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The application of biomass-derived carbon materials (e.g., biochar) into soil is considered as an
attractive and sustainable strategy to enhance carbon sequestration in soil and to mitigate climate
change. Our comprehensive literature analysis shows that the carbon sequestration potential of
biochar in soil systems varies between 0.7 and 1.8 Gt CO,-Cq/year. Biochar with high stability and C/
N ratios is effective to achieve significant carbon sequestration in soil. Furthermore, carbon
sequestration is usually favourable at high biochar application rate in soil with high porosity and
alkaline pH (>7.5). The dominant bacterial communities enriched in the biochar-amended soil include
Proteobacteria and Acidobacteria, while Ascomycota dominates the fungal communities. The impact
of biochar amendment on soil microbial biomass and communities depends on the biochar particle
size, porosity and application rate. Life cycle assessment (LCA) of biochar-amended soil reveals that
biochar produced from waste biomass is found to be environmentally friendly with the acceptable level
of economic feasibility in terms of large-scale applications. The recommended future research
directions to seek practical applications of biochar amendment in soil include (1) development of
biochar-microbe co-engineering strategies to stabilize labile carbon fractions in soil, (2) exploration of
machine learning tools to optimize biochar properties for adoption of biochar treatment under region-
specific soil conditions, and (3) standardization of carbon accounting methodologies to address and

resolve discrepancies in LCA studies. We believe that this comprehensive review would help for
development of novel biochar to achieve optimum carbon sequestration efficiency in soil and to

develop practical climate change mitigation strategies.

According to the latest Intergovernmental Panel on Climate Change (IPCC)
assessment reportl, human activities have caused a considerable increase in
greenhouse gases (GHG) emissions to the atmosphere with the carbon
dioxide (CO,) concentration reaching up to 422 ppm in 2024. It is predicted
that the concentration of CO, in the atmosphere will reach to 600-700 ppm
by the end of this century, if no concrete actions are taken to reduce their
emissions at the global level’. The increasing trend in global average annual
CO, concentrations in the atmosphere from 2000 to 2023 is presented in Fig.
la, and the distribution of CO, emissions among top 10 countries is given in
Fig. 1b. The data shows that CO, levels in the atmosphere have been con-
stantly increasing over the last 24 years from its value of 369.71 ppm in 2000
by nearly 12% increase in 2023 (421.08 ppm). Among various countries,

China is the top emitter of CO, (30.7% share of global CO, emissions),
which can be attributed to its higher population and industrial growth. The
continual rise of GHG emissions will present a critical challenge to meet the
international goal of limiting global warming to less than 2 °C compared to
the pre-industrial time’. Thus, in recent years, significant efforts have been
made worldwide to develop novel strategies to reduce GHG emissions/
carbon footprints to combat global warming, control climate change and
protect the planet.

Carbon capture and storage (CCS) is an efficient strategy to reduce
the accumulation of anthropogenically-derived CO, in the atmosphere™.
One promising way to reduce CO, levels in the atmosphere is by
sequestering CO, into soil since soil has the CO, storage capacity of 2-3
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Fig. 1 | Global atmospheric CO, concentration.
Average CO, concentrations in the atmosphere
worldwide from 2000 to 2023"* (a). Distribution of
CO, emissions among the top 10 countries in

2022 (b)'”.
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times higher than the atmosphere and 3-4 times higher than the
vegetation’. Moreover, CO, is nearly 50 times more concentrated in soil
compared to in air’. Carbon sequestration is mainly associated with the
accumulation of carbon in a stable solid form’. In recent years, biomass-
derived carbon materials (e.g., biochar) are receiving much attention as
they can provide a nature-based green solution to enhance the carbon
sequestration capacity of soil and thus the mitigation of climate change®.
Biochar amendment to soil for carbon sequestration has garnered global
attention as an eco-friendly strategy’. Adsorption of soil organic carbon
(SOC) onto biochar results in the reduction of soil CO, fluxes i.e., CO,
release into the atmosphere’. Biochar, produced from plant biomass,
usually demonstrates higher carbon sequestration potential compared to
biochar synthesized from other biomass sources due to higher C/N ratio in
plant biomass'’. Moreover, biochar with greater stability and higher car-
bon retention capacity can contribute to achieving carbon neutrality, thus
addressing the pressing global issue of climate change. The stability/
residence time of biochar in soil depends on both the physicochemical
properties of biochar and soil conditions'".

Biochar (also called black carbon) is a porous carbonaceous material
which is obtained from plant biomass, woody materials, plant-based resi-
dues, etc. by thermal processes™"”. The key thermal processes used for the
synthesis of biochar include slow and fast pyrolysis, and these processes are
conducted in a sealed container at an elevated temperature (100-1000 °C)
under limited oxygen environment""°. Pyrolysis of biomass results in the
preservation of 50% of carbon in its original substrate which is highly stable
and present in soil for longer time’. The physiochemical characteristics of
biochar depend on many factors including the properties of biomass/
feedstock materials and adopted thermal synthesis conditions (temperature
and residence time)". Biomass-based biochar is recognized as a carbon
negative material due to low GHG emissions during its production and
long-term carbon sequestration”. The carbon sequestration potential of
biochar in soil varies in the range of 0.7-1.8 Gt/Pg CO,-C(cq)/year'"".

In addition to carbon sequestration, biochar amendment also
improves soil health and fertility'*. Furthermore, biochar is used for recla-
mation of degraded soil”’. Biochar positively impacts the physicochemical
properties (e.g., pH and cation exchange capacity) as well as the microbial
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Fig. 2 | Schematic presentation on the overall scope and objectives of this comprehensive review. HTC hydrothermal carbonization.

communities dynamics and enzymatic activities in the soil ecosystem’.
Biochar amendment can enhance gross SOC by nearly 27%”. From the
agronomy perspectives, biochar amendment into soil improves soil fertility
and decreases nutrient leaching, thus enhancing plant growth and crop
productivity/agronomy yield'**'. Moreover, biochar amendment reduces
soil bulk density and increases soil productive capacity and plant growth'*.
Amendment of biochar into soil could also help to achieve United Nations
sustainable development goals (SDGs) such as climate action (SDG 13),
clean water and sanitation (SDG 6), etc™.

The scope of this review differs from that of previously published
review articles as explained below. Our literature review over the last 11
years (2015-2025) reveals that numerous laboratory-scale and field-scale
studies have been conducted to assess the capability of biochar for carbon
sequestration in soil**'*'"*****, A few review articles were published on topics
related to carbon sequestration in soil using biochar'**"***’". However, there
is a lack of a comprehensive analysis on changes of biochar-based carbon
sequestration in soil based on laboratory-scale tests and long-term field-
scale experiments. In recent years, machine learning-based models are used
for better understanding of biochar production processes and optimization
of process parameters to improve biochar yield and properties™™". How-
ever, a critical review on the application of different machine learning
approaches in biochar synthesis is found to be lacking in previous reviews. In
addition, limited information is available on the variations of carbon
sequestration rates in response to the changes of biochar characteristics
(carbon content, surface area, porosity, aromaticity/stability, etc) and soil
properties (soil size/texture, pH, initial SOC content, etc). The impact of
various biotic and abiotic factors on biochar aging and its impact of carbon
sequestration potential of biochar specifically in long term application in
various soil systems is not well documented. It is well-known that the
physicochemical properties of the biochar are improved after chemical
modifications (called modified biochar). However, critical analysis on the
carbon sequestration potential of the modified biochar in soil system has not
been done yet to the best of our knowledge. The interactions between
biochar-soil particles, and their effects on microbial dynamics/enzymatic
activities and carbon sequestration rate should be considered as part of this
critical analysis. The potential mechanisms that drive the carbon seques-
tration by biochar in various soil environments are not clearly explained in
the past reviews. For large-scale production of biochar and its field-scale
application in soil for carbon sequestration, the sustainability aspects
including potential negative environmental impacts during production as
well as economic feasibility using life cycle assessment (LCA) need to be
critically evaluated.

The overarching objective of this review is to conduct a critical analysis
of recent advancements in the application of biochar for carbon seques-
tration in soil and to explore climate change mitigation on a large scale. The
overall scope of this review is presented in Fig. 2. Specifically, the commonly
used thermal-based synthesis methods (e.g., pyrolysis), the activation

process (physical and chemical activation) and other modifications applied
for improvement of biochar properties are discussed in detail. Recent
research findings of laboratory-scale and field-scale experiments on carbon
sequestration capacity of biochar in soil ecosystems are critically analyzed.
Moreover, how biochar characteristics and soil properties impact the rate of
carbon sequestration are explained. Insights into the potential mechanisms
for biochar-based carbon sequestration in soil environment are elucidated.
The impact of biochar application on soil health (e.g., fertility and pro-
ductivity) as well as microbial communities in soil is outlined. The sus-
tainability and circular economy aspects on the use of biomass-derived
biochar for carbon sequestration in soil are evaluated using life-cycle
assessment (LCA). Future perspectives to increase carbon sequestration
capacity of biochar and key challenges involved with the large-scale pro-
duction of biochar, long-term stability, and carbon sequestration capability
of biochar are also highlighted. This comprehensive review enhances our
fundamental knowledge on the different aspects of the biochar-derived
carbon sequestration in soil systems. Moreover, this insightful review would
help to develop novel biochar with high stability and high carbon seques-
tration capacities in soil environment. Moreover, it may offer guidance to
environmental regulatory agencies for development of novel strategies (e.g.,
selection of specific biomass substrates for biochar production, exploration
of biochar applications based on soil properties, co-application of biochar
with N/P fertilizers or agricultural residues/compost, etc.) to enhance car-
bon sequestration rate, reduce CO, levels in the ambient air and mitigate
global climate change.

Literature Trends

To better understand the current state-of-knowledge in literature
regarding the significance of biochar-based carbon sequestration in soil,
we conducted a critical analysis of recent publications using a main-
stream and reputed scientific database, Web of Science (WOS) (Fig. S1).
Three important keywords/terms were used in the search engine of WOS
database namely “Biochar”, “Soil” and “Carbon Sequestration”. The
literature review was carried out to comprehend the publication trend in
thelast 11 years (2015-2025) with specific reference to the application of
biomass-derived biochar for carbon sequestration in soil. Our search
using the above three keywords in the WOS website resulted in a total of
2529 publications including 2076 (82%) research articles, 377 (15%)
reviews and 76 (3%) other publications (e.g., conference proceedings,
book chapters, letters, etc.). As can be seen in Fig. Sla, the quantity of
publications appears to be constantly increasing in the past 10 years, for
example, 105 articles were published in 2015, but the number of pub-
lications increased by about 3.4 times in 2024 (354 publications). This
rise of the publication trend suggests that an increasing interest is given
worldwide for the development of novel biomass-derived biochar for
enhancement of the carbon sequestration capabilities in soil having
complex physicochemical and microbial characteristics. Further
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Fig. 3 | Literature trends. Bibliometric analysis on the cooccurrence of keywords
reported in literature (a). The node size indicates the frequency of occurrence of a
specific keyword. The curves connecting between the nodes denotes keywords
cooccurrence in the same publication. If the distance between the two keywords are

shorter, it signifies greater number of their cooccurrence. b The font size of a key-
word in the word cloud represents its frequency of occurrence. Keywords with larger
font size indicates their greater occurrence.

analysis about the distribution of publications among different coun-
tries/regions reveals that the published articles were from 114 countries.
It is thus clear that climate change has been recognized as a major global
issue, and hence worldwide contributions are explored to combat the
global warming. As displayed in Fig. S1b, among various countries,
China has published 978 papers, accounting for 38.7% of the total
publication quantity. This impressive research output could be due to

large agriculture-related activities in China, and agricultural activities
could also emit significant levels of GHG which need to be controlled’.
Most of the publications were contributed by experts from three dis-
ciplines including environmental science/ecology, agriculture and
engineering, suggesting that multidisciplinary knowledge is required to
mitigate climate change by employing negative emission approaches and
strategies such as biochar amendment in soil for carbon sequestration.

npj Materials Sustainability | (2025)3:26


www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00066-8

Review

Cellulose|

(o)

Fig. 4 | Structure of key components of lignocellulosic biomass. Reproduced with permission from ref. 194. Copyright (2012) Royal Society of Chemistry.

Table 1 | Different thermochemical processes used for production of biochar

Parameter Slow pyrolysis Fast pyrolysis Gasification Hydrothermal carbonization
Temperature 300-800 °C 400-1000 °C 750-1000 °C 180-260 °C

Heating rate <10 °C/min 300-800 °C/min 50-100 °C/s 5-10 °C/min

Residence time 5min-12h <10s 10-20s 5min-12 hr

Main product Biochar Bio-oil Syngas Hydrochar

Solid product yield 35-50% 15-35% <10% 45-70%

Typical reactor Fixed bed Fluidized bed Fluidized bed Hydrothermal reactor

For deeper understanding about the recent advancements in the
biochar-mediated carbon sequestration in soil, a further bibliometric ana-
lysis on the WOS database was done using the VOSviewer software™. The
keywords co-occurrence analysis (Fig. 3a) shows that “biochar” was the
most frequently used keyword (total link strength: 171), followed by “carbon
sequestration” (total link strength: 139), “black carbon” (total link strength:
80) and “biomass” (total link strength: 78). Moreover, there is a strong link
between biochar and carbon sequestration, ie., these two keywords are
frequently used in the scientific publications. A word cloud was also pro-
duced using the keywords retrieved from the Scopus database to observe the
frequency of usage of important keywords in literature (Fig. 3b). Based on
the font size of the keywords, the dominant keywords used in literature
include biochar, carbon, soil and sequestration.

To screen and select appropriate references to include in this review, we
followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines for systematic reviews and meta-analysis™".
The PRISMA flow diagram is presented in Supplementary Materials (Fig.
S2). Three main scientific databases namely WOS, Scopus and Google
Scholar were chosen to collect the references for this review. By employing
various inclusion and exclusion criteria, for example, the articles published
in English (2015-2025) that are most relevant to the scope and objectives of
this review are selected for this review. Furthermore, the quality of articles
was further evaluated by checking the reputation of the journal, the number
of citations, indexing databases, etc. The relevant quantitative and qualita-
tive information of a particular study were extracted by carefully reading the
full text of the article. Finally, 195 articles related to lab- scale investigations

and full-scale studies meta-analysis reports and modeling-based works
pertaining to biochar-based carbon sequestration in soil are critically eval-
uated and discussed in this review.

Biochar production and characterization

International Biochar Initiative (IBI) has provided detailed guidelines on
consideration of different aspects of biochar including selection of feed-
stocks, technologies biochar production, characterization and utilization of
biochar for various purposes (http://www.biochar-international.org/). The
global biochar market is anticipated to reach US$368.85 million by 2028".
The main components of a plant-based biomass include cellulose (30-50%),
hemicellulose (25-30%) and lignin (10-30%). The chemical structure of
lignocellulosic biomass is presented in Fig. 4. Biomass with higher lignin
content is beneficial for biochar production since it results a higher biochar
yield with improved physicochemical properties such as greater porosity
and higher aromaticity’””.

Various thermochemical methods used for biochar production include
pyrolysis (fast and slow pyrolysis), gasification, and hydrothermal carbo-
nization (HTC) (Table 1)”’. Moreover, emerging technologies such as
microwave-assisted pyrolysis are used due its advantages such as achieve-
ment of uniform heating with reduced energy consumption'*"". To improve
biochar yield and functionality, co-pyrolysis of biomass feedstocks with
waste materials (e.g., plastics wastes) has been explored in recent years* ™.
Waste plastics are usually rich in C and O which may change the surface
functionality of biochar”. Moreover, co-pyrolysis strategies offer new
pathways for sustainable waste management and energy production®
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Table 2 | Biochar synthesis conditions and its properties reported in previous studies

Biomass Process Temperature (°C) pH C (%) N (%) 0O (%) H (%) References
Corncob Pyrolysis 360 8.22 65.7 0.91 - - 73
Rice straw Pyrolysis 350 8.9 46.9 0.5 - - 177
Corn silage Pyrolysis 500 9.73 77.88 1.99 - - 66
Oak pellets Pyrolysis 550 10.5 56.07 0.22 0.7 0.85 178
Maize straw Pyrolysis 300 7.6 58.12 1.7 28.29 4.84 88
Maize straw Pyrolysis 450 9.7 68.51 1.88 18.19 3.74 88
Maize straw Pyrolysis 600 10 71.78 1.16 12.25 2.42 88
Fruit tree branches Pyrolysis 300 7.2 40.74 1.08 - 4.32 117
Fruit tree branches Pyrolysis 450 9.99 53.42 1.24 - 2.29 117
Fruit tree branches Pyrolysis 600 9.96 58.95 0.98 - 1.24 117
Peanut shells Pyrolysis 300 8.81 52.02 1.13 - 3.37 117
Peanut shells Pyrolysis 450 10.51 56.06 1.04 - 2.19 117
Peanut shells Pyrolysis 600 10.35 57.35 0.95 - 117 117
Rice straw Pyrolysis 300 9.19 721 1.55 21.3 5.03 179
Rice straw Pyrolysis 400 9.96 77.2 1.74 17 4.01 179
Rice straw Pyrolysis 500 10.48 82.8 1.77 12.1 3.25 179
Rice straw Pyrolysis 600 10.84 87.1 1.52 8.8 2.51 179
Rice straw Pyrolysis 700 10.77 90.6 1.41 6.2 1.8 179
Rice straw Pyrolysis - 10.2 65.7 0.6 - - 74
Rice straw Pyrolysis 300 8.9 46.97 1.1 30.64 3.22 71
Rice straw Pyrolysis 500 10.43 51.61 0.88 25.13 1.68 71
Rice straw Pyrolysis 700 11.06 52.02 0.94 20.05 1.71 71
Wheat straw Pyrolysis 450 10.4 471 0.77 - - 91
Tree (Pinus massoniana) Pyrolysis 450 6.87 66.66 0.41 30.09 2.83 98
Rice husk Pyrolysis 300 8.15 24.86 1.13 - - 152
Empty fruit bunches Pyrolysis 300-350 8.53 52.11 0.38 - - 152
Rice husk Pyrolysis 650 - 74.37 1.02 - 1.78 173
Corn stover Pyrolysis 550 - 77.51 15 - 2.21 173
Wheat straw Pyrolysis 350 7.78 65.7 0.5 - - 180
Poplar wood Gasification 1200 9.6 70.5 1.7 - - 181
Maize silage Gasification 1200 10.1 69.6 1.7 - - 181
Maize silage HTC 180-230 3.6 52.2 15 - - 181
Corn silage HTC 180-230 4.15 5il 1.9 19 5.7 182

HTC hydrothermal carbonization.

Although HTC has emerged as a promising technology for conversion of
biomass with high moisture content (e.g., >20 wt%) into value-added pro-
ducts (e.g., biochar)”, there are certain challenges that still exist, for example,
reactor design, process optimization and treatment of process water from
reactors for the upscaling of HTC technology from lab-scale to large-scale
industrial applications™. To achieve sustainability with reduction of energy
use, solar-driven pyrolysis processes are used for conversion of biomass to
biochar**.

Biochar characteristics change with the changes of synthesis methods
and biomass properties (Table 2). Since the variations of physicochemical
properties of biochar (e.g., C/N ratios and pH) could considerably impact its
carbon sequestration potential, a statistical analysis was done by creating a
box plot (Fig. S3) to show the changes of C/N ratios and pH of biochar
reported in the literature. For the box plot analysis, the data presented in
Table 2 were used. The biochar C/N ratios have large variations between
22-255 (mean: 66), while the pH ranged from 3.6 to 11.1 (mean: 9.2). The
variations of biochar properties could be related to the various feedstock
materials used for the synthesis of biochar and pyrolysis conditions
employed in different studies. The biochar formation mechanisms using

cellulose, hemicellulose and lignin biomass as the feedstock by pyrolysis are
shown in Fig. 5. Among different thermochemical methods, HTC is con-
sidered as the cost-effective method since it is normally conducted at rela-
tively lower temperature than other thermochemical methods™".

Key physicochemical properties (e.g., surface area and porosity) of the
biochar can be further improved by employing activation agents (physical or
chemical), and the resulting carbon materials are referred to as modified
biochar/engineered biochar’®***. Acid-modified biochar was reported to be
highly suitable for soil amendment™. Liu et al.”* synthesized biochar using
rice husk as the feedstock at the pyrolysis temperature of 700 °C. The
obtained pristine biochar was modified by using phosphoric acid (H;PO.)
followed by treatment with nanoscale zero-valent iron (nZVI). In lab-scale
incubation tests, the addition of nZVI-based biochar composite to soil at a
dose of 2% (w/w) resulted in reduction of CO, release from soil by
80.29-91.60% at the end of 60 days incubation period. Among the three
types of biochar systems, the highest CO, release reduction was observed on
phosphoric acid-treated biochar (91.60%) followed by nZVI-based biochar
(88.28%) and pristine biochar (80.29%). The incorporation of P increases
biochar stability (i.e., amount of stable C), thus enhances biochar’s carbon
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sequestration efficiency™. A recent study reported that the application of  the enhancement of carbon sequestration in soil with nZVI biochar treat-
nZVI-based biochar into soil significantly enhanced carbon sequestration = ment. Researchers have proposed an “iron gate” mechanism, in which
by reducing SOC mineralization™. The concentration of Fe-oxides in the  organic carbon (e.g, SOC) are adsorbed/co-precipitated with the newly
soil system increases with the application of nZVI-based biochar. Several — generated Fe-oxides from nZVI***. The Fe-bound organic carbon (Fe-OC)
potential abiotic and biotic mechanisms are reported in literature to explain ~ complexes exhibit increased chemical stability, and play a critical role in
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SOC conservation. With the addition of nZVI biochar, the soil microbial
community structures and enzymatic activities are considerably changed,
for example, reduced activities of carbon mineralization related enzymes
namely B-glucosidase and phenol oxidase and a shift in bacterial commu-
nity composition from unstable carbon-dominant communities (Actino-
bacteria and Proteobacteria) to stable carbon-dominant communities
(Firmicutes)™. Another study also reported that potassium incorporation
(2%, w/w) into biochar synthesized from Miscanthus biomass pyrolyzed at
450 °C enhanced carbon sequestration potential of the modified biochar by
45% which is equivalent to the rise of carbon sequestration potential of
modified biochar to over 2.6 G tons CO,-C(eq)/year'". The findings of these
studies suggest that chemically modified biochar has greater carbon
sequestration potential than pristine biochar.

The carbon sequestration potential of biochar changes with the
changes of its physicochemical properties and surface chemistry. In addition
to the classical techniques (e.g., SEM, TEM, XRD, BET, XRD, XPS, FT-IR,
etc.), several advanced synchrotron-based techniques such as X-ray
absorption near edge structure spectroscopy (XANES) and scanning
transmission X-ray microscopy (STXM)-based near edge X-ray absorption
fine structure (NEXAFS) are used to provide insights into physicochemical
properties and surface chemistry of biochar’”*.

In recent years, several machine learning (ML)-based models/
approaches (e.g., artificial neural network (ANN), random forest (RF),
support vector machine (SVM), etc.) are used for optimization of biochar
production processes to increase biochar yield and improvement of its
properties and surface chemistry”>®. These ML-based approaches are useful
to achieve multi-objectives optimization to synthesize biochar with desired
qualities. Moreover, they can make considerable contribution to a sus-
tainable future with development of a circular bio-based economy®. Sen-
sitivity analysis is found to be an effective technique for determination of key
feedstock properties and optimization of biochar synthesis process and its
properties. Tee et al. used artificial neural network model (Levenberg-
Marquardt algorithm) for prediction of the carbon sequestration potential
of biochar prepared from biomass by pyrolysis process®’. The ANN models
demonstrated good performances with high correlation coefficient (R:
>0.96) and coefficient of determination (R*: >0.92), indicating good align-
ment between the predicted and actual values of yield and surface area of
biochar. The proximate analysis of feedstocks was found to have con-
siderable effects on the biochar yield, while ultimate analysis had greater
impact on the surface area®’. A recent study reported that among the five
machine learning models investigated for prediction of biochar yields and its
properties (e.g., C and N contents), multi-layer perceptron neural network
and Gaussian process regression models shows good performance (R*
0.92-0.97)”. In the context of reducing environmental footprints, LCA is
employed to assess the carbon sequestration potential of biochar in soil
under two different scenarios such as replacement of the N content in
biochar by two types of fertilizers, (1) urea ammonium nitrate and (2)
calcium ammonium nitrate. The carbon sequestration potential (GWP) of
the biochar in two scenarios was found to be —1323 and —1355 kg CO,-eq/t
biomass, respectively. The negative value of GWP suggests that biochar is an
environmentally friendly material. Overall, ML is an important tool for the
production of biochar with desired characteristics for different environ-
mental applications including soil carbon sequestration.

Impact of biochar application in soil on carbon
sequestration

In recent years, biochar amendment into soil has been increasingly advo-
cated as an effective strategy for carbon sequestration and climate change
mitigation®**". Biochar is one of the negative emission technologies with a
very high technology readiness level (TRL)'"*". Biochar amendment in soil
impacts SOC mineralization rates which is referred to as priming effects*.
The application of biochar to soil can either increase SOC mineralization
(positive priming, increase of CO, emissions) or decrease SOC miner-
alization (negative priming effects, reduction of CO, emissions)”. The
biochar-treatment enhanced the mineralization of SOC in a sandy soil but

suppressed the mineralization of SOC in clay soils”. Biochar application
usually reduces soil CO, fluxes in fertilized soils (agricultural soils)®.
Moreover, biochar application to soil reduces 1/8 of CO, emissions and
sequesters 2.5 gigatons of CO, annually”. Biochar produced at higher
temperatures (=600 °C) with high C/N, low O/C and low H/C ratios usually
shows greater carbon sequestration potential than that produced with other
charactertistics””. Low H/C and O/C ratios indicate an increase of aro-
maticity in the biochar which indicates high stability (i.e., recalcitrant nature
to chemical and microbial degradation) of the biochar and could show
positive effects in terms of carbon sequestration performance’””.

Several laboratory-scale and field-scale studies were conducted to
evaluate the carbon (CO,) sequestration potential of biomass-derived bio-
char in various soil conditions (Table 3). A global meta-analysis of 64
publications reported that field-scale experiments were carried out over a
time period of 1 and 10 years with biochar application rate varying between
1 and 100 Mg/hectare which corresponds to the increase of the SOC amount
by 29% (15 Mg/hectare)'’. However, lab-scale pot experiments were con-
ducted in incubation time ranging from 1 and 1278 days with the biochar
incorporation rate varying between 5 and 200 g/kg soil, corresponding to an
increase of SOC by 75% (6.3 g/kg)'’. Moreover, biochar synthesized from
plant biomass demonstrated greater carbon sequestration potential com-
pared to that prepared from fecal matter, which is primarily due to the high
C/N ratio. Biochar was produced in a study employing two different ther-
mochemical methods (slow pyrolysis and HTC) from corn silage used as
feedstock, and their effects were then compared in terms of the soil CO,
sequestration potential in lab-scale tests®. Pyrolyzed biochar (1% w/w)
reduced CO, emissions from the agricultural soil while HTC-derived bio-
char (1% w/w) considerably increased CO, emissions from soil. The larger
CO, emissions could be due to the unstable nature of HTC-based biochar
since nearly 50% decomposition of the HTC-derived biochar was noticed at
the end of incubation period (50 days)*’. Moreover, the changes of priming
effects/SOC mineralization could be due to a shift of soil microbial com-
munities from limited available SOC to more labile SOC from HTC-based
biochar. In a recent study”, soil samples were collected from an agricultural
site which received the biochar treatment of 9.0 tons/hectare/year for nearly
a decade. Then, the biochar amended soil was processed in microcosm
mode with and without (control) plant biomass (wheat/soybean straw)
added to the soil. Compared to the control system, biochar-amended soil
reduced CO, emissions by nearly 11% in 56 days of incubation time with
nearly a 2 fold increase of the SOC amount. Accumulation of SOC onto
microbial biomass and direct adsorption and blocking of SOC by biochar
particles could cause a decrease of SOC release’””. A mesocosm study was
conducted to compare the application of rice straw blended with urea versus
rice straw-derived biochar blended with urea onto agricultural soil on the
global warming potential (GWP)™. Both rice straw-derived materials were
applied in the field at a rate of 6 tons/hectare. Notably, the rice straw-
amendment reduced the CO, uptake rate by 27.1%, whereas the use of
biochar enhanced the CO, uptake by 43.5% and reduced the GWP by
375.6 g CO,-eq/m’. The results of this study suggest that the decrease of
GWP by the use of biochar amendment is due to the increase of CO, uptake
in the soil system. Moreover, rice fields act as CO, sink due to the increased
CO, uptake by stimulation of plant photosynthesis’". In a microcosm-based
study, a comparative evaluation of the GHG emission rates was made in the
coastal saline soil with the application of cork stalk-derived biochar (dose:
0-32 tons/hectare) and untreated corn stalk (7.8 tons/hectare) used as the
control system”. The findings revealed that the soil treated by biochar
enhanced the global warming mitigation potential (GWMP) (—3.84 to
—3.17 ton CO,-eq/hectare/tonne C) compared to the corn stalk-treated soil
system (—0.11 ton CO,-eq/hectare/tonne C). Specifically, the GWMP of
biochar was nearly 28-34 times higher than the corn stalk biomass which
could be due to higher carbon sequestration potential of biochar than corn
stalk. This study indicated that the conversion of agricultural residues into
biochar followed by their application to soil could result in a nearly four-fold
increase of carbon sequestration. In some studies, the increase of CO,
emissions was observed at the early stage of tests which could be due to
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mineralization of labile carbons from biochar and stimulation of carbon
mineralization microbial communities””. Overall, lab-scale incubation,
mesocosm and microcosm-based experiments show that biochar is effective
in enhancing the carbon sequestration in soil.

Several field-scale experiments were conducted to assess the effec-
tiveness of biochar amendment to soil on the carbon sequestration poten-
tial/GHG emission rates™". A year-long field-scale experiment was
conducted on Humic Haploxerands (Andisols) using different biochar
materials (manures-/wood residue-derived biochar) applied at a rate of 1%
which is equivalent to 11 tons/hectare™. Andisols are the soils formed in
volcanic ash with short-range-order minerals containing little orderly
crystalline structure. It was observed that after an initial increase of soil CO,
fluxes in 45 days, a decrease of CO, emission was recorded in biochar
amended soil. However, no significant difference in the CO, emission rates
was found among different types of biochar-treated soil systems™. The
initial rise of CO, emissions could be due to the mineralization of labile/
oxidizable organic carbon fraction leached from the biochar and/or
decomposition of soil organic matter by possible microbial acivities™.
Moreover, the study was conducted at the soil temperature of 9.6-25.7 °C
with the moisture level of 42.7-59.7% which are quite favorable for
microbial aerobic processes that results CO, as the end product™. In another
work conducted by Liu et al.®, SOC mineralization rates and carbon
sequestration potential of two types of soil environments (upland soil and
paddy soil) were investigated. The soil samples were blended with crop
straw-derived biochar (rate: 20 tons/hectare) and crop straw (rate: 7.5-9
tons/hectare). Biochar amendment reduced the SOC mineralization rates in
both upland soil (19.7-20.1%) and paddy soil (9.2-12.2%). Additionally, the
biochar application decreased CO, emission rates in both upland
(15.2-18.6%) and paddy (8.9-12.5%) soils. The difference in the SOC
mineralization and CO, emissions rates among two types of soil systems
could be related to their physicochemical properties including SOC content,
nutrient level and pH*. In a recent field-scale experiment with the appli-
cation of corn straw-derived biochar (20 tons/hectare) together with a low
dose of nitrogen fertilizer (e.g., 255 kg/hectare) added to soil was effective in
increasing the SOC content (30.91%) and reducing the CO, release. The
reduction of CO, emissions could be due to the SOC immobilization and the
decrease of soil microbial activities due to the adsorption of nutrients onto
the surface of biochar’’. Nevertheless, a higher dose (300 kg/hectare) of
nitrogen fertilizer application showed negative effects, i.e., increase (up to
48%) of CO, emissions. The interactions between biochar and nitrogen
fertilizers played a critical role in the abundance of soil microbial commu-
nities since the bacterial abundance was lower in biochar treated soil, but
considerably higher in the co-treatment system (biochar plus N fertilizer).
The results of this study reveal that the addition of N fertilizers with an
appropriate dose is required to reduce the CO, release from the agricultural
soil. Altogether, findings of the above studies indicate that the biochar
treatment of soil is effective in terms of carbon sequestration and reduction
of GHG emissions under field-scale conditions. Furthermore, these long-
term field experimental datasets could be useful for the validation of
biotechnical-based models that are used for the prediction of the carbon
sequestration potential of biochar in soil.

In addition to experimental works, a few modeling studies were carried
out to predict carbon sequestration potential of biochar-amended soil ",
Using a biogeochemical model, Yin etal.”” investigated the long-term (5, 50,
and 500 years) carbon sequestration potential of biochar application to soil
by considering the complex biochar-soil-plant interactions. Through
simulations by considering the biochar application rate of 7.5-75 tons/
hectare in rainfed cropland soil (50 cm depth) planted with corn, it was
observed that biochar could sequester 483-557 kg C/tons biochar-C after
500 years. Moreover, biochar tends to reduce the SOC degradation by
44-265 kg C/tons biochar-C as well as promote photosynthesis by provid-
ing nutrients to plants by capturing 66-1039 kg C/tons biochar-C. This
study indicates that biogeochemical reactions/processes need to be con-
sidered while evaluating the long-term carbon sequestration potential of
biochar addition to soil. In another study, the modified Rothamsted Carbon

(RothC) model was used to evaluate the carbon sequestration potential of
sugarcane residues-derived biochar in soil in Sdo Paulo State in Brazil”.
With the biochar application rate of 4.2 tons/hectare/year, the model pre-
dicted an increase of the SOC content by 2.35 + 0.4 tons C/hectare/year. By
considering the total sugarcane area of the Sao Paulo State of 5.77 M hectare,
the total carbon sequestration potential was found to be 49.5M tons of
CO,efyear which is 31% of the total yearly emissions (159 M tons CO,e/
year). The results of these modeling-based works supported the experi-
mental (lab-scale and field-scale work) findings of higher carbon seques-
tration potential of biochar in soil. Moreover, this modeling-based studies
may help decision makers with the development of novel strategies to
achieve sustainable agricultural production with high carbon sequestration
in soil.

Several meta-analysis-based studies were carried out to quantify the
impact of biochar incorporation into soil on the carbon sequestration”®'.
Bu et al”” conducted the meta-analysis of 15 studies published before
November 2021, and reported that the carbon sequestration potential in
paddy soils varied between 0.0066 and 2.0 Pg C with the change of biochar
application rate from 2 to 40 tons/hectare. Another global meta-analysis
work involving 169 publications reported that biochar amendment con-
siderably improved different fractions of soil carbon including total carbon
(64.3%), organic carbon (84.3%), labile carbon (22.9%) and microbial bio-
mass carbon (20.1%)". Similar findings were reported from a recent work
with a critical analysis of 44 publications specifically related to the appli-
cation of straw-derived biochar”. Straw-based biochar amendment to soil
considerably enhanced the quantity of dissolved organic carbon (24.9%) as
well as microbial biomass carbon (16.7%). A meta-analysis of 64 global
studies by Gross and co-workers'’ indicated an average increase of the SOC
amount in biochar-amended soil by 13.0 Mg/hectare which is equivalent to
a29% increase with biochar application in field-scale tests. In contrast, in the
pot and incubation-based experiments (biochar dose: 5-200 g/kg soil), the
increase of SOC was nearly 6.3 g/kg soil, which corresponds to a 75%
increase of SOC after biochar addition. The authors stated that more SOC
accumulation occurs in long term studies. For example, pot/incubation tests
are typically carried out over a period of more than 500 days, while field
experiments are conducted spanning from 6-10 years'’. These meta-
analysis-based studies are important to better understand the carbon
sequestration potential of biochar under various experimental conditions,
and its potential long-term field-scale applications for climate change
mitigation.

Several factors including soil chemistry (e.g., soil pH) and character-
istics of biochar feedstocks could significantly influence the SOC dynamics
and carbon sequestration rate in biochar-amended soil systems. It has been
observed that acidic soil has the tendency to release more CO, (1.5-3.5 times
higher) compared to alkaline/neutral soils which could be due to degrada-
tion/disintegration of SOC and biochar in acidic environments”. Biochar
shows liming effects. In other words, in alkaline soil systems, the bioavail-
ability of SOC is decreased by adsorption of SOC into biochar which leads to
the reduction of CO, emissions’. Li et al. reported that intense forest
management and climate change considerably impact the forest soil
properties by different processes namely soil acidification, decrease of SOC
content, decrease of soil biodiversity and degradation of soil biological
activities®. However, biochar amendment had complex effects (positive,
negative, or negligible) on soil CO, release rates.

The physicochemical properties of biochar can be affected by various
technological and operational parameters including feedstock types*’. For
example, biochars synthesized from animal litters/solid wastes as feedstock
materials lead to less carbon contents, specific surface area, volatile matters,
but higher cation exchange capacity (CEC) than biochars prepared from
wood biomass/crop residues. The difference in the variation of these
properties is potentially due to changes in the quantity of lignin, cellulose
and moisture contents in the feedstocks*. In laboratory tests using different
types of biochars (swine manure and barley stover-derived biochars) and
soil systems (rice paddy and pasture), the variations of CO, emissions was
observed with changes in types of biochars/soils”. In rice paddy soil, a
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significant reduction of CO, emissions was recorded with treatment (2%, w/
w) of swine manure-based biochar. However, in the pasture soil, there was
an increase of CO, emissions in the early stage of incubation (7 days), but no
significant differences of CO, evolution were observed at the later stage of
incubation (i.e., after 20 days). The differences in the CO, evolution rate
between two different biochar materials could be due to the difference in
their physicochemical properties such as surface area (75.63 m*/g in swine
manure biochar vs 40.60 m*/g). Moreover, the variations of greenhouse gas
emissions (e.g., CO,) from two different soil systems could be related to
differences in their properties and microbial communities. Since paddy soil
usually receives N fertilizer and is dominated by N-transforming microbial
communities, biochar addition could suppress metabolic activities of
microbial communities, thus reduced CO, emissions®. Similar findings
were reported by Wu et al. who investigated two types of biochar materials
(corn cob and olive pulp-based biochar) in two soil types (acidic sandy soil
and alkaline clay soil) on GHG emissions (e.g., CO, and N,0)*. In acidic
sand soil, 11.8% reduction of CO, emissions was found with corn cob-
derived biochar treatment, while olive biochar enhanced the CO, emission
by nearly 2-folds. Nevertheless, in alkaline clay soil conditions, the addition
of both types of biochars had no significant effects on the CO, release.
Windeatt et al. reported that the carbon sequestration potential of 8 different
types of biochars produced from agricultural crop residues (palm shell,
sugarcane bagasse, rice husk, coconut shell, coconut fiber wheat straw,
cotton stalk, and olive pomace) varied between 21.3-32.5%".

Overall, the variations among findings that emerged from short term
lab-scale and long term field-scale studies on the impacts of biochar
amendment into soil on the SOC mineralization and carbon sequestration
rate could be due to the differences in the adopted experimental conditions
such as (i) soil types (i.e., variations of soil types with different physico-
chemical characteristics), (ii) biochar types (biomass feedstocks used to
prepare biochar) and biochar application rate/dosage, (iii) incubation
conditions (e.g., incubation time and water saturation)'***"".

Impact of biochar and soil properties on carbon
sequestration

The experimental conditions maintained during the synthesis of biochar
and its characteristics such as pyrolysis temperature and the quantity of
biochar-derived dissolved organic carbon (BDOC) could impact its carbon
sequestration potential®**. Specifically, the biochar synthesized at lower
temperature (e.g., <300 °C) is likely to contain a high proportion of BDOC,
and hence may not have a favorable impact on the carbon sequestration
potential and the priming effect in soil environment®. The key components
of BDOC include protein-, lipid- and carbohydrate-like compounds®. The
biochar synthesized at higher temperature (e.g., = 600 °C) normally pos-
sesses high porosity compared to the low temperature-based biochar,
therefore, and thus have the capabilities to retain more SOC”. Yang et al.*
synthesized biochar from maize straw at three different temperatures (300,
450 and 600 °C), and evaluated the amendment of biochar on soil properties
as well as the carbon sequestration potential. In general, the biochar use
(2% wt%) improves soil nutrients contents including N (8-36%) and P
(19-69%) and promotes soil aggregation. However, the carbon sequestra-
tion potential is different among biochars synthesized at different tem-
peratures. For example, biochar produced at 300 °C had lower carbon
sequestration potential as evident from the increased CO, emission rate by
nearly 45% at the end of 180 days incubation period. However, biochar
prepared at higher temperatures (450 and 600 °C) reduced CO, emissions
rate by nearly 10% and 15%, respectively. The higher CO, emission rate
from soil blended with low temperature (300 °C) pyrolyzed biochar was
mainly due to the release of leachable/labile organic carbons from the bio-
char since a significant (34 -69%) increase of DOC amount was noticed after
incubation of 180 days*. In a recent laboratory incubation-based tests in
paddy soil system, the removal of BDOC from biochar (specifically biochar
synthesized at 300 °C) prior to use in soil showed positive effects towards
enhancement of carbon sequestration potential®. The priming effects of
BDOC free biochar significantly changed from the positive (i.e., 3.7 mg

CO,-C/kg paddy soil) to negative state (i.e., —14.4 mg CO,-C/kg paddy
soil). Moreover, the biochar produced at higher temperature (450 °C)
caused further increase of negative priming effect by 31% as well as reduced
biochar’s mineralization rate by 41-65%. The increase of carbon seques-
tration potential by biochar amendment could be due to the formation of
soil aggregates by biochar and reduction of degradation of SOC™.

Types of biochar, for example, fresh vs aged biochar show contrasting
effects on carbon sequestration rate in soil ecosystem™. In a field-scale
system under long-term operation, several biotic and abiotic factors such as
variations of temperature, precipitation events and microbial activities could
cause aging/weathering of biochar materials as well as changes of their
physicochemical properties™. Moreover, potential mechanisms involved in
biochar aging include dissolution, fragmentation/disintegration, interac-
tions with soil minerals, biological degradation and abiotic oxidation”. The
aging process can cause various changes of biochar properties including a
considerable degradation of its molecular structure, an increase of specific
surface area, and that of oxygen-containing functional groups as well”. In
general, biochars synthesized at higher temperature are not much affected
by the aging process (i.e., biochar carbon mineralization) due to the presence
of highly recalcitrant aromatic carbons, thus less susceptible to oxidation™.
Aging may also impact agronomic effectiveness and the carbon sequestra-
tion potential of biochar™. A long-term (13 years, biochar application rate:
31.5 Mg/ha) experiments shows that soil properties were significantly
changed due to biochar aging”™. For example, the soil pH was reduced from
74 to 6.8, while the electrical conductivity was decreased from 217 to
81.1 uS/cm during the long-term aging. Fresh biochar demonstrates no
priming effect on SOC specifically in the early stage of incubation. However,
the use of both fresh and aged biochar decrease the carbon loss from soil™.
Reduction of CO, emissions was observed in a recent field-scale study
following the aging (1 year) of two types of biochars (rice biochar (RB) and
maize biochar (MB). 2%, w/w) in both acidic (paddy soil) and alkaline
(fluvisol) soil systems™. In paddy soil, the biochar amendment reduced CO,
emissions by 3.09 (RB)-17.05% (MB), while a higher reduction (16.38
(RB)-37.88% (MB)) of CO, emissions was observed in biochar treated
fluvisol system. The findings of this study suggest that aged biochars have
higher carbon sequestration potential, and both biochar and soil types
impact the CO, release rate. Another recent study reported that biochar
aging considerably impacts the soil respiration, biochar wettability and CO,
adsorption rate”. After 1 month of the application of biochars (poplar and
pine biochars) to soil, soil respiration decreased by 11.1-13.4%, while a
complete disappearance of soil respiration was observed after 1 year of soil
treatment. Moreover, biochars change from being hydrophobic to hydro-
philic after the aging process. The disappearance of soil respiration could be
due to abiotic or biotic oxidation processes which transform biochar from
being a water-repellent material to a hydrophilic material”. Wang et al.”
found that the glucose mineralization rate in soil amended with aged bio-
char was enhanced by 1.4-2.0%, nevertheless a reduction of glucose
mineralization rate by 0.1-1.9% was recordered in 120 days incubation with
fresh biochar (dose: 10.6 g biochar/kg soil). Several studies have also
reported an increase of soil microbial biomass carbon (MBC) with the use of
fresh biochar™™'*. Zhao et al.” studied the changes of MBC quantity with
the addition of fresh (Pinus massoniana tree-based) biochar (dose: 2%) and
aged biochar (ages for 10 years, dose: 2%,) to infertile soil under an incu-
bation period of 42 days. Compared to the control system without biochar
(MBC: 24.64 mg/kg), the MBC amount was higher in soil added with fresh
biochar (42.09 mg/kg) than the soil containing aged biochar (36.38 mg/kg).
Notably, with the increase of fresh biochar dose from 2 to 5%, the MBC
quantity was significantly increased by nearly 5-folds (117.54 mg/kg). This
study indicates that biochar application rate/dose considerably influences
the mineralization rate of SOC, and the blending of soil with higher amount
biochar is often effective to reduce the degree of SOC mineralization rate'”.
Several mechanisms are proposed to explain the reduction of CO, emissions
from soil treated with aged biochar. In the aging process, dissolved organic
matter/soluble organic matter in biochar are decomposed, and organic-
mineral complexes are formed. Thus, it inhibits the biodegradation of
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soluble organics and the release of CO,”. Furthermore, the abundance and
diversity of microbial communities in the aged biochar is different than that
of the pristine biochar, with an enrichment of CO,-fixing bacteria, which
could decrease CO, emissions’.

The ash content in biochar could impact its potential for soil carbon
storage. Biochar with a low amount of ash shows higher potential for long-
term soil carbon storage compared to biochar having more ash content'”.
The low ash biochar contains a high amount of stable organic carbon which
contributes to the carbon storage in soil system. Variations of CO, release
rate from soil were found with the change of biochar particle size'”’. Biochar
with larger particle size is effective in reducing CO, emissions from soil since
Windeatt et al.'”. reported that soil added with dust-sized biochar (size:
<0.42 mm) had higher CO, release (281 mg/kg) than soil amended with
pellet-sized biochar (size: >2 mm) (226 mg/kg). Biochar with the smaller
particle size could be easily disintegrated in the complex soil system during
different processes (e.g., microbial attack), and this disintegration may be the
potential reason for the greater CO, emissions from the soil blended with
smaller particle size biochar'”.

Among various soil properties, pH is one of the important factors
which considerably influences the carbon sequestration potential of biochar.
In general, the carbon sequestration potential of biochar decreases with a
decrease of soil pH (acidic environment), i.e., more CO, release (e.g., 1.5-3.5
times higher) is observed in acidic soil than alkaline or neutral soil systems’".
The acidic environment also accelerated the biochar aging processes. Bio-
char amendment decreases soil acidity which is due to the presence of
oxides, hydroxides and carbonates of various metals including Ca, Mg, Na
and K in biochar'”. Moreover, soil pH buffering capabilities of biochar
depends on its ash content and alkalinity'*.

Soil types/textures (e.g., sandy loom soil, sandy clay loom soil, etc)
impact the biochar stability as well as its carbon sequestration potential™.
The variations of key soil properties including pH, SOC/TC and TN con-
tents reported in past studies are presented elsewhere (Table S1 and Fig. S4).
The stability of biochar is usually higher in sandy clay loam soil compared to
sandy loam soil which could be due to the presence of different minerals
(e.g., kaolinite, quartz, illite and goethite) and metals (Fe and Al) in clay-
based soil”. Higher amount of clay and amorphous Fe in sandy clay loom
soil reduces the SOC degradation'”. Yang et al.”® reported that with the
amendment of fresh biochar (2%), more carbon mineralization (13 to 47%)
was found in the sandy loam soil compared to sandy clay loam soil system.
Nevertheless, changes of soil types have a negligible impact on the carbon
mineralization rate when used aged biochar™. Bi et al.'”” also reported
similar results of soil having high clay content in terms of being effective for
the reduction of carbon mineralization since only 1.16% loss of carbon from
the applied fresh biochar was observed in quaternary red clay paddy soil
(clay content: 32.6%). However, 11.7% biochar carbon loss was found in
Yellow River alluvium paddy soil system (clay content: 20.5%). Moreover,
the soil SOC was higher in biochar amended soil with higher clay content
(64.5 Mg C/hectare) than the soil with lower amount of clay (57.6 Mg C/
hectare). Together, biochar properties (type: fresh vs aged, BDOC content,
C/N ratio, pH and application rate) and soil characteristics (pH, SOC and
clay content) considerably influence on the carbon sequestration potential
of biochar in soil (Table 4). Among these properties, soil pH and biochar C/
N ratio are considered as the most critical factors which impact the biochar
efficiency of the SOC mineralization rate, carbon sequestration potential
and crop productivity'”. A recent meta-analysis study reported that the
biochar C/N ratio of <50 considerably impacts the change of soil pH'”.

Impact of biochar on soil health and fertility

Soil pH, SOC, and aggregate stability are the basic indicators for soil health/
soil quality in biochar-treated soil'”. Biochar amendment positively impacts
the soil health, fertility, restoration of degraded soil and crop growth and
development'*™'". In agriculture, “soil health” refers to the capacity of soil to
sustain and promote plant growth and development'"”. Overall, biochar
provides multifaceted solutions to address issues related to soil health and
fertility as well as crop yield'”. The key physical properties of soil which are

influenced by soil amendment include porosity, water holding capacity and
bulk density, whereas pH, salinity and cation exchange capacity are the
major chemical properties which are changed by biochar amendment'"*. In
biological properties, in addition to changes of soil microbial diversity by
biochar use, the changes of MBC and microbial biomass nitrogen (MBN)
are also evaluated'"”. Amoakwah et al.""* reported that with the treatment of
soil with corn cob-based biochar (30 tons/hectare) resulted in a significant
increase of MBC (i.e., nearly 8 folds, rose from 39.7 to 324.6 mg/kg) and
MBN (i.e., nearly 3 folds, rose from 20.5 to 55.1 mg/kg) compared to the
control without biochar. Additionally, further increase of MBC (328.5 mg/
kg) and MBN (55.7 mg/kg) was recorded with co-treatment of soil with
biochar and phosphate fertilizer. Biochar application considerably
enhanced the abundance and diversity of both bacterial and fungal com-
munities with higher fungal-to-bacteria ratios being found at higher biochar
application rate (30 tons/hectare)'’. A meta-analysis work involving 97
research publications found an overall increase of MBC and MBN quantity
by 25% in biochar treated soil'°. Another meta-analysis study reported that
labile fractions in biochar account for only 3% with mean residence time
(MRT) of 108 days while the recalcitrant carbon pool accounts for 97% with
MRT of 556 years'”. Additionally, the biochar addition reduced the SOC
mineralization by 3.8%. The negative priming effects typically varied
between 8.6-20.3% depending on the nature of feedstocks used for the
synthesis of biochar, the pyrolysis temperature maintained during the
synthesis and the amount of biochar added to soil. Liu et al.*’ also conducted
meta-analysis of 50 publications, and reported that the biochar addition to
soil significantly increases the SOC and MBC amounts by 40% and 18%,
respectively. The impact of biochar amendment on the soil physicochemical
properties is summarized in Table 5. Soil pH, soil aggregate stability and
SOC are the three important parameters that predominantly impacts the
soil functions'”. Biochar application to soil enhances crop productivity due
to augmentation of soil structure, greater nutrient use efficiency, increase of
aeration, porosity and water-holding capacity''’. The rise of crop pro-
ductivity by biochar application is mainly found in the coarse-textured and
sandy soils than the fine-textured and fertile soils'°. Moreover, other factors
such as soil characteristics, biochar properties and it application rate/dose
and type of planted crop species considerably impact on the crop growth
and procuctivity'”. The findings of a previous study indicate that biochar
amendment enhances the crop yield by nearly 20% with the application rate
of 10 tons/hectare'"'. Another meta-analysis study reported that biochar
application in soil enhances phosphorous availability by 4.6 folds as well as
improves the crop yield by10-42%""°.

Biochar addition considerably changes different soil properties. For
example, it usually increases soil pH, but deceases soil exchangeable acidity,
hydrogen (H) and metallic elements (e.g., Al)'"". In a pot-based experiment
in laboratory conditions using agricultural soil, it was observed that the use
of biochar (2%, w/w) prepared under different pyrolysis temperatures
(300-600 °C) considerably enhanced soil pH by 8.48-79.25% (i.e., pH
changed from ~4.0 to ~7.0). Also, biochar amendment reduced soil
exchange acidity by 56.94-94.95% and exchangeable H by 58.72-93.27%'"".
Biochar synthesized under different temperatures had different pH values
with a higher increase of soil pH noticed following the addition of biochar
produced at higher temperature (e.g., 600 °C). In field-scale experiments on
agricultural soil using rice husk-based biochar (10 tons/hectare), Sing etal."**
found that biochar application improved soil nutrients and rice pro-
ductivity. Compared to control field tests without biochar, rice grain yield
was increased by nearly 44% (i.e., rose from 2.57-4.55 tons/hectare) in the
agricultural field applied with rice husk-derived biochar. Total nitrogen and
total phosphorus contents in the soil were enhanced by 58.3% (increased
from 0.05-0.12 g/kg soil) and 14.3% (rose from 0.12-0.14 g/kg soil),
respectively.

Different mechanisms have been proposed about the impact of biochar
on soil health and fertility. Biochar is considered as a redox active material
which could facilitate microbial and abiotic transformations'"”. The elec-
trochemical properties of biochar impact soil redox properties as well as
various soil biotic and abiotic processes'”’. Biochar contains various
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Table 4 | Impact of biochar and soil properties on soil organic carbon mineralization and carbon sequestration potential

Biochar/soil properties Differential effects

References

Aged/fresh biochar

Addition of aged and fresh biochars decreased soil CO, emissions 91

Biochar with low amount of ash
high amount of ash

Low-ash containing biochar shows higher potential for long-term soil carbon storage compared ash having 102

Biochar synthesized at lower temperature ~ Release of biochar-derived dissolved organic carbon, and SOC mineralization 89
Biochar synthesized at higher Higher porosity and retain more SOC 90
temperature

Biochar particle size Lower CO; release in larger particle size biochar (>2 mm) 103
Acidic soll Accelerated biochar aging and SOC mineralization rate 71
Sandy loom soil Higher SOC mineralization 96,105
Sandy clay loom soil Lower SOC mineralization 96,105

Table 5 | Impact of biochar application on soil biophysical and chemical properties

Biochar source Soil type

Effect on soil properties/soil quality changes

Different feedstock types Different soil types

Increase in soil pH, cation exchange capacity (CEC), available K, Ca and Mg, total N and available P;

decrease in Al saturation of acid soils.

Wood charcoal Anthrosol and Ferralsol

Increase in soil C content, pH value and available P; reduction in leaching of applied fertilizer N, Ca

and Mg and lower Al contents.

Eucalyptus logs, maize stover Clay-loam Oxisol;

silt loam

Increase in total N derived from the atmosphere by up to 78%; higher total soil N recovery with
biochar addition.

Charcoal site Soil Haplic Acrisols

Increase in total porosity from 46% to 51% and saturated soil hydraulic conductivity by 88% and

reduction in bulk density by 9%.

Peanut hulls, pecan shells, poultry litter ~ Loamy sand Biochars produced at higher pyrolysis temperature increased soil pH, while biochar made from
poultry litter increased available P and Na.
Wood and peanut shell — Chicken Sandy soils Increase in P availability from 163 to 208%, but decreased AMF (arbuscular mycorrhizae fungi)

manure — wheat chaff

abundances in soils from 43 to 77%.

Wood and manure-derived biochars

Different soil types

Increase the soil’s saturated hydraulic conductivity and plant’s water accessibility, as well as boost
the soil’s total N concentration and CEC, improving soil field capacity, and reduce NH4-N leaching.

Manure, corn stover, woods,
food waste

Alfisol

Tissue N concentration and uptake decreased with increasing pyrolysis temperature and
application rate, but increased K and Na content.

Different biochar sources

Different soil types

Increased crop yield, improved microbial habitat and soil microbial biomass, rhizobia nodulation,
plant K tissue concentration, soil pH, soil P, soil K, total soil N, and total soil C compared with control
conditions.

Peanut hull

Ultisols

Increased K, Ca, and Mg in the surface soil (0-15 cm). Increased K was reflected in the plant tissue

analysis.

Simoca, activated wundowie Loamy sand —clay

Increased soil microbial activity more in clay than loamy soil

Acacia whole tree green waste Planosol

Increase in porosity either direct pore contribution, creation of accommodation pores or improved

aggregate stability

Wheat straw Fimi-Orthic Anthrosols

Increase in soil pH, organic carbon, total nitrogen and reduction in yield scaled N,O emissions

Reproduced with permission from ref. 111. Copyright (2017) Elsevier.

components such as mineral components as well as carbon in different
forms (e.g., labile organic carbon, amorphous carbon, graphitic carbon, etc.)
which can act as either electron donors or acceptors for different metabolic
pathways in soil ecosystem'”’. Specifically, the presence of functional groups
such as phenols can act as an electron donor (i.e., reducers), while quinones
and polycondensed aromatic functional groups can accept electrons
(oxidants)'*'. Both pyrolysis conditions and feedstock properties impact the
redox capacity of biochar. Biochar synthesized at higher temperature (e.g.,
400-500 °C) possesses greater electron exchange capacity (EEC)'”. Addi-
tionally, biomass having a high amount of lignin produces biochar with
higher EEC. When biochar is applied to soil, it interacts with many materials
including SOC and forms organo-mineral-biochar complexes. These
complexes are mainly formed by redox reactions. Biochar has been shown to
accept/donate electrons from/to their environment (e.g, soil) through
abiotic or microbial processes'”. Yu et al. reported that with the incubation
of Geobacter sulfurreducens with biochar as the only terminal electron

acceptor under anaerobic conditions, the bacterial biomass was con-
siderably increased by 31-fold'**. Using Geobacter metallireducens (GS-15)
as the microbial agent, Saquing et al. calculated the bioavailable electron
storage capacities (ESCs) of biochar on the basis of acetate oxidation and
nitrate reduction. The ESCs were found to be 0.85 and 0.87 mmol e’/g,
respectively which are comparable to those of humic substances (e.g.,
0.822 mmol e/g for Leonardite Humic Acid)'”.

Biochar having pore structures (e.g., micro- and macropores) can
provide habitat/physical shelter to soil microorganisms for their conducive
growth and metabolic activities and protect them from the predators (e.g.,
exogenous organisms)'**'’. Moreover, microbes and their secreted extra-
cellular polymeric substances (EPS) play a critical role in biofilm formation
on the biochar surface which increases the resilience of microorganisms to
different stresses caused by harsh environmental conditions and improves
their environmental preperformance. EPS can act as a mediator to facilitate
electron transfer between microbes and biochar to further enhance the
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Fig. 6 | Potential mechanisms of microorganisms
—EPS—biochar interactions. a interfacial interac-
tion, b shelter and nutrition, ¢ microbial commu-
nication, and d bioelectronic transfer. Reproduced
with permission from ref. 126. Copyright (2025)
Springer.
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electrochemical properties of biochar'”. The synergistic interactions

between microorganisms—EPS—biochar enhance the soil fertility and
contaminants removal capability. The potential mechanisms of micro-
organisms—EPS and biochar interactions include (1) adhesion and inter-
facial interactions, (2) shelter and nutrition transfer from biochar to
microbes, (3) microbial communication and (4) bioelectronic transfer'*.
These mechanisms are shown on Fig. 6. The surface functional groups (e.g.,
hydroxyl, carboxyl, ketone and quinone) in biochar show high affinity for
adsorption of nutrients which are required for microbial survival and
growth.

Biochar aging changes its physicochemical properties; thus, it may
also impact the soil health and fertility specifically in the long-term. Aged
biochar usually shows different effects on soil qualities. For example,
compared to fresh biochar treatment, a decrease of pH (ie., liming
effects, 0.09-0.55 units) and an increase of the SOC content
(2.59-10.75 g/kg) was noticed with the application of aged biochars
(acidification, dry and wet, and freezing-thawing aging biochars)'*.
Moreover, the activities of two key enzymes namely dehydrogenase and
urease were reduced by 10.74-20.99% and 3.37-24.12%, respectively
with the treatment of aged biochars. These biochar properties may
change over its long-term applications in soil, which may in turn impact
soil health and quality. In another study involving the aging of biochar
under field conditions over a period of 24 months, an increase of the
physical fragmentation of biochar particles was noticed with an increase
of aging time'”. Moreover, FESEM (field emission scanning electron
microscope) micrographs shows that biochar pores were filled with
microbial biomass and soil materials. The biochar surface functionalities
changed with an increase of O-alkyl C and alkyl C in the aged biochars,
which could be due to the disintegration of aromatic hydrocarbons. The
formation of organo-mineral complexes with enrichment in oxygenated
functional groups in pores and biochar surfaces during aging were also
found in a previous work'”. Soil total carbon and nitrogen contents tend
to increase with the biochar age, which suggests negative priming effects
(an increase of carbon sequestration)"".

Biochar aging considerably impacts on the soil microbial activities and
enzymatic activities. The dynamics of soil microbial communities and/or
enzyme activities under short-term and long-term biochar applications
were explored in past studies'*'”. Using 16S rRNA sequencing, Nguyen

and co-workers investigated short term (1 year) and long term (9 years, aged
biochar) impacts of biochar (application rate: 10 tons/hectare) amendment
on the soil bacterial communities'”’. Microbial diversity was remarkably
changed in short and long term biochar amendments. Bacterial diversity
was considerably increased in the short term, but no significant changes of
bacterial diversity and community structure were found in the long term
after biochar treatment. Moreover, after 1 year of biochar treatment, the
abundance of bacteria involved in carbon cycling/degradation of aromatic
hydrocarbons (e.g., Gemmatimonadetes and Actinobacteria) and N cycling
(e.g., nitrifiers: Nitrospirae) was increased'”’. Correlation analysis revealed
that the bacterial community was impacted by soil qualities, specifically soil
pH and the SOC content in soil. In the long term, the bacterial communities
may be acclimatized to the biochar treated soil environment, and hence, no
remarkable changes of bacterial diversity were noticed. The findings of this
study suggest that the impact of biochar on soil biological properties is time
dependant. Futa et al. reported that soil physicochemical properties as well
as enzymatic activities were altered with natural biochar aging (application
rate: 10-30 tons/hectare) over long-term field tests (4-6 years)'*”. The SOC,
TN and nitrate contents were significantly enhanced in biochar treated soils
in 4-6 years. The enzymatic activities also increased with the rise of biochar
application rate with a constant increase of dehydrogenase activity up to 30
tons/hectare, but the highest phosphatase and urease activities were recor-
ded with slightly lower biochar application rate (20 tons/hectare). These
results suggest that the biochar application rate controls soil enzymatic
activities. In a recent work, the field-scale natural aging (9 years) caused a
reduction of surface area (decreased from 46.04 to 38.2 m’/g) of biochar
which indicates disintegration/deformation of biochar due to aging*.
Considerable changes of microbial (specifically fungal) communities
abundance were also observed., the abundance of arbuscular mycorrhizal
fungi (AMF) considerably increased (1.03-1.16 folds) in both aged and fresh
biochar treated soil samples. However, there was a slight increase
(1.01-1.02-fold) of abundance gram-positive and gram-negative bacteria in
the aged biochar-treated soil samples. In field-scale trials, Zhang et al. found
that the application of biochar (5.25-42 g/kg), which was aged for 5 years, to
sandy soil considerably altered carbon fractions and enzyme activities'””.
The SOC and MBC contents increased by 122 and 900%, respectively, while
soil invertase and urease activities were enhanced by 46.76 and 55.81%,
respectively.
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Taken together, based on the literature analysis, it is found that biochar
amendment to soil decreases bulk density, but enhances soil pH, moisture
retention/water holding capacity, aggregates stability, soil porosity, infil-
tration rate, cation exchangeable capacity, nutrient absorption and reten-
tion, as well as accelerates microbial and enzymatic activities. These changes
create a fertile environment for sustainable agricultural activities including
increased crop growth and productivity''>**'”". Moreover, the aging of
biochar occurring during its long-term applications alters its physico-
chemical properties with considerable impacts on the soil health and
fertility.

Impact of biochar on soil microbial communities and
enzymes
Biochar amendment into soil significantly impacts both the abundance and
diversity of soil microorganisms (bacteria and fungi) (Table 6). An
improvement in microbial diversity is reported in many studies™""”. Biochar
application usually impacts the dynamics of the carbon metabolism-
inducing microorganisms including microbial communities responsible for
degradation of labile and complex organic carbons”. Microorganisms
usually release EPS. EPS contain well-developed hyphae (e.g., fungi) which
help with the enhancement of biochar-based soil aggregation”. The shift of
soil microbial communities with the biochar use suggests possible changes
of qualities and quantities of soil nutrients by biochar”. Biochar has more
influences on the changes of the composition of bacterial community rather
than those of fungal community in agricultural (vegetable) soil systems'*.
The ratio of gram-negative (G7) (e.g., Alphaproteobacteria and Bacter-
oidetes)/gram-positive (G*) bacteria (e.g., Acidbacteria) was found to be
negatively co-related with the priming effects”’. Acidic soil environments
promote the enrichment of G* bacteria which are mainly responsible for the
disintegration of biochar as well as mineralization of SOC. An considerable
increase (1.5-3.5 folds) of CO, emissions was noticed in biochar treated
acidic soil”". Biochars prepared at different pyrolysis temperatures had dif-
ferent effects on both the soil microbial communities and enzyme activities
with the reduction of microbial community abundance and enzyme activ-
ities reported, following the application of biochar produced at higher
temperatures. This means that the presence of recalcitrant aromatic
hydrocarbons in biochar shows negative effects on microbial growth and
enzymatic activities'”. Zhang et al.'” stated that the treatment of soil with
biochar (2.5% w/w) produced at higher temperatures (400 and 600 °C)
caused a decline of bacterial quantity by 6.7-27%, while much higher
reduction of fungal quantity (19-35%) was noticed. The enzymatic activities
(ligninolytic and catechol 2,3-dioxygenase) were also reduced (13-42%)
with the increase of pyrolysis temperature. The high porosity of biochar
synthesized at high pyrolysis temperatures causes adsorption of water and
nutrients from soil, making the soil with low moisture and nutrient contents
which hinders microbial growth'”. The dominant bacterial communities
(abundance: 6.1-52%) enriched in the biochar treated soil include Actino-
bacteria, Proteobacteria, Chloroflexi, and Acidobacteria,. No consistent
trend was found when compared the abundance of these bacteria with soil
without biochar addition. In fungal community, Ascomycota was the major
candidate with its abundance varying between 73-96%, and its abundance
increased by 6.4-21% due to biochar amendment'”.

In addition to the impact of biochar on soil microbiological properties
(e.g., microbial communities and enzyme activities), changes in soil bio-
geochemical functions/cycling (e.g., carbon, nitrogen and phosphorous
cycling) were observed in the biochar treated soil'“"'*. A comprehensive
understanding of microbially driven C, N and P cycling in biochar amended
soil is needed to develop novel strategies for the reduction of GHG emissions
from soil'”. Several studies have reported that an increase in enzymatic
activities was responsible for C (B-glucosidase) and N cycling (e.g.,
urease) **'**. In a recent short term (45 days) field-scale trials, the biochar
application (10 tons/hectare) showed an enhancement of carbon immobi-
lization into bacterial biomass with the reduction of specific microbial
respiration (qCO,)". Moreover, the abundance of various communities

including the gram negative bacteria and AMF was considerably enhanced
in the biochar treated soil with respect to control which received no treat-
ment. In pot-based experiments, based on 454-pyrosequencing analysis of
soil samples, Anderson et al. reported that biochar treatment changed the
soil microbial communities’ structures which influence biogeochemical
cycling'”. Biochar treatment caused the temporal changes in the following
bacterial family: Bradyrhizobiaceae, Hyphomicrobiaceae, Streptospor-
angineae and Thermomonosporaceae which are involved in various bio-
geochemical cycling (e.g, C and N cycling). In a pot-based experiment
(372 days), it has been reported that the biochar application (oak wood/
bamboo biochar, 0.5-2.0%, w/w) changed carbon fractions and enzymatic
activity in red soil'*. The increase of SOC content indicates an increase of
carbon sequestration in soil. The lowest biochar dose (0.5%) was effective in
increasing microbial enzymatic activities, SOC and soil stability (macro-
aggregates formation). The dehydrogenase activity, which is usually
employed as an indicator to measure the degree of recovery of degraded
soils, was increased, which shows an increase in the stability of soil. Dif-
ferential effects on B-glucosidase activities were observed with the use of two
different types of biochar (i.e., a decrease with oak wood, but an increase
with bamboo biochar), which could be due to differences in their physi-
cochemical properties'™. In a short-term field-scale test (18 months),
changes in the abundance and microbial community structure as well as
carbon cycling were found with the application of biochar (40 tons/hectare)
to an acidic rice paddy soil*. Soil pH, SOC, TN, MBC and MBN were
significantly increased, but soil bulk density was decreased with biochar
treatment. Biochar applications enhanced the enrichment of total and
metabolically active bacteria, but showed negative effects on fungi. Biochar
also changed the microbial community structure with an enrichment of
microbes that can utilize polymers, phenols and amines as carbon
substrates'”. The reduction of soil respiration and p-glucosidase enzyme
activity (involved in carbon mineralization) was recorded, which indicates
an increase in soil carbon stability and carbon sequestration potential by
biochar treatment'*. A current meta-analysis work (analysis of 131 articles)
reported that short-term (less than 1 year) biochar applications considerably
decreased cellulase activity by 4.6% and increased soil carbon sequestration
by 87.5%. Nevertheless, long-term (=1 year) biochar treatment considerably
increased ligninase activity by 5.2% with relatively smaller enhancement of
carbon sequestration by 25.1%'“. The results from this work suggest that a
shift inf enzyme activities occurred in soil with biochar applications in
different time periods.

Microbially-driven iron cycling could impact soil carbon cycling in
biochar treated soil”’. He et al.”” reported that the biochar amendment (9.0
tons/hectare/year) considerably changes the dynamics of soil bacterial and
fungal communities. The dominant bacterial communities in biochar added
soil include Actinobacteria and Firmicutes phyla, while the major fungal
communities enriched were Ascomycota and Basidiomycota phyla”. Bio-
char addition resulted in nearly 11% reduction of CO, emissions in short
term period (56 days). The integration of iron cycling into carbon cycling
increased microbial extracellular electron transfer reactions and the carbon
use efficiency of soil microbes. In a pot-based study'", it was found that fruit
tree branches-derived biochar amendment to topsoil collected from an
agricultural site at the dose of 2% (w/w) caused an enrichment of different
microbial communities with the top three bacterial phyla being Actino-
bacteriota (38.0%), Proteobacteria (27.0%), and Chloroflexi (11.0%), while
the top most abundant fungal phyla enriched were Ascomycota (50.0%),
Olpidiomycota (26.0%) and Basidiomycota (12.0%). The activities of key soil
enzymes such as urease and phosphatase increased with the biochar addi-
tion. Biochar amendment also appears to promote carbon sequestration
since a significant increase (109.3%) of SOC was found. In a lab-scale
microcosm-based system using sandy loam Alfisol, the richness and
diversity of bacterial community in soil mixed with biochar (4%, w/w,
prepared from biogas residues from an anaerobic digestor) were not sig-
nificantly impacted since the reduction of richness and diversity varied
between only 4-7%. However, much higher reduction (19-28%) of
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Abundance of gram-positive and gram-negative bacteria increased  Abundance of arbuscular mycorrhiza fungi increased by 4.5

Top three phyla: Actinobacteria (29-52%), Proteobacteria (20-34%),
by 1.7 and 1.5 folds, respectively
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folds. Soil fungal abundance rose by 5.4 folds

191

Ascomycota was the dominant fungal phylum (89.7%).

Actinobacteria phylum was the most dominant (38.5%).

20 tons/hectare/year Soil with a loam texture

Holm oak chips

Abundance of Chytridiomycota was significantly reduced by

biochar treatment

Acidobacteria abundance was significantly reduced by biochar

treatment

148

Ascomycota was dominant phylum in the non-treated soils with

Dominant phyla: Proteobacteria, Acidobacteria, Chloroflexi and

Actinobacteria (total abundance: > 80%). Abundances of

Agricultural soil

20 or 40 tons/hectare

Wheat straw

abundance of 74.5% and reduced to 66.3% in the biochar added

soils at 40 tons/hectare. The phylum Zygomycota abundance rose
by 43% and 147% in biochar applied soils at 20 and 40 tons/hectare

Actinobacteria and Chlorobi with 40 tons/hectare were significantly

reduced by 21% and 35%

145

Changes of Ascomycota and Glomeromycota was observed

40 tons/hectare Rice paddy soil (sandy loam soil) Changes in abundance of Chloroflexi and Actinobacteria was
observed

Wheat straw

bacterial richness and diversity was noticed in soil processed with only
biogas residues (no biochar). Moreover, the soil amendment with raw
biogas residues or biochar derived using this as a feedstock considerably
shifted the abundance of bacterial community”. The relative abundance of
phyla Actinobacteria was 16.64% in biogas residues treated soil, but its
abundance was nearly doubled (30.41%) in soil treated with biochar pyr-
olyzed at 600 °C. Moreover, slightly lower abundance (29.57%) of Actino-
bacteria was found in soil treated with biochar produced at 300 °C”. The
CO, emission rate was declined in the initial incubation period (8 days) and
remained stable for up to 2 months. These findings suggest that the biochar
synthesized at different pyrolysis temperatures shows differential effects on
the dynamics of soil microbial communities. A recent global meta-analysis
of 24 research articles showed that biochar amendment into soil remarkably
impacted mainly two bacterial phyla namely Acidobacteria and
Gemmatimonadetes'”’. Furthermore, the relative abundance of Acid-
obacteria and Gemmatimonadetes was decreased by 14.6% and 19.8%,
respectively'”’. Enhancement of soil carbon sequestration by 87.5% and
25.1% was reported for short term (less than 1 year) and long term (more
than 1 year) biochar application, respectively. Taken together, biochar
considerably enhances soil bacteria richness and diversity. However, the key
factors including biochar dose, synthesis temperature, biochar properties
(pH and C/N ratio) as well as soil properties (pH, SOC and C/N ratio)
significantly impact microbial dynamics in biochar amended soil *'*.
Effects of biochar amendment on different soil enzyme activities
(specifically enzymes which are responsible for the carbon, nitrogen and
phosphorus cycling) including urease, phosphomonoesterase, catalase,
B-glucosidase, cellobiohydrolase and xylanase were explored in earlier
works (Table 7)'"7'*’. Overall, the biochar addition changes soil enzyme
activities (C, P, and N cycling) with an increase of specific enzyme
activities observed with the rise of biochar dose, but biochar quality and
soil conditions considerably influence the enzyme activities"*'*. In a
recent publication, carbon degrading soil enzyme activities were ana-
lyzed which revealed that the biochar incorporation into soil accelerated
the soil ligninase activity (degradation of complex phenolic compounds)
by 7.1%, but reduced the cellulase activity (degradation of poly-
saccharides) by 8.3%'**. Moreover, the long-term (more than one year)
biochar treatment considerably increased the ligninase activity by 5.2%
which led to the enhancement of soil carbon sequestration by 25.1%'*°.
In another study, Geng et al.'"” reported that the biochar (synthesized
using different feedstocks namely fruit tree branches, peanut shells, and
cow dung) amendment to soil collected from an agricultural site
enhanced B-glucosidase and cellobiohydrolase activity by 74.9-120.4%
and 32.8-141.9%, respectively. However, biochar derived from fruit tree
branches and peanut shells significantly enhanced the xylanase activity.
In a long-term experiment over a period of 2 years on calcareous soil
using maize straw-derived biochar, the activities of several enzymes
involved in the C, N and P cycling were enhanced with biochar
treatment'®. The urease and phosphomonoesterase activities con-
siderably increased from 0.16 to 0.32 NH,"-mg/g/d, and 166.80 to
176.54 nmol/hr/g, respectively with the rise of biochar dose from 2.5 to
22.5 tons/hectare. Moreover, the B-glucosidase activity rate increased
from 61.32 to 70.53 nmol/hr/g'*. A significant increase in the SOC
amount was found after biochar application which suggests an
enhancement of carbon question. These findings indicate that biochar
application rates remarkably influence the soil enzyme activities. In pot-
based experiments using rice husk-derived biochar at a dose of 20 g/kg
soil, the phosphatase enzyme activity was enhanced by 28% compared to
the control test which consisted soil without biochar'’. The increase of
phosphatase activity could be due to the rise of pH in soil by biochar
addition and/or the increase of P content in soil caused by biochar
amendemnt"*’. Moreover, lower urease activity was noticed, i.e., only
4.3% higher than the control system. The lower urease activity could be
due to the presence of limited amounts of N-containing compounds in
the soil. In summary, the influence of biochar on soil enzyme activities

depends on the types of enzymes and biochar qualities'”’.
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Urease activity increased by 1.5-fold, whereas dehydrogenase activity enhanced by 3.2-fold

Reduced Lignin-peroxidase activity by 16-58% as well as decreased laccase, Manganese-
dependent peroxidase, and C230 activity by 17-36%, 13-34%, and 17-42%, respectively
B-glucosidase activity significantly decreased, while urease activity considerably increased

Phosphatase and urease activity increased by 28% and 4.3%, respectively
B-glucosidase and urease activities increased by 6.1% and 1.4%, respectively

Changes of various soil enzyme activities
32.77-141.86%, respectively

The activities of C, N, and P cycling enzymes considerably increased with rise of biochar
application rate

Activity of B-glucosidase and cellobiohydrolase enhanced by 74.91-120.39% and
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Dehydrogenase activity reduced by 52% and 40%, while -glucosidase activity decreased by

28% and 49%

Agricultural soil

20 or 40 tons/hectare

Wheat straw

145

40 tons/hectare Rice paddy soil (sandy loam soil) B-glucosidase activity was decreased, whereas adehydrogenase and alkaline phosphatase
activities were increased

Wheat straw

88

Increase of urease activity by 51%. No significant effects on the B-glucosidase and phosphatase

activities

Field soil (sandy loam texture)

2% (w/w)

Rice husk

180

Polyphenol oxidase activity increased by 31%

Agricultural soil

13.5 tons/hectare/year

Wheat straw

Potential mechanisms of biochar-based carbon
sequestration in soil

Biochar-based carbon sequestration in soil is mediated by multiple inter-
connected factors. The combined effects of these factors result in the overall
increase of carbon sequestration and carbon storage capacity of soil”*"*". The
key factors by which biochar contributes to the increase of carbon seques-
tration rate in soil environment include (i) increased SOC contents in soil,
(ii) protection against microbial degradation, (iii) enhanced soil aggregation,
(iv) increased contents of nutrients and water, (v) stabilization of labile/
leachable carbon, and (vi) abundance and diversity of soil microbial com-
munities and functional enzymes'”'. These mechanisms are shown in Fig. 7.
Biochar amendment in soil induces negative priming effects (i.e., reduced
CO, release from soil) by a combination of various mechanisms namely
substrate switch, dilution, immobilization of substrates, reduction of
microbial accessibility to SOC/organic substrates through sorption and soil
aggregation, as well as reduction of SOC mineralization and decomposition
rates by inhibition of microbial activities and functional enzyme activities
due to limited availability of nutrients which are required for microbial
growth’"*>"*, The extracellular enzymes such as B-glucosidase (responsible
for degradation of SOC to CO,) is one of the key factors that controls SOC
mineralization'*. According to a recent study, a considerable (30%)
reduction of B-glucosidase activity in soil was found with the application
(4%, w/w) of potassium-modified biochar'*". Luo and Gu reported that the
application (0.5-2%, w/w) of bamboo residues-based biochar to sediment
reduced several enzyme activities (e.g., peroxidase, acid phosphatase and N-
acetyl-glucosaminidase) and the abundance of microbial communities
(bacteria and fungi)'*. Specifically, the abundance of bacteria and fungi was
reduced from 525x10" to 9.18x10°, and from 1.48x10® to
2.39 x 10’copies/gram dry sediment, respectively. In the biochar amended
soil, the enrichment of oligotrophic bacteria (e.g., Actinobacteria and
Anaerolineae) could result in the decrease of CO, emissions from soil. In a
long-term (6 years) field-scale study with 20-40 tons/hectare biochar
application, the soil carbon mineralization rate was decreased by
4.2-19.4%"°. Moreover, the decrease of carbon mineralization was linked to
the reduction of various carbon hydrolyzing enzyme activities namely a-
glucosidase (20%), cellobiohydrolase (17%), B-glucosidase (13%) and
xylanase (2.5%). In a recent study on a temperate wheat-maize agroeco-
system, the amendment of soil with both biochar and straw showed a
positive effect on the reduction of SOC mineralization since a DOC decrease
of 18.5% was noticed”. The dominant bacterial communities detected in the
soil systems include phyla of Actinobacteriota (22.2-28.2%), Proteobacteria
(16.9-24.4%), Acidobacteriota (11.3-25.1%), and Chloroflexi (11.2-13.6%).
Importantly, biochar addition caused reduction of microbial (e.g., Actino-
bacteriota by 12.3%) and enzyme activities (e.g., B-N-acetyl-glucosamini-
dase by 24.2%).

Key biochar properties including types of feedstocks used for biochar
synthesis, pyrolysis conditions, structural properties, incubation time and
application rate significantly impact soil properties and soil microbial
dynamics, thus changing the carbon sequestration potential rate and overall
soil carbon stock'”. Biochar acts as a stable form of carbon and persists in
soil environment for a longer period of time, thus enhancing the SOC input
(carbon sequestration)'”'. Biochar prepared at higher temperature (e.g.,
>500 °C) is usually rich in aromatic hydrocarbons, which are stable and
recalcitrant in nature'”'*. Moreover, biochars synthesized at higher tem-
perature are rich in porosity and possesses high specific surface area which
are beneficial to achieve higher sorption of SOC onto biochar surface. In
biochar, the proportion of labile carbon pool is only 3%, while the amount of
recalcitrant carbon pool is 97%'”. The decomposition rate of labile carbon
(0.0093%/day) is much higher than the recalcitrant carbon (0.0018%/day).
However, the mean residence time of recalcitrant carbon (556 years) is
significantly greater compared to labile carbon (108 days)"’. These findings
suggest that biochar prepared at higher temperature (e.g., 500-650 °C)
should be considered for soil amendment to achieve greater carbon
sequestration rate as well as overall soil carbon stock. Several studies have
reported that biochar enhances soil CO, release specifically at the early stage

npj Materials Sustainability | (2025)3:26

17


www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00066-8

Review

Increasing soil organic carbon
biochar i ‘

Inhibiting microbial degradation —
extracellular

~ biochar  polymeric substance

nt litter

organic matter primary minerals

BIOCHAR

N
H,0
N
Atmospheric Carbon

Increasing water/nutrient retention

Phyla

Proteobacteria
Acidobacteria
Planctomycetes
Gemmatimonadetes
Actinobacteria
Chioroflexi
Bacteroidetes
Patescibacteria
Rokubacteria
Verrucomicrobia
0 Others

<+ Altering microbial community

biochar
; .
!

Bacteria phyla

Improving soil aggregation

Stabilizing labile carbon

Fig. 7 | Key mechanisms of biochar on enhancing soil carbon sequestration. Reproduced with permission from ref. 151. Copyright (2023) MDPI.

of incubation period (i.e., positive priming effects)**'*’. Biochar produced at
lower temperature (e.g., 250400 °C) usually increases carbon mineraliza-
tion rate (positive priming) in soil due to less pores and smaller specific
surface area'®'. Thus, there is a weak protection of SOC from degradation
due tolow degree of sorption of SOC onto biochar with low porosity/specific
surface area'”. A meta-analysis study involving a critical analysis of results
from 91 research articles reported an enhancement of CO, release by
22.14% with biochar treatment to soil®. The increase of soil CO, release is
mainly due to the increase of microbial activities, the rise of SOC by the input
of biochar-derived organic carbon (labile fraction) and abiotic release of
inorganic carbon’'**'®. The increase in the abundance of copiotrophic
bacteria including Gemmatimonadetes and Bacteroidetes usually promotes
the CO, release from soil’. Moreover, the increase of enzyme activities
specifically B-glucosidas could promote SOC degradation and CO, emission
from soil systems'”. Wang et al. found that the biochar addition
(15.75-47.25 tons/hectare) in maize field enhanced the soil respiration,
increasing soil CO, emissions by 18.04-73.15%'®. The increase of CO,
emissions was linked to the increase of various enzyme activities namely
B-glucosidase, sucrase, catalase and urease. A recent field-scale study over a
period of 3 years reported that the application of both biochar and nitrogen
fertilizer caused a considerable (9-48%) increase of CO, emissions from soil
compared to a control site which received no treatment by biochar or
fertilizer’’. The biochar treatment considerably influenced the soil microbial
functional diversity with higher bacterial-to-fungal ratios were found in soil
which received both biochar and N fertilizer treatment than soil with bio-
char treatment alone. Jing et al. reported that the presence of N in the
biochar-amended soil can considerably impact the CO, emission rate as well
as the microbial functional genes involved in carbon degrdation'®". For
example, when N was present at a lower concentration (3-6 g N/m’/y) in the
biochar-amended soil, it enhanced CO, emission rate by accelerating the
SOC-degrading enzyme activities and increased the abundance of labile
carbon degrading genes (e.g., amyA, glucoamylase and pula). However,
higher concentrations of N (9 g N/m*/y) showed inhibitory effects, and

decreased CO, emissions due to reduction in the abundance of functional
genes involved in the degradation of both labile carbon (amyA, glucoamy-
lase and pula) and recalcitrant carbons (vana, and phenol-oxidase)'®'. These
findings indicate that nitrogen addition to biochar-treated soil changes the
abundance and diversity of functional genes involved in the carbon cycling
as well as the CO, emission rate. Microbial degradation of various organic
fractions in soil and/or biochar such as starch, cellulose, hemicellulose and
lignin could contributes to CO, emissions'®. The key functional genes that
drive the biodegradation of these compounds include sga for starch, abfA,

manB and xylA for hemicellulose, cex for cellulose and lig and mnp for
165

lignin'®.

The potential mechanisms of negative and positive priming effects by
biochar application in soil are illustrated in Fig. 8. Overall, inhibition/
alteration of soil microbial communities/functional enzymes (specifically C,
N and P cycling) and sorption of SOC/organic substrates onto biochar
enhances the carbon sequestration by soil, but the increased SOC miner-
alization caused by soil microbial activities can lead to the release of CO,
from soil. Specifically, the carbon sequestration potential and priming
effects of biochar in soil largely depend on both the biochar and soil
properties.

Sustainability aspects of biochar amendment in soil for
carbon sequestration

Biochar amendment into soil is considered as a sustainable solution to
address the emerging global climate change issues by enhancing carbon
sequestration from the atmosphere and reducing greenhouse gas emissions
from soil™'*, Several LCA-based studies were conducted to assess the
environmental impacts of biochar soil amendment systems, or to evaluate
the potential of biochar-treated soil as a negative emission strategy”*'*~""".
Direct comparison of results from different LCA-based studies is not pos-
sible due to the different scope of LCA studies and the difference in biochar
characteristics, soil conditions, etc'”. A cautious analysis of the whole sys-
tem of biochar synthesis, and its application to soil are required. Prior large-
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scale biochar production with desired characteristics and its use in soil in a
field-scale are needed to evade making greater negative environmental
impacts'”". The LCA tool is efficient in evaluating the effects of the different
stages of the biochar production and use over its life cycle on the GHG
emissions'”’. The key steps involved in the biochar life cycle include feed-
stock collection and/or pre-treatments, pyrolysis of selected feedstock for
biochar production, transportation of produced biochar to the place of
application, and soil amendment'*'”". These are the four potential sources/
stages that contribute to GHG emissions to the atmosphere in biochar life
cycle. Soil amendment with pyrolyzed biochar results in the following
important benefits namely (i) long-term carbon sequestration from the
atmosphere by the stable carbon present in the biochar, (ii) generation of
renewable energy (e.g., using the by-products such as bio-oil and syngas)
during the production of biochar, and reuse of biomass wastes'®, Burning of
agricultural residues is a common practice in several Asian countries which
causes severe air pollution episodes and negative effects on human health'””.
However, converting agricultural residues to biochar could be a one of the
sustainable solutions for better management of agricultural-based residues
and stabilization of global climate through CO, sequestration from ambient
air as well as to achieve circular economy'”.

Based on the LCA analysis of biochar production from four different
types of biomass/feedstocks, Xia et al. ™ reported that biochar has a negative
effect on the life cycle of GHG emissions. Moreover, the order of carbon
sequestration capacity of biochars produced from four different feedstock
materials was: waste wood biochar > crop straw biochar > livestock manure
biochar > sewage sludge biochar. The biochar derived from waste wood
shows higher carbon sequestration potential in soil since waste wood is
mainly rich in lignocellulose biomass (i.e., C, H and O as the major ele-
ments), and hence it contains higher amount of carbon than other
feedstocks'”’. The higher carbon content in waste wood biochar accelerates
the carbon fixation and conversion processes in soil. The life cycle of biochar
produced from four different feedstocks is illustrated in Fig. 9a. The impacts
of different stages of biomass processing including feedstock pre-treatments,

biochar synthesis stage and their application stage are shown in Fig. 9b-d,
and the carbon sequestration potential among various biochar materials is
presented in Fig. 9e. In another study, LCA analysis was carried out on
biochar systems to estimate the climate change effects, economic viability
and net energy generation for preparation of biochar using three different
feedstocks (yard waste, corn stover and switchgrass energy crops)'®. A
considerable reduction (62-66%) of GHG emissions was found for both
yard waste (—885kg CO,e/tons dry biomass) and corn stover (—864 kg
COye/tons dry feedstock) biomass. Notably, switchgrass pyrolysis system
results in the increase of GHG emissions (436 kg CO,e/tons dry biomass).
The net increase of GHG emissions from the switchgrass pyrolysis system
could be due to the contribution from different sources including land-use
for its production, applied fertilizers and cultivation-based GHG
emissions'®. The overall economic feasibility of the biochar systems largely
depends on the feedstocks production cost, pyrolysis cost and the value of
carbon offsets'®. Feedstocks that require for waste management (e.g., yard
wastes) have the maximum potential for economic viability (i.e., $69/tons
dry biomass). Among the various steps, feedstock transportation distance
and storage of feedstock materials to a centralized facility are usually
expensive. Thus, these steps represent the major obstacles that affect the
economic viability for a large-scale production of biochar'”"'’*. Using LCA,
Gievers et al. assessed the potential negative environmental impacts of
sewage sludge-derived biochar to use as a soil carbon sequestrator'””. The
LCA was evaluated under four different scenarios (i.e., use of biochar (1) in
agriculture, (2) in horticulture, (3) cascade use in biogas plant and agri-
culture, and (4) co-incineration of biochar in lignite-fired power plants).
Among the four different scenarios evaluated, the best scenario was found to
be the application of biochar in horticulture activities with net emissions
(GWP) of 2g CO, eq./kg sewage sludge. Compared to the conventional
method of biochar treatment using incineration process, the use of biochar
in horticulture could reduce 78% of CO, eq. emissions. Additionally, no
negative ecological impacts including ecotoxicity or eutrophication was
found'”. The findings of this study shows that use of sewage sludge derived
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biochar as a soil carbon sequester could be an environmentally benign
option. In summary, LCA-based studies reveal that biochar amendment to

soil is a sustainable strategy to enhance carbon sequestration in soil and to .
achieve climate change mitigation. Biochar synthesized from waste biomass
(e.g., agricultural/crop residues) is found to be environmentally friendly and

economically profitable'”.

Conclusions and future perspectives
Biochar, a sustainable solid material derived from biomass pyrolysis,

is

receiving increased attention for sequestration of atmospheric CO, in soil
and to achieve carbon neutrality. This review comprehensively examined
the recent developments on the use of biomass-derived biochar as a

sustainable material for carbon sequestration in soil. The key conclusions

are highlighted below.

Biomass/feedstocks (e.g., agricultural-based residues) having more
lignocellulosic contents are beneficial for the synthesis of biochar with a
high proportion of carbon that in turn can enhance carbon
sequestration in soil.

Biochar produced at high temperatures (e.g., > 500 °C) through pyr-
olysis of biomass feedstocks usually contains a high quantity of aro-
matic hydrocarbons which make the biochar as a stable and recalcitrant
material. Biochar with enriched carbon shows high sorption capacity to
CO,, and it is also highly resistant to microbial as well as physico-
chemical degradations.
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o Several studies have reported either a decrease or an increase in the
SOC mineralization and in CO, release rates after biochar amendment
to soil. The difference in findings among these studies could be due to
the difference in biochar qualities (pH, aromaticity, etc.) and biochar
application rates (low vs high dose), soil characteristics (pH, SOC
contents, etc.), soil textures (i.e., variations in clay contents) and
incubation periods (short term vs long term).

* Most studies reported that biochar amendment to soil enhances the
carbon sequestration potential by decreasing soil mineralization and
thus CO, release rates. Hence, soil can act as a sink for the sequestration
and storage of atmospheric carbon.

* Biochar incorporation into soil changes soil microbial characteristics
including a shift of bacterial and fungal communities as well as enzy-
matic activities (specifically enzymes responsible for C, N and P
cycling).

* The key mechanisms that facilitate the acceleration of carbon seques-
tration in soil after biochar treatment include the decrease of SOC
mineralization by sorption of SOC onto biochar as well as that of the
abundance and diversity of carbon-metabolizing soil microbial
communities.

* LCA-based studies revealed that biochar (specifically produced from
waste biomass) production and its addition to soil are environmentally
friendly and economically viable.

Future perspectives

The following knowledge gaps identified by the critical analysis of literature
findings should be considered in future studies to make further advance-
ments in the use of biochar-amended soil for carbon sequestration.

At present, most of the experiments relating to carbon sequestration in
soil are carried out in the lab-scale pot experiments under controlled
conditions, and limited field-scale work has been performed in real
environmental settings. Therefore, in-depth, well-designed field-scale
investigations are required to better understand the potential of biochar
for increasing the carbon sequestration rate in the complex soil system.
The field-scale experimental data should be used in conjunction with
modeling-based investigations for validation of biogeochemical
models and accurate prediction of biochar performance in varying
soil/environmental systems as well as for realistic estimation of soil
carbon stock (e.g., SOC).

* In recent years, modified biochar/engineered biochar materials are
widely used for environmental pollution remediation. Thus, it is
expected that modified biochar materials would show better carbon
sequestration potential compared to pristine biochar. Machine
learning-based approaches can be used for preparation of biochar with
unique properties to be suitable for a specific soil type/climatic
condition to achieve greater carbon sequestration rate. However,
limited information is available on the carbon sequestration potential
of engineered biochar. Thus, future studies should focus on the
development of novel engineered biochar, followed by the evaluation of
its carbon sequestration potential by conducting both lab-scale and
field-scale experiments.

¢ Understanding of biochar-soil-microbial interactions is crucial since
this will elucidate the biogeochemical cycling (e.g., C cycling) involved
in soil systems and its impacts on the GHG (CO,) emissions.
Moreover, biochar-soil interactions could impact the stability,
integrity, and carbon sequestration capacity of biochar during its
long-term operation in the field. However, these interactions have not
been explored yet in sufficient depth. Furthermore, the potential
underlying mechanisms for biochar aging in long-term period and its
impact on carbon sequestration rate remain poorly understood.
Consequently, efforts are needed to provide deep insights into biochar-
soil-microbial interactions in the context of understanding carbon
sequestration potential of biochar-amended soil.

* Carbon sequestration in biochar treated soil systems in mainly driven
by various microbial processes. Genetic engineering approach can be

Dat

applied to engineer the soil microbial system and change metabolic
pathways to enrich more CO, fixing microbial communities, e.g.,
autotrophs that can use CO, as the carbon source or engineering
heterotrophic bacteria that capable of using CO, as the sole carbon
source for their growth.

The use of biochar for carbon sequestration in soil provides additional
benefits from the agricultural perspectives. To use biochar for better
management of degraded/infertile soils and to enhance crop growth
and productivity, long-term field trials are necessary to monitor the soil
health/fertility and to understand the changes of soil microbial
processes influenced by biochar characteristics and its application rate
to soil. The molecular level investigations are particularly needed to
better understand the changes of carbon cycle-related functional genes
and their correlation with CO, emissions. Development of biochar-
microbe co-engineering strategies should be explored to stabilize labile
carbon fractions and reduce CO, emission from soil.

Biochar-based soil carbon sequestration is considered as a negative
emission process However, in-depth LCA -based analysis is required
prior to exploring large-scale applications of biochar in different soil
systems (natural, fertile, infertile, saline soils, etc.). Moreover, LCA
would provide insights into whether or not the large-scale biochar
preparation and its field-scale applications would be environmentally
benign and economically feasible. However, limited work has been
done on LCA-based studies in the context of biochar-based carbon
sequestration in soil. Standardizing carbon accounting methodologies
would help to resolve discrepancies among various LCA-based studies
that were conducted to evaluate the sustainability of biochar-based
carbon sequestration in soil.

More conceptual modeling-based studies are required by integrating
different biogeochemical interactions as well as simulating different
environmental conditions at different time scales (incubations
periods). The outcome of such studies would help to better understand
the long-term performance of biochar for carbon sequestration in soil.
In recent years, machine learning (ML)-based models are increasingly
applied to resolve various environmental problems. Thus, a novel ML-
based model can be developed for accurate prediction of changes of
CO, emission from soil after biochar amendment.

a availability

No datasets were generated or analyzed during the current study.

Code availability
Not applicable since there is no computer programming/coding was used
for this work.
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WWB Waste wood-based biochar

XANES X-ray absorption near edge structure spectroscopy

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Received: 1 December 2024; Accepted: 3 June 2025;
Published online: 05 August 2025

References

1.

IPCC. Summary for Policymakers. In: Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change (eds Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L.
& Péa. C.) (Cambridge Univ. Press, 2021).

Muhammad, D. Biomaterial biochar for soil carbon sequestration
strategy and its future prospects. IOP Conf. Ser. Earth Environ. Sci.
391, 12014 (2019).

Smith, P. Soil carbon sequestration and biochar as negative
emission technologies. Glob. Chang. Biol. 22, 1315-1324 (2016).
Ayaz Mohd, W. A., Wan Ab Karim Ghani, N. Z. R. & Sanyang, L. A.
Review: carbon dioxide capture: biomass-derived-biochar and its
applications. J. Dispers. Sci. Technol. 34, 974-984 (2013).

Dong, Y. et al. Modified biochar affects CO2 and N20O emissions
from coastal saline soil by altering soil pH and elemental
stoichiometry. Sci. Total Environ. 954, 176283 (2024).

Ringsby, A. J., Ross, C. M. & Maher, K. Sorption of soil carbon
dioxide by biochar and engineered porous carbons. Environ. Sci.
Technol. 58, 8313-8325 (2024).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Sarfraz, R. et al. Role of biochar and plant growth promoting
rhizobacteria to enhance soil carbon sequestration—a review.
Environ. Monit. Assess. 191, 251 (2019).

Chen, Y. et al. Biochar as a green solution to drive the soil carbon
pump. Carbon Res. 3, 44 (2024).

Sheng, Y. & Zhu, L. Biochar alters microbial community and carbon
sequestration potential across different soil pH. Sci. Total Environ.
622-623, 1391-1399 (2018).

Gross, A., Bromm, T. & Glaser, B. Soil organic carbon sequestration
after biochar application: a global meta-analysis. Agronomy 11,
2474 (2021).

Masek, O. et al. Potassium doping increases biochar carbon
sequestration potential by 45%, facilitating decoupling of carbon
sequestration from soil improvement. Sci. Rep. 9, 5514 (2019).
Biswal, B. K. & Balasubramanian, R. Adsorptive removal of
sulfonamides, tetracyclines and quinolones from wastewater and
water using carbon-based materials: recent developments and
future directions. J. Clean. Prod. 349, 131421 (2022).

Biswal, B. K., Vijayaraghavan, K., Tsen-Tieng, D. L. &
Balasubramanian, R. Biochar-based bioretention systems for
removal of chemical and microbial pollutants from stormwater: a
critical review. J. Hazard. Mater. 422, 126886 (2022).

Biswal, B. K. & Balasubramanian, R. Use of biochar as a low-cost
adsorbent for removal of heavy metals from water and wastewater: A
review. J. Environ. Chem. Eng. 11, 110986 (2023).

Zhang, B., Jiang, Y. & Balasubramanian, R. Synthesis, formation
mechanisms and applications of biomass-derived carbonaceous
materials: a critical review. J. Mater. Chem. A9, 24759-24802 (2021).
Guo, S. etal. Recent advances in biochar-based adsorbents for CO2
capture. Carbon Capture Sci. Technol. 4, 100059 (2022).

Babu, S. et al. Biochar implications in cleaner agricultural production
and environmental sustainability. Environ. Sci. Adv. 2, 1042-1059
(2023).

Ding, Y. et al. Biochar to improve soil fertility. A review. Agron.
Sustain. Dev. 36, 36 (2016).

Zhang, Y., Wang, J. & Feng, Y. The effects of biochar addition on soil
physicochemical properties: a review. CATENA 202, 105284 (2021).
Huang, Y. et al. A global synthesis of biochar’s sustainability in
climate-smart agriculture—evidence from field and laboratory
experiments. Renew. Sustain. Energy Rev. 172, 113042 (2023).
Xie, T., Sadasivam, B. Y., Reddy, K. R., Wang, C. & Spokas, K.
Review of the effects of biochar amendment on soil properties and
carbon sequestration. J. Hazard., Toxic., Radioact. Waste 20,
4015013 (2016).

Semida, W. M. et al. Biochar implications for sustainable agriculture
and environment: a review. South Afr. J. Bot. 127, 333-347 (2019).
Fidel, R. B., Laird, D. A. & Parkin, T. B. Effect of biochar on soil
greenhouse gas emissions at the laboratory and field scales. Soil
Syst. 3, 8 (2019).

Ginebra, M., Mufioz, C., Calvelo-Pereira, R., Doussoulin, M. & Zagal,
E. Biochar impacts on soil chemical properties, greenhouse gas
emissions and forage productivity: a field experiment. Sci. Total
Environ. 806, 150465 (2022).

Bai, J. et al. Impact of straw-biochar amendments on microbial
activity and soil carbon dynamics in wheat-maize system. Soil
Tillage Res. 244, 106284 (2024).

Luo, L. et al. Carbon sequestration strategies in soil using biochar:
advances, challenges, and opportunities. Environ. Sci. Technol. 57,
11357-11372 (2023).

Mosa, A. et al. Biochar as a soil amendment for restraining
greenhouse gases emission and improving soil carbon sink: current
situation and ways forward. Sustainability 15, 1206 (2023).
Nguyen, V. G. et al. Improving the prediction of biochar production
from various biomass sources through the implementation of

npj Materials Sustainability | (2025)3:26

22


www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00066-8

Review

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

eXplainable machine learning approaches. Int. J. Green. Energy 21,
2771-2798 (2024).

Rex, P., Mohammed Ismail, K. R., Meenakshisundaram, N.,
Barmavatu, P. & Sai Bharadwaj, A. V. S. L. Agricultural biomass
waste to biochar: a review on biochar applications using machine
learning approach and circular economy. ChemEngineering 7, 50
(2023).

Supraja, K. V. et al. Biochar production and its environmental
applications: recent developments and machine learning insights.
Bioresour. Technol. 387, 129634 (2023).

Tao, Y. et al. Utilization of cotton byproduct-derived biochar: a
review on soil remediation and carbon sequestration. Environ. Sci.
Eur. 36, 79 (2024).

Yu, Y. et al. A bibliometric analysis using VOSviewer of publications
on COVID-19. Ann. Transl. Med. 8, 816 (2020).

Syed, N. R., Zhang, B., Mwenya, S. & Aldeen, A. S. A Systematic
review on biomass treatment using microwave-assisted pyrolysis
under PRISMA guidelines. Molecules 28, 5551 (2023).

Selguk, A. A. A guide for systematic reviews: PRISMA. Turkish Arch.
Otorhinolaryngol. 57, 57 (2019).

Kurniawan, T. A. et al. Challenges and opportunities for biochar to
promote circular economy and carbon neutrality. J. Environ. Manag.
332, 117429 (2023).

Singh, G. et al. Biomass derived porous carbon for CO2 capture.
Carbon148, 164-186 (2019).

Seow, Y. X. et al. A review on biochar production from different
biomass wastes by recent carbonization technologies and its
sustainable applications. J. Environ. Chem. Eng. 10, 107017 (2022).
Jung, S., Park, Y.-K. & Kwon, E. E. Strategic use of biochar for CO2
capture and sequestration. J. CO2 Util. 32, 128-139 (2019).
Hansen, V. et al. Gasification biochar as a valuable by-product for
carbon sequestration and soil amendment. Biomass Bioenergy 72,
300-308 (2015).

Jiang, Z. et al. Microwave-assisted pyrolysis-a new way for the
sustainable recycling and upgrading of plastic and biomass: a
review. ChemSusChem 17, €202400129 (2024).

Li, M. et al. Microwave-assisted pyrolysis of eucalyptus wood with
MoO83 and different nitrogen sources for coproducing nitrogen-rich
bio-oil and char. J. Anal. Appl. Pyrolysis 167, 105666 (2022).

Cai, W. et al. Synergetic effects in the co-pyrolysis of lignocellulosic
biomass and plastic waste for renewable fuels and chemicals. Fuel
353, 129210 (2023).

Rathnayake, D. et al. Investigation of biomass and agricultural
plastic co-pyrolysis: effect on biochar yield and properties. J. Anal.
Appl. Pyrolysis 165, 105029 (2021).

Wang, Z. et al. Plastic regulates its co-pyrolysis process with
biomass: Influencing factors, model calculations, and mechanisms.
Front. Ecol. Evol. 10, 964936 (2022).

Wang, B. et al. Enhancement of aromatics and syngas production by
co-pyrolysis of biomass and plastic waste using biochar-based
catalysts in microwave field. Energy 293, 130711 (2024).

Deng, J. et al. Co-pyrolysis of biomass and plastic waste into carbon
materials with environmental applications: a critical review. Green.
Chem. https://doi.org/10.1039/D4GC04842C (2025).
Ayala-Cortés, A. et al. Solar integrated hydrothermal processes: a
review. Renew. Sustain. Energy Rev. 139, 110575 (2021).

Ho, T. T.-T., Nadeem, A. & Choe, K. A review of upscaling
hydrothermal carbonization. Energies 17, 1918 (2024).
Parthasarathy, P., Al-Ansari, T., Mackey, H. R., Sheeba Narayanan,
K. & McKay, G. A review on prominent animal and municipal wastes
as potential feedstocks for solar pyrolysis for biochar production.
Fuel 316, 123378 (2022).

Amjed, M. A., Sobic, F., Romano, M. C., Faravelli, T. & Binotti, M.
Techno-economic analysis of a solar-driven biomass pyrolysis plant

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

for bio-oil and biochar production. Sustain. Energy Fuels 8,
4243-4262 (2024).

Zhang, Z., Zhu, Z., Shen, B. & Liu, L. Insights into biochar and
hydrochar production and applications: a review. Energy 171,
581-598 (2019).

Panwar, N. L. & Pawar, A. Influence of activation conditions on the
physicochemical properties of activated biochar: a review. Biomass
Convers. Biorefinery 12, 925-947 (2022).

Jayakumar, M. et al. Comprehensive review on lignocellulosic
biomass derived biochar production, characterization, utilization
and applications. Chemosphere 345, 140515 (2023).

Liu, Z., Tang, J., Ren, X. & Schaeffer, S. M. Effects of phosphorus
modified nZVI-biochar composite on emission of greenhouse gases
and changes of microbial community in soil. Environ. Pollut. 274,
116483 (2021).

Xi, M. et al. Synergizing carbon sequestration mechanisms during
the remediation of Cr(Vl) by nano zero-valent iron loaded biochar
(nZVI-BC). J. Environ. Chem. Eng. 12, 114781 (2024).

Wang, Y., Wang, H., He, J.-S. & Feng, X. Iron-mediated soil carbon
response to water-table decline in an alpine wetland. Nat. Commun.
8, 15972 (2017).

Wei, J. et al. Assessing the effect of pyrolysis temperature on the
molecular properties and copper sorption capacity of a halophyte
biochar. Environ. Pollut. 251, 56-65 (2019).

Keiluweit, M., Nico, P. S., Johnson, M. G. & Kleber, M. Dynamic
molecular structure of plant biomass-derived black carbon (biochar).
Environ. Sci. Technol. 44, 1247-1253 (2010).

Chen, C. et al. Simulation and optimization of co-pyrolysis biochar
using data enhanced interpretable machine learning and particle
swarm algorithm. Biomass Bioenergy 182, 107111 (2024).

Nguyen, V. G. et al. Machine learning for the management of biochar
yield and properties of biomass sources for sustainable energy.
Biofuels Bioprod. Bioref. 18, 567-593 (2024).

Tee, J. X., Selvarajoo, A. & Arumugasamy, S. K. Prediction of carbon
sequestration of biochar produced from biomass pyrolysis by
artificial neural network. J. Environ. Chem. Eng. 10, 107640 (2022).
Li, Y. et al. Machine learning-assisted life cycle assessment of
biochar soil application. J. Clean. Prod. 498, 145109 (2025).
Omondi, M. O. et al. Quantification of biochar effects on soil
hydrological properties using meta-analysis of literature data.
Geoderma 274, 28-34 (2016).

Liu, Z. et al. Greater microbial carbon use efficiency and carbon
sequestration in soils: amendment of biochar versus crop straws.
GCB Bioenergy 12, 1092-1103 (2020).

Azzi, E. S., Karltun, E. & Sundberg, C. Life cycle assessment of urban
uses of biochar and case study in Uppsala, Sweden. Biochar 4, 18
(2022).

Malghani, S., Gleixner, G. & Trumbore, S. E. Chars produced by slow
pyrolysis and hydrothermal carbonization vary in carbon
sequestration potential and greenhouse gases emissions. Soil Biol.
Biochem. 62, 137-146 (2013).

Fang, Y., Singh, B. & Singh, B. P. Effect of temperature on biochar
priming effects and its stability in soils. Soil Biol. Biochem. 80,
136-145 (2015).

He, Y. et al. Effects of biochar application on soil greenhouse gas
fluxes: a meta-analysis. GCB Bioenergy 9, 743-755 (2017).
Brassard, P., Godbout, S. & Raghavan, V. Soil biochar amendment
as a climate change mitigation tool: key parameters and
mechanisms involved. J. Environ. Manag. 181, 484-497 (2016).

Li, B. et al. Global integrative meta-analysis of the responses in soil
organic carbon stock to biochar amendment. J. Environ. Manag.
351, 119745 (2024).

Sheng, Y., Zhan, Y. &Zhu, L. Reduced carbon sequestration potential of
biochar in acidic soil. Sci. Total Environ. 572, 129-137 (2016).

npj Materials Sustainability | (2025)3:26

23


https://doi.org/10.1039/D4GC04842C
https://doi.org/10.1039/D4GC04842C
www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00066-8

Review

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Windeatt, J. H. et al. Characteristics of biochars from crop residues:
potential for carbon sequestration and soil amendment. J. Environ.
Manag. 146, 189-197 (2014).

He, H. et al. Microbially driven iron cycling facilitates organic carbon
accrual in decadal biochar-amended soil. Environ. Sci. Technol. 58,
12430-12440 (2024).

Cao, Y. et al. Mitigating the global warming potential of rice paddy
fields by straw and straw-derived biochar amendments. Geoderma
396, 115081 (2021).

Lin, X. W. et al. Effects of biochar application on greenhouse gas
emissions, carbon sequestration and crop growth in coastal saline
soil. Eur. J. Soil Sci. 66, 329-338 (2015).

Yang, W. et al. Effects of biochar and nitrogen fertilizer on microbial
communities, CO2 emissions, and organic carbon content in soil.
Sci. Rep. 15, 9789 (2025).

Yin, J. et al. Evaluation of long-term carbon sequestration of biochar
in soil with biogeochemical field model. Sci. Total Environ. 822,
153576 (2022).

Lefebvre, D. et al. Modelling the potential for soil carbon
sequestration using biochar from sugarcane residues in Brazil. Sci.
Rep. 10, 19479 (2020).

Bu, F. et al. Meta-analysis for quantifying carbon sequestration and
greenhouse gas emission in paddy soils one year after biochar
application. Agronomy 12, 3065 (2022).

Liu, S. et al. Response of soil carbon dioxide fluxes, soil organic
carbon and microbial biomass carbon to biochar amendment: a
meta-analysis. GCB Bioenergy 8, 392-406 (2016).

Chagas, J. K. M., de Figueiredo, C. C. & Ramos, M. L. G. Biochar
increases soil carbon pools: evidence from a global meta-analysis. J.
Environ. Manag. 305, 114403 (2022).

Yang, J. et al. Effects of straw biochar on microbial-derived carbon: a
global meta-analysis. J. Environ. Manag. 368, 122233 (2024).

Li, Y. et al. Effects of biochar application in forest ecosystems on soil
properties and greenhouse gas emissions: a review. J. Soils
Sediment. 18, 546-563 (2018).

Tomczyk, A., Sokotowska, Z. & Boguta, P. Biochar physicochemical
properties: pyrolysis temperature and feedstock kind effects. Rev.
Environ. Sci. Bio/Technol. 19, 191-215 (2020).

Yoo, G. & Kang, H. Effects of biochar addition on greenhouse gas
emissions and microbial responses in a short-term laboratory
experiment. J. Environ. Qual. 41, 1193-1202 (2012).

Wau, D. et al. Effect of biochar origin and soil pH on greenhouse gas
emissions from sandy and clay soils. Appl. Soil Ecol. 129, 121-127
(2018).

Zheng, T., Zhang, J., Tang, C., Liao, K. & Guo, L. Positive and
negative priming effects in an Ultisol in relation to aggregate size
class and biochar level. Soil Tillage Res. 208, 104874 (2021).

Yang, Y., Sun, K., Liu, J., Chen, Y. & Han, L. Changes in soil properties
and CO2 emissions after biochar addition: role of pyrolysis temperature
and aging. Sci. Total Environ. 839, 156333 (2022).

Han, L. et al. Quantifying the negative effects of dissolved organic
carbon of maize straw-derived biochar on its carbon sequestration
potential in a paddy soil. Soil Biol. Biochem. 196, 109500 (2024).
Zheng, X. et al. Biogas residue biochar shifted bacterial community,
mineralization, and molecular structure of organic carbon in a sandy
loam Alfisol. GCB Bioenergy 13, 838-848 (2021).

Wang, J., Xiong, Z., Yan, X. & Kuzyakov, Y. Carbon budget by
priming in a biochar-amended soil. Eur. J. Soil Biol. 76,26-34 (2016).
Wang, L. et al. Biochar aging: mechanisms, physicochemical
changes, assessment, and implications for field applications.
Environ. Sci. Technol. 54, 14797-14814 (2020).

Pan, Y., Yin, Y., Sharma, P., Zhu, S. & Shang, J. Field aging slows
down biochar-mediated soil carbon dioxide emissions. J. Environ.
Manag. 370, 122811 (2024).

94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Zeba, N., Berry, T. D., Panke-Buisse, K. & Whitman, T. Effects of
physical, chemical, and biological ageing on the mineralization of
pine wood biochar by a Streptomyces isolate. PLoS ONE 17, 1-18
(2022).

Apostolovi¢, T. et al. Impact of biochar aging on soil
physicochemical properties. Agronomy 14, 3007 (2024).

Yang, Y. et al. Biochar stability and impact on soil organic carbon
mineralization depend on biochar processing, aging and soil clay
content. Soil Biol. Biochem. 169, 108657 (2022).

Ojeda, G. et al. Biochar ageing effects on soil respiration, biochar
wettability and gaseous CO2 adsorption. Mitig. Adapt. Strateg.
Glob. Chang. 29, 11 (2024).

Zhao, R., Coles, N. & Wu, J. Carbon mineralization following
additions of fresh and aged biochar to an infertile soil. Catena 125,
183-189 (2015).

Li, X., Wang, T., Chang, S. X., Jiang, X. & Song, Y. Biochar increases
soil microbial biomass but has variable effects on microbial diversity:
a meta-analysis. Sci. Total Environ. 749, 141593 (2020).

Liu, Z. et al. The responses of soil organic carbon mineralization and
microbial communities to fresh and aged biochar soil amendments.
GCB Bioenergy 11, 1408-1420 (2019).

Jin, Z. et al. Dynamics of soil organic carbon mineralization and
enzyme activities after two months and six years of biochar addition.
Biomass Convers. Biorefinery 13, 1153-1162 (2023).

Murray, J., Keith, A. & Singh, B. The stability of low- and high-ash
biochars in acidic soils of contrasting mineralogy. Soil Biol.
Biochem. 89, 217-225 (2015).

Sigua, G. C. et al. Carbon mineralization in two ultisols amended with
different sources and particle sizes of pyrolyzed biochar.
Chemosphere 103, 313-321 (2014).

Arwenyo, B. et al. Contribution of modified P-enriched biochar on pH
buffering capacity of acidic soil. J. Environ. Manag. 339, 117863
(2023).

Bi, Y. et al. Structural and microbial evidence for different soil carbon
sequestration after four-year successive biochar application in two
different paddy soils. Chemosphere 254, 126881 (2020).

Xu, H. et al. Effects of biochar application on crop productivity, soil
carbon sequestration, and global warming potential controlled by
biochar C:N ratio and soil pH: a global meta-analysis. Soil Tillage
Res. 213, 105125 (2021).

Zhang, N. et al. The potential of biochar to mitigate soil acidification:
a global meta-analysis. Biochar 7, 49 (2025).

He, M. et al. A critical review on performance indicators for
evaluating soil biota and soil health of biochar-amended soils. J.
Hazard. Mater. 414, 125378 (2021).

Igalavithana, A. D. et al. The effects of biochar amendment on soil
fertility. in Agricultural and Environmental Applications of Biochar:
Advances and Barriers 123-144. https://doi.org/10.2136/
sssaspecpub63.2014.0040 (John Wiley & Sons, Ltd, 2016).
Alkharabsheh, H. M. et al. Biochar and its broad impacts in soil
quality and fertility, nutrient leaching and crop productivity: a review.
Agronomy 11, 993 (2021).

Agegnehu, G., Srivastava, A. K. & Bird, M. . The role of biochar and
biochar-compost in improving soil quality and crop performance: A
review. Appl. Soil Ecol. 119, 156-170 (2017).

Khan, S. et al. Biochar production and characteristics, its impacts on
soil health, crop production, and yield enhancement: areview. Plants
13, 166 (2024).

Wu, J. et al. Enhancing soil aggregate stability and organic carbonin
northwestern China through straw, biochar, and nitrogen
supplementation. Agronomy 14, 899 (2024).

Amoakwah, E. et al. Biochar amendment impacts on microbial
community structures and biological and enzyme activities in a
weathered tropical sandy loam. Appl. Soil Ecol. 172, 104364 (2022).

npj Materials Sustainability | (2025)3:26

24


https://doi.org/10.2136/sssaspecpub63.2014.0040
https://doi.org/10.2136/sssaspecpub63.2014.0040
https://doi.org/10.2136/sssaspecpub63.2014.0040
www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00066-8

Review

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Zhou, H. et al. Changes in microbial biomass and the metabolic
quotient with biochar addition to agricultural soils: a meta-analysis.
Agric. Ecosyst. Environ. 239, 80-89 (2017).

Joseph, S. et al. How biochar works, and when it doesn’t: a review of
mechanisms controlling soil and plant responses to biochar. GCB
Bioenergy 13, 1731-1764 (2021).

Geng, N. et al. Biochar mitigation of soil acidification and carbon
sequestration is influenced by materials and temperature.
Ecotoxicol. Environ. Saf. 232, 113241 (2022).

Singh, C., Tiwari, S., Gupta, V. K. &Singh, J. S. The effect of rice husk
biochar on soil nutrient status, microbial biomass and paddy
productivity of nutrient poor agriculture soils. CATENA 171, 485-493
(2018).

Saquing, J. M., Yu, Y.-H. & Chiu, P. C. Wood-derived black carbon
(biochar) as a microbial electron donor and acceptor. Environ. Sci.
Technol. Lett. 3, 62-66 (2016).

Joseph, S. et al. The electrochemical properties of biochars and how
they affect soil redox properties and processes. Agronomy 5,
322-340 (2015).

Yuan, Y. et al. Applications of biochar in redox-mediated reactions.
Bioresour. Technol. 246, 271-281 (2017).

Yuan, J., Wen, Y., Dionysiou, D. D., Sharma, V. K. & Ma, X. Biochar as
a novel carbon-negative electron source and mediator: electron
exchange capacity (EEC) and environmentally persistent free
radicals (EPFRs): a review. Chem. Eng. J. 429, 132313 (2022).
Prévoteau, A., Ronsse, F., Cid, |., Boeckx, P. & Rabaey, K. The
electron donating capacity of biochar is dramatically
underestimated. Sci. Rep. 6, 32870 (2016).

Yu, L., Wang, Y., Yuan, Y., Tang, J. & Zhou, S. Biochar as electron
acceptor for microbial extracellular respiration. Geomicrobiol. J. 33,
530-536 (2016).

Aeschbacher, M., Sander, M. & Schwarzenbach, R. P. Novel
electrochemical approach to assess the redox properties of humic
substances. Environ. Sci. Technol. 44, 87-93 (2010).

Kayoumu, M., Wang, H. & Duan, G. Interactions between microbial
extracellular polymeric substances and biochar, and their potential
applications: a review. Biochar 7, 62 (2025).

Jyrinki, V. Impact of biochars on microbial biomass carbon and soil
respiration in forest soils. For. Ecol. Manage. Available at: https://
helda.helsinki.fi/handle/10138/349926 (2022).

Xia, H. et al. Assessing the difference of biochar and aged biochar to
improve soil fertility and cabbage (Brassica oleracea var. capitata)
productivity. J. Soils Sediment. 23, 606-618 (2023).

delaRosa, J. M., Rosado, M., Paneque, M., Miller, A. Z. & Knicker, H.
Effects of aging under field conditions on biochar structure and
composition: implications for biochar stability in soils. Sci. Total
Environ. 613-614, 969-976 (2018).

Kumar, A. et al. Biochar aging in contaminated soil promotes Zn
immobilization due to changes in biochar surface structural and
chemical propetties. Sci. Total Environ. 626, 953-961 (2018).

Aller, D. et al. Biochar age and crop rotation impacts on soil quality.
Soil Sci. Soc. Am. J. 81, 1157-1167 (2017).

Futa, B., Oleszczuk, P., Andruszczak, S., Kwiecinska-Poppe, E. &
Kraska, P. Effect of natural aging of biochar on soil enzymatic activity
and physicochemical properties in long-term field experiment.
Agronomy 10, 449 (2020).

Nguyen, T. T. N. et al. The effects of short term, long term and
reapplication of biochar on soil bacteria. Sci. Total Environ. 636,
142-151 (2018).

Cheng, H. et al. Effects of field-aging on the impact of biochar on
herbicide fate and microbial community structure in the soil
environment. Chemosphere 348, 140682 (2024).

Zhang, Y. et al. Biochar aged for five years altered carbon fractions
and enzyme activities of sandy soil. Land 12, 1645 (2023).

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

158.

154.

155.

Kapoor, A., Sharma, R., Kumar, A., & Sepehya, S. Biochar as a
means to improve soil fertility and crop productivity: areview. J. Plant
Nutr. 45, 2380-2388 (2022).

Murtaza, G. et al. Biochar induced modifications in soil properties
and its impacts on crop growth and production. J. Plant Nutr. 44,
1677-1691 (2021).

Zhang, X. et al. Biochar addition stabilized soil carbon sequestration
by reducing temperature sensitivity of mineralization and altering the
microbial community in a greenhouse vegetable field. J. Environ.
Manag. 313, 114972 (2022).

Zhang, G. et al. The effects of different biochars on microbial
quantity, microbial community shift, enzyme activity, and
biodegradation of polycyclic aromatic hydrocarbons in soil.
Geoderma 328, 100-108 (2018).

Massaccesi, L. et al. Short-term effects of biochar and compost on
soil microbial community, C and N cycling, and lettuce (Lactuca
sativa L.) yield in a Mediterranean environment. Appl. Soil Ecol. 199,
105411 (2024).

Pan, S.-Y. et al. The role of biochar in regulating the carbon,
phosphorus, and nitrogen cycles exemplified by soil systems.
Sustainability 13, 5612 (2021).

Anderson, C. R. et al. Biochar induced soil microbial community
change: Implications for biogeochemical cycling of carbon, nitrogen
and phosphorus. Pedobiologia54, 309-320 (2011).

Sandhu, S., Sekaran, U., Ozlu, E., Hoilett, N. O. & Kumar, S. Short-
term impacts of biochar and manure application on soil labile carbon
fractions, enzyme activity, and microbial community structure.
Biochar 1, 271-282 (2019).

Demisie, W., Liu, Z. & Zhang, M. Effect of biochar on carbon
fractions and enzyme activity of red soil. CATENA 121, 214-221
(2014).

Chen, J. et al. Change in active microbial community structure,
abundance and carbon cycling in an acid rice paddy soil with the
addition of biochar. Eur. J. Soil Sci. 67, 857-867 (2016).

Feng, J. et al. Trade-offs in carbon-degrading enzyme activities limit
long-term soil carbon sequestration with biochar addition. Biol. Rev.
98, 1184-1199 (2023).

Xu, W. et al. Global meta-analysis reveals positive effects of biochar
on soil microbial diversity. Geoderma 436, 116528 (2023).

Zheng, J. et al. Biochar decreased microbial metabolic quotient and
shifted community composition four years after a single
incorporation in a slightly acid rice paddy from southwest China. Sci.
Total Environ. 571, 206-217 (2016).

Song, D. et al. Soil nutrient and microbial activity responses to two
years after maize straw biochar application in a calcareous soil.
Ecotoxicol. Environ. Saf. 180, 348-356 (2019).

Akmal, M. et al. Integrated use of biochar and compost to improve
soil microbial activity, nutrient availability, and plant growth in arid
soil. Arab. J. Geosci. 12, 232 (2019).

Li, S. & Tasnady, D. Biochar for soil carbon sequestration: current
knowledge, mechanisms, and future perspectives. C. 9, 67 (2023).
Mosharrof, M. et al. Changes in acidic soil chemical properties and
carbon dioxide emission due to biochar and lime treatments.
Agriculture 11, 219 (2021).

Rasul, M., Cho, J., Shin, H.-S. & Hur, J. Biochar-induced priming
effects in soil via modifying the status of soil organic matter and
microflora: a review. Sci. Total Environ. 805, 150304 (2022).

Wang, Y., Liu, C. & Wang, W. Response mechanisms of agricultural
soil biochemical properties and CO2 emissions to field application of
modified biochar. J. Soils Sediment. 24, 1194-1205 (2024).

Luo, L. & Gu, J.-D. Alteration of extracellular enzyme activity and
microbial abundance by biochar addition: implication for carbon
sequestration in subtropical mangrove sediment. J. Environ. Manag.
182, 29-36 (2016).

npj Materials Sustainability | (2025)3:26

25


https://helda.helsinki.fi/handle/10138/349926
https://helda.helsinki.fi/handle/10138/349926
https://helda.helsinki.fi/handle/10138/349926
www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00066-8

Review

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Zhang, Q. et al. Mitigation of carbon dioxide by accelerated
sequestration from long-term biochar amended paddy soil. Soil
Tillage Res. 209, 104955 (2021).

Greco, G., Videgain, M., Di Stasi, C., Pires, E. & Manya, J. J.
Importance of pyrolysis temperature and pressure in the
concentration of polycyclic aromatic hydrocarbons in wood waste-
derived biochars. J. Anal. Appl. Pyrolysis 169, 105337 (2021).
Leng, L. & Huang, H. An overview of the effect of pyrolysis process
parameters on biochar stability. Bioresour. Technol. 270, 627-642 (2018).
Wang, J., Xiong, Z. & Kuzyakov, Y. Biochar stability in soil: meta-
analysis of decomposition and priming effects. GCB Bioenergy 8,
512-523 (2016).

Mukherjee, A. & Lal, R. Biochar Impacts on soil physical properties
and greenhouse gas emissions. Agronomy 3, 313-339 (2013).
Zimmerman, A. R., Gao, B. & Ahn, M.-Y. Positive and negative
carbon mineralization priming effects among a variety of biochar-
amended soils. Soil Biol. Biochem. 43, 1169-1179 (2011).

Liu, Y. et al. Negative priming effect of three kinds of biochar on the
mineralization of native soil organic carbon. L. Degrad. \ Dev. 29,
3985-3994 (2018).

Wang, Q. et al. Responses of soil respiration and C sequestration
efficiency to biochar amendment in maize field of Northeast China.
Soil Tillage Res. 223, 105442 (2022).

Jing, H. et al. The effects of nitrogen addition on soil organic carbon
decomposition and microbial C-degradation functional genes
abundance in a Pinus tabulaeformis forest. Ecol. Manag. 489,
119098 (2021).

Zhang, Y. et al. Effects of microplastics on soil carbon dioxide
emissions and the microbial functional genes involved in organic
carbon decomposition in agricultural soil. Sci. Total Environ. 806,
150714 (2022).

Mona, S. et al. Towards sustainable agriculture with carbon
sequestration, and greenhouse gas mitigation using algal biochar.
Chemosphere 275, 129856 (2021).

Matustik, J., Hnatkova, T. & Kodi, V. Life cycle assessment of
biochar-to-soil systems: a review. J. Clean. Prod. 259, 120998
(2020).

Roberts, K. G., Gloy, B. A., Joseph, S., Scott, N. R. & Lehmann, J. Life
cycle assessment of biochar systems: estimating the energetic,
economic, and climate change potential. Environ. Sci. Technol. 44,
827-833 (2010).

Azzi, E. S., Karltun, E. & Sundberg, C. Prospective life cycle
assessment of large-scale biochar production and use for negative
emissions in stockholm. Environ. Sci. Technol. 53, 8466-8476
(2019).

Xia, F., Zhang, Z., Zhang, Q., Huang, H. & Zhao, X. Life cycle
assessment of greenhouse gas emissions for various feedstocks-
based biochars as soil amendment. Sci. Total Environ. 911, 168734
(2024).

Matustik, J., Pohotely, M. & Ko¢i, V. Is application of biochar to
soil really carbon negative? The effect of methodological
decisions in Life Cycle Assessment. Sci. Total Environ. 807,
151058 (2022).

Adam, M. G., Tran, P. T. M., Bolan, N. & Balasubramanian, R.
Biomass burning-derived airborne particulate matter in Southeast
Asia: a critical review. J. Hazard. Mater. 407, 124760 (2021).
Mohan, D. et al. Biochar production and applications in soil fertility
and carbon sequestration —a sustainable solution to crop-residue
burning in India. RSC Adv. 8, 508-520 (2018).

Sahoo, K. et al. Life-cycle assessment and techno-economic
analysis of biochar produced from forest residues using portable
systems. Int. J. Life Cycle Assess. 26, 189-213 (2021).

Gievers, F.,Loewen, A. &Nelles, M. Life cycle assessment of sewage
sludge pyrolysis: environmental impacts of biochar as carbon
sequestrator and nutrient recycler. Detritus 16, 31025 (2021).

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Majumder, S., Neogi, S., Dutta, T., Powel, M. A. & Banik, P. The
impact of biochar on soil carbon sequestration: meta-analytical
approach to evaluating environmental and economic advantages. J.
Environ. Manag. 250, 109466 (2019).

Somboon, S. et al. Mitigating methane emissions and global warming
potential while increasing rice yield using biochar derived from leftover
rice straw in a tropical paddy soil. Sci. Rep. 14, 8706 (2024).

Stewart, C. E., Zheng, J., Botte, J. & Cotrufo, M. F. Co-generated fast
pyrolysis biochar mitigates green-house gas emissions and
increases carbon sequestration in temperate soils. GCB Bioenergy
5, 153-164 (2013).

Wu, W. et al. Chemical characterization of rice straw-derived
biochar for soil amendment. Biomass bioenergy 47, 268-276
(2012).

Sun, J. et al. Biochar and nitrogen fertilizer promote rice yield by
altering soil enzyme activity and microbial community structure.
GCB Bioenergy 14, 1266-1280 (2022).

Naisse, C. et al. Effect of physical weathering on the carbon
sequestration potential of biochars and hydrochars in soil. GCB
Bioenergy 7, 488-496 (2015).

Malghani, S. et al. Carbon sequestration potential of hydrothermal
carbonization char (hydrochar) in two contrasting soils; results of a
1-year field study. Biol. Fertil. Soils 51, 123-134 (2015).

Zhang, H., Voroney, R. P. & Price, G. W. Effects of temperature and
processing conditions on biochar chemical properties and their
influence on soil C and N transformations. Soil Biol. Biochem. 83,
19-28 (2015).

Yousaf, B. etal. Investigating the biochar effects on C-mineralization
and sequestration of carbon in soil compared with conventional
amendments using the stable isotope (613C) approach. GCB
Bioenergy 9, 1085-1099 (2017).

Yu, X. et al. Effects of Combined Peanut Shell and Biochar
Application on Soil Nutrient Content, CO2 Emission, and Bacterial
Community in Dryland Red Soil of Southern China. J. Soil Sci. Plant
Nutr. 24, 219-230 (2024).

Zhang, P. et al. Effects of organic fertilizer and biochar on carbon
release and microbial communities in saline-alkaline soil. Agronomy
14, 1967 (2024).

Hamad, A. A. A, Ni, L., Shaghaleh, H., Elsadek, E. & Hamoud, Y. A.
Effect of carbon content in wheat straw biochar on N20 and CO2
emissions and Pakchoi productivity under different soil moisture
conditions. Sustainability 15, 5100 (2023).

Sapkota, S. et al. Greenhouse gas mitigation and soil carbon
stabilization potential of forest biochar varied with biochar type and
characteristics. Sci. Total Environ. 931, 172942 (2024).
Senbayram, M. et al. Effect of biochar origin and soil type on the
greenhouse gas emission and the bacterial community structurein N
fertilised acidic sandy and alkaline clay soil. Sci. Total Environ. 660,
69-79 (2019).

Yeboah, S., Lamptey, S., Cai, L. & Song, M. Short-term effects of biochar
amendment on greenhouse gas emissions from rainfed agricultural soils
of the semi-arid loess plateau region. Agronomy 8, 74 (2018).

Moreno, J. L. et al. Response of soil chemical properties, enzyme
activities and microbial communities to biochar application and
climate change in a Mediterranean agroecosystem. Geoderma 407,
115536 (2022).

Statista. Average carbon dioxide (CO,) levels in the atmosphere
worldwide from 1959 to 2023. https://www.statista.com/statistics/
1091926/atmospheric-concentration-of-co2-historic/ (2024).
Statista. Distribution of carbon dioxide emissions worldwide in 2022,
by select country. https://www.statista.com/statistics/271748/the-
largest-emitters-of-co2-in-the-world/ (2023).

Alonso, D. M., Wettstein, S. G. & Dumesic, J. A. Bimetallic catalysts
for upgrading of biomass to fuels and chemicals. Chem. Soc. Rev.
41, 8075-8098 (2012).

npj Materials Sustainability | (2025)3:26

26


https://www.statista.com/statistics/1091926/atmospheric-concentration-of-co2-historic/
https://www.statista.com/statistics/1091926/atmospheric-concentration-of-co2-historic/
https://www.statista.com/statistics/1091926/atmospheric-concentration-of-co2-historic/
https://www.statista.com/statistics/271748/the-largest-emitters-of-co2-in-the-world/
https://www.statista.com/statistics/271748/the-largest-emitters-of-co2-in-the-world/
https://www.statista.com/statistics/271748/the-largest-emitters-of-co2-in-the-world/
www.nature.com/npjmatsustain

https://doi.org/10.1038/s44296-025-00066-8

Review

195. Liu, W.-J., Jiang, H. & Yu, H.-Q. Development of biochar-based
functional materials: toward a sustainable platform carbon material.
Chem. Rev. 115, 12251-12285 (2015).

Acknowledgements

We are grateful to Keppel Care Foundation (Singapore) for the generous
support (E-462-66-0045-04) of sustainability-related research with the
award of Keppel Professorship to R.B.

Author contributions

B.K.B.'s contributions include Conceptualization, Investigation,
Methodology, Writing—original draft, and Writing—review & editing. R.B.'s
contributions include Conceptualization, Funding acquisition, Supervision,
Writing—review & editing.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s44296-025-00066-8.

Correspondence and requests for materials should be addressed to
Rajasekhar Balasubramanian.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

npj Materials Sustainability | (2025)3:26

27


https://doi.org/10.1038/s44296-025-00066-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjmatsustain

	Use of biomass-derived biochar as a sustainable material for carbon sequestration in soil: recent advancements and future perspectives
	Literature Trends
	Biochar production and characterization
	Impact of biochar application in soil on carbon sequestration
	Impact of biochar and soil properties on carbon sequestration
	Impact of biochar on soil health and fertility
	Impact of biochar on soil microbial communities and enzymes
	Potential mechanisms of biochar-based carbon sequestration in soil
	Sustainability aspects of biochar amendment in soil for carbon sequestration
	Conclusions and future perspectives
	Future perspectives

	Data availability
	Code availability
	List of abbreviations
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




