exerts profound effects 
on nutrient behavior. Carboxyl, phenolic and lactonic functional groups, along 
with mineral phases inherited from the feedstock or formed during pyrolysis, create 
reactive surfaces capable of binding anions and cations [1]. These interactions 
influence the recovery and apparent availability of isotopically labeled nutrients. For 
example, phosphate labeled with 32P may be rapidly sorbed onto biochar surfaces 
or biochar-associated metal oxides, reducing its immediate isotopic exchange-
ability. Conversely, biochar-induced increases in soil pH may reduce P fixation by 
Fe and Al oxides in highly weathered soils, increasing the isotopically exchangeable 
P pool [13].

Biochar also modifies soil microbial habitats by increasing porosity, altering 
moisture retention and supplying labile organic compounds, particularly in low-tem-
perature biochars [14]. These changes often result in increased microbial biomass and 
activity, which can rapidly immobilize isotopically labeled nutrients such as 15N or 
33P. Consequently, isotopic studies in biochar-amended soils must carefully consider 
microbial assimilation as a transient but critical sink influencing nutrient availability 
to plants.
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4.  Carbon cycling in biochar-amended soils traced by 13C and 14C

Carbon dynamics represent one of the most intensively studied aspects of biochar 
research, and isotopic techniques are indispensable for distinguishing biochar-
derived carbon from native soil organic matter. Natural abundance 13C has been 
widely used to partition soil carbon pools and CO2 emissions following biochar 
application [15], enabling the quantification of biochar mineralization rates and the 
assessment of priming effects on native organic matter.

Radiocarbon (14C) techniques provide even greater resolution. When biochar is 
artificially labeled with 14C before soil application, it becomes possible to directly 
quantify its mineralization by measuring 14C-CO2 evolution over time [16]. Such stud-
ies have consistently demonstrated the remarkable stability of biochar carbon, with 
mineralization rates typically orders of magnitude lower than those of fresh plant 
residues. Moreover, 14C partitioning approaches have revealed that biochar can either 
suppress or stimulate the decomposition of native soil organic matter, depending on 
biochar properties, soil type and environmental conditions.

Figure 1 illustrates how total CO2 efflux can be quantitatively resolved into source-
specific contributions, demonstrating that biochar addition does not simply alter the 
magnitude of soil respiration but fundamentally modifies the origin of mineralized 

Figure 1. 
Conceptual representation of carbon source partitioning in biochar-amended soils using a combined isotopic 
approach. The schematic illustrates the integration of 14C radiolabeling and 13C natural abundance to 
simultaneously quantify CO2 derived from three distinct carbon sources: native soil organic carbon (C3-derived), 
biochar carbon produced from C4 biomass, and an easily degradable external substrate (14C-labeled glucose). This 
approach allows the resolution of total soil CO2 efflux into source-specific contributions, enabling mechanistic 
identification of biochar-induced priming effects and revealing how fresh carbon inputs modify both the magnitude 
and origin of mineralized carbon in biochar-enriched soil systems. Source: Adapted from Luo et al. [16].
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carbon, particularly under conditions of fresh carbon inputs. By explicitly separating 
CO2 derived from soil organic matter, biochar and added substrate, the schematic 
highlights the occurrence of biochar-induced priming effects and reveals that labile 
carbon availability can stimulate not only soil organic matter decomposition but also 
measurable losses of biochar carbon itself. This integrated isotopic approach over-
comes the limitations of traditional two-source partitioning methods based solely on 
stable isotopes and provides a robust mechanistic framework to investigate carbon 
stabilization and destabilization processes in biochar-enriched soils, reinforcing the 
central role of isotopic tracers in advancing the understanding of soil carbon dynam-
ics beyond bulk CO2 flux measurements.

In plant-soil systems, isotopic approaches allow the discrimination of root-derived 
carbon from biochar-derived carbon within the rhizosphere. This distinction is essen-
tial for understanding how biochar influences rhizodeposition, microbial utilization 
of root exudates and the formation of stable organo-mineral associations. Accelerator 
mass spectrometry (AMS) has emerged as a powerful tool in this context, enabling 
ultra-sensitive detection of 14C in complex matrices and facilitating long-term studies 
of carbon stabilization.

5.  Nitrogen dynamics and 15N tracing in biochar-amended systems

Nitrogen cycling is influenced by biochar through mechanisms that include 
ammonium adsorption, altered nitrification rates, changes in soil aeration and shifts 
in microbial community structure [17]. The use of 15N-labeled fertilizers provides a 
direct means to quantify these effects by tracking fertilizer-derived nitrogen through 
soil, plant and microbial pools.

Numerous studies employing 15N-urea or 15NH4
+ have demonstrated increased 

recovery of fertilizer nitrogen in plant biomass following biochar application, often 
accompanied by reduced nitrogen losses via volatilization or leaching [18]. Isotopic 
mass balance approaches enable the partitioning of applied nitrogen among plant 
uptake, soil retention, and gaseous losses, revealing that biochar frequently enhances 
nitrogen use efficiency rather than simply increasing total nitrogen availability [19].

Isotopic techniques are equally critical for evaluating the effects of biochar on 
biological nitrogen fixation. Using either 15N enrichment or natural abundance meth-
ods, researchers have shown that biochar can enhance symbiotic nitrogen fixation in 
legumes by improving soil physical conditions, nutrient availability and microbial 
habitat quality [20]. These effects are particularly relevant in low-input or tropical 
systems, where nitrogen availability often limits productivity.

6.  Phosphorus dynamics revealed by radioisotopic techniques

Phosphorus availability is one of the most contentious aspects of biochar research, 
with reported effects ranging from strong increases to negligible or even negative 
responses [21]. Radioisotopic tracers, especially 32P and 33P, offer a mechanistic frame-
work to resolve these inconsistencies. By quantifying isotopically exchangeable P 
pools through dilution techniques, it becomes possible to distinguish between changes 
in total P content and changes in P availability [22].

In highly weathered tropical soils, biochar-induced increases in soil pH and reduc-
tions in active Fe and Al can significantly increase the E-value, reflecting enhanced P 
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availability [23]. Isotopic exchange kinetics further reveal whether biochar introduces 
fast- or slow-exchanging P pools, information that is inaccessible through routine soil 
tests. Plant uptake using 32P-labeled fertilizers demonstrate that biochar can increase 
the proportion of fertilizer-derived P recovered in plant tissue, particularly under 
P-limiting conditions.

7.  Sulfur and micronutrient cycling traced by isotopes

Sulfur dynamics in biochar-amended soils have received comparatively less 
attention, yet isotopic approaches using 35S and 34S provide valuable insights into 
sulfate retention, organic S mineralization and microbial immobilization. Biochar-
induced changes in redox conditions and microbial activity can substantially alter 
sulfur cycling [24], effects that are readily captured using isotopic tracers. Similarly, 
micronutrient dynamics, particularly for Zn, Fe, and Ca, are strongly influenced by 
biochar’s sorptive capacity [25]. The use of γ-emitting isotopes such as 65Zn enables 
non-destructive tracking of micronutrient uptake and redistribution within plants, 
revealing whether biochar acts primarily as a sink or as a mediator enhancing nutrient 
availability under specific soil conditions.

8.  Isotopic tracing of contaminant: Biochar interactions

Beyond fertility, biochar is increasingly used to mitigate the mobility and bioavail-
ability of organic contaminants and heavy metals. Radiolabeled compounds such as 
14C-pesticides have been instrumental in quantifying sorption strength, desorption 
kinetics and microbial degradation pathways in biochar-amended soils. These studies 
demonstrate that biochar can substantially reduce contaminant mobility and leach-
ing while simultaneously altering degradation dynamics, with implications for both 
agronomic safety and environmental protection.

The broad structural and chemical diversity of organic contaminants and bio-
char, combined with the many methods used to produce biochar, creates a wide 
range of possible interactions between these molecules [26]. This leads to different 
interaction mechanisms that are not yet fully clarified. These interactions may be 
physical, chemical or a combination of both and together give rise to sorption. The 
dominant mechanism depends on the interplay between the properties and structural 
features of both materials (such as porosity, specific surface area, hydrophobicity, 
ion-exchange capacity, functional groups and aromaticity) and the conditions of 
the surrounding environment (including concentration, pH and temperature) [26]. 
Predicting the most likely mechanisms in a sorption system requires integrating 
knowledge of intermolecular interactions, thermodynamic principles and the struc-
tural and compositional characteristics of the substances involved.

The presence of biochars in soils has provided good sorption of many organic 
contaminants, influencing the mobility of these molecules applied to the soil profile. 
The effect of biochar application on the transport of 14C-hexazinone, 14C-metribuzin 
and 14C-quinclorac in soil was demonstrated by Mendes et al. [27]. Using thin-layer 
chromatography (TLC) soil plates with soil (Figure 2), the authors demonstrated 
that the most significant reductions in herbicide mobility occurred when biochar was 
incorporated into the soil compared to treatments where biochars were applied in the 
middle or on top of the TLC soil.
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9.  Perspectives and future directions

The integration of isotopic techniques into biochar research remains substantially 
underexplored, particularly when considering the complexity of soil-plant-microbe 
interactions and the multiple biogeochemical processes simultaneously affected 
by biochar amendment. While many studies have documented changes in nutrient 
availability or carbon stocks following biochar application, far fewer have employed 
isotopic tracers to disentangle the underlying mechanisms governing nutrient fluxes, 
microbial turnover and element stabilization. As a result, there is a pressing need to 
move beyond bulk measurements and adopt isotopic frameworks capable of resolv-
ing source-sink relationships, turnover rates and transformation pathways within 
biochar-enriched soil systems.

Emerging methodological advances offer significant opportunities to address these 
knowledge gaps. Approaches such as compound-specific isotope analysis (CSIA) 
enable the tracking of individual molecular fractions of organic carbon and nitrogen, 
providing insights into preferential substrate utilization and microbial processing at 
the molecular level. Similarly, dual- and multi-isotope labeling strategies, for example, 
combining 13C or 14C with 15N, 33P or 35S allow simultaneous assessment of coupled bio-
geochemical cycles and their responses to biochar amendment. When integrated with 
long-term field experiments and supported by isotopic and process-based modeling, 
these techniques can bridge the gap between short-term laboratory observations and 
ecosystem-scale responses, capturing legacy effects of biochar on soil fertility.

Looking forward, the strategic incorporation of isotopic tools into biochar research 
is essential for developing predictive and transferable knowledge that supports both 

Figure 2. 
Mobility of 14C-labeled 14C-quinclorac, 14C-metribuzin and 14C-hexazinone (left to right, respectively) in four 
soil treatments in TLC-soil: unamended soil (control), soil amended with biochar, soil + biochar strip (1 cm) in 
the middle, and soil + biochar band at the top of the TLC-soil. Source: Adapted from Mendes et al. [27].
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agronomic and environmental decision-making. Isotopically informed studies can 
refine fertilizer management strategies, improve assessments of carbon sequestration 
potential, and enhance the understanding of contaminant fate in biochar-amended 
soils under realistic field conditions. Ultimately, advancing the integration of biochar 
science with isotopic methodologies will be critical for translating experimental 
findings into robust, science-based recommendations and for ensuring that biochar 
applications contribute effectively to sustainable soil management and environmental 
protection.

10.  Concluding remarks

The body of evidence synthesized in this chapter demonstrates that the integra-
tion of biochar research with isotopic methodologies represents a decisive advance in 
the mechanistic understanding of soil fertility and plant nutrition processes. While 
numerous studies have reported changes in soil properties and crop performance 
following biochar application, isotopic tracers uniquely enable the quantification of 
element fluxes, source contributions, and transformation pathways that underpin 
these responses. By moving beyond static assessments of nutrient pools, isotopic 
approaches provide a dynamic and process-oriented framework capable of resolving 
how biochar alters carbon stabilization, nutrient availability and microbial turnover 
within soil-plant systems.

Carbon cycling emerges as a central process through which biochar exerts long-term 
effects, and the combined use of 13C natural abundance and 14C radiotracers has proven 
particularly powerful in disentangling biochar-derived carbon from native soil organic 
matter. These approaches reveal that biochar is not an inert amendment, but rather 
an active component of soil carbon dynamics, capable of inducing priming effects 
that depend on biochar properties, soil conditions and the availability of labile carbon 
substrates. Such insights fundamentally refine current paradigms of carbon sequestra-
tion by demonstrating that biochar-mediated carbon stabilization must be interpreted 
within the broader context of soil organic matter turnover and microbial activity.

Beyond carbon, isotopic applications to nitrogen, phosphorus, sulfur and micro-
nutrient cycling highlight the multifaceted role of biochar in regulating nutrient use 
efficiency rather than simply increasing nutrient stocks. Tracers such as 14C, 15N, 
32P, 33P and 35S reveal that biochar can modify nutrient exchange kinetics, microbial 
immobilization and plant uptake pathways in ways that are highly context-dependent. 
Importantly, isotopic evidence indicates that improvements in crop nutrition associ-
ated with biochar often arise from enhanced synchronization between nutrient 
supply and plant demand, underscoring the relevance of isotopic tools for designing 
more efficient and environmentally sound fertilization strategies.

Finally, radiolabeled studies demonstrate that biochar can substantially reduce the 
mobility and bioavailability of organic contaminants while simultaneously influenc-
ing degradation pathways, with direct implications for agrochemical management 
and soil protection. Looking forward, the systematic incorporation of stable and 
radioactive isotopes into biochar research, particularly through multi-isotope label-
ing, compound-specific analyses and long-term field studies, will be essential for 
generating predictive, transferable knowledge. Such integration is critical for translat-
ing experimental findings into robust agronomic recommendations and for ensuring 
that biochar applications contribute effectively to resilient agricultural systems and 
environmental protection.
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Chapter 5

Research and Application Progress 
of Biochar in Amelioration of 
Saline-Alkali Soil
Peng Zhang, Yuning Wang, Fude Liu, Le Jiao and Hongwen Sun

Abstract

Saline-alkali soils pose a significant global challenge to agricultural productivity, 
necessitating sustainable remediation strategies to unlock their cultivation potential. 
Biochar has emerged as a promising soil amendment, exhibiting multifunctional 
capabilities in pH regulation, contaminant immobilization, carbon sequestration, 
and nutrient retention. However, the heterogeneous nature of biochar compositions 
results in inconsistent remediation outcomes, while the mechanistic understanding 
of its interactions with saline-alkali soils remains incomplete. This chapter provides a 
comprehensive analysis of the effects of biochar on the physicochemical properties, 
nutrient availability, and biological characteristics of saline-alkali soils. It summa-
rizes the improvement effects of both biochar and modified biochar on saline-alkali 
soils, evaluates their impacts on quality and efficiency, and elucidates the potential 
mechanisms underlying biochar’s role in saline-alkali soil remediation. Furthermore, 
this chapter outlines future research directions to provide a reference for developing 
green, efficient, and precise biochar-based technologies tailored to saline-alkali soil 
remediation, bridging the gap between fundamental research and large-scale agricul-
tural applications.

Keywords: saline-alkali soil, biochar, modification, physicochemical property, nutrient

1. Introduction

Soil salinization is recognized as one of the most significant challenges threat-
ening agricultural production, food security, and sustainable development in 
arid and semi-arid regions globally. Currently, the global saline-alkali land area 
is approximately 1.1 × 109 hm2 (accounting for 8.7% of the Earth’s total land area) 
[1]. These areas are predominantly located in naturally arid or semi-arid regions of 
Asia, Africa, and Latin America. Saline-alkali lands are typically characterized by a 
scarcity of freshwater resources, low terrain, high groundwater levels, and difficul-
ties in soil desalination [2]. The issues of declining soil fertility, poor crop growth, 
and fragile ecological environments caused by soil salinization severely constrain 
regional agricultural, forestry, and urban development. Developing soil condition-
ers that are highly compatible with traditional physical, chemical, and biological 
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improvement techniques, as well as engineering measures, represents a key strategy 
for the green, efficient, and precise improvement and comprehensive utilization of 
saline-alkali land.

In recent years, biochar technology has emerged as a research hotspot in the fields 
of soil science and environmental science. It is considered an important “multi-
functional” technology capable of addressing major challenges affecting human 
sustainable development, such as climate change [3], agricultural production safety 
[4], energy crises [5], agricultural waste resource utilization [6], and environmental 
pollution [7]. This has sparked a global research and development boom. Biochar is a 
highly aromatic carbonaceous material produced through the pyrolysis and carbon-
ization of animal and plant residues under completely or partially oxygen-deficient 
conditions. It exhibits characteristics such as a large specific surface area, strong 
adsorption capacity, and anti-decomposition properties [5], and plays positive roles in 
soil improvement, crop yield enhancement, and environmental protection. Extensive 
studies have demonstrated that biochar exerts direct or indirect regulatory effects 
on soil nutrients [8], increases soil organic matter content, cation exchange capacity 
(CEC), permeability, and microbial activity [9], reduces nitrogen and phosphorus 
losses, enhances soil aggregate structure formation [10], and improves soil water 
conductivity to facilitate water infiltration, thereby optimizing crop habitats and 
increasing yields. Over the past two decades, biochar technology has achieved 
notable progress in the improvement and application of saline-alkali land. Numerous 
studies have confirmed the beneficial effects of biochar application on saline-alkali 
soil properties, including enhancing soil permeability and organic matter content 
[9], reducing pH and salinity [11], and promoting microbial and crop growth [12]. 
However, due to the high salt ion content and strong alkalinity of biochar produced 
at large scales, some studies have also reported negative impacts, such as increased 
soil pH and salt content [13]. These findings indicate that current biochar technology 
exhibits contradictions and lacks systematicness in saline-alkali land improvement, 
which hinders accurate prediction and evaluation of its scientific and practical value 
for different types of saline-alkali land in China. Additionally, due to the complex 
interaction processes between biochar and soil, some research results remain super-
ficial, and the elucidation of microscopic mechanisms requires further refinement. 
Therefore, as a novel comprehensive remediation technology for saline-alkali land, a 
comprehensive and systematic evaluation of the application value of biochar technol-
ogy in saline-alkali land improvement, clarification of relevant processes and micro-
mechanisms, and identification of its advantages and disadvantages can provide 
correct guidance for the widespread application of biochar technology in saline-alkali 
land improvement in China and promote the healthy development of biochar-based 
improvement technologies.

Based on this, this chapter systematically reviews the research status of biochar 
in saline-alkali land improvement over the past 20 years, analyzes and summarizes 
the influence of biochar on the physical and chemical properties, nutrient avail-
ability, and biological characteristics of saline-alkali soils, and elucidates the key 
mechanisms of biochar improvement and its potential application value in combina-
tion with the unique characteristics of biochar. Finally, in light of existing problems 
and deficiencies, future research directions and prospects are proposed. This study 
aims to provide a theoretical basis for promoting and applying biochar technology in 
saline-alkali land improvement and contribute to the exploration and development 
of green, low-carbon, environmentally friendly, and sustainable saline-alkali land 
improvement technologies.
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2. Effect of biochar on the physicochemical properties of saline-alkali soil

Biochar exhibits a high specific surface area, complex pore structure, and abun-
dant functional groups. These characteristics enable biochar to play multiple roles in 
the improvement of saline-alkali land [14]. The physicochemical properties of biochar 
are influenced by various factors, including the type of raw materials, pyrolysis 
temperature, preparation method, heating rate, and residence time [15]. These factors 
also significantly affect the promoting effects of biochar on the physicochemical prop-
erties of saline-alkali soil, water and salt transport and distribution, as well as agricul-
tural productivity. Based on numerous studies, the addition of biochar prepared from 
different raw materials and pyrolyzed under varying conditions has diverse impacts 
on soil properties, such as soluble salt content, pH, bulk density, CEC, organic matter 
content, and crop growth and yield in different types of saline-alkali soils.

Total soil salinity and degree of alkalization (exchangeable sodium percentage 
(ESP)) are critical indicators for assessing the extent of soil salinization and alkaliza-
tion. Saline-alkali soils are typically characterized by high salt content, high electrical 
conductivity (EC), and elevated ESP due to the accumulation of large amounts of 
salts. Reducing the soluble salt content and ESP in the soil, alleviating salt stress on 
soil organisms, and restoring soil ecological functions remain the core objectives of 
saline-alkali land improvement. In the early stages of biochar technology development, 
biochar was primarily produced through high-temperature pyrolysis, resulting in 
materials rich in alkali metal ions and exhibiting strong alkalinity. Consequently, earlier 
studies predominantly focused on its application in improving acidic soils. However, 
in recent years, an increasing number of studies [16, 17] have highlighted the potential 
of biochar in mitigating the adverse effects of saline-alkali soils. These studies confirm 
that biochar can effectively reduce the salt content and ESP of saline-alkali soils. The 
mechanisms underlying biochar’s ability to reduce soil salinity and ESP in saline-alkali 
soils can be attributed to two primary aspects: (1) The biochar surface is enriched with 
exchangeable ions such as Ca2+ and Mg2+, which can displace adsorbed Na+ from soil 
colloids, thereby reducing sodium salt content in the soil [18]; and (2) Biochar signifi-
cantly enhances soil porosity and specific surface area, improves soil water retention 
capacity, and facilitates the leaching of sodium salts from the soil [19, 20].

Biochar can alter the soil pH of saline-alkali land, primarily attributed to the leach-
ing of substances such as alkali metal ions and carbonates that are abundant in bio-
char. However, these changes are influenced by the type of biochar raw materials and 
pyrolysis temperature. For example, Sun et al. [21] reported that when wheat straw 
biochar (pH = 6.9), corn straw biochar (pH = 8.0), and peanut shell biochar (pH = 7.7) 
were added to coastal sodium chloride saline-alkali soil (pH = 8.6), only wheat 
straw biochar significantly increased the soil pH, while no significant changes were 
observed with the other two types. Further studies have confirmed that as pyrolysis 
temperature increases, the ash content of biochar rises, leading to enhanced alkalinity 
[22]. Conversely, biochar produced at low pyrolysis temperatures (< 500°C) tends 
to be neutral or weakly alkaline, making it more suitable for improving saline-alkali 
soils [18]. Additionally, research has shown that biochar produced via hydrothermal 
methods exhibits acidity and can effectively reduce soil pH [23]. However, this 
preparation method imposes high demands on equipment, involves significant techni-
cal challenges, and exhibits poor safety performance, thereby limiting its potential for 
large-scale production. In summary, the effectiveness of biochar in altering the soil 
pH of saline-alkali land is constrained by multiple factors, including soil type, biochar 
raw materials, pyrolysis temperature, biochar properties, and application methods.
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The porosity of saline-alkali soil is generally low [1], which restricts plant growth. 
Numerous studies [24, 25] have demonstrated that biochar can significantly enhance 
the porosity of saline-alkali soil, particularly in the topsoil layer (0–30 cm), with 
increases ranging from 4.8 to 30.1%. This effect is directly attributed to the high 
intrinsic porosity of biochar, which, upon incorporation into the soil, directly elevates 
the overall soil porosity [26]. Additionally, the poor physical conditions of saline-
alkali soil, such as low porosity and high bulk density, are mitigated by biochar’s 
large specific surface area, low density, stable porous structure, and significantly 
lower bulk density compared to saline-alkali soil [27]. Biochar not only improves soil 
aggregate structure and enhances aggregate stability but also increases soil porosity 
while containing substantial organic matter that dilutes soil mineral components 
[24], indirectly reducing soil bulk density. Therefore, for improving the porosity and 
bulk density of saline-alkali soil, biochar with low bulk density, high porosity, and 
low ash content should be prioritized, such as straw-derived biochar produced at high 
pyrolysis temperatures (> 600°C) [28, 29].

Saline-alkali soils exhibit low organic matter content, and their exchange sites 
are predominantly occupied by salt ions such as Na+, limiting the soil’s capacity to 
retain other cations and resulting in a low CEC. Consequently, CEC serves as a critical 
indicator for evaluating the improvement of saline-alkali soils. Extensive research 
has confirmed that biochar, due to its abundance of functional groups (e.g., -OH 
and -COOH), enhances its adsorption capacity for soil cations, effectively increasing 
the CEC of saline-alkali soils by 22.5–82.0% [30, 31]. The mechanisms underlying 
this enhancement include: (1) Biochar’s high specific surface area and rich oxygen-
containing functional groups (e.g., carboxyl and hydroxyl groups) and metal miner-
als directly increase soil exchange sites [18]; and (2) The pH increase induced by 
biochar leads to soil colloid deprotonation, promoting an increase in soil CEC [32]. 
The determination of biochar’s CEC value hinges on its surface oxygen-containing 
functional groups and metal mineral composition, leading to variations in CEC values 
among biochars prepared from different raw materials at varying temperatures [33]. 
Currently, limited research exists on the mechanisms of biochar’s effects on saline-
alkali soil CEC, particularly regarding the interplay between environmental factors 
(e.g., flooding and drought), soil texture, biochar properties, and saline-alkali soil 
improvement, necessitating further long-term field experiments for clarification. 
Soil carbon constitutes the largest terrestrial carbon pool, and even minor changes 
in soil carbon can significantly impact atmospheric CO2 concentrations and the 
global carbon cycle. As a soil amendment rich in organic carbon, biochar has been 
shown in numerous studies to enhance carbon sequestration in saline-alkali soils 
[34] and reduce greenhouse gas emissions [35]. Upon entering the soil, biochar 
exhibits two primary mechanisms: carbon sequestration (increasing carbon sinks) 
and enhanced carbon emissions. These mechanisms influence the exchange of three 
major greenhouse gases (CO2, CH4, and N2O) [36] between farmland systems and the 
atmosphere. Whether biochar acts as a net carbon sink depends on the dominance of 
these mechanisms. Key carbon sequestration mechanisms include: (1) Biochar’s high 
proportion of recalcitrant carbon enables long-term sequestration within the soil, 
forming a stable carbon reservoir [37]; (2) Its large specific surface area facilitates 
the adsorption of organic and inorganic substances containing C and N, generating 
more stable organic–inorganic complexes and reducing carbon decomposition and 
release [38]; and (3) By regulating soil properties, inhibiting microbial activity, and 
reducing enzyme activity, biochar influences soil carbon and nitrogen cycles, thereby 
modulating soil respiration, nitrification, and denitrification reactions to mitigate 
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greenhouse gas emissions [39]. Overall, biochar represents an effective amendment 
for enhancing soil organic carbon and carbon sink levels in saline-alkali land. Future 
research should focus on elucidating the regulatory mechanisms of biochar on soil 
carbon sequestration and carbon emissions in saline-alkali land, further exploring 
biochar’s potential for soil carbon storage, and providing theoretical and technical 
support for precise regulation of soil carbon cycles in saline-alkali land.

3. Effects of biochar on nutrient availability in saline-alkali soil

Due to the poor soil structure in saline-alkali soils, anions such as Cl−, SO4
2−, and 

OH− compete with nutrients like N and P for adsorption sites on soil particles [40], 
leading to the easy loss of soil nutrients through water flow or leaching. Additionally, 
the scarcity of available nutrients in saline-alkali soils results in extremely low nutri-
ent utilization rates by plants [41]. Biochar is inherently rich in essential nutrients 
such as N, P, K, and minerals, and can significantly enhance the nutrient content in 
saline-alkali soils. The primary mechanisms are as follows: (1) Directly increasing 
soil nutrient levels through its inherent nutrient content [42]. For instance, biochar 
derived from livestock and poultry manure exhibits relatively high nitrogen content 
[43]. Moreover, the water-soluble nitrogen and phosphorus content in biochar 
gradually decreases with increasing pyrolysis temperature [44–46]. And as pyrolysis 
temperature increases, inorganic orthophosphate (PO4

3−) becomes the sole form of 
phosphorus in manure-derived biochar at 500°C, while water-soluble phosphorus is 
nearly absent at high temperatures (≥ 700°C). Therefore, low-temperature biochar 
derived from livestock and poultry manure is a more suitable choice for enhancing 
nutrient content in saline-alkali soils. (2) Biochar enhances soil aggregate stability 
[47], thereby improving the soil’s capacity to retain nutrients and reducing nutrient 
leaching [8]. (3) Biochar alleviates salt stress in crops and promotes the absorption of 
free nutrients in the soil, which benefits crop growth [48].

Simultaneously, biochar influences the cycling of nitrogen (N), phosphorus 
(P), and potassium (K) (NPK) elements in the soil by enhancing microbial activ-
ity and soil enzyme activity, thereby reducing nutrient losses [41]. For example, 
biochar reduces ammonia (NH3) and nitrous oxide (N2O) emissions [49], minimizes 
NO3

− leaching [47], promotes nitrification, and enhances nitrogen fixation [50], 
thus increasing the proportion of plant-available N in the soil. Biochar also increases 
phosphatase activity [9] and the abundance and activity of rhizosphere microorgan-
isms [51], promoting the mineralization of organic phosphorus and converting it into 
plant-available forms, further enhancing phosphorus availability. The behavior of K 
in soil differs from those of N and P, as K dynamics are not influenced by microbial 
activity but are primarily governed by the cation exchange characteristics of the soil 
[52]. Currently, there is limited research on the mechanisms by which biochar affects 
potassium in saline-alkali soils; however, some studies indicate that biochar applica-
tion significantly increases soil CEC and available potassium content [53].

4. Effects of biochar on soil biological properties in saline-alkali soil

The capacity of saline-alkali land to support plants, animals, microbial abundance, 
and enzyme activity is significantly lower than that of normal soil [54]. Numerous 
studies have investigated the effects of biochar addition on the structure and abundance 
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of soil microbial communities in saline-alkali land. Research has demonstrated that due 
to its high specific surface area, porous structure, and rich content of organic matter, N, 
P, K, and other nutrients, biochar can increase the levels of soluble organic matter and 
inorganic nutrients in soil, reduce salt content, alleviate salt stress, and thereby enhance 
microbial abundance and enzyme activity [55, 56]. However, variations in raw materi-
als and preparation processes result in significant differences in the pH and nutrient 
content of biochar. Tang et al. [22] found that high-temperature biochar (> 550°C) 
contains fewer toxic functional groups, such as carboxylic acids, phenols, and amines, 
which promote the transformation of soil microbial communities toward beneficial 
bacterial groups, such as Proteobacteria and Bacteroidetes. Additionally, the type and 
application rate of biochar can alter the activity of soil enzymes, such as sucrase, urease, 
and phosphatase. The application rate of biochar also affects soil enzyme activity; when 
the application rate is less than 2%, soil enzyme activity increases rapidly, whereas at 
rates greater than 2%, the increase becomes slower [57].

The community structure and abundance of soil fauna are closely linked to the 
physicochemical properties of saline-alkali soil. For example, Zhang Jianying et al. 
[58] reported that the distribution of groups, such as Formicidae, Muridae, and 
Curculionidae, is negatively correlated with soil pH, alkalinity, and salt content. Soil 
factors such as total salt and total nitrogen play a decisive role in shaping the composi-
tion of soil animal communities in saline-alkali land. By reducing soil salt content 
and improving soil physicochemical properties, biochar provides a more suitable 
habitat for soil fauna. In contrast to the extensive research on soil microorganisms 
and enzymes, there are relatively few studies on the interactions between biochar and 
small-to-medium-sized soil fauna such as earthworms in saline-alkali land. Some stud-
ies have focused on the inherent ecological risks of biochar, such as polycyclic aromatic 
hydrocarbons (PAHs) and persistent free radicals, which may be toxic to soil fauna and 
inhibit their growth and reproduction [29]. These negative effects of biochar on soil 
fauna indirectly highlight the ecological risks associated with biochar use in saline-
alkali land remediation. Therefore, ensuring the ecological safety of biochar is an 
urgent issue that must be addressed in future saline-alkali land management strategies.

For terrestrial plants, growing in saline-alkali land presents significant challenges. 
First, high salt stress in soil solution directly inhibits plant growth. Second, poor soil 
structure and severe deficiencies in air and water lead to underdeveloped root systems 
and low emergence rates. Finally, nutrient scarcity results in poor plant nutrition. As 
discussed earlier, biochar performs effectively in addressing high salt content, poor 
soil structure, and low nutrient availability, providing a favorable growth environ-
ment for plants. However, persistent free radicals in biochar [59] can accelerate plant 
cell aging, disrupt the growth and metabolic cycles of epidermal cells, and inhibit 
plant development. Furthermore, high application rates of biochar [60] and increased 
soil pH and salt content following biochar application may negatively affect plant 
growth and development. Therefore, future research should focus on elucidating the 
intrinsic effects and mechanisms of biochar on crops and prioritize the development 
of novel biochar types with low salt, low toxicity, and high efficiency for saline-alkali 
land improvement.

5. Amelioration effect of modified biochar for saline-alkaline soil

Although biochar offers numerous advantages for the amelioration of saline-
alkaline soil, its single application not only requires large quantities and incurs high 
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costs but may also increase the soil pH and salt content, negatively impacting saline-
alkaline soil. To address these issues, various biochar modification techniques have 
been proposed to enhance quality and efficiency, including acid washing and activa-
tion, loading active components, and physical mixing with traditional fertilizers or 
soil amendments [61, 62]. Modified biochar exhibits advantages that primary biochar 
cannot match, significantly enhancing its amelioration effects on saline-alkaline 
soil [63, 64].

To overcome the strong alkalinity of conventional pyrolyzed biochar, researchers 
have developed methods involving treatment with strong acids such as nitric acid 
and hydrochloric acid, known as acid-modified biochar [65, 66]. After acid treat-
ment, inorganic components and organic matter leach from the surface and pores of 
biochar, while alkaline components are removed or neutralized. This process exposes 
more micropores, increases the specific surface area [67], and enhances oxygen-con-
taining functional groups [68], thereby strengthening biochar’s adsorption capacity 
for soil salt ions. Additionally, acid-modified biochar significantly improves soil 
porosity and permeability, increasing the proportion of water-stable large aggregates 
[28]. Some studies have also demonstrated that preparing biochar via hydrothermal 
treatment in a strong acid environment [65] can retain more acidic oxygen-containing 
functional groups and pore structures [69], enhancing its adsorption capacity for soil 
salt ions [70] and improving its amelioration effects on saline-alkaline soil. Despite 
extensive research on strong acid modification, challenges remain regarding stability, 
economic cost, and amelioration efficiency in practical saline-alkaline soil applica-
tions, necessitating further evaluation in future studies.

Due to the limited nutrient content in biochar, its single application cannot 
provide sufficient nutrients for crops [71]. Consequently, researchers have devel-
oped biochar-based fertilizers, which can directly supplement required nutrients 
[72], delay nutrient release in the soil, reduce nutrient loss, and serve as carriers for 
enhancing fertilizer efficiency [73]. However, the effects and mechanisms of different 
fertilizer types vary: (1) Organic fertilizers such as poultry manure are rich in organic 
carbon, increasing the abundance of soil microbial communities in saline-alkaline 
soil and promoting crop growth [74]. Simultaneously, the clogging of micropores by 
adsorbed compost-derived substances reduces biochar’s surface area, alleviating the 
negative effects of excessive biochar on soil [75]. (2) Combining biochar with inor-
ganic fertilizers such as nitrogen and phosphorus fertilizers generates higher levels 
of available nutrients, enhancing soil enzyme activity and microbial abundance in 
saline-alkaline soil [76]. Moreover, biochar adsorbs nutrients, reducing the leaching 
of inorganic nitrogen and phosphorus in the soil. Notably, due to the adsorption or 
precipitation reactions of orthophosphate (PO4

3−) at higher pH values, phosphorus 
fertilizers and biochar in saline-alkaline soil may exhibit negative interactions [77]. 
(3) When co-applied with microbial fertilizers, biochar not only provides nutrients 
to plants as a fertilizer but also creates suitable habitats for microorganisms [78], 
mitigating the stress caused by harsh saline-alkaline soil conditions [79]. Overall, the 
application of biochar-based fertilizers significantly enhances biochar’s amelioration 
efficiency on saline-alkaline soil while reducing economic costs. However, further 
research is needed to evaluate the applicability of biochar-based fertilizers for differ-
ent types and textures of saline-alkaline soils, providing critical guidance for precise 
fertilization control and improving biochar utilization efficiency.

The development of new composite materials (amendments) through physical and 
chemical combinations of biochar and loadings represents a current research hotspot. 
Due to its rough and porous surface morphology, biochar serves as an excellent carrier 
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medium. Loading substances generate new functional groups and salt ion adsorption 
sites on biochar’s surface. Common loading substances include metal compounds and 
clay minerals. The mechanisms by which biochar-based composite materials improve 
saline-alkaline land primarily include those given as follows: (1) Loading substances 
introduce new elements and functional groups [80], enhancing biochar’s complex-
ation and precipitation capacities for soil soluble salt ions, reducing soil soluble salt 
content and alkalinity. Zhang et al. [81] noted that after biochar was loaded with red 
phosphorus, new phosphorus-containing functional groups formed on its surface, 
creating new phosphorus-containing minerals with soil metal ions. This significantly 
reduced the electrical conductivity and soluble salt content of saline-alkaline soil 
while increasing plant-available phosphorus content. (2) New substance loading 
provides additional adsorption sites for soil nutrients such as nitrogen and phospho-
rus, reducing nutrient leaching [82]. (3) Metal species such as iron, calcium, and 
magnesium loaded in composite materials release large numbers of metal cations, 
exchanging adsorbed Na+ in soil colloids, accelerating Na+ migration during soil 
percolation, improving soil leaching effects, and reducing sodium salt content [83]. In 
summary, biochar-based composite materials integrate the advantages of biochar and 
loading substances, enabling efficient and precise improvement and governance of 
saline-alkaline land by tailoring loads to regional saline-alkaline soil types.

6. Conclusions and prospects

Biochar technology has emerged as a research hotspot in soil science and envi-
ronmental science in recent years, achieving notable progress in the improvement 
of saline-alkali land. Specifically, biochar exhibits a large specific surface area and 
strong adsorption capacity, enabling it to directly or indirectly regulate soil nutrients. 
It enhances soil organic matter content, CEC, permeability, and microbial activity 
in saline-alkali land, reduces nitrogen and phosphorus losses, and promotes the 
formation of soil aggregate structures. Biochar plays a positive role in soil improve-
ment, water retention, and crop resistance to salt and alkali stresses in saline-alkali 
land. Additionally, when biochar is returned to agricultural fields, it expands the soil 
carbon pool and demonstrates superior carbon sequestration and emission reduction 
effects compared to other agricultural practices. Biochar-based fertilizers or com-
posite materials used for saline-alkali land improvement can delay fertilizer release, 
enhance soil fertility persistence, and improve crop adaptability to saline-alkali 
conditions. However, numerous challenges remain in the research and application of 
biochar for saline-alkali land improvement, necessitating further investigation:

1. Basic theoretical research on biochar improvement of saline-alkali land remains 
controversial and uncertain. The impacts of biochar on the physicochemical 
properties and functions of saline-alkali soils, the geochemical cycles of key 
elements such as nitrogen and phosphorus, the succession and functions of soil 
microbial communities, and the underlying regulatory mechanisms are not 
fully understood. In particular, the correlation between biochar properties and 
the improvement effects on different types of saline-alkali land requires further 
systematic research and validation.

2. Most studies on biochar improvement of saline-alkali land are still at the labora-
tory simulation stage, with a lack of long-term, fixed-point, and large-scale field 
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experiments to analyze its practical applicability and mechanisms of action. For 
example, whether the patterns of soil water and salt movement under biochar 
influence are affected by saline-alkali land type, agronomic measures, and irriga-
tion conditions remains unclear. Additionally, the effects of microorganisms and 
crop roots on the structure and stability of biochar-soil aggregates require fur-
ther exploration. Simultaneously, factors, such as biochar aging, climate, geol-
ogy, and hydrology, should be comprehensively considered. Long-term dynamic 
tracking and monitoring of biochar, combined with soil quality evaluations, are 
essential to assess the sustainability of biochar’s improvement effects and associ-
ated environmental risks.

3. Batch production and large-scale application of modified biochar face signifi-
cant obstacles. Research on raw material selection and preparation processes is 
predominantly at the laboratory stage, making it challenging to achieve efficient 
and cost-effective large-scale production. Moreover, the actual soil environment 
of saline-alkali land is a complex and diversified system, and the performance of 
modified biochar in real-world soils is influenced by various conditions. Future 
research should focus on advancing biochar modification methods and princi-
ples, promoting large-scale applications, conducting economic cost assessments, 
and enhancing environmental safety.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Use of Biochar and Compost in Soil 
Remediation, Growth and Yield of 
Cereals and Legume Crops in Niger 
State, Nigeria
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Abstract

Iron toxicity has been one of the major limiting factors affecting crop production 
in Niger state. This occurrence is predominantly present in medium to strongly acidic 
soils of inceptisols, alfisols and ultisols soil classification taxonomy in the state. This 
constraint causes poor root and shoot development of the affected crops, leading to 
stunted growth, bronzing of the leaves and poor yield. This has greatly led to food 
insecurity and poor livelihood of smallholder farmers (SHFs) in the state. But, with 
the intervention use of biochar and compost on these iron toxicity soils in the 4 Local 
Government Areas (LGAs) of Niger state (Bosso, Gbako, Suleja and Wushishi), 
the plant height of the maize, rice and soybean crops was increased from farmers’ 
practice (T1) 51.4–96.9, 21.4–25.8, 14.2–18.9 to 96.5–197.4, 38.2–78.5 and 25.3–50.1 cm, 
respectively, under the use of biochar, compost and inorganic fertilizer (T2); the 
number of leaves (NOL) increased from 14 to 16, 13–15, 10–16 to 22–24, 25–34 and 
24–49, respectively, while there was also a better yield performance for rice from 
2.0–2.30 Tons/Ha under farmer practice (T1) to 4.52–6.70 Tons/Ha under (T2) with 
the use of biochar, compost and inorganic fertilizer; maize from 1.42–1.84 Tons/Ha 
to 2.93–5.04 Tons/Ha, and soybean recorded value ranged from 0.66–0.95 Tons/Ha 
under T1 practice compared to 2.40–4.13 Tons/Ha recorded from T2 practice. The 
acidity of the soils was buffered from 5.7 to 6.3, fertility status of nitrogen, phospho-
rus, potassium and organic carbon and soil structures were also improved, thereby 
addressing the negative effects of iron toxicity on the crops.

Keywords: biochar, compost, organic fertilizers, Niger state, Nigeria

1.  Introduction

One of the critical challenges limiting agricultural productivity in Niger state is the 
issue of soil degradation, arising from iron toxicity and making it a problem soil [1–4]. 
Problem soils are commonly defined as soils with undesirable physical, chemical 
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and biological properties that inhibit or prevent plant growth [ 5 ]. This problem is 
prevalent in numerous soil classifications in the state such as inceptisols, alfisols and 
ultisols, especially acidic soils (lowland and upland), and is further worsened by the 
routine farm practices, including the overuse of chemical fertilizers, poor irrigation 
practices and externalities such as flooding [ 6 ]. Iron (Fe) toxicity is a plant nutritional 
problem associated with excess ferrous ion (Fe 2+ ), which is absorbed by the roots and 
transported by the xylem to the leaves, causing iron (Fe) overload in the plant tissue 
(  Figure 1  ). The characterization of iron toxicity included low-pH dryness of the soil, 
high iron oxide content, poor drainage, low soil organic matter (OM), browning and 
drying of leaves among others, culminating in poor root development, plant growth, 
tillering and colossal yield reduction [ 7 ].  

 Studies have revealed that higher concentration of Fe 2+  in the rhizosphere has 
antagonistic effects on the uptake of many essential nutrients [ 7 ]. While, low oxida-
tion power of roots leads to more ferrous iron uptake that causes iron toxicity [ 8 ]. The 
yield loss induced by the iron toxicity is frequently associated with low nutritional 
status. Consequently, iron toxicity can be defined as a multiple nutritive disorder 
further increased by P, K and zinc (Zn) deficiencies through excesses of hydrogen 
sulfide (H 2 S) [ 3 ,  7 ]. Symptoms of iron toxicity in rice result from an excessive uptake 
of ferrous ions by the roots and their acropetal translocation through xylem outflow 
to the aerial parts. The typical symptoms linked to this are the bronzing or yellowing 
processes of the leaves [ 9 ]. Yield losses associated with the occurrence of iron toxicity 
symptoms generally range from 15 to 50%. In the case of severe toxicity however, total 
harvest loss can occur  (  Figure 2  ) [ 10 ,  11 ].  

 Across Niger state, farmers have deployed several local mechanisms in addressing 
the recurring problem of iron toxicity in their soils. Key among these is the spread-
ing of rice husks directly on the farmland; use of liming; use of raw organic matter, 
such as burnt rice husks at lower recommended temperature using drum; spreading 
of rice husks directly on the farmland and setting the farmland ablaze. However, 
these approaches have their limitations, including accessibility issues, partial control 
and repeated treatments, with obvious cost implications, prompt decomposition of 
materials, competition from other users, immobility and ultimately, unavailability of 

  Figure 1.
  Bronzing of the soil is an indication of iron toxicity in Suleja LGA, Niger state.          
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required nutrients in the soil, chemical pollution, increased global warming, among 
others. The deployment of burnt rice husks to produce black carbon with semblance 
to biochar is fraught with production-related challenges, arising from ignorance, 
limited capacity, huge environmental pollution and haphazard field applications due 
to the absence of soil testing (Figure 3) [5, 7]. This has not addressed the recurring 
challenge of iron toxicity in the state (Figure 2).

It is worthy of note that there are degradable dirts, garbage from the kitchen, 
domestic, industrial and agricultural wastes (animal and plant) found all over the 
environment because they were not properly disposed and taken care of. All these 
if not properly harnessed contribute to climate change, cause air, water and soil 

Figure 2. 
Iron reduction in submerged low-pH soils and the effects of Fe toxicity on rice plants. Adapted from Vadugu et al. 
[10].

Figure 3. 
Burnt rice husks to produce black carbon with semblance to biochar by local farmer (L) and direct spread of rice 
husks on field (R) in Gbako LGA of Niger state.
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pollution and directly affect many ecosystems, which result in poor agricultural yields 
and impacting negatively our environment [8]. The solution to this problem is the 
use of eco-friendly agricultural technology/innovation to transform these wastes to 
organic amendments for soil fertility/health improvement. This involves recycling 
process and recyclable biodegradable content such as plant-based materials into 
organic amendments. Also, reduction of polluting substances into landfill dump-like 
domestic waste, animal dung and agricultural wastes that may trigger greenhouse gas 
emissions into organic amendments.

Organic amendments occur naturally with or without the help of humankind. 
It’s happening right now on forest floors, in farmers’ fields and in our yards. But 
oftentimes, it’s a slow process and we can speed it up using the right combination of 
water, oxygen, heat, organic materials and technology. There are fertilizers derived 
from organic sources, which could be of plant or animal origin. These include dead 
wood, plant debris, falling leaves and animal droppings (e.g., cattle manures, poultry 
droppings and domestic sewage).

Moreover, it has been observed that the use of organic materials as soil amend-
ments improves environmental condition, public health as well as the quality of the 
crop. The fertility status of the soil is also improved by the activities of soil micro-
organisms [9, 11]. Consequently, He et al. [12] reported that the application of organic 
amendments plays vital roles in plant growth and also as source of all essential macro- 
and micro-nutrients in available forms during mineralization, thereby improving 
both physical and biological properties of the soil. This enhances soil productivity and 
increases crop yield.

Organic soil amendments like biochar and compost are widely suggested for the 
improvement of problematic soil due to their environmental friendliness, efficiency 
and economic viability [5]. The strategic addition of biochar and compost to problem 
soils has great potential to improve the quality of problem soils. Both biochar and com-
post are effective in alleviating the constraints of problem soils on plant growth or crop 
production, such as water scarcity, compaction, low fertility and pollutant toxicity [6].

In the last decade, it has been noticed that mixtures of biochar and compost can be 
applied to soils with excellent amelioration efficiency. Jien et al. suggested that com-
post and biochar together were more effective in stabilizing and sequestering carbon 
than biochar alone [6]. Meanwhile, the interaction between biochar and compost in 
combined applications has received growing attention [13, 14]. Biochar extends the 
residence time of compost in the soil, and compost solves the problem of insufficient 
nutrients provided by biochar [6, 15].

Studies have shown that biochar exhibits modifications after the co-composting 
process, such as surface functional groups, nutritional content, cation exchange 
capacity (CEC) and the amount of inhibitory aromatic compounds [13]. These 
changes have the potential to increase the efficiency of biochar and compost in soil 
improvement. For example, the increased nutrients and organic matter (OM) in bio-
char and compost may favor improved soil quality and microbial growth, which may 
benefit plant growth. The increased CEC of biochar and compost may be beneficial 
for improving nutrient retention capacity. An increase in the amount of functional 
groups in biochar and the number of microorganisms in compost may favor their 
ability to absorb pollutants [14]. Given these, biochar-compost has been considered as 
a potentially more effective soil amendment than biochar or compost.

Due to a lack of awareness and publicity about the effectiveness of biochar-
compost on various problem soils, the willingness to utilize biochar-compost for soil 
improvement is still low compared to biochar or compost alone [13].
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Because of all these properties mentioned above, this is why the study looked at 
the use of the biochar and amended compost in addressing the iron toxicity problem 
in the acidic soils of Niger state. Secondly to evaluate the growth and yield parameters 
of rice, maize and soybean in response to the use of biochar and compost in compari-
son to the farmers’ practice in the state.

2.  Materials and methods

2.1 Study area

The study was carried out in four (4) Local Government Areas (LGAs) of the state 
during the 2022 wet cropping season, namely: Bosso, Gbako, Suleja and Wushishi. 
The soils at the study area are classified mainly as inceptisols, alfisols and ultisols 
according to the U.S. Department of Agriculture (USDA) Soil Taxonomy system [16]. 
They are generally low in CEC, owing to the predominance of kaolinite in their clay 
fraction, low organic matter and inherent fertility. Three (3) commodity crops: rice, 
maize and soybean were used as test crops during the study.

2.2 Biochar production

Because of increasing interest of researchers in usage of biochar in the recent time 
for multiple purposes, the conversion of biomass, especially of agricultural wastes 
into biochar, is also growing. Biochar is found to have been produced with various 
methods, such as hydrothermal carbonization, gasification, torrefaction and flash 
carbonization and thermochemical conversion [11].

Biochar is usually produced through thermochemical conversion method. 
Thermochemical conversion processes include roasting, gasification, hydrothermal 
carbonization and pyrolysis [17, 18]. To obtain the highest possible yield of biochar, the 
production method must be adapted to the type of biomass and process parameters, such 
as heating rate, temperature and residence time. These conditions are critical because they 
affect the physical and chemical properties of biochar during the manufacturing process.

Since the process results in biomass loss, the form of biochar produced from plant 
biomass depends on process conditions. This study made use of the thermal conver-
sion (pyrolysis) method to produce the biochar used for the treatment on the field.

Biochar, synthesized by pyrolyzing biomass, holds great chemical and biological 
stability, a high capacity for cation exchange, a large specific surface area and a great 
concentration of functional group [12]. Additionally, it aids in the improvement of 
growth of plants and microbial activity of soil, therefore leading to the acceleration of 
ecosystem restoring process [19].

The feedstock used for the biochar production was plant wastes (rice husks) obtained 
from rice milling centers across the 4 LGAs where the studies were conducted. This 
was chosen as our main feedstock because of its availability and accessibility across the 
locations. The feedstock (rice husks) were mopped up and prepared for use by feeding 
them into the biochar degrader and blending machine in the production center to reduce 
surface area. Afterward, a locally designed and fabricated biochar kiln was deployed for 
the production. The processing was done through pyrolysis method, which involved feed-
ing the prepared feedstock (rice husks) into the biochar kiln through the inlet and heating 
the kiln in the absence of air to temperature between 400 and 450°C for at least 1 hour 
[20]. However, it is good to note that the accurate temperate is very important as a slight 



Biochar – Applications in Agriculture and Environment

104

change in the temperature can render the product undesirable, therefore to ensure the 
accurate temperature was obtained and maintained to get the desirable product (biochar), 
a pyrometer was used to monitor the temperature in the kiln. The outlet of the heated kiln 
was opened to remove the hot product, which is the biochar, allowed it to cool by spread-
ing to be air-dried and then bagged for use on the field (Figure 4).

2.3 Compost production

Innovative compositing technologies are evolving everyday, revolutionizing how we 
handle and utilize our agricultural and organic wastes. These technologies offer solutions 
for faster decomposition, improved nutrient content and reduced environmental impact 
such as vermicomposting, aerated static pile composting and in-vessel compositing. The 
latter method was employed in the compost production for this study.

In-vessel composting: It is a controlled environment, which allows for faster decom-
position and better management of compositing process under anaerobic condition. 
First, a locally designed and fabricated compost bio-digester was developed using a 
sealed and closed metal object (see Figure 5).

Animal and plant wastes, such as dry cowdung, poultry droppings or dry grasses, 
were the materials used for the compost production. They are in abundance in the 
locations used for the studies, so it was easy to access and make available for the 
production. The production involved three stages mentioned below:

2.3.1 Feed preparation

The compost materials (cowdung, poultry waste, grasses or rice straw) were 
crushed to smaller sizes using the crusher/grinder.

2.3.2 Digestion stage

Afterward, the crushed compost materials mixture was fed into a locally designed 
and fabricated innovative compost bio-digester through the inlet and water was added 
to fill the two-third of the bio-digester, the remaining one-third was left to be occupied 
by biogas that was produced during the digestion stage of the compost production. 
The bio-digester opening was closed to prevent presence of air in the digestion process 

Figure 4. 
Locally designed and fabricated biochar kiln in use for the production of biochar at Ggbamanda production 
center in gidan mangoro village, Bosso LGA, Niger state.
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(anaerobic), which is the best method World Health organization (WHO) recommends 
and also environmental friendly. Digestion of the compost materials took place for 21 days 
for initial production but subsequently, half of the digested materials were left in the bio-
digester and fresh materials added to it, and it took 5 days for compete digestion to take 
place compared to 21 days that it took for the first digestion.

2.3.3 Disinfection stage

The digested materials were harvested from the bio-digester in the form of slurry 
compost, which contained beneficial and harmful microbes. There is need to cure the 
digested slurry compost, so it was subjected to heating at 100–110°C for 3 hours to 
disinfect it of the harmful microbes and remove the water content, then allow to cool, 
the assorted compost is ready for use on the field.

2.4 Biochar and compost characterization

The biochar and compost used for the study underwent characterization, includ-
ing pH, and few elemental composition determinations. All the analyses were con-
ducted using standard procedures.

3.  Field studies

3.1 Plot size and experimental design

Field preparation was done mechanically with one plowing and harrowing. This 
was followed by manual ridging and mapping out of the plots. The plot size measuring 
10 m × 5 m = 50 m2 with 1 m alley in between plots was used. The plot size was manually 
prepared. The experimental design was randomized block design with three replications. 
The treatments consisted of T2: Half- recommended rate of NPK Tons/Ha + 2.5 Tons/Ha 
of biochar +2.5 Tons/Ha of compost; and T2—Farmer practices (full recommended rate 
of NPK Tons/Ha).

Figure 5. 
Locally designed and fabricated compost bio-digester used for compost production in the study.
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S/No Samples analyzed pH 0C (%) N (%) P2O5 (%) K2O (%) Ca (%) Mg (%)

1 Biochar 7.5 24.90 5.25 2.00 1.80 0.11 5.84

2 Compost 8.2 10.18 4.42 1.15 1.54 1.08 6.75

Table 1. 
Shows the characterization of the amended compost and biochar produced through a locally designed and 
fabricated biochar kiln and bio-digester for this trial.

3.2 Sowing and spacing

Maize: An early maturity variety of maize (Zea mays) Samaz was planted on 
ridges, at an interrow spacing of 75 cm and intrarow distance of 25 cm. The seeds rate 
was two seeds per hole and later it thinned down to one plant per stand.

Rice: Faro 44 (improved variety) was planted on a flat seedbed, at a spacing of 20 
cm × 20 cm and one seedling per stand.

Soybean: Soybean was planted at a spacing of 50 cm × 50 cm for an early variety 
sowed, then thinned to one stand at 3–4 weeks after planting (WAP).

3.3 Fertilizer application and data collection

Biochar and compost were directly applied and incorporated during the land prepara-
tion on the field at least 2 weeks before sowing/transplanting on plots T2 only for the 
compost to decompose and start releasing nutrients slowly into the soil and buffering of 
the acidity by the biochar, thereby reducing the iron toxicity in the soil. The inorganic fer-
tilizer (NPK 20–10–10) was applied at 2 WAP using the deep placement method and then 
topdressed with urea in the form of urea super granule (USG) at 6 WAP with the same rate 
as during the first fertilizer application. All agronomical practices were duly observed. The 
agronomical parameters, such as plant height, number of leaves and yield, were measured 
at maturity. Data were subjected to two-way analyses of variance (ANOVAs) and means 
were separated with Least Significant Difference (LSD) at P = 0.05.

3.4 Soil testing

Before the study was conducted, the soil testing of the intervention areas was 
carried out to ascertain acidity, nutrients and fertility statuses. The ability of soil 
to sustain growth of agricultural crops, in terms of supply of essential nutrients, is 
referred to as soil fertility. Several parameters are considered in soil fertility assess-
ment. For this study, soil pH, organic carbon (C), total nitrogen (N), available 
phosphorus (P), potassium (K) and iron (Fe) of the surface 20 cm soils were assessed 
to ascertain fertility, and Fe content and acidity status of the soils in the 4 LGAs where 
the study was conducted. Interpretation of results was based on fertility classification 
of the Soil Survey Staff and Chute et al. [16, 21].

4. Results and discussion

The analysis showed that the pH for biochar was 7.5 (alkaline), nitrogen, phospho-
rus and potassium contents of the biochar were 5.3, 2.0 and 1.8%, respectively, indica-
tive that the nitrogen and potassium contents were high but that of phosphorus was 
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moderate, while the organic carbon contents stood at 42.9 and 24.9%, respectively, 
which were high as well. These results showed that the biochar is rich enough to buffer 
the acidity of the soil and improve soil structure. The same trend was obtained with 
compost analysis with pH values of 8.2 (alkaline), 4.42 (N), 1.15 (P) and 1.54 (K), 
respectively (Table 1).

The results of the soil testing of the 4 LGAs before the study was conducted 
showed that pH values ranged from 5.7 to 6.3, which reflect moderately to slightly 
acidic nature of the soils, thus making liming not necessary at that moment to man-
age the soil acidity problem. Organic matter plays an important role in holding soil 
nutrients and water. It also helps in binding mineral components to enhance soil 
structure. Organic carbon (C) content in the soils ranged from 6.06 to 8.09 g kg−1, 
which implied that the soils have low reserves.

Iron (Fe) is a micro-nutrient and required by plants in minute quantity for normal 
growth. Although Fe is very active under low pH < 5.5, its high concentration in the 
soils of the 4 LGAs investigated suggests potential Fe-toxicity risk. While the essential 
nutrients (N, P, K) needed by the crops in large quantities are found to be very low 
in contents (0.18–0.25, 1.41–4.26, 0.01–0.61), respectively, thereby showing that the 
soils are acidic, have poor fertility status and Fe content is high. These soil chemical 
parameters were later investigated immediately at the end of this study and the results 
were remarkable, in the sense that the pH was buffered by the use of the biochar 
and the value has moved near to neutrality (6.3–6.8), organic carbon value increased 
to a range of 10.02–14.40 g kg−1, while the essential nutrients (N, P, K) changed 
to 1.6–1.9, 5.12–7.04, 0.65–1.22, respectively, which is moderate from low initially 
[16, 22]. In conclusion, based on the findings of this soil testing, intervention in areas 
of increased crop production in these 4 LGAs through soil amendment (biochar 
and compost) used in combinations with mineral fertilizers proved the tendency to 
improve soil health and give bumper harvest in terms of productivity [21, 22].

4.1  Yield and growth parameters of the crops in response to the treatment levels 
during the study at LGAs in Niger state

4.1.1 Yield response of the crops to the treatment levels

The effect of treatments on the yield response of the three crops is presented in 
Figure 6.

4.1.1.1 Maize

Figure 6 shows the average yield range for maize in the 4 LGAs before the 
intervention as 1.42 to 1.84 Tons/Ha, which can be termed as low yield. But, after 
the intervention the yield ranged from 2.93 to 5.04 Tons/Ha under combined use of 
biochar, compost and inorganic fertilizers across the locations compared to the farmer 
practices. This is supported by the work of Jien et al. [15] that biochar application has 
positive effects on crop yield, soil properties and greenhouse gas emissions.

4.1.1.2 Rice

Yields ranged from 2.0 to 2.30 Tons/Ha under farmer practice (T1) to 4.52–6.70 
Tons/Ha under (T2) use of biochar, compost and inorganic fertilizer. The yield 
advantage recorded is connected to the combined use of mineral fertilizers, organic 
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  Figure 7.
  The plant height (cm) of the crops in response to the treatments in Niger state.          

material and good agronomic practices, which enhanced agronomic use efficiency 
and crop productivity [ 17 ,  23 ] .  

  4.1.1.3 Soybean 

 For soybean, the yield range from T2 practice (2.40–4.13 Tons/Ha) across the 4 LGAs 
outweighed the yield range recorded from T1 practice (0.66–0.95 Tons/Ha). This is in line 
with previous results obtained from the other two crops (rice and maize).   

  4.1.2 Growth response to the treatment levels 

 The effect of treatments on the growth parameters (plant height and number of 
leaves/tillers) of the three crops is presented below in   Figures 7   and   8  .   

  Figure 6.
  The yield response of the crops (Tons/Ha) in response to the treatments in Niger state.          
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In Figure 7, the result showed that the plots treated with combined use of biochar, 
amended compost and inorganic fertilizer did better than the farmer practice with 
average plant height of the three crops (maize, rice and soybean) range values of 
96.5–193.4, 38.2–78.5 and 25.3–50.1 cm, respectively, compared to the farmers’ prac-
tice where only inorganic fertilizer was used. This result corroborated the study by the 
Soil Survey Staff and Pang [16, 18], where it was found that the application of organic 
and biofertilizers had positive effect on the root development and which resulted 
in more nutrient uptake and also promoted vigorous plant growth. This was also 
in line with the study conducted by Antonangelo et al. and Gour Das et al. [13, 24], 
which stated that, the increased nutrients and OM in biochar and compost favored 
improved soil quality and microbial growth, which in turn benefit plant growth.

In Figure 8, the number of leaves/tillers of the three crops (maize, rice and soybean) 
was greatly enhanced in the plots treated with combined use of biochar, compost and 
inorganic fertilizer with range values of 22–29, 25–34 and 24–49, respectively, compared 
to the farmers’ practice where only inorganic fertilizer was used. This result corroborated 
with the earlier study carried out by Khan et al. and Arshad et al. [19, 25].

5.  Conclusion

This study revealed that the application of biochar, amended compost and inor-
ganic fertilizer to the plots where these three crops (maize, rice and soybean) were 
planted did better in terms of the highest plant growth and the number of leaves 
across the 4 LGAs in Niger state compared to the plot where NPK alone was applied, 
during the wet cropping seasons of 2022. There was also an upward total yield increase 
by 36.5% (maize), 34.5% (rice) and 23.2% (soybean) in plots treated with combined 
application of biochar, compost and NPK when compared to NPK-treated plot alone.

In addition to this, the soil acidity was buffered to near neutrality from 5.7 to 6.3 
and the fertility status across the 4 LGAs was greatly improved with the combined 
application of biochar and amended compost during the land preparation as basal 
dressing, thus also addressing the issue of iron toxicity issue in the soils and increasing 
its productivity. Therefore, it is recommended that the use of biochar and compost 
in complementary with inorganic fertilizer should be adopted and upscaled to bring 

Figure 8. 
The number of leaves (NOL) of the crops in response to the treatments in Niger state.
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about effective soil fertility management and restoration mechanism in the identified 
problematic soils in Niger state and Nigeria at large.
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Chapter 7

Biochar as a Management Tool 
for Soilborne Fusarium and 
Phytophthora Pathogens
Kwasi Adusei-Fosu, Goldy De Bhowmick, Adnan Akhter  
and Muhammad Taqqi Abbas

Abstract

Biochar is a potential alternative management tool for diseases caused by soilborne 
pathogenic Fusarium and Phytophthora, respectively fungus and oomycete. Currently 
there are only general reviews for biochar applications against plant pathogens 
without emphasis on Fusarium and Phytophthora. Globally, soilborne Fusarium 
and Phytophthora are economically important pathogens that severely impact agri-
culture and forestry industries. Our present review focuses on biochar treatment 
against soilborne Fusarium and Phytophthora, biochar mechanism for Fusarium and 
Phytophthora suppression, and feedstock effect on biochar efficacy. Biochar applica-
tions alter the rhizosphere or soil environment which impedes the survival and 
reproduction of soilborne Fusarium and Phytophthora pathogens. Unlike other disease 
control approaches such as fungicides applications or fumigation that directly target 
the cell-wall and other structures in Fusarium and Phytophthora soilborne pathogens, 
biochar has different mechanisms of action. Over the years, majority of research have 
focused on biochar treatments against soilborne Fusarium or Phytophthora pathogens 
under controlled conditions but not field trials. While biochar has several advantages, 
evidence-based research is required to understand its impact on the environment. 
Future research areas for biochar includes evaluating applications for different farm-
ing systems, biochar efficacy ratings and validating application rates against Fusarium 
and Phytophthora soilborne pathogens.

Keywords: soilborne oomycete, soilborne fungus, plant health, efficacy, feedstock

1.  Introduction

Soilborne pathogens are a huge problem for agriculture production [1] because 
they are hidden enemies of plants and offer greater challenge in their management. 
Among all known major plant diseases, soilborne pathogens alone are responsible for 
90% of them [2]. Among soilborne pathogens, Fusarium and Phytophthora are consid-
ered as the most damaging plant diseases that threaten agriculture and forestry [3–5]. 
Globally, agriculture and forestry form the backbone of food security and economic 
growth [6, 7]. Therefore, it is important for Fusarium and Phytophthora soilborne 
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pathogens to be managed. Fusarium species are well known to put economic burden 
or losses on the farming community [8] e.g., Fusarium oxysporum which is considered 
fifth most destructive persistent fungal pathogen [6]. Recent study reported the 
global impact of Fusarium spp. because the pathogen has a wide host-range presently 
in five major continents including Asia, Australia, North America, South America and 
Europe (Muhammad et al. 2023). Phytophthora is an emerging threat to the forest and 
horticulture sectors [9]. Soilborne Phytophthora species has been reported to cause 
100% yield losses in some crops such as soybean [10].

Soilborne pathogens impact crop yields by infecting plants via their roots, causing 
wilting, discolouration and in some cases death of the plant. Soilborne pathogens 
reduce the value of agricultural lands because soilborne pathogens such as Fusarium 
can live in soil for over four decades [11–13]. This long-term effect of soilborne patho-
gens on the soil cause farmers to adopt land rotation farming system, but for locations 
where land is scarce, it becomes a daunting task. Over the years, chemicals (e.g., 
fumigation and fungicides) have been employed to control soilborne pathogens such 
as Fusarium and Phytophthora which are fungus and oomycetes, respectively [14, 15].

Chemicals are the main stay of farmers to manage diseases caused by Fusarium 
and Phytophthora spp. [16]. Different fungicides such as prochloraz, bromuconazole, 
benzamides, phosphonate, quinones are applied against Fusarium or Phytophthora 
soilborne pathogens based on their mode of actions and chemical properties [17]. 
However, an imperative drawback for fungicide treatment is the development of resis-
tance in Fusarium and Phytophthora [18, 19]. Due to detrimental effects of chemicals 
on the environment and health of humans [20], there is the appetite for alternative 
tools to control soilborne diseases caused by Fusarium and Phytophthora.

Some ‘natural enemies’ or biological control agents such as Trichoderma spp., 
Burkholderia cepacia, Pseudomonas spp., plant growth-promoting rhizobacteria 
(PGPR) and arbuscular mycorrhizal fungi are also used to mitigate the losses caused 
by Fusarium and Phytophthora [21, 22]. However, the success of biological control 
depends not only on plant-microbial interactions, but also on the ecological fitness 
of the biological agents [23]. Identifying a soilborne disease control tool that would 
fine-tune soil physicochemical properties to suppress Fusarium and Phytophthora will 
be important for the agriculture industry. Biochar has been reported to modify soil 
physical, chemical, and biological properties to suppress soilborne pathogens [15, 24]. 
Therefore, application of soil organic amendments such as biochar serves as an 
alternative disease management option [25] against plant pathogens and diseases.

Biochar is a carbonaceous material derived from pyrolysis of biomass at tempera-
tures 300–700°C under restricted oxygen supply [26]. The average carbon content 
of biochar lies between 70 and 80% and comprised of aromatic carbon structures 
including a crystalline phase and an amorphous phase. The crystalline phase is 
reformed as fused polyaromatic hydrocarbon sheets, and the amorphous phase is 
formed as random aromatic rings [26]. The carbon structure in biochar is a well-
developed porous structure with various active surface functional groups, imparting 
multifunctional agricultural solutions most importantly, improving soil and plant 
health [27, 28]. Biochar is a known carbon-negative material [27], used for remediat-
ing polluted soil and water bodies, and has carbon reduction benefits [27, 29–34] 
with strong positive influence on climate change through limitation of emissions of 
greenhouse gases [30, 35, 36].

Generally, biochar is used as soil amendment and there have been several reports 
that demonstrated improvements in soil–plant health [35–39]. Biochar application 
provides favourable soil conditions such as pH [29, 40], water holding capacity, 
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nutrient supply (calcium-Ca, phosphorus-P, potassium-K, Nitrogen-N), cation 
exchange capacity (CEC) [29], the growth of beneficial bacteria [40] which enhances 
the overall soil and plant health. In addition, biochar does increase crop yield or 
biomass which has been demonstrated in maize [41], pepper [42], asparagus [43, 44], 
tomato [25], beans [45] and ryegrass [36].

In this review we have highlighted the application of biochar against Fusarium 
and Phytophthora soilborne pathogens from published literature (Figure 1). We have 
also discussed the effect of the pyrolysis process that influences the physicochemical 
composition biochar to enable disease management when used for soil treatments. 
Furthermore, we have highlighted the challenges associated with biochar applications 
under different agriculture production or farming systems.

2.  Discussing the mechanisms of biochar in soilborne pathogen 
management

Thermochemical methods such as pyrolysis, gasification, hydrothermal liquefac-
tion and torrefaction are used to convert organic matter of biomass into solid carbon 
residue biochar [46], but pyrolysis has gained more attention in the recent times 
because it yields byproducts including solid biochar [21, 46]. Previous studies have 
shown that pyrolysis temperature, duration, heating rate, vapour residence time, 
pyrolysis type, feedstock composition, and feedstock material/biomass properties 

Figure 1. 
Biochar production process flow chart and application.
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including biomass type, moisture, and particle size play a pivotal role in influencing 
the physicochemical properties of biochar [21, 46].

Temperature used for pyrolysis has been reported to influence biochar proper-
ties with subsequent impact on soil. An increase in pyrolysis temperature increases 
the C, P, K, Ca, ash content, pH, and surface area of biochar, whiles decreasing N, 
H, and O content [47]. The structure of biochar obtained from high-temperature 
pyrolysis is distinguished by a substantial surface area and aromatic carbon content. 
On the other hand, soil treated with biochar produced via pyrolysis at low tempera-
ture yields high volatile and readily decomposable substrates which promote plant 
development [48]. The increase in pH is mostly triggered by breakdown of hydroxyl 
bonds present within the feedstock material under high pyrolysis temperature [49]. 
Such phenomenon also suggests the availability of weak bonds within the feedstock 
and their vulnerability towards thermal decomposition [49]. Generally, slow pyroly-
sis produces biochar with greater N, S, available P, Ca, Mg, surface area, and cation 
exchange capacity (CEC) in comparison to fast pyrolysis [47]. The surface area 
increases significantly due to the decomposition of organic matter, and destruction 
of aliphatic alkyls, esters, and the aromatic lignin core thereby reducing the pre-
blocking substances and by increasing the externally accessible surface area [50, 51]. 
In some of the studies it was also observed that at temperatures lower than 500°C, 
the lignin is not fully converted to a hydrophobic polycyclic aromatic hydrocarbon 
(PAH) thereby increasing the hydrophilicity of the biochar [50, 51]. Thus, at temper-
atures higher than 650°C, biochar’s are more hydrophobic and are thermally stable 
[50, 51]. The relationship between CEC and pyrolysis temperature was reported in 
previous studies and illustrated that with the increasing pyrolysis temperature CEC 
decreased linearly.

The physicochemical characteristic of biochar is determined by the initial feed-
stock and the pyrolysis conditions (heating temperature and time) [52]. Determining 
the best use for biochar requires comprehensive knowledge of the whole manufactur-
ing process. Detailed physical, chemical characteristics and elemental composition 
of the biochar derived from different feedstocks have been researched by others 
[53]. The physicochemical characteristics of biochar have the potential to modify the 
availability of nutrients and carbon in the soil, as well as shield microorganisms from 
desiccation and predators. These changes might impact the soil’s microbial diversity 
and taxonomy [38].

The pyrolysis temperature could yield different physicochemical properties of 
the biochar based on the feedstock type used. For instance, biochar’s produced from 
woods, biosolids, and herbaceous feedstock demonstrated a neutral to slightly acidic 
pH upon lowering the pyrolysis temperature to under 400°C [49]. The variation 
in feedstock composition significantly affects the biochar properties including the 
elemental content (C, H, N, and S), yield, ash content, functional groups, aromatic-
ity, porosity, specific surface area. According to [54], soil treated with biochar made 
from woodchip produced higher saturated hydraulic conductivities than those treated 
with manure-based biochar [55]. Similarly, manure-based biochar has a higher soil 
cation exchange capacity (CEC) than wood (Eucalyptus) biochar. To efficiently utilise 
majority of available biomass, the feedstocks are categorised into 1st to 3rd genera-
tion including lignocellulosic plants and energy crops, and algae. Recently, a fourth 
generation of biomass are being used widely includes organic waste such as coffee 
grounds, fruit peels, and sewage sludge [56–61]. Among the agricultural crop residues 
and woody biomass category corn stalks, wheat stalks, straw, rice husk, potatoes, 
soybeans, sugar cane, bagasse, cotton, oranges, grapes, peanuts, rapeseeds, etc. were 
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explored for biochar production [56–61]. Previous studies revealed that biochar’s 
made from agricultural wastes were mostly alkaline in pH under similar pyrolysis 
conditions.

In summary the effect of pyrolysis and feedstock types could enhance the biochar 
properties and subsequent positive impact on soil when used as a supplement. For 
instance, the CEC of biochar was associated with the disappearance of some acidic 
functional groups when pyrolysis temperature was increased [62]. Others have 
also reported that pyrolysis exhibited high porosity with longitudinal pores of sizes 
ranging from micro to macropores and the macropores were originated from vascular 
bundles of raw biomass that could provide habitats for symbiotic microorganisms 
promoting soil health [51]. The cellulose, and lignin present in the feedstock (crop 
residues) is reported to potentially decay into smaller fragments resulting in lower 
O/C and H/C [62]. However, in case of woody biomass the differences in hemicellu-
lose, cellulose, and lignin proportions further affects the elemental composition with 
low ash, low moisture, high calorific value, and few voids.

2.1 Biochar treatments against soilborne pathogenic Fusarium

Fusarium is a cosmopolitan fungus and could be either soilborne or foliar pathogen 
[63]. They spread via the production of spores (conidia or microconidia), which act 
as the infecting materials as well as reproductive structures. These spores typically 
exist in either a haploid or dikaryotic vegetative stage [64]. Some soilborne Fusarium 
spp. are known to be host specific, whereas others have a broad host range. Fusarium 
research over the past 100 years has improved our understanding about the relevance 
of this fungi group, but there are still some unknowns regarding its biology that must 
be addressed [63]. Gaining better understanding of the biology will provide informa-
tion to develop precise and reliable control tools against the Fusarium pathogen which 
are difficult to manage.

Soilborne Fusarium pathogens are very difficult to manage [65]. Others have 
resorted to control tools such as fumigation and fungicides treatments against 
soilborne Fusarium pathogens [14], but these methods are considered not envi-
ronmentally friendly or sustainable. Chemicals usually directly target parts of the 
soilborne pathogens including cell-wall and other structures whiles contaminating 
the soil. However, developing sustainable methods that would not contaminate soil 
but modify its properties such as soil pH, nutrients supply/availability/mobility and 
beneficial microbial populations to inhibit pathogenic Fusarium spp. from thriving is 
an alternative sustainable method. For instance, it has been demonstrated that some 
soil amendments regulated soil pH and nutrient supply which contributed to the suc-
cessful management of Fusarium oxysporum f. sp. spinaciae in spinach fields [14].

The application of biochar has been reported to suppress several pathogenic 
Fusarium spp. [25, 43, 44, 66–68]. A case study reported that biochar has been tested 
mostly against fungi soilborne pathogens including F. oxysporum f.sp. radicis lycoper-
sici, followed by F. oxysporum, F. solani and Fusarium spp. [37, 69].

Earlier research shows that a commercial prototype biochar produced by fast 
pyrolysis of hardwood dust successfully reduced the damaging effect of allelopathy 
on arbuscular mycorrhizal (AM) root colonisation and on Fusarium crown and root 
rot of asparagus under greenhouse conditions [44]. Similar studies were done in 
greenhouses to determine biochar efficacy against F. proliferatum in infested soils col-
lected from field and results showed that root lesions were reduced in the soil treated 
with biochar [43]. Others have demonstrated soilborne F. oxysporum f.sp. lycopersici 
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chlamydospores were suppressed via amendment of soil with biochar produced from 
feedstocks including wood chip and green waste biochar [25, 66].

A rare experiment in field determined efficacy of biochar produced from poultry 
faecal waste and sawdust against pathogenic F. verticillioides causal organism for ear 
rot in maize, using biochar treatment combinations as soil amendments. Biochar from 
sawdust effectively managed the disease compared with poultry faecal waste [70]. 
Recent studies showed that biochar made from organic wastes for soil amendment 
significantly decreased the colonisation and survival of F. oxysporum f. sp. vasinfectum 
in potted cotton plant under controlled conditions [71].

Advances made in production of biochar has been the coupling of biochar with 
other microbial inoculants to provide multiple benefits to plants and soil. Most 
recently, several studies have shown that biochar produced from feedstock such as 
bone charcoal, wood chip mixed with garden waste residue or cassava, coupled with 
microbial inoculants including strains of Pseudomonas chlororaphis, Paenibacillus poly-
myxa, Streptomyces pseudovenezuelae, Arbuscular mycorrhizal fungi, and Trichoderma 
aureoviride, suppressed pathogenic F. solani, F. oxysporum f.sp. radicis lycopersici in soil 
[72]. Identifying an approach to develop appropriate coupling materials to improve 
the biochar efficacy against Fusarium soilborne is very important for plant protection.

2.2 Biochar treatments against soilborne pathogenic Phytophthora

Phytophthora is an oomycete and could be soilborne or foliar pathogen. They 
mainly spread via the movement of infested soil, water, or plants using their two 
flagella that enhance swimming ability of zoospores [73]. The vegetative stage of 
oomycetes is diploid [64] and have cellulose in its cell walls [74]. Phytophthoras are 
known to have a wide host range [75], however, there are other host specific species 
such as the Phytophthora agathadicida [76] among others. Most agricultural practices 
rely heavily on chemicals for the management of Phytophthora soilborne pathogens. 
Applied chemicals target the cell walls of these pathogens but due to the difference 
in oomycete cell wall structure, a different strategy is required to control oomycetes 
diseases [77]. Thus, if targeting the pathogen directly has existing challenges, then 
other mechanisms of controlling phytophthora species via altering the soil environ-
ment would be a promising method such as biochar treatments.

There is lack of information on the use of biochar to treat Phytophthora pathogens. 
A few studies have reported its effectiveness in controlling several Phytophthora 
soilborne pathogens including P. cinnamomi, P. capsici, P. cactorum via soil amend-
ment with biochar [42, 78, 79]. Earlier research explored the effect of biochar on P. 
cinnamomi and cactorum and suggested that biochar amendment has the potential to 
alleviate disease progression and physiological stress caused by phytophthora canker 
pathogens [78]. In addition, they reported that there is likely an optimal level of 
biochar incorporation into the root media, beyond which its beneficial effects may be 
less pronounced [78].

Other trials have been conducted to determine whether two commercially avail-
able biochar amendments could suppress P. capsici infection in sweet bell pepper 
(Capsicum annuum) using three naturally infested field soils. Their research showed 
that amending soil with a biochar product containing a proprietary mix of beneficial 
microorganisms and enriched substrates resulted in a lower soil P. capsici abundance 
in all soils, and low root infection in two of the three soils tested. This treatment 
also led to increased soil pH, lower soil nitrogen availability, and reduced leaf 
chlorophyll content [79]. Recent research has demonstrated that biochar treatments 
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effectively inhibited pathogen growth and controlled P. capsici, with biochar applied 
immediately before planting having greater effects than that applied 20 days before 
planting [42]. Further trials compared the control treatments with biochar-amended 
rhizosphere soils and reported that biochar treated soil had higher pH levels, more 
available nutrients (e.g., P and K) and higher abundance of beneficial fungi that led 
to the suppression of P. capsici [42]. There is less information for field application of 
biochar against pathogenic Phytophthora. As it stands all the research with biochar 
treatments against Phytophthora have mainly been conducted under controlled 
conditions [42, 69, 78, 79]. It is also evident that most of the commercial and newly 
developed biochar products have not been tested against phytophthora on a com-
mercial scale. This is concerning because farmers need to rely on research data to 
make informed decisions regarding the use of biochar products against Phytophthora 
soilborne pathogens. In a recent case study, it was reported that biochar has been 
tested against only 6% of oomycetes [69], highlighting the lack of research with 
biochar against pathogenic oomycetes. Interestingly, at the time only one oomycetes 
P. capsici was identified as soilborne with the rest foliar pathogens [69].

2.3  Biochar mechanisms of action against Fusarium and Phytophthora soilborne 
pathogens

Biochar can alter soil physicochemical properties such as soil pH, water holding 
capacity, bulk density, soil aggregation [35], which subsequently enhance the soil to 
suppress soilborne pathogens as shown in Figure 2 and Table 1. However, the effec-
tiveness of biochar to alter any of these soil properties to suppress soilborne diseases 
depends on the application rate [24]. A major property of soil that leads to the control 
of soilborne pathogens is soil pH [14, 24, 79, 81–84]. There have been several reports 
that showed that changes in soil pH can successfully control soilborne Fusarium 
wilt diseases [14, 24, 35, 81–84]. Similarly, an oomycete soilborne pathogen such as 
Phytophthora has been reported to be suppressed by changes in soil pH, and this has 
also been reported for Phytophthora blight disease [79] including other Phytophthora 
soilborne pathogens. In vitro studies have shown that acidification suppresses the 
natural capacity of soil microbiome such as bacterial communities to fight pathogenic 
soilborne Fusarium infections because soil acidification disrupts the emission of 
antifungal substances [72]. The role of pH has been reported to transform soil via 
contributing atmospheric sulphur dioxide and nitrogen oxides because of the effect 
on bacterial populations in soil [85, 86]. Research has shown that sulphur compounds 
severely inhibits the growth of pathogenic fungi through the destruction of cell mem-
branes or disruption of cellular antioxidation systems [86]. Under in vitro conditions, 
the optimal pH at which pathogen survived differed with among Phytophthora patho-
gens. For instance, an in vitro experiment showed that the optimum pH for P. citricola 
to survive was at 9, whereas P. tropicalis at pH 5, and five other species, P. citrophthora, 
P. insolita, P. irrigata, P. megasperma, and P. nicotianae, at pH 7 [87]. In another study, 
biochar was used to also suppress Phytophthora spp. in pineapple fields by amending 
soil with sulphur to lower pH from 6.3–5.1/5.4 [88]. Others have attributed the bio-
char induced inhibition of Phytophthora capsici to the augmented action of beneficial 
fungal microbial community of the soil [42]. Biochar induced resistance mechanisms 
were reported in Quercus rubra and Acer rubrum against P. cinnamomi, P. cactorum, 
respectively [78].

Nutrient availability is another indicator that regulates the dynamics of soilborne 
pathogen and plant health [79]. Biochar amendment is reported to contribute to soil 
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nutrition through the release of available nutrients to the roots of plants which leads 
to the decrease in root hairs development [39], thereby reducing the surface area 
for root infection by soilborne pathogens [89]. A study showed that considerable 
amounts of P, K, and Ca with limited amount of Mg contributed to a reduction of 
soilborne pathogens such as Phytophthora [79] and Fusarium [90].

Biochar has variable amount of anti-oxidants, phenolics and other organic acids 
[91]. These compounds can be toxic at higher concentrations to activates plant 
defence systems [66, 92]. Biochar-borne organic stimuli showcase the potential to 
both activate both salicylic acid (SA) and jasmonic acid (JA), pathways [92–94]. 
Moreover, biochar can absorb toxins and accelerate the production of antibiotics 
together with influence on the chemical composition of root exudation, collectively 
inhibiting establishment of soilborne pathogens on plants. As a result of hermetic 
response of biochar borne chemicals, augmentation of resistance pathways has been 
extensively reported [66, 95].

The successful disease infection process by a pathogen relies on environmental 
factors (e.g., humidity, temperature, rainfall), susceptible host plant and the patho-
gen as depicted in the disease triangle [96]. This means that for biochar to successfully 
influence the soil physicochemical properties to suppress soilborne pathogens, it 
would need a favourable environmental and a mechanism to trigger some defences 
in the host plant against the pathogens. Although some studies have explored how 
biochar changes the dynamics of the soil physicochemical properties to suppress 

Figure 2. 
Picture showing the effect of biochar on soilborne Fusarium and Phytophthora pathogens.
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soilborne pathogens including Fusarium and Phytophthora, the effect of the environ-
mental factors on applied biochar, and the mechanisms that could trigger defences in 
the host against soilborne pathogens remains a conundrum.

Pathogen class Pathogen name Host Treatments (Biochar or 
supplemented with other agents)

Reference

Fungi Fusarium virguliforme Soybean Biochar [69]

Fusarium solani Cassava Biochar coupled with microbial 
inoculant

[72]

Fusarium oxysporum 
f.sp. radicis lycopersici

Tomato Biochar coupled with microbial 
inoculant

[72]

Fusarium oxysporum f. 
sp. vasinfectum

Cotton Biochar [71]

Fusarium oxysporum 
f.sp. lycopercisi

Fusarium oxysporum 
f.sp. asparagi

Tomato
Asparagus

Biochar
Biochar

[24, 44]

Fusarium oxysporum 
f.sp. radicis lycopersici

Tomato Biochar combined with phosphate-
mobilising bacteria

[80]

Fusarium oxysporum 
f.sp. lycopersici

Tomato Biochar combined with either 
compost, Arbuscular mycorrhizal 

fungi

[25, 66]

Fusarium spp. Not available [68]

Fusarium proliferatum Asparagus Biochar [43]

Fusarium oxysporum 
f.sp. asparagi

Asparagus Biochar [43]

Fusarium solani Asian ginseng Biochar [67]

Fusarium verticilloides Maize Biochar [70]

Fusarium virguliforme Soybean Biochar [69]

Fusarium oxysporum f. 
sp. vasinfectum

Cotton Biochar [71]

Oomycetes Phytophthora capsici L.
Phytophthora infestans 

(Mont.) de Bary
Phytophthora infestans 

(Mont.) de Bary

Pepper
Tomato
Potato

Biochar combined with beneficial 
microbes

Biochar coupled with microbial 
inoculants

Biochar combined with 
Streptomyces strains

[24, 42, 60]

Phytophthora nicotianae Tobacco Biochar coupled with microbial 
inoculants

[72]

Phytophthora cinnamomi Northern red 
oak

Biochar [78]

Phytophthora cactorum Red maple Biochar [78]

Phytophthora capsici L. Sweet bell 
pepper

Biochar mixed with beneficial 
microorganisms

[79]

Table 1. 
Literature confirming Fusarium and Phytophthora soilborne pathogens treated with biochar as a stand-alone or 
supplemented with other disease control agents.
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3.  Limitations for biochar treatments against soilborne Fusarium and 
Phytophthora

The optimal dosage of biochar application is still not established because it 
depends on biochar type, soil types and target species. Earlier research elucidated 
that an application rate of biochar 0.5 to 135 t ha−1 supported positive plant growth 
responses [97]. Whereas, others have reported variable response of biochar type 
and application rate on the pathosystems [35]. Recent reports suggest inconsistent 
results for biochar tested at different concentrations against soilborne pathogens. 
For instance, Ralstonia solanacearum development in eggplants was suppressed at 
a lower concertation of 6% leaf waste biochar [98]. However, biochar of pinewood 
origin had more suppressive effective at a higher (20%) concentration against peach 
replant disease [99]. A deeper understanding of the mechanisms supporting biochar-
mediated disease suppression is important for the development of products that can 
consistently reduce soilborne disease in the field [79]. Unfortunately to date, the 
scientific community lacks information for standardised biochar application rates and 
feedstock types used against soilborne Fusarium and Phytophthora. Acquiring data for 
biochar application rates, feedstock types and pyrolysis processes to support produc-
tion of commercial biochar will massively transform the biochar and agriculture 
industries [60]. An approach for standardising biochar application rates will depend 
heavily on an established databank for biochar results showing specific application 
rates juxtaposed with the feedstock type, source, age, and whether biochar is made 
from standalone organic source or mixture. Information for soil type, and stage of 
soilborne Fusarium and Phytophthora pathogen treated will be relevant for adoption.

4.  Prospects of biochar: Operationalising biochar for agricultural 
production systems

Although biochar is currently being advocated to be integrated into farming 
practices (Figure 3) as a soilborne disease or pathogen control tool, less is com-
municated about the most ideal application techniques. After testing the efficacy of 
biochar against soilborne diseases caused by Fusarium, Phytophthora, or other patho-
gens, the goal is to adopt and implement the findings to suit various farming systems. 
Current research has demonstrated that biochar is a promising soil amendment that 
controls soilborne Fusarium and Phytophthora pathogens [24, 25, 35, 43, 44, 67–70, 
78, 79, 84]. Majority of research confirming efficacy of biochar against Fusarium and 
Phytophthora soilborne pathogens have been experimented in potted plants under 
greenhouse or glasshouse conditions and this presents an opportunity for biochar 
application in nurseries where plant or crops are produced.

Other nurseries that use bare-root production systems to produce planting 
materials may contribute to the spread of soilborne pathogens such as Fusarium and 
Phytophthora [100–103]. Therefore, integrating biochar treatments into the nursery 
for plant production system as a disease control tool could serve as biosecurity tool to 
ensure clean healthy plant materials are supplied to farmers. This would limit the risk 
of introducing and spreading soilborne Fusarium or Phytophthora.

Greenhouse production systems could also benefit immensely from biochar as a 
soilborne disease control option. Vegetable crops such as tomato and pepper, which 
are also impacted by Fusarium and Phytophthora soilborne pathogens [25, 42, 79], are 
produced in both small- or large-scale commercial greenhouses. In colder countries 
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such as Canada, the commercial greenhouse production systems are used for vegetable 
cultivation throughout the year. This is also true for other countries where farmlands 
are scarce. Treatment of soil or potting mix with biochar for vegetable production under 
greenhouse conditions could be integrated into the production practices to limit chemi-
cal treatments to manage pathogens such as Phytophthora capsici L. and F. oxysporum f.sp. 
lycopercisi for pepper and tomato respectively [24, 42, 79].

Although biochar has proved to be effective against soilborne pathogens Fusarium 
and Phytophthora, its large-scale application on farms may face economic challenges. 
More research is needed to explore the best biochar application methods for larger 
plantations where soils have been severely infested with Fusarium and Phytophthora 
pathogens. A comprehensive cost–benefit analysis is required for farmers operating 
on large farmlands who would want to explore the biochar treatments taking into 
consideration the direct and indirect cost in comparison with any existing Fusarium 
and Phytophthora soilborne disease management tools they are using.

5.  Conclusions

Biochar as a soil amendment plays a crucial role in suppressing soilborne Fusarium 
and Phytophthora pathogens. However, there is still a significant knowledge gap 
regarding the application rates and extensive field trials for existing commercial bio-
char products from different feedstocks. It is imperative for more research to be con-
ducted to establish appropriate application guidelines for farmers to make informed 
decisions prior to using biochar as soilborne diseases management tool. Although 
soil treatment with biochar could result in disease suppression, there is a risk that 
disease incidence could still exceed the economic threshold. Thus, attention should be 
given to biochar treatments that could suppress diseases from reaching this economic 

Figure 3. 
Application of biochar in different agricultural production systems to manage soilborne Fusarium and 
Phytophthora.
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threshold. Further studies should be done to explore how environmental factors and 
plant host defence triggered mechanisms interact with biochar-treated soil against 
soilborne Fusarium and Phytophthora pathogens. Other aspects of biochar that must 
be explored includes potential confounding effects on humans and the environment 
to ensure that pros and cons are well understood. Most reported research on biochar 
efficacy against soilborne Fusarium and Phytophthora pathogens has been conducted 
under controlled conditions in pots. However, few studies have tested its effectiveness 
in the field. The lack of field trials makes it difficult to understand the effect biochar 
could have on Fusarium and Phytophthora soilborne pathogens in real field conditions. 
Another important reason why field trial is required to validate biochar efficacy is 
because of the heterogeneity nature of soil unlike potted soil. Research to develop 
biochar would be successful provided bioprocessing engineers, biochar technologists, 
and plant pathologists establish meaningful collaborations to explore the full poten-
tial of biochar for controlling soilborne diseases caused by Fusarium and Phytophthora 
pathogens. Involving policy advisors is also paramount to guide the adoption of 
biochar applications.
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