A short note on the role of Biochar in carbon sequestration and soil physical, chemical and

biological properties

Abstract

Biochar, a stable, carbon-rich material derived from the pyrolysis of erganic matter under limited
oxygen conditions, has emerged as a sustainable solution for addressing climate change and
enhancing soil health. This study explores the multifaceted:.role. of biochar in carbon
sequestration and its impact on soil physical, chemical, and biological properties. The unique
structural and chemical characteristics of biochar enable it to store carbon for centuries,
effectively mitigating greenhouse gas emissions and contributingto a negative carbon footprint.
Additionally, biochar alters soil physical properties by. improving porosity, aeration, and water
retention, which enhances root growth and soil resilience against erosion and extreme weather
conditions.Chemically, biochar enhances soil fertility through its high cation exchange capacity
and alkaline nature. It retains essential nutrients, prevents leaching, and ameliorates soil acidity,
creating a favorable environment for plant growth. Biologically, biochar supports microbial
diversity and activity by providing a habitat for beneficial microorganisms such as nitrogen-
fixing bacteria and. mycorrhizal fungi. Despite its numerous benefits, the effectiveness of biochar
is influenced by factors such as feedstock type, production conditions, and soil characteristics.
Challenges.such.as economic feasibility, potential nutrient imbalances, and environmental trade-
offs must be addressed to optimize its application. Future research should focus on tailoring
biochar properties.to specific soil and crop needs, scaling up production, and integrating biochar
into sustainable land management practices.By sequestering carbon and enhancing soil
properties, it offers a scalable solution for building resilient agricultural systems and achieving

environmental sustainability.
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Introduction



Biochar, a carbon-rich material produced through the pyrolysis of organic matter under oxygen-
limited conditions (Luo et al., 2023) and at relatively low temperatures (<700°C), has emerged as
a versatile and sustainable solution to contemporary environmental challenges(Yadav et al.,
2017). With a unique combination of physical, chemical, and biological properties, biochar has
the potential to address critical issues such as climate change, soil degradation, and agricultural
sustainability. The uses of biochar fall into four main categories: climate change mitigation, soil
conditioning, waste management, and energy (MasSek., 2013). The rising® concentration of
greenhouse gases in the atmosphere is the maine cause of global warming (Gupta et.al., 2020)
and it has intensified the urgency to develop effective strategies for. mitigating climate change.
Carbon sequestration is the long-term storage of carbon in soils, and.other reservoirs. It has
potential role in sustainable agricultural practices (Chagas et al., 2024). It is.a key component of
global efforts to reduce atmospheric carbon dioxide (CO,) levels(Wu et al., 2018). Biochar can
be use as a tool to sequestering Carbon in soil (Mukherjee and Lal., 2013). Biochar offers a
promising pathway for achieving this goal due-to its remarkable stability and resistance to
decomposition. Unlike traditional organic amendments, which decompose relatively quickly and
release CO; back into the atmosphere; biochar remains in the soil for centuries, effectively
locking away carbon and contributing to-a negative carbon footprint.Furthermore, biochar's
ability to adsorb heavy metals inorganic and organic pollutants makes it a valuable tool for soil
remediation (EIkhlif et al;; 2023). In addition to its role in carbon sequestration, biochar
significantly improve the soil physical, chemical, and biological properties (Layek et al., 2022).
creating a synergistic effect that benefits both the environment and agricultural productivity. Soil
is the foundation of terrestrial ecosystems, and its degradation poses a severe threat to food
security and biodiversity. Biochar enhance the yield potential of highly degraded soil (Lorenz &
Lal., 2014). The-application of biochar can restore degraded soils by improving their structure,
fertility, and. microbial activity(Mitchell et al., 2015, Agegnehu et al., 2017).From a physical
perspective, biochar improves soil porosity, aeration, and water retentionparticularly in sandy
and compacted soils. Chemically, biochar acts as a reservoir for essential nutrients due to its high
cation exchange capacity (CEC) and alkaline nature. It can retain nutrients that might otherwise
be lost to leaching, making them available for plant uptake over extended periods. The biological
benefits of biochar are equally significant. By providing a stable habitat for soil microorganisms,
biochar fosters microbial diversity and activity. Beneficial microbes, such as nitrogen-fixing



bacteria and mycorrhizal fungi, thrive in the presence of biochar, enhancing nutrient cycling and
plant growth. Despite these benefits, the use of biochar is not without challenges. Its
effectiveness varies depending on factors such as feedstock type, production conditions, and soil
characteristics. Its integration into sustainable land management practices offers a pathway to
enhancing agricultural resilience while contributing to global efforts to combat climate change. It
is reduces the decomposition of soil organic carbon (Yin et al., 2022). Biochar has gained
significant attention in recent years as a sustainable solution for mitigating climate
change(Shirzad et al., 2023) and enhancing soil health. Derived from the pyrolysis:of organic
materials in an oxygen-limited environment, biochar has a porous structure, a:high carbon
content, and a diverse range of physical and chemical properties that make it suitable for various

agricultural and environmental applications.

Role of Biochar in Carbon Sequestration

One of the primary benefits of biochar is its potential to sequester carbon(Sheng et al., 2016,
Nan et al., 2021). It is an eco-friendly approach for soil carbon sequestration (Sarfraz et al.,
2019). The C sequestration capability of biochar is depend on the solid carbon retention and the
stability of this carbon in biochar after pyrolysis (Nan et al., 2022). Biochar (BC) is regarded as
an important way of carbon sink .Unlike other‘forms of organic matter, biochar is highly stable
and resistant to microbial decomposition, allowing it to remain in the soil for hundreds to
thousands of years(Yadav et al., 2017, Rodrigues et al., 2023). The characteristics of biochar
depend on pyrolysis conditions viz. oxygen, highest temperature, pressure, heating period and
rate, etc(lgalavithana et al., 2017). Biochar is black carbon, but not all black carbon is biochar
(Spokas et al., 2012).The application of biochar to soils not only stores carbon but also reduces
emissions. of greenhouse gases such as methane (CH,) and nitrous oxide (Wang et al., 2023).
Studies have shown that biochar can suppress methane emissions from anaerobic soils by
enhancing oxygen diffusion and promoting the activity of methanotrophic bacteria. Similarly,
biochar reduces nitrous oxide emissions by altering soil microbial processes, such as nitrification
and denitrification, due to its high adsorption capacity and the modulation of soil
pH.Additionally, biochar production itself can contribute to climate change mitigation(Mekuria
& Noble., 2013, Lal., 2016). By converting biomass into a stable carbon form(Majumder et al.,
2019), biochar production reduces the amount of organic matter that would otherwise decompose



and release carbon dioxide (CO,) into the atmosphere. Moreover, the pyrolysis process can
generate bioenergy(Matovic., 2011), which serves as a renewable energy source and offsets
fossil fuel use.

Role of Biochar in Soil Physical Properties

1. Soil Structure

Biochar significantly enhances soil structure by modifying its aggregation.and stability. When
applied to soil, biochar interacts with soil particles such as sand, silt,/and clay, promoting the
formation of stable aggregates. It is positively influencing the aggregate formation (Mako et al.,
2020, Blanco-Canqui., 2017).This process improves soil aeration and root penetration, fostering
better plant growth. The porous nature of biochar also acts as a microhabitat for soil microbes,
whose activity further contributes to aggregate stability. Additionally, biochar’s resistance to
decomposition ensures that these structural benefits persist over time. Improved soil structure
also reduces the risks of compaction and erosion, leading to more sustainable land management

practices.
2. Water Retention

Water retention properties of the soil'was enhanced by the application of biochar(Glab et al.,
2016, Paneque et al.,.2016, Xiao et al., 2016). This is particularly beneficial in sandy soils
because biochar increased soil.water:retention (Aslam et al.,2014). By absorbing and holding
water within its structure, biochar reduces water percolation and evaporation losses. This can be
crucial in arid and semi-arid regions where water availability is a limiting factor. Moreover,
biochar’s ability to retain water ensures consistent moisture levels, supporting plant growth and
reducing Irrigation needs. It also enhances the soil’s capacity to withstand drought stress.

3. Soil Bulk Density

The incorporation of biochar into soil reduces its bulk densitybecause porosity of biochar is very
high (Mukherjee et al.,2013,Zhang et al.,2013, Glab et al.,2016). This reduction is particularly
useful in heavy clay soils, which are prone to compaction and poor drainage. A lower bulk

density improves soil aeration and root growth, enabling better nutrient uptake. Additionally,



reduced soil density minimizes the energy required for tillage, leading to lower operational costs
and reduced soil degradation.

4. Impact on Soil Porosity

Biochar increases soil porosity due to high porous nature of biochar (Mukherjee et al., (2013)
and Singh et at., (2022). This enhancement in porosity improves aeration, movement and
retention of nutrient as well as waterwithin the soil(Aslam et al., (2014). The interconnected
pore network also helps prevent waterlogging in poorly drained soils while:retaining. sufficient
moisture for plants. Enhanced porosity further facilitates nutrient retention and transport,
contributing to overall soil fertility.

5. Thermal Properties

Biochar influences the thermal properties of soil by altering its heat. conductivity and storage
capacity. Application of biochar reduced the thermal conductivity of soil as well as thermal
diffusivity (Zhao et al., 2016, Usowicz et al.,2016). Its dark color and porous nature help in
absorbing and retaining heat during the day, which can moderate soil temperature fluctuations.
This thermal buffering effect is particularly beneficial in colder climates, where warmer soils
promote early germination and root development. Additionally, biochar’s thermal properties may
protect soil microbial activity during extreme temperature changes, supporting a stable and
productive ecosystem.

Role of Biochar in Soil Chemical Properties
1. Soil pH

Biochar often exhibits an alkaline pH(Jemal & Yakob., 2021), making it an effective
amendment for acidic soils (Dai et al., 2017). Gonzaga et al., 2020 seen that the biochar was
increase the pH of soil. Generally, biochar can induce changes in soil pH, CEC, and
exchangeable Ca?*, K*, and Mg?* with the effectiveness and magnitude of change closely related
to the soil’s original properties (Hailegnaw et al., 2019).This pH adjustment improves nutrient

availability, reduces the solubility of toxic elements like aluminum, and enhances microbial



activity. By stabilizing soil pH, biochar creates a more favorable environment for plant growth
and nutrient cycling.

2. Cation Exchange Capacity (CEC)

The porous structure and high surface area of biochar contribute to its remarkable ability to
increase soil cation exchange capacity (CEC)(Fu., et al., 2016, Ennis et al., 2012). This means
that biochar can hold and exchange essential nutrients, such as potassium (K*), ealcium (Ca?*),
and ammonium (NH,"), making them more available to plants(Munera-Echeverri ey al., 2018).
The improvement in CEC also reduces nutrient leaching, particularly in sandy soils; ensuring
long-term soil fertility.

3. Nutrient Retention and Supply

Biochar acts as a reservoir for nutrients, adsorbing and retaining.them within its structure(Liu et
al., 2018). The biochar is composed of C,H, N'and also carries some of the other essential plant
elements such as K, Ca, Mg, Na (Elkhlif et al., 2023). Biochar’s ability to store nutrients
benefits crops by providing a consistent and slow-release source of essential elements. It
increases nitrogen retention in soil by reducing leaching and gaseous loss, and also increases
phosphorus availability by decreasing the leaching process in soil (Hossain et al.,
2020).Additionally, biochar.can enhance the efficiency of applied fertilizers by reducing nutrient
losses.

4. Organic Matter Stabilization

Biochar stabilizes:organic matter in soil (Dong et al., 2016)by reducing the decomposition rates
of labile carbon pools(Kimetu & Lehmann., 2010). This leads to increased soil organic carbon
levels over time, which is beneficial for soil fertility and structure. Biochar can actively promote
soil C storage by promoting aggregation and the physical stabilization of SOM(Wang et al.,
2017). The interaction of biochar with organic matter also supports the formation of humus, a
key component of healthy, fertile soils.

5. Heavy Metal Immobilization



Biochar has a high capacity for adsorbing heavy metals such as lead (Pb), cadmium (Cd), and
arsenic (As), thereby reducing their bioavailability in contaminated soils(Khan et al., 2020). The
increase in soil pH caused by adding biochar and apatite created more negative charge on the soil
surface that promoted Pb, Zn and Cd adsorption. Biochar mineral composites enhanced heavy
metals immobilization in soil (Wang et al., 2022). Its functional groups, such as carboxyl and
hydroxyl, bind these metals, preventing their uptake by plants and reducing toxicity risks. This
property makes biochar a valuable tool in soil remediation efforts.

6. Nutrient Leaching

Biochar has been widely reported to reduce nutrient leaching in agricultural systems (Gao &
Del.uca., 2016). The adsorption properties of biochar help retain nutrients like nitrate (NO3")
and ammonium (NH,*) in the soil(Alkharabsheh et al., 2021), preventing their leaching into
groundwater. This is particularly important in sandy soils and regions with high rainfall, where
nutrient losses can be substantial. Reduced leaching (Laird et al., 2010)not only improves

nutrient use efficiency but also minimizes environmental.pollution.

Soil Biological Properties

The biological properties of soil are profoundly improved by biochar application(Taheri et al.,
2024). By providing a_habitat for microerganisms(Gul et al., 2015, Kuryntseva et al., 2023),
biochar enhances microbial diversity and activity(Hossain et al., 2020). Its porous structure
offers refuge and colonization sites for beneficial microbes, including nitrogen-fixing bacteria
and mycorrhizal fungi, which are crucial for nutrient cycling and plant health.Biochar can
stimulate soil'microbial activity by serving as a source of labile carbon and by modifying soil pH
and. moisture content(Murtaza et al., 2021). Enhanced microbial activity (Zaheeret al.,
2021)promotes the decomposition of organic matter, nutrient mineralization, and the suppression
of soil-borne pathogens.In addition to benefiting microbial communities, biochar can directly
influence plant growth through its interactions with the rhizosphere. The improved nutrient
availability, reduced phytotoxicity, and enhanced water retention associated with biochar create
an optimal environment for root development and plant growth.

Conclusion



Biochar represents a promising tool for addressing the twin challenges of climate change and soil
degradation. Its ability to sequester carbon, improve soil physical, chemical, and biological
properties, and mitigate greenhouse gas emissions underscores its value as a sustainable soil
amendment. However, realizing its full potential requires overcoming technical, economic, and
logistical challenges through innovative research and policy support. By integrating biochar into
holistic land management strategies, we can create resilient agricultural systems and contribute

to a sustainable future.

Disclaimer (Artificial intelligence)
Option 1:

Author(s) hereby declare that NO generative Al technologies such as Large Language Models (ChatGPT,
COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this
manuscript.

References

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

2. Alkharabsheh, H. M., Seleiman, M. F., Battaglia, M. L., Shami, A., Jalal, R. S.,
Alhammad, B. A., Almutairi, K. F., & Al-Saif, A. M. (2021). Biochar and its broad
impacts in soil quality and fertility, nutrient leaching and crop productivity: A
review. Agronomy, 11(5), 993.

3. Aslam, Z., Khalid, M., & Aon, M. (2014). Impact of biochar on soil physical
properties. Scholarly Journal of Agricultural Science, 4(5), 280-284.



10.

11.

12.

13.

Blanco-Canqui, H. Biochar and soil physical properties. Soil Sci. Soc. Am. J. 2017, 81,
687-711.

Chagas, J. K. M., Nardoto, G. B., Madari, B. E., & de Figueiredo, C. C. (2024).
Seven-year effects of sewage sludge biochar on soil organic carbon pools and yield:
Understanding the role of biochar on carbon sequestration and productivity. Soil Use and
Management, 40(4), e70001.

Dai, Z., Zhang, X., Tang, C., Muhammad, N., Wu, J., Brookes, P. C., & Xu, J. (2017).
Potential role of biochars in decreasing soil acidification-a critical review. Science of the
Total Environment, 581, 601-611.

Dong, X., Guan, T., Li, G., Lin, Q., & Zhao, X. (2016). Long-term effects of biochar
amount on the content and composition of organic matter in soil aggregates under field
conditions. Journal of soils and sediments, 16, 1481-1497.

Elkhlifi, Z., Iftikhar, J., Sarraf, M., Ali, B., Saleem, M. H., Ibranshahib, I., Bispo, M.D.,
Meili, L., Ercisli, S., Kayabasi, E.T., Ansari, N.A., Hegedusova, A., & Chen, Z. (2023).
Potential role of biochar on capturing soil nutrients, carbon sequestration and managing
environmental challenges: a review. Sustainability, 15(3), 2527.

Ennis, C. J., Evans, A. G., Islam, M., Ralebitso-Senior, T. K., & Senior, E. (2012).
Biochar:  carbon sequestration, land remediation, and impacts on soil
microbiology. Critical Reviews in Environmental Science and Technology, 42(22), 2311-
2364.

Fu, Y.; Rong, M.; Yang, K.; Yang, A.; Wang, X.; Gao, Q.; Liu, D.; Murphy, A.B. (2016).
Calculated rate constants of the chemical reactions involving the main byproducts SO2F,
SOF2 , SO2F2 of SF6 decomposition in power equipment. J. Phys. D Appl. Phys. 2016,
49, 155502.

Gao, S., & Deluca, T. H. (2016). Influence of biochar on soil nutrient transformations,
nutrient leaching, and crop yield. Adv. Plants Agric. Res, 4(5), 1-16.

Glab, T., Palmowska, J., Zaleski, T., & Gondek, K. (2016). Effect of biochar application
on soil hydrological properties and physical quality of sandy soil. Geoderma, 281, 11-20.
Gul, S., Whalen, J. K., Thomas, B. W., Sachdeva, V., & Deng, H. (2015). Physico-
chemical properties and microbial responses in biochar-amended soils: mechanisms and

future directions. Agriculture, Ecosystems & Environment, 206, 46-59.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Gupta, D. K., Gupta, C. K., Dubey, R., Fagodiya, R. K., Sharma, G., Noor Mohamed, M.
B., Dev, R., & Shukla, A. K. (2020). Role of biochar in carbon sequestration and
greenhouse gas mitigation. Biochar applications in agriculture and environment
management, 141-165.

Hailegnaw, N. S., Mercl, F., Pracke, K., Szakova, J., & Tlustos, P. (2019). Mutual
relationships of biochar and soil pH, CEC, and exchangeable base cations in a model
laboratory experiment. Journal of Soils and Sediments, 19, 2405-2416.

Hossain, M. Z., Bahar, M. M., Sarkar, B., Donne, S. W., Ok, Y. S., Palansooriya, K. N.,
Kirkham, M. B., Chowdhury, S., & Bolan, N. (2020). Biochar and its importance on
nutrient dynamics in soil and plant. Biochar, 2, 379-420.

Igalavithana, A.D., Lee, S.-E., Lee, Y.H., Tsang, D.C., Rinklebe, J., Kwon, E.E., Ok,
Y.S. (2017). Heavy metal immobilization and microbial community abundance by
vegetable waste and pine cone biochar of agricultural soils.-.Chemosphere 2017, 174,
593-603.

Jemal, K., & Yakob, A. (2021). Role of bio char on the amelioration of soil
acidity. Agrotechnology, 10, 212.

Khan, A., Khan, S., Lei, M., Alam, M., Khan, M. A., & Khan, A. (2020). Biochar
characteristics, applications and importance in health risk reduction through metal
immobilization. Environmental Technology & Innovation, 20, 101121,

Kimetu, J. M., & Lehmann, J. (2010). Stability and stabilisation of biochar and green
manure in soil with different organic carbon contents. Soil Research, 48(7), 577-585.
Kuryntseva, P., Karamova, K., Galitskaya, P., Selivanovskaya, S., & Evtugyn, G. (2023).
Biochar functions in soil depending on feedstock and pyrolyzation properties with
particular emphasis on biological properties. Agriculture, 13(10), 2003.

Laird, D., Fleming, P., Wang, B., Horton, R., & Karlen, D. (2010). Biochar impact on
nutrient leaching from a Midwestern agricultural soil. Geoderma, 158(3-4), 436-442.

Lal, R. (2016). Biochar and soil carbon sequestration. Agricultural and environmental
applications of biochar: Advances and barriers, 63, 175-197.

Layek, J., Narzari, R., Hazarika, S., Das, A., Rangappa, K., Devi, S., Balusamy, A., Saha,
S., Mandal, S., Idapuganti, R. g., Babu, S., Choudhury, B. U., & Mishra, V. K. (2022).



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Prospects of biochar for sustainable agriculture and carbon sequestration: an overview for
Eastern Himalayas. Sustainability, 14(11), 6684.

Liu, L., Tan, Z., Gong, H., & Huang, Q. (2018). Migration and transformation
mechanisms of nutrient elements (N, P, K) within biochar in straw-biochar—soil-plant
systems: a review. ACS Sustainable Chemistry & Engineering, 7(1), 22-32.

Lorenz, K., & Lal, R. (2014). Biochar application to soil for climate change mitigation by
soil organic carbon sequestration. Journal of plant nutrition and soil science, 177(5),
651-670.

Luo, L., Wang, J.,, Lv, J,, Liu, Z.,, Sun, T., Yang, Y., & Zhu, Y. G. (2023). Carbon
sequestration strategies in soil using biochar: advances, challenges, and
opportunities. Environmental Science & Technology, 57(31), 11357-11372.

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

Mako, A., Barna, G., &Horel, A. (2020). Soil physical properties affected by biochar
addition at different plant phaenological phases. Part 1l. International Agrophysics, 34(1),
1-7.

MasSek, O. (2013). Biochar and carbon sequestration. Fire phenomena and the earth
system: an interdisciplinary guide to fire science, 309-322.

Matovic, D. (2011). Biochar as a viable carbon sequestration option: Global and
Canadian perspective. Energy, 36(4).

Mekuria, W., & Noble, A. (2013). The role of biochar in ameliorating disturbed soils and
sequestering soil carbon in tropical agricultural production systems. Applied and
Environmental Soil Science, 2013(1), 354965.

Mitchell, P.J.; Simpson, A.J.; Soong, R.; Simpson, M.J. (2015). Shifts in microbial
community and water-extractable organic matter composition with biochar amendment in
a temperate forest soil. Soil Biol. Biochem. 2015, 81, 244-254.

Mukherjee, A. and Lal. R. (2013). Biochar impacts on soil physical properties and

greenhouse gas emissions. J. Agronomy. pp. 313- 339.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Mukherjee, A., & Lal, R. (2013). Biochar impacts on soil physical properties and
greenhouse gas emissions. Agronomy, 3(2), 313-339.

Munera-Echeverri, J. L., Martinsen, V., Strand, L. T., Zivanovic, V., Cornelissen, G., &
Mulder, J. (2018). Cation exchange capacity of biochar: An urgent method
modification. Science of the total environment, 642, 190-197.

Murtaza, G., Ahmed, Z., Usman, M., Tariq, W., Ullah, Z., Shareef, M., ... & Ditta, A.
(2021). Biochar induced modifications in soil properties and its impacts on crop growth
and production. Journal of plant nutrition, 44(11), 1677-1691.

Nan, H., Masek, O., Yang, F., Xu, X., Qiu, H., Cao, X., & Zhao, L. (2022). Minerals: A
missing role for enhanced biochar carbon sequestration from the thermal conversion of
biomass to the application in soil. Earth-Science Reviews, 234, 104215.

Nan, H., Yin, J., Yang, F., Luo, Y., Zhao, L., & Cao, X. (2021). Pyrolysis temperature-
dependent carbon retention and stability of biochar with participation of calcium:
Implications to carbon sequestration. Environmental Pollution, 287, 117566.

Paneque, M., José, M., Franco-Navarro, J. D., Colmenero-Flores, J. M., & Knicker, H.
(2016). Effect of biochar amendment on morphology, productivity and water relations of
sunflower plants under non-irrigation conditions. Catena, 147, 280-287.

Rodrigues, L., Budai, A., Elsgaard, L., Hardy, B., Keel, S. G., Mondini, C., Plaza, C., &
Leifeld, J. (2023). The importance of biochar quality and pyrolysis yield for soil carbon
sequestration in practice. European Journal of Soil Science, 74(4), e13396.

Sarfraz, R., Hussain, A., Sabir, A., Ben Fekih, I., Ditta, A., & Xing, S. (2019). Role of
biochar and plant growth promoting rhizobacteria to enhance soil carbon sequestration—
A review. Environmental monitoring and assessment, 191, 1-13.

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

Shirzad, M., Karimi, M., Rodrigues, A. E., & Silva, J. A. (2023). Biochar in Carbon
Sequestration. In Biochar and its Composites: Fundamentals and Applications (pp. 73-
105). Singapore: Springer Nature Singapore.

Singh, H., Northup, B. K., Rice, C. W., & Prasad, P. V. (2022). Biochar applications
influence soil physical and chemical properties, microbial diversity, and crop
productivity: a meta-analysis. Biochar, 4(1), 8.



46.

47.

48.

49.

50.

51.

52.

53.

54.

Spokas, K. A., Cantrell, K. B., Novak, J. M., Archer, D. W., Ippolito, J. A., Collins, H.
P., Boateng, A. A., Lima, I. M., Lamb, M. C., McAloon., Lentz, R. D., & Nichols, K. A.
(2012). Biochar: a synthesis of its agronomic impact beyond carbon
sequestration. Journal of environmental quality, 41(4), 973-989.

Taheri, M. A. R., Astaraei, A. R., Lakzian, A., & Emami, H. (2024). The role of biochar
and sulfur-modified biochar on soil water content, biochemical properties and millet crop
under saline-sodic and calcareous soil. Plant and Soil, 499(1), 221-236.

Usowicz, B., Lipiec, J., Lukowski, M., Marczewski, W., &Usowicz, J. (2016). The effect
of biochar application on thermal properties and albedo of loess soil under grassland and
fallow. Soil and Tillage Research, 164, 45-51.

Wang, D., Fonte, S. J., Parikh, S. J., Six, J., & Scow, K. M. (2017). Biochar additions can
enhance soil structure and the physical stabilization of C in aggregates. Geoderma, 303,
110-117.

Wang, L., Deng, J., Yang, X., Hou, R., & Hou, D. (2023). Role of biochar toward carbon
neutrality. Carbon Research, 2(1), 2.

Wang, Y. Y., You, L. C, Lyu, H. H,, Liu, Y. X,, He, L. L., Hu, Y. D, Luo, F. C.,, &
Yang, S. M. (2022). Role of biochar-mineral composite amendment on the
immobilization of heavy metals for Brassica chinensis from naturally contaminated
soil. Environmental Technology & Innovation, 28, 102622.

Wu, D., Senbayram, M., Zang, H., Ugurlar, F., Aydemir, S., Briiggemann, N., Kuzyakov,
Y., Bol, R., & Blagodatskaya, E. (2018). Effect of biochar origin and soil pH on
greenhouse gas emissions from sandy and clay soils. Applied Soil Ecology, 129, 121-127.
Xiao, Q., Zhu, L. X., Zhang, H. P., Li, X. Y., Shen, Y. F., & Li, S. Q. (2016). Soil
amendment with biochar increases maize yields in a semi-arid region by improving soil
quality and root growth. Crop and Pasture Science, 67(5), 495-507.

Yadav, R. K., Yadav, M. R., Kumar, R., Parihar, C. M., Yadav, N., Bajiya, R., Ram, H.,
Meena, R.K., Yadav, D.K., & Yadav, B. (2017). Role of biochar in mitigation of climate
change through carbon sequestration. International Journal of Current Microbiology and
Applied Sciences, 6(4), 859-866.



55.Yin, J., Zhao, L., Xu, X., Li, D., Qiu, H., & Cao, X. (2022). Evaluation of long-term
carbon sequestration of biochar in soil with biogeochemical field model. Science of the
Total Environment, 822, 153576.

56. Zaheer, M. S., Ali, H. H., Soufan, W., Igbal, R., Habib-ur-Rahman, M., Igbal, J., Israr,
M., & El Sabagh, A. (2021). Potential effects of biochar application for improving wheat
(Triticum aestivum L.) growth and soil biochemical properties under drought stress
conditions. Land, 10(11), 1125.

57. Zhang, Q., Wang, Y., Wu, Y., Wang, X., Du, Z., Liu, X., & Song, J. (2013). Effects of
biochar amendment on soil thermal conductivity, reflectance, and temperature. Soil
Science Society of America Journal, 77(5), 1478-1487.

58. Zhao, J., Ren, T., Zhang, Q., Du, Z., & Wang, Y. (2016). Effects of biochar amendment
on soil thermal properties in the North China Plain. Soil Science Society of America
Journal, 80(5), 1157-1166.



