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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’ 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.
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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 x 10° hm? (accounting for 8.7% of the Earth’ 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.

2



Research and Application Progress of Biochar in Amelioration of Saline-Alkali Soil
DOI: http://dx.doi.org/10.5772/intechopen.1011517

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 Ca** and Mg”*, 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’ 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’ 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 CO, 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 (CO,, CHy, and N,O) [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 CI, S0,*, 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 (PO,*) 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 (NH;) and nitrous oxide (N,O) emissions [49], minimizes
NO;™ 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

5



Biochar — Applications in Agriculture and Environment

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 (PO,’") 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.

Author details
Peng Zhang™, Yuning Wang', Fude Liu’, Le Jiao® and Hongwen Sun'

1 College of Environmental Science and Engineering, Nankai University, Tianjin,
China

2 School of Environment Science and Safety Engineering, Tianjin University of
Technology, Tianjin, China

3 Agro-Environmental Protection Institute, Ministry of Agriculture and Rural
Affairs, Tianjin, China

*Address all correspondence to: nkzhangpeng@nankai.edu.cn

IntechOpen

© 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. ) NN
9


mailto:nkzhangpeng@nankai.edu.cn
http://creativecommons.org/licenses/by/4.0

Biochar — Applications in Agriculture and Environment

References

[1] Lin ZQ, Bafiuelos GS. Soil salination
indicators. Dordrecht: Springer
Netherlands; 2015

[2] Zhu JK. Plant salt tolerance. Trends
in Plant Science. 2001;6(2):66-71.
DOI: 10.1016/S1360-1385(00)01838-0

[3] Xiao X, Chen B, Chen Z, et al.

Insight into multiple and multilevel
structures of biochars and their potential
environmental applications: A critical
review. Environmental Science and
Technology. 2018;52(9):5027-5047.

DOI: 10.1021/acs.est.7b06487

[4] Das SK, Ghosh GK, Avasthe R.
Application of biochar in agriculture
and environment, and its safety issues.
Biomass Conversion and Biorefinery.
2020;13:1359-1369. DOI: 10.1007/
§13399-020-01106-0

(5] Awasthi MK. Engineered biochar: A
multifunctional material for energy and
environment. Environmental Pollution.
2022;298:118831. DOI: 10.1016/j.
envpol.2021.118831

[6] Yuan P, Wang J, Pan Y, et al. Review
of biochar for the management of
contaminated soil: Preparation,
application and prospect. Science of the
Total Environment. 2019;659:473-490.
DOI: 10.1016/j.scitotenv.2018.12.400

(7] Bolan N, Hoang SA, Beiyuan J, et al.
Multifunctional applications of biochar
beyond carbon storage. International
Materials Reviews. 2022;67(2):150-200.
DOI: 10.1080/09506608.2021.1922047

[81 LiY, Li G. Mechanisms of straw
biochar's improvement of phosphorus
bioavailability in soda saline-alkali soil.
Environmental Science and Pollution

10

Research. 2022;29(32):47867-47872.
DOI: 10.1007/s11356-022-20489

[9] Saifullah DS, Naeem A, et al. Biochar
application for the remediation of
salt-affected soils: Challenges and
opportunities. Science of the Total
Environment. 2018;625:320-335.

DOI: 10.1016/j.scitotenv.2017.12.257

[10] Zhang Y, Wang J, Feng Y. The

effects of biochar addition on soil
physicochemical properties: A review.
Catena. 2021;202:105284. DOI: 10.1016/j.
catena.2021.105284

[11] Oliveira FR, Patel AK, Jaisi DP,

et al. Environmental application of
biochar: Current status and perspectives.
Bioresource Technology. 2017;246:110-
122. DOI: 10.1016/j.biortech.2017.07.033

[12] Gopinath KP, Vo D-VN, Gnana
Prakash D, et al. Environmental
applications of carbon-based
materials: A review. Environmental
Chemistry Letters. 2020;19(1):557-582.
DOI:10.1007/s10311-019-00940-7

(13] Zhang C, Zeng G, Huang D,

et al. Biochar for environmental
management: Mitigating greenhouse gas
emissions, contaminant treatment, and
potential negative impacts. Chemical
Engineering Journal. 2019;373:902-922.
DOI: 10.1016/j.cej.2019.04.122

[14] Liu M, Wang ZC, Yang F, et al.
Application progress of biochar in
amelioration of saline-alkaline soil.

Journal of Soil and Water Conservation.
2021;35(3):1-8

(15] Uday V, Harikrishnan PS,
Deoli K, et al. Current trends in
production, morphology, and real-
world environmental applications



Research and Application Progress of Biochar in Amelioration of Saline-Alkali Soil

DOI: http://dx.doi.org/10.5772/intechopen.1011517

of biochar for the promotion of
sustainability. Bioresource Technology.
2022;359:127467. DOI: 10.1016/j.
biortech.2022.127467

[16] Zhao B, Nan X, Xu H, et al. Sulfate
sorption on rape (Brassica campestris L.)
straw biochar, loess soil and a biochar-
soil mixture. Journal of Environmental
Management. 2017;201:309-314.

DOI: 10.1016/j,jenvman.2017.06.030

[17] Tariqul I, Yanliang L, Hefa C.
Biochars and engineered biochars for
water and soil remediation: A review.
Sustainability. 2021;13(17):9932.
DOI: 10.3390/su13179932

[18] Abbas G, Abrar MM, Naeem MA,

et al. Biochar increases salt tolerance and
grain yield of quinoa on saline-sodic soil:
Multivariate comparison of physiological
and oxidative stress attributes. Journal of
Soils and Sediments. 2022;22(5):1446-
1459. DOI: 10.1007/s11368-022-03206-0

[19] Egamberdieva D, Ma H, Alaylar B,
et al. Biochar amendments improve
licorice (Glycyrrhiza uralensis Fisch.)
growth and nutrient uptake under salt
stress. Plants (Basel). 2021;10(10):2135.
DOI: 10.3390/plants10102135

[20] Yue Y, Guo WN, Lin QM, et al.
Improving salt leaching in a simulated
saline soil column by three biochars
derived from rice straw, sunflower straw,
and cow manure. Journal of Soil and
Water Conservation. 2016;71(6):467.
DOI: 10.2489/jswc.71.6.467

[21] Sun |, He F, Shao H, et al. Effects
of biochar application on Suaeda salsa
growth and saline soil properties.
Environmental Earth Sciences.
2016;75(8):630. DOI: 10.1007/
s12665-016-5550-0

[22] Tang J, Zhang S, Zhang X, et al.
Effects of pyrolysis temperature on

11

soil-plant-microbe responses to Solidago
canadensis L.-derived biochar in

coastal saline-alkali soil. Science of the
Total Environment. 2020;731:138938.
DOI: 10.1016/j.scitotenv.2020.138938

[23] Harjeet N, Biswajit S, Sudip M,
etal. Biochar from biomass: A review
on biochar preparation its modification
and impact on soil including soil
microbiology. Geomicrobiology
Journal. 2022;39(3-5):373-388.

DOI: 10.1080/01490451.2021.1998043

[24] Liang J, Li Y, Si B, et al.
Optimizing biochar application to
improve soil physical and hydraulic
properties in saline-alkali soils.
Science of the Total Environment.
2021;771:144802. DOI: 10.1016/j.
scitotenv.2021.144802

[25] Artiola J, Rasmussen C, Freitas R.
Effects of a biochar-amended alkaline
soil on the growth of romaine lettuce
and bermudagrass. Soil Science.
2012;177:561-570. DOI: 10.1097/
SS.0b013e31826d3b3d

[26] Burrell LD, Zehetner F, Rampazzo N,
etal. Long-term effects of biochar on

soil physical properties. Geoderma.
2016;282:96-102. DOI: 10.1016/j.
geoderma.2016.06.013

[27] Obia A, Mulder J, Hale SE, et al.
The potential of biochar in improving
drainage, aeration and maize yields
in heavy clay soils. PLoS One.
2018;13(5):e0196794. DOI: 10.1371/
journal.pone.0196794

[28] Suliman W, Harsh JB, Abu-Lail NI,
et al. The role of biochar porosity and
surface functionality in augmenting
hydrologic properties of a sandy soil.
Science of the Total Environment.
2017;574:139-147. DOI: 10.1016/].
scitotenv.2016.09.053



Biochar — Applications in Agriculture and Environment

[29] Uchimiya M, Wartelle LH,

Klasson KT, et al. Influence of pyrolysis
temperature on biochar property and
function as a heavy metal sorbent in
soil. Journal of Agricultural and Food
Chemistry. 2011;59(6):2501-2510.

DOI: 10.1021/j£103934k

[30] CuiL, Liu Y, Yan J, et al. Revitalizing
coastal saline-alkali soil with biochar
application for improved crop growth.
Ecological Engineering. 2022;179:106594.
DOI: 10.1016/j.ecoleng.2022.106594

[31] Zhou Z, Li Z, Zhang Z, et al.
Treatment of the saline-alkali soil with
acidic corn stalk biochar and its effect on
the sorghum yield in western Songnen
plain. Science of the Total Environment.
2021;797:149190. DOI: 10.1016/j.
scitotenv.2021.149190

[32] Atkinson CJ, Fitzgerald JD,

Hipps NA. Potential mechanisms for
achieving agricultural benefits from
biochar application to temperate soils: A
review. Plant and Soil. 2010;337(1):1-18.
DOI: 10.1007/s11104-010-0558-3

(33] Ahmad M, Rajapaksha AU,

Lim JE, et al. Biochar as a sorbent
for contaminant management in soil
and water: A review. Chemosphere.
2014;99:19-33. DOI: 10.1016/j.
chemosphere.2013.11.053

[34] Fungo B, Lehmann J, Kalbitz K, et al.
Emissions intensity and carbon stocks of
a tropical Ultisol after amendment with
Tithonia green manure, urea and biochar.
Field Crops Research. 2017;209:179-188.
DOI: 10.1016/j.fcr.2017.05.013

(35] Thers H, Djomo SN, Elsgaard L,

et al. Biochar potentially mitigates
greenhouse gas emissions from
cultivation of oilseed rape for biodiesel.
Science of the Total Environment.
2019;671:180-188. DOI: 10.1016/j.
scitotenv.2019.03.423

12

[36] Wang L, Deng J, Yang X, et al. Role
of biochar toward carbon neutrality.
Carbon Research. 2023;2(1):2.

DOI: 10.1007/s44244-023-00035-5

[37] Mukherjee A, Lal R. The biochar
dilemma. Soil Research. 2014;52(3):217-
230. DOI: 10.1071/SR13173

[38] Chen M, Zhang S, Liu L, etal.
Organic fertilization increased

soil organic carbon stability and
sequestration by improving aggregate
stability and iron oxide transformation
in saline-alkaline soil. Plant and Soil.
2022;474(1-2):233-249. DOI: 10.1007/
s11104-021-05223-0

[39] LiY, Hu S, Chen J, et al. Effects of
biochar application in forest ecosystems
on soil properties and greenhouse gas
emissions: A review. Journal of Soils
and Sediments. 2018;18(2):546-563.
DOI:10.1007/s11368-017-1783-2.
DOI:10.1007/s11368-017-1783-2

[40] Zhang ], Zhou S, Sun H, et al. Three-
year rice grain yield responses to coastal
mudflat soil properties amended with
straw biochar. Journal of Environmental
Management. 2019;239:23-29.

DOI: 10.1016/jjenvman.2019.03.033

[41] Wu LP, Zhang SR, Ma M, et al.
Carbon sequestration under different
organic amendments in saline-alkaline
soils. Catena. 2020;196:104882.

DOI: 10.1016/j.catena.2020.104882

[42] Jindo K, Audette Y, Higashikawa FS,
etal. Role of biochar in promoting
circular economy in the agriculture
sector. Part 1: A review of the biochar
roles in soil N, P and K cycles. Chemical
and Biological Technologies in
Agriculture. 2020;7(1):15. DOI: 10.1186/
s40538-020-0133-0

[43] Al-Wabel M, Hussain Q, Usman A,
et al. Impact of biochar properties on soil



Research and Application Progress of Biochar in Amelioration of Saline-Alkali Soil

DOI: http://dx.doi.org/10.5772/intechopen.1011517

conditions and agricultural sustainability:

A review. Land Degradation and
Development. 2017;29(7):2124-2161.
DOI:10.1002/1dr.2743

[44] Hossain MK, Strezov V, Chan KY,
et al. Influence of pyrolysis temperature
on production and nutrient properties
of wastewater sludge biochar. Journal
of Environmental Management.
2011;92(1):223-228. DOI: 10.1016/j.
jenvman.2010.08.023

[45] Song W, Guo M. Quality variations
of poultry litter biochar generated at
different pyrolysis temperatures. Journal
of Analytical and Applied Pyrolysis.
2012;94:138-145. DOI: 10.1016/j.
jaap.2012.03.003

[46] Uchimiya M, Hiradate S. Pyrolysis
temperature-dependent changes in
dissolved phosphorus speciation of
plant and manure biochars. Journal

of Agricultural and Food Chemistry.
2014;62(8):1802-1809. DOI: 10.1021/
j£405220Kk

[47] Sun H, Lu H, Chu L, et al. Biochar
applied with appropriate rates can
reduce N leaching, keep N retention
and not increase NHj; volatilization

in a coastal saline soil. Science of the
Total Environment. 2017;575:820-825.
DOI: 10.1016/j.scitotenv.2016.09.173

(48] Wu LP, Zheng HN, Wang X]. Effects
of soil amendments on fractions and
stability of soil organic matter in saline-
alkaline paddy. Journal of Environmental
Management. 2021;294:112993.

DOI: 10.1016/jjenvman.2021.112993

[49] Mandal S, Thangarajan R, Bolan NS,
et al. Biochar-induced concomitant
decrease in ammonia volatilization and
increase in nitrogen use efficiency by
wheat. Chemosphere. 2016;142:120-127.
DOI: 10.1016/j.chemosphere.2015.08.008

13

[50] Liu L, Tan Z, Gong H, et al.
Migration and transformation
mechanisms of nutrient elements (N,

P, K) within biochar in straw—biochar—
soil-plant systems: A review. ACS
Sustainable Chemistry and Engineering.
2019;7(1):22-32. DOI: 10.1021/
acssuschemeng.8b05003

[51] Liang JF, Li QW, Gao JQ, etal.
Biochar rhizosphere addition promoted
Phragmites australis growth and changed
soil properties in the yellow river delta.
Science of the Total Environment.
2021;761:143291. DOI: 10.1016/j.
scitotenv.2020.143291

[52] Weil R, Brady N. The Nature and
Properties of Soils. 15th ed. Upper Saddle
River: Prentice Hall; 2017

[53] Lashari MS, Ye Y, Ji H, et al. Biochar—
manure compost in conjunction with
pyroligneous solution alleviated salt
stress and improved leaf bioactivity of
maize in a saline soil from Central China:
A 2-year field experiment. Journal of

the Science of Food and Agriculture.
2015;95(6):1321-1327. DOI: 10.1002/
jsfa.6833

[54] ZhangJY, Yang GJ, Yu YZ.
Relationship between soil animal
diversity and soil factors in Yinbei saline-
alkali land. Northwest Agricultural
Journal. 2012;21(7):177-184

[55] Manasa MRK, Katukuri NR,
Darveekaran Nair SS, et al. Role of
biochar and organic substrates in
enhancing the functional characteristics
and microbial community in a saline
soil. Journal of Environmental
Management. 2020;269:7. DOI: 10.1016/j.
jenvman.2020.110677

[56] Shi S, Tian L, Nasir F, etal.
Response of microbial communities
and enzyme activities to amendments
in saline-alkaline soils. Applied Soil



Biochar — Applications in Agriculture and Environment

Ecology. 2019;135:16-24. DOI: 10.1016/j.
apso0il.2018.10.003

[57]1 Li SP, Chen PZ, Zhou YY, et al.
Effects of biochar application on
available nutrients and enzyme
activities in coastal saline-alkali soil.
Journal of Southern Agriculture.
2019;50(7):1460-1465

(58] Zhang JY, Yang GJ, Ji CH. The
relationship between the vertical
distribution of soil arthropod and soil
factors in saline-alkali Lycium barbarum
plantation. Journal of Agricultural
Sciences. 2016;37(3):11-17

[59] Liao S, Pan B, Li H, et al. Detecting
free radicals in biochars and determining
their ability to inhibit the germination
and growth of corn, wheat and rice
seedlings. Environmental Science and
Technology. 2014;48(15):8581-8587.
DOI: 10.1021/es501203k

[60] Buss W, Graham MC, Shepherd JG,
et al. Risks and benefits of marginal
biomass-derived biochars for

plant growth. Science of the Total
Environment. 2016;569-570:496-506.
DOI: 10.1016/j.scitotenv.2016.05.173

[61] Rajapaksha AU, Chen SS, Tsang DC,
et al. Engineered/designer biochar for
contaminant removal/immobilization
from soil and water: Potential and
implication of biochar modification.
Chemosphere. 2016;148:276-291.

DOI: 10.1016/j.chemosphere.2015.12.052

[62] Chen H, Gao Y, Li]J, et al.
Engineered biochar for environmental
decontamination in aquatic and

soil systems: A review. Carbon
Research. 2022;1(1):4. DOI: 10.1007/
s44243-022-00004-3

[63] Trifunovic B, Gonzales HB,
Ravi S, et al. Dynamic effects of
biochar concentration and particle

14

size on hydraulic properties of sand.
Land Degradation and Development.
2018;29(4):884-893. DOI: 10.1002/
1dr.2753

[64] Wang S, Gao B, Zimmerman AR,
et al. Removal of arsenic by magnetic
biochar prepared from pinewood
and natural hematite. Bioresource
Technology. 2015;175:391-395.

DOI: 10.1016/j.biortech.2014.11.053

[65] Kambo HS, Dutta A. A comparative
review of biochar and hydrochar in
terms of production, physico-chemical
properties and applications. Renewable
and Sustainable Energy Reviews.
2015;45:359-378. DOI: 10.1016/j.
rser.2015.01.010

[66] Wang ], Wang S. Preparation,
modification and environmental
application of biochar: A review. Journal
of Cleaner Production. 2019;227:1002-
1022. DOI: 10.1016/jjclepro.2019.04.230

[67] Ullah I, Khan S, Nawab J, et al.
Hardwood modified and unmodified
biochar amendments used for saline
alkali soil remediation: Phosphorus
availability and its plant uptake. Arabian
Journal of Geosciences. 2022;15(9):910.
DOI: 10.1007/s12517-022-09000-0

[68] Duan ML, Liu GH, Zhou BB, et al.
Effects of modified biochar on water
and salt distribution and water-stable
macro-aggregates in saline-alkaline
soil. Journal of Soils and Sediments.
2021;870:2192-2202. DOI: 10.1007/
s11368-021-03003-0

[69] Chen W, Zhao B, Guo Y, et al.
Effect of hydrothermal pretreatment
on pyrolyzed sludge biochars for
tetracycline adsorption. Journal of
Environmental Chemical Engineering.
2021;9(6):106557. DOI: 10.1016/j.
jece.2021.106557



Research and Application Progress of Biochar in Amelioration of Saline-Alkali Soil

DOI: http://dx.doi.org/10.5772/intechopen.1011517

[70] Zhao SC, Yang JM, Zhou QH,

et al. Effect of hydrothermal carbon
amendment on forage growth and
rhizosphere soil enzyme activities

in saline-alkali soil. Journal of Jilin
Agricultural University. 2024;46:860-
868. DOI: 10.13327/jjjlau.2021.1781

[71] Liu M, Linna C, Ma S, et al.

Biochar combined with organic and
inorganic fertilizers promoted the
rapeseed nutrient uptake and improved
the purple soil quality. Frontiers in
Nutrition. 2022;9:997151. DOI: 10.3389/
fnut.2022.997151

[72] Wen Liang W, Shi Rong Z, Li

Peng W, et al. Biochar and phosphorus
fertilization improved soil quality and
inorganic phosphorus fractions in saline-
alkaline soils. Archives of Agronomy
and Soil Science. 2020;67(9):1177-1190.
DOI:10.1080/03650340.2020.1772303

[73] He XS, Zhang SQ, She D, et al.
Effects of biochar on soil and fertilizer
and future research. Chinese Agricultural
Science Bulletin. 2011;27(15):16-25

[74] Lu H, Lashari MS, Liu X, et al.
Changes in soil microbial community
structure and enzyme activity with
amendment of biochar-manure compost
and pyroligneous solution in a saline

soil from Central China. European
Journal of Soil Biology. 2015;70:67-76.
DOI: 10.1016/j.ejsobi.2015.04.003

[75] Prost K, Borchard N, Siemens J,

et al. Biochar affected by composting
with farmyard manure. Journal of
Environmental Quality. 2013;42(1):164-
172. DOI: 10.2134/jeq2012.0153

[76] Phuong NTK, Khoi CM, Ritz K,

et al. Influence of rice husk biochar and
compost amendments on salt contents
and hydraulic properties of soil and rice
yield in salt-affected fields. Agronomy.
2020;10(8):1101. DOI: 10.3390/
agronomy10081101

15

[771 Xu G, Zhang Y, Sun J, et al. Negative
interactive effects between biochar and
phosphorus fertilization on phosphorus
availability and plant yield in saline sodic
soil. Science of the Total Environment.
2016;568:910-915. DOI: 10.1016/j.
scitotenv.2016.05.173

[78] Liang S, Wang SN, Zhou LL, etal.
Combination of biochar and functional
bacteria drives the ecological improvement
of saline-alkali soil. Plants. 2023;12(2):284.
DOI: 10.3390/plants12020284

[79] Ndiate NI, Saeed Q, Haider FU, et al.
Co-application of biochar and arbuscular
mycorrhizal fungi improves salinity
tolerance, growth and lipid metabolism
of maize (Zea mays L.) in an alkaline

soil. Plants (Basel). 2021;10(11):2490.
DOI: 10.3390/plants10112490

[80] LiR, Zhang Y, Deng H, etal.
Removing tetracycline and Hg(II)

with ball-milled magnetic nanobiochar
and its potential on polluted irrigation
water reclamation. Journal of
Hazardous Materials. 2020;384:121095.
DOI: 10.1016/jjhazmat.2019.121095

[81] Zhang P, Xue B, Jiao L, et al.
Amelioration effects of coastal saline-
alkali soil by ball-milled red phosphorus-
loaded biochar. Chemical Engineering
Journal. 2022;431:133904. DOI: 10.1016/j.
cej.2021.133904

[82] Liu ], Jiang J, Meng Y, et al.
Preparation, environmental application
and prospect of biochar-supported
metal nanoparticles: A review. Journal of
Hazardous Materials. 2020;388:122026.
DOI: 10.1016/jjhazmat.2019.122026

[83] Xu X, Wang J, Tang Y, et al.
Mitigating soil salinity stress with
titanium gypsum and biochar
composite materials: Improvement
effects and mechanism. Chemosphere.
2023;321:138127. DOI: 10.1016/j.
chemosphere.2023.138127



	Research and Application Progress of Biochar in Amelioration of Saline-Alkali Soil 
	Abstract
	1. Introduction
	2. Effect of biochar on the physicochemical properties of saline-alkali soil
	3. Effects of biochar on nutrient availability in saline-alkali soil
	4. Effects of biochar on soil biological properties in saline-alkali soil
	5. Amelioration effect of modified biochar for saline-alkaline soil
	6. Conclusions and prospects
	Author details
	References


