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Mulberry Waste as a Sustainable Feedstock for Biochar Production: Opportunities beyond Soil Amendment and the Untapped Potential for Carbon Sequestration


ABSTRACT
Biochar has emerged as a multifunctional material with significant potential in soil health improvement, waste management, and carbon sequestration. Among the various biomass resources, mulberry residues generated from sericulture practices remain an underutilized feedstock despite their abundance and lignocellulosic composition. Converting these residues into biochar through thermochemical processes offers an effective strategy for addressing environmental challenges while enhancing resource efficiency. This review synthesizes the current understanding of mulberry-based biochar production, its physicochemical characteristics, and its potential applications beyond traditional soil amendment. Key findings highlight that mulberry biochar exhibits favorable properties such as high fixed carbon content, stable aromatic structure, and nutrient retention, which contribute to soil fertility improvement and long-term carbon storage. Additionally, its multifunctional role extends to pollution remediation, wastewater treatment, and integration into sustainable agricultural systems, positioning it as a valuable component of a circular bioeconomy. However, literature on mulberry-derived biochar remains fragmented, with limited focus on optimizing pyrolysis parameters, evaluating its environmental stability, and exploring non-agricultural applications. Future research should prioritize long-term field studies, material engineering approaches for enhanced functionality, and assessments of socio-economic and environmental benefits. Overall, mulberry biochar presents a promising pathway for sustainable waste valorization and climate change mitigation, provided that comprehensive research and policy support drive its large-scale implementation.
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1. INTRODUCTION
The growing global emphasis on sustainability and climate resilience has amplified the search for renewable biomass resources that can serve as effective tools for carbon management. Growing concern over climate change has intensified interest in biochar as a promising negative-emission strategy, offering long-term carbon sequestration and multiple environmental co-benefits such as improved soil health, reduced greenhouse gas emissions, and renewable energy recovery (Woolf et al., 2010; Roberts et al., 2010). Biochar, obtained through pyrolysis of biomass under oxygen-limited conditions, stabilizes a significant fraction of carbon into highly aromatic structures, making it resistant to microbial degradation over centennial scales (Lehmann & Joseph, 2015; Spokas, 2010). This stability, coupled with potential improvements in soil fertility, contaminant remediation, and energy recovery, positions biochar as a multifunctional tool for sustainable development (Jeffery et al., 2011; Lehmann & Joseph, 2015).
Among various feedstocks, mulberry (Morus spp.) residues represent an abundant yet underutilized lignocellulosic biomass generated in large volumes from sericulture practices (Nandini, 2023). Typically, mulberry stalks, pruned branches, and leaf litter are discarded or burned, contributing to greenhouse gas emissions and local air pollution. The annual dry biomass yield from pruned mulberry branches averages about 1.7 kg per plant, which corresponds to roughly 17.0 ± 22.5 tonnes per hectare, a figure comparable to the biomass productivity of several fast-growing tree species and perennial herbaceous plants (Lu et al., 2009). Converting this biomass into biochar not only prevents open burning but also creates a carbon-rich material with multiple applications beyond traditional soil amendment (Ma et al., 2025).
Recent studies indicate that mulberry-derived biochar exhibits desirable physicochemical characteristics including high fixed carbon content, porous structure indicative of large surface area, and thermally induced aromatic carbon condensation that collectively signal long-term stability and enhanced carbon sequestration potential (Nandini, 2023; Kaushik et al., 2025). For instance, pyrolysis at higher temperatures typically reduces the O:C and H:C ratios of biochars, enhancing their recalcitrance and increasing estimated mean residence time in soil (Spokas, 2010; Lenget al., 2019). These characteristics underpin the material’s suitability as a carbon-negative product.
Beyond sequestration, certain engineered mulberry biochar composites show promising performance in contaminant removal. For example, mulberry stem biochar modified with Fe₃O₄ demonstrated significant arsenic immobilization in contaminated paddy soils (Tang et al., 2024). Similarly, hydroxyapatite-coated mulberry stem biochar (HMp) significantly enhanced lead adsorption capacities compared to unmodified biochar (Wang et al., 2025). These examples underline the functional versatility of mulberry-derived biochars in environmental applications.
While biochar research has predominantly addressed soil fertility enhancement, waste valorization, and greenhouse gas mitigation, studies specifically targeting mulberry-derived biochar have remained largely confined to agronomic contexts. The broader potential of mulberry biomass for biochar production, particularly in relation to carbon sequestration, remains significantly underexplored. Current literature is fragmented and lacks a comprehensive perspective that integrates carbon stabilization, advanced material functionalization, and non-agricultural applications. Accordingly, this review synthesizes existing knowledge on the thermochemical conversion of mulberry residues into biochar, evaluates its multifaceted applications, and highlights carbon sequestration as a pivotal frontier for future research and sustainable biomass utilization.
2. Biochar: Principles and Potential
Biochar is a solid, carbon-rich material produced via the pyrolysis of biomass under oxygen-limited conditions. During pyrolysis, lignocellulosic feedstocks are thermochemically decomposed at moderate to high temperatures (300–700°C), yielding three products: biochar (solid), bio-oil (liquid), and syngas (gaseous) (Spokas et al., 2012). Among these, biochar has attracted considerable attention due to its long-term stability, multiple environmental benefits, and agronomic applications.
2.1 Stability and Carbon Sequestration Potential
The principal feature distinguishing biochar from other organic soil amendments is its high content of condensed aromatic carbon structures, which provide resistance to microbial decomposition (Reference?). Whereas fresh organic matter typically decomposes within years or decades, biochar persists in soils for centuries to millennia (Masek, 2013; Lorenz and Lal, 2014). This recalcitrance underpins its recognition as a negative emission technology (NET) capable of sequestering atmospheric CO₂ captured by plants through photosynthesis and retaining it in stable soil pools (Gupta et al., 2020; Smith, 2016).
The recalcitrant fraction of biochar often constitutes 60–80% of its carbon content, with stability strongly influenced by feedstock type and pyrolysis conditions (Tan, 2019). Estimates suggest that large-scale biochar deployment could offset 0.5–1.8 Gt CO₂ equivalents annually (Smith, 2016). For instance, Australia’s natural biochar sinks are estimated to sequester ~21 million tonnes of CO₂ per year (Graetz and Skjemstad, 2003). Modeling studies indicate that replacing slash-and-burn agriculture with slash-and-char could offset up to 12% of global anthropogenic land-use change emissions annually (Lehmann et al. 2006). Importantly, biochar application not only sequesters carbon but also reduces soil-derived emissions of nitrous oxide (N₂O) and methane (CH₄), both potent greenhouse gases (Waters et al. 2011; Lehmann and Joseph 2009; Jeffery et al., 2011; Wang et al., 2016; Majumder et al., 2019).
Two intrinsic properties make biochar particularly suitable for long-term carbon storage: (i) its resistance to biotic and abiotic decay and (ii) its relatively high fixed carbon content compared to unprocessed biomass. The estimated residence time of biochar carbon in soils ranges from several hundred to thousands of years (Liang et al., 2008; Kuzyakovet al., 2009; Major et al., 2010; Zimmerman, 2010). The carbon sequestration potential (CSP) of biochar is commonly calculated based on feedstock mass, biochar yield, and carbon content using equations such as that proposed by Windeattet al., (2014). Such metrics help to quantify the efficiency of converting feedstock carbon into long-term stable pools.

Where, CSB represents the carbon sequestration potential of biochar (%),  M denotes the feedstock mass (g), Ch is the biochar yield (%), CCh refers to the carbon content of the biochar, R₅₀ indicates the recalcitrance index, and CF corresponds to the carbon content of the original feedstock. 
2.2 Soil Fertility Enhancement and Nutrient Cycling
Beyond climate mitigation, biochar is widely recognized for its agronomic benefits. Its porous structure and high surface area improve soil physical properties such as bulk density, aggregate stability, porosity, and water-holding capacity (Lamani et al., 2024; Nandini and Prakasha, 2022). Biochar also enhances soil chemical properties, particularly cation exchange capacity (CEC), leading to improved nutrient retention and reduced leaching losses. Moreover, its addition provides a favorable habitat for microbial colonization, stimulating enzymatic activity and nutrient cycling (Lamani et al., 2024).
Several field studies in on mulberry-based systems have confirmed that biochar produced from mulberry stalks significantly enhances soil fertility and crop performance (Lamaniet al., 2024; Nandini and Prakasha, 2022). For instance, applications of 7.5–10 t ha⁻¹ mulberry biochar combined with farmyard manure (FYM) improved soil reactivity, water-holding capacity, and available N, P, and K while also enhancing mulberry leaf yield and quality (Lamaniet al., 2024; Nandini and Prakasha, 2022).
2.3 Environmental Co-benefits
Biochar offers multiple environmental co-benefits beyond carbon sequestration. Its application can suppress N₂O and CH₄ emissions from soils by modifying aeration, microbial activity, and nutrient dynamics (Waters et al., 2011; Lehmann and Joseph 2009; Spokas et al., 2012; Masek, 2013). From a waste management perspective, pyrolyzing crop residues into biochar avoids open burning, thereby reducing emissions of CO₂, CH₄, and toxic pollutants such as dioxins (Tan, 2019; Nandini and Prakasha, 2022). Thus, biochar represents a nexus technology that simultaneously addresses waste valorization, soil degradation, and greenhouse gas mitigation.
2.4 Biochar in the Context in of Climate Change Mitigation
Climate change mitigation requires both emission reduction at the source and removal of already-emitted greenhouse gases. Conventional soil carbon sequestration strategies such as agroforestry, afforestation, and conservation tillage, while valuable, are often slow to deliver significant SOC increases (Denman et al., 2007). By contrast, biochar offers a relatively rapid and scalable approach to increasing soil carbon stocks while simultaneously reducing N₂O and CH₄ emissions (Lehmann & Joseph, 2009; Jeffery et al., 2011; Waters et al., 2011; Wang et al., 2016; Majumder et al., 2019).
In India alone, millions of tonnes of crop residues could be sustainably converted into biochar each year, contributing to soil enrichment and carbon storage (Srinivasa Rao et al., 2013; Atkinson et al., 2010). Mulberry stalk biochar, in particular, exemplifies this dual potential: as a sustainable waste management solution and as an untapped contributor to global carbon sequestration strategies.

Fig. 1.Environmental benefits of biochar application in to the soil (Source?)
3. BIOCHAR PRODUCTION PROCESS
Biochar is a dark, fine-grained, and lightweight substance with a porous structure and large specific surface area. Its chemical composition includes both stable carbon fractions and ash-derived minerals such as hydrogen, oxygen, sulfur, nitrogen, potassium, and calcium (Lehmann and Joseph, 2009; Ahmad et al., 2014). The alkaline nature of most biochars contributes positively to soil chemical properties, particularly by increasing pH and enhancing nutrient availability (Jeffery et al., 2011).
3.1 Feedstocks for Biochar Production
A wide variety of organic residues can serve as feedstocks for biochar production. These include agricultural wastes (e.g., crop residues, grasses, mulberry stalks, wood chips), forestry residues, animal manures, sewage sludge, and food-processing wastes (Lehmann and Joseph, 2009; Beesley et al., 2011). Valorization of such materials through biochar production not only mitigates waste management challenges but also provides a pathway for sustainable soil amendment. In sericulture regions, mulberry stalks represent a particularly promising lignocellulosic feedstock due to their high availability and structural composition (Nandini and Prakasha, 2022).
3.2 Thermochemical Pathways
Biochar production occurs primarily via thermochemical conversion, most notably pyrolysis, though other processes such as gasification and hydrothermal carbonization (HTC) are also applied.
A. Pyrolysis: It is the oldest and most widely adopted process for biochar production. It involves heating biomass at 300–700°C in limited or no oxygen (Lehmann and Joseph, 2009). The process yields three main products- Biochar, bio-oil and syngas (Fig.2).
i. Slow Pyrolysis:  (300–600°C, residence time: minutes to hours) produces higher yields of biochar (25–35% of feedstock mass) but lower amounts of bio-oil (Lehmann and Joseph, 2009; Woolf et al., 2010).
ii. Fast Pyrolysis: (400–650°C, residence time: seconds) yields up to ~75% bio-oil, with less biochar (~10–20%) (Bridgwater, 2012).
B. Gasification: (700–1000°C, partial oxygen) primarily produces syngas, with minimal biochar (<10%) (Ahmad et al., 2014).
C. Hydrothermal carbonization (HTC): (180–250°C, wet medium, pressurized conditions) generates hydrochar, which has lower aromaticity and stability compared to pyrochar (Libra et al., 2011).
Among these, slow pyrolysis is the preferred method for maximizing biochar production for carbon sequestration and soil application.
3.3 Influence of Feedstock and Pyrolysis Conditions
The properties of biochar are strongly feedstock- and process-dependent. Woody biomass generally yields biochar with higher fixed carbon content and greater stability, while crop residues and manures produce nutrient-rich but less recalcitrant biochars. Pyrolysis temperature is a critical parameter, higher temperatures enhance aromaticity, pH, and carbon stability but reduce biochar yield.
Mulberry stalks, abundant byproducts of sericulture, are increasingly recognized as a promising feedstock. Their lignocellulosic composition results in biochars with favorable structural and chemical properties for soil application. Valorizing mulberry residues for biochar production thus offers dual benefits: effective waste management and production of high-quality soil amendments.
3.4 Factors Affecting Biochar Quality
· Temperature: Higher pyrolysis temperatures increase aromaticity, carbon stability, and pH but reduce overall biochar yield (Keiluweit et al., 2010).
· Residence time: Prolonged retention enhances carbonization and fixed carbon content (Enders et al., 2012).
· Heating rate: Slow heating promotes char formation, while fast heating favors liquid and gas production.
· Feedstock properties: Woody biomass produces high-carbon, stable biochars, whereas manure- or sludge-derived biochars are nutrient-rich but less recalcitrant (Spokas et al., 2012).
· Atmosphere: The presence of inert gases (e.g., N₂, Ar) prevents oxidation and affects pore development.
3.5 Co-products of Pyrolysis
Biochar production simultaneously yields bio-oil and syngas, which can enhance the energy efficiency and economic viability of the process:
· Bio-oil: A liquid fraction rich in oxygenated compounds, usable as a renewable fuel or as a source of industrial chemicals (Bridgwater, 2012).
· Syngas: A combustible mixture of CO, H₂, and CH₄ that can be recycled to sustain pyrolysis or generate electricity (Bridgwater, 2012; Woolf et al., 2010).
3.6 Reactor Technologies
Several reactor configurations have been developed for biochar production:
· Fixed-bed reactors: Simple, cost-effective, often used at laboratory scale.
· Rotary kilns: Widely used for slow pyrolysis, suitable for large-scale operations.
· Fluidized-bed reactors: Provide uniform heating, applied mainly in fast pyrolysis.
· Microwave-assisted pyrolysis: An emerging technology offering rapid, energy-efficient conversion (Huang et al., 2015).
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Fig.2. Schematic Representation of Biochar Production via Pyrolysis (Source?)
3.7 Biochar Production from Mulberry Waste
Mulberry (Morus spp.) cultivation generates substantial amounts of lignocellulosic residues, primarily stalks, after leaf harvest. These residues, often underutilized or disposed of by open burning, represent a valuable feedstock for biochar production. Converting mulberry waste into biochar not only addresses waste management challenges in sericulture-based regions but also provides a carbon-rich material with potential applications in soil fertility enhancement, pollutant remediation, and carbon sequestration.
3.7.1 Controlled Pyrolysis of Mulberry Waste
Kaushik et al., (2025) demonstrated the systematic production of mulberry waste biochar through controlled pyrolysis at four different temperatures- 250°C, 300°C, 350°C, and 400°C. Each pyrolysis condition was maintained for varying residence times of 2.5, 3, 3.5, and 4 hours in an oxygen-limited environment. After thermal treatment, the reactors were allowed to cool overnight before the biochar was retrieved. The material was then sifted, ground into a fine powder, and stored in airtight plastic bags. The resulting mulberry biochar appeared as a lightweight black powder with high specific surface area, resembling fine charcoal, and was suitable for further physicochemical and agronomic evaluations.
3.7.2 Traditional Carbonization Approach
In addition to controlled pyrolysis, field-level biochar production has been reported using simple carbonization techniques. Mulberry stalk residues collected after leaf harvest were air-dried, shredded into uniform pieces, and subjected to steady ignition under controlled burning conditions. The process was continued until complete carbonization was achieved, after which the charred material was collected, ground into powder, and stored for subsequent use. This method, while less precise than pyrolysis, offers a low-cost and accessible approach for farmers in rural areas (Lamani et al., 2024; Nandini & Prakasha, 2022).
4. INFLUENCE OF BIOCHAR PROPERTIES ON CARBON SEQUESTRATION
The physicochemical properties of biochar are strongly influenced by the type of biomass feedstock and the pyrolysis process conditions. Table 1 summarizes the fixed carbon, proximate composition, pH, porosity, bulk density, surface area, and carbon sequestration potential of biochars produced from different agricultural and forestry residues (Nandini and Prakasha, 2022; Kaushik et al., 2025; Windeattet al., 2014).The carbon sequestration potential of biochar is not uniform across feedstocks but is directly influenced by its physicochemical properties, which determine its stability, persistence, and interaction with soil systems.
4.1 Fixed Carbon Content
High fixed carbon fractions are indicative of condensed aromatic structures that resist microbial and chemical degradation. For instance, coconut shell biochar exhibited the highest fixed carbon content (91.9%), while rice husk biochar displayed the lowest (86.1%) despite being lignocellulosic. In contrast, mulberry biochar showed moderate fixed carbon content (53.1%), yet still contributes significantly to soil carbon pools. The proportion of fixed carbon strongly correlates with the mean residence time (MRT) in soils, which can extend to centuries or millennia (Lehmann and Joseph, 2015).
4.2 Influence of Ash Content
Biomass feedstocks with relatively high ash contents tend to yield biochars with lower fixed carbon, as elevated ash levels inhibit the formation of stable aromatic carbon forms (Enders et al., 2012; Sun et al., 2017). This pattern is evident in the comparative data: rice husk biochar, which contained the highest ash fraction (47%), also showed the lowest fixed carbon content, whereas coconut shell biochar, with the lowest ash content (4.1%), had the highest carbon stability (91.9%). Mulberry biochar, with moderate ash (8.8%), lies between these extremes, offering both nutrient value and stability.
4.3 Volatile Matter
Higher volatile matter increases the fraction of labile carbon that is rapidly decomposable, leading to initial CO₂ release upon soil incorporation. Mulberry biochar contained 35.3% volatile matter, making it more reactive than low-volatility biochars like coconut shell (8.1%), but potentially beneficial in stimulating microbial activity and nutrient cycling.
4.4 Pyrolysis Conditions and Carbon Yield
The total amount of carbon sequestered in soil through biochar is determined not only by its fixed carbon fraction but also by the overall carbon content retained during pyrolysis. Both these factors are highly variable and depend upon the feedstock characteristics and operational parameters such as temperature, residence time, and heating rate (Tiwari et al., 2019a, b; Singh et al., 2019; Kour et al., 2019). Optimum pyrolysis conditions that maximize biochar yield and carbon retention are therefore essential to achieve higher sequestration potential.
4.5 Soil pH and Porosity Effects
Alkaline biochars, such as those from mulberry (pH 8.53), wheat straw (11.6), and olive pomace (10.5), improve soil pH and reduce microbial mineralization of native organic matter, indirectly enhancing net carbon stabilization. Similarly, mulberry biochar’s relatively high pore volume (0.32 cc g⁻¹) promotes physical protection of organic matter and adsorption of labile compounds, further supporting long-term sequestration.
Collectively, the comparative analysis highlights that biochars with low ash content, high fixed carbon fractions, and produced under optimized pyrolysis conditions provide the greatest carbon sequestration potential. Mulberry biochar, while having lower fixed carbon compared to woody residues, combines alkaline pH, low moisture, moderate ash, and favorable porosity, making it an effective soil amendment for both nutrient enrichment and carbon stabilization. However, further research is required to refine its pyrolysis optimization and long-term soil behavior in order to unlock its full potential for carbon sequestration.







Table 1. Proximate Composition and Carbon Sequestration Potential of Mulberry Biochar in Relation to Other Agricultural Residues
	Biochar
	Properties of Biochar

	
	Fixed carbon (%)
	Moisture content (%)
	Volatile matter (%)
	Ash content (%)
	pH
	Total pore volume (Cc g-1)
	Bulk density (Mg m-3)
	Surface area (M2 g-1)
	Carbon sequestration potential (%)

	Mulberry
	53.14
	2.7
	35.34
	8.82
	8.53
	-
	0.32
	-
	29

	Palm shell
	88.5
	2.2
	11.5
	6.7
	6.1
	0.16
	-
	
	32.5

	Sugarcane bagasse
	69.9
	3.7
	30.1
	13.0
	8.6
	0.18
	-
	220.0
	27.3

	Rice husk
	86.1
	5.7
	13.9
	47.0
	9.9
	0.10
	-
	149.1
	26

	Coconut shell 
	91.9
	7.1
	8.1
	4.1
	8.5
	0.15
	-
	114.9
	28.7

	Wheat straw
	78.8
	8.1
	21.2
	23.4
	11.6
	0.01
	-
	222.5
	21.3

	Cotton stalk
	71.2
	8.5
	28.8
	9.5
	10.3
	0.05
	-
	6.3
	23.8

	Olive pomace
	79.1
	10.0
	20.9
	18.1
	10.5
	0.00
	-
	1.2
	24.5

	Coconut fibre
	74.9
	10.4
	25.1
	13.5
	9.6
	0.04
	-
	23.2
	26.8


Source: Nandini and Prakasha, 2022; Kaushik et al., 2025; Windeattet al., 2014





5. MULBERRY WASTE AS FEEDSTOCK FOR BIOCHAR
5.1 Mulberry Stalks and Residues
Mulberry (Morus spp.) is a perennial plant cultivated extensively for sericulture, particularly in Asia, where its leaves serve as the sole food source for the silkworm Bombyx mori (Nath et al., 2025). In addition to leaves, mulberry cultivation generates large volumes of lignocellulosic residues, primarily stalks and pruning waste, after each harvest cycle (Dutta et al., 2025). These residues are often discarded or burned in the field, contributing to air pollution and loss of organic carbon. Mulberry stalks are rich in cellulose (35–45%), hemicellulose (20–25%), and lignin (18–25%), rendering them structurally suitable for thermochemical conversion into biochar (Kaushik et al., 2025; Lamaniet al., 2024). Their year-round availability, coupled with predictable annual yields, ensures a continuous and reliable feedstock supply compared to seasonal crop residues (Nath et al., 2024). Furthermore, mulberry stalks possess moderate ash content (8–10%), low moisture (~2–3%), and favorable porosity, which collectively support high-quality biochar production (Nandini &Prakasha, 2022;Duttaet al., 2025). Utilizing mulberry residues for biochar not only provides a sustainable alternative to open burning but also addresses waste management issues in sericulture-based regions.
5.2 Agronomic Applications of Mulberry Biochar
Agricultural studies indicate that mulberry-derived biochar significantly enhances soil fertility and crop productivity. When applied at rates of 7.5–10 t ha⁻¹, either alone or in combination with farmyard manure (FYM), mulberry biochar improved soil aggregate stability, bulk density, and water retention capacity, thereby creating a more favorable environment for root growth and microbial activity (Lamani et al., 2024). The porous structure of mulberry biochar also increases cation exchange capacity (CEC), reducing nutrient leaching and improving nitrogen, phosphorus, and potassium availability (Atkinson et al., 2010; Wang et al., 2016).
Biochar–FYM integration appears particularly effective, as the combination synergistically enhances nutrient cycling and organic matter stabilization. In mulberry fields, such combinations have been shown to increase leaf yield, crude protein, and fiber content, which directly improve silkworm nutrition and cocoon productivity (Kaushik et al., 2025; Majumder et al., 2019). Beyond mulberry cultivation, similar trends have been observed in other cropping systems, suggesting that mulberry biochar could be extended to diversified agricultural practices where soil degradation is a concern.
5.3 Environmental and Industrial Applications
Beyond agronomic benefits, mulberry biochar has been explored for its potential role in environmental remediation. Its high porosity and alkaline surface chemistry make it a promising adsorbent for heavy metals and organic pollutants. Recent advances demonstrate that acid-modified mulberry wood waste biochar achieved >95% removal efficiency of methylene blue dye from aqueous solutions (Mutahir et al., 2023). Such modifications increase the density of functional groups (–OH, –COOH), thereby enhancing adsorption affinity. These findings highlight mulberry biochar’s versatility as a low-cost and eco-friendly adsorbent for industrial wastewater treatment.
Moreover, functionalized mulberry biochars could find applications in greenhouse gas mitigation. Similar to other biomass-derived biochars, they may reduce nitrous oxide (N₂O) emissions from soils and capture volatile organic compounds (VOCs) in industrial settings (Lehmann and Joseph, 2015; Woolf et al., 2021). The integration of mulberry biochar into circular bioeconomy models, linking sericulture residues with agriculture, water treatment, and climate mitigation offers a multi-benefit approach that deserves greater research attention.
6. BIOCHAR AND CARBON SEQUESTRATION: A WIDER CONTEXT
Carbon sequestration has emerged as a critical component of global climate mitigation strategies, aiming to stabilize atmospheric CO₂ concentrations and offset anthropogenic emissions. Among various negative-emission technologies, biochar occupies a distinctive position because it not only immobilizes carbon in a chemically stable form for centuries but also delivers additional co-benefits such as improved soil health, nutrient retention, and enhanced ecosystem resilience. Unlike conventional carbon capture technologies that require substantial energy input and complex infrastructure, biochar production through biomass pyrolysis offers a low-energy, scalable, and cost-effective pathway for long-term carbon storage. The exceptional stability of biochar is attributed to its high degree of aromaticity and condensed carbon structures formed during pyrolysis, which make it highly resistant to microbial degradation. When incorporated into agricultural or environmental systems, biochar serves as more than a soil amendment; it becomes a multifunctional tool that aligns carbon management with broader sustainable development goals.
Converting organic matter into biochar effectively shifts carbon from the relatively short-lived biological cycle, which operates over decades (Prentice et al., 2001), into the much slower geochemical cycle that persists for centuries or even millennia (Kuhlbusch, 1998). This stability is central to its role in carbon sequestration. However, for biochar to make a meaningful contribution, continuous biomass production must occur at a rate equivalent to its conversion into biochar, as photosynthesis and plant growth are the fundamental processes responsible for capturing atmospheric CO₂ and converting it into solid biomass suitable for pyrolysis (Mašek, 2013). Beyond direct sequestration, biochar can provide indirect climate benefits by lowering greenhouse gas emissions from agricultural systems through reduced dependence on fertilizers and irrigation, minimizing energy demand, and mitigating emissions of CH₄ and N₂O from cultivated soils (Yanaiet al., 2007; Karhu et al., 2011).
On a global scale, biochar has been recognized for its substantial technical potential to mitigate climate change. Woolf et al., (2010) estimated that biochar could provide significant contributions to emission reductions, and it has also been considered a geoengineering approach for net atmospheric CO₂ removal (Downieet al., 2012). However, the degree of soil carbon offsets cannot be generalized because biochar properties vary widely, and its stability in specific soil environments remains uncertain (Sohi, 2012; Schimmelpfennig and Glaser, 2012; Spokaset al., 2012). Furthermore, interactions among biochar, soil, microorganisms, and plant roots are highly site- and biochar-specific (Joseph et al., 2010). When incorporated into soils, biochar can lead to a net additional removal of CO₂ for periods exceeding 100 years by increasing soil organic carbon (SOC) stocks (Powlsonet al., 2011; Stockmannet al., 2013). Yet, Mackey et al., (2013) suggested that for climate change mitigation to be meaningful, carbon should remain stored for more than 10,000 years, whereas Schimmelpfennig and Glaser (2012) proposed an intrinsic stability of at least 2,000 years for effective carbon management. In addition to soil application, geological sequestration of biochar has been proposed as an emerging option for long-term carbon storage (Dufour, 2013).
Carbon sequestration through plant processes begins with photosynthesis, which captures CO₂ and stores it in above- and below-ground biomass while contributing to SOC accumulation. This transfer of CO₂ into long-lived carbon pools is highly variable, ranging from a few years in annual crops to decades in agroforestry systems and several centuries in forests. Natural SOC buildup is slow and prone to reversal through erosion and intensive tillage, necessitating strategies that promote rapid assimilation and stable storage of carbon (Gupta et al., 2020). Among these, biochar application is widely regarded as one of the most promising approaches because of its high carbon content and remarkable stability. As a negative-emission technology, biochar has an estimated sequestration potential of approximately 0.7 GtCeq yr⁻¹globally (Smith, 2016). Modeling studies suggest that if 2.5% of global agricultural land produced biochar from organic residues and incorporated it into soils, atmospheric CO₂ levels could return to pre-industrial values by 2050 (Smith, 2016). Moreover, replacing slash-and-burn practices with slash-and-char systems could offset up to 12% of annual land-use change emissions (Lehmann et al., 2006). Provided that biochar production, transport, and application do not introduce additional emissions, its use represents a net greenhouse gas mitigation strategy (Roberts et al., 2010). The pathways and mechanisms underlying this potential are depicted in Fig. 3, which illustrates how biochar’s intrinsic stability, carbon retention capacity, and contribution to waste valorization collectively support its role in climate change mitigation.
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Fig. 3. Pathways of Carbon Sequestration Facilitated by Biochar (Source: Gupta et al., 2020)
Despite decades of international efforts, GHG emissions accelerated during the 2000s compared to the 1990s, making it increasingly difficult to achieve the target of limiting global warming to below 2°C above pre-industrial levels. Integrated assessment models (IAMs) now recognize that large-scale deployment of negative-emission technologies (NETs) is essential. However, technologies such as direct air capture, enhanced weathering, and BECCS present significant challenges related to land, water, energy, and cost. In contrast, soil carbon sequestration and biochar offer competitive advantages, providing negative emission potentials of approximately 0.7 Gt Ceq yr⁻¹ each with relatively lower environmental and resource burdens (Smith, 2016). Although soil carbon sequestration faces issues of saturation and reversibility, biochar offers long-term stability and can complement BECCS strategies for integrated climate solutions. Current IAMs do not adequately account for these contributions, highlighting the need for their inclusion in global mitigation planning.
With its high biomass productivity and desirable physicochemical characteristics, mulberry (Morus spp.) represents a promising feedstock for biochar production. Incorporating mulberry-derived biochar into carbon sequestration strategies could significantly enhance biomass utilization efficiency and expand biochar’s role beyond traditional agronomic contexts. However, this potential remains largely underexplored, especially concerning its performance in long-term carbon storage and associated environmental benefits. Unlocking this opportunity could position mulberry biochar as a valuable component in future climate resilience frameworks, linking sericulture byproducts with global carbon management strategies.
7. RESEARCH GAP: MULBERRY BIOCHAR AND CARBON SEQUESTRATION
Despite the growing recognition of biochar as a negative emission technology, research on mulberry-derived biochar remains in its infancy, particularly concerning its role in carbon sequestration. Current investigations have largely emphasized soil fertility enhancement, nutrient cycling, and waste valorization, while systematic studies addressing its long-term carbon stabilization potential are virtually absent. Specifically:
· Long-term stability in soils: There is no empirical data on the persistence of mulberry biochar under real field conditions. Although its physicochemical profile- moderate fixed carbon (53.14%), alkaline pH (8.53), and relatively low ash (8.82%) suggests favorable recalcitrance, these properties have not been linked to actual mean residence times in different soil environments.
· Quantification of sequestration potential: While estimates for other feedstocks exist, studies on mulberry biochar lack precise measurements of recalcitrant carbon fractions or validated sequestration efficiencies under varying pyrolysis conditions. For instance, its carbon sequestration potential is reported at 29%, yet the dynamics of carbon retention across climatic zones and soil types remain unexplored.
· Integration into carbon markets or climate models: Despite its abundance from sericulture systems, where annual pruning can yield 17.0 ± 22.5 t ha⁻¹ of dry biomass, mulberry biochar has not been factored into negative-emission strategies, carbon offset programs, or integrated assessment models that shape global mitigation frameworks.
Given the vast global cultivation of mulberry for sericulture and the continuous availability of residues, valorizing this biomass for carbon storage could provide a scalable, low-cost pathway for both waste management and climate change mitigation. Addressing these gaps will be critical for unlocking the full potential of mulberry biochar in achieving long-term carbon neutrality and sustainable bioeconomy transitions.
8. FUTURE DIRECTIONS
The valorization of mulberry residues into biochar presents a significant opportunity to address pressing environmental challenges while promoting sustainable resource utilization. However, realizing this potential requires a multidimensional research agenda that spans fundamental science, applied technology, and policy integration.
8.1. Long-term Stability and Field Dynamics
Although preliminary characterization suggests that mulberry-derived biochar possesses favorable properties such as moderate fixed carbon content and alkaline pH, its actual persistence under diverse soil conditions remains unverified. Future studies should focus on long-term field trials across varying agro-climatic zones to assess biochar’s mean residence time, structural integrity, and interactions with native soil organic matter. Incorporating advanced techniques such as radiocarbon dating and isotopic labeling could provide robust estimates of carbon retention over decadal scales.
8.2. Optimization of Pyrolysis Parameters
Pyrolysis conditions significantly influence biochar quality, yield, and carbon sequestration efficiency. While existing studies have examined limited temperature ranges, systematic optimization involving temperature, residence time, and heating rates is needed to maximize carbon stability without compromising agronomic benefits. Advanced thermochemical modeling and life cycle analysis (LCA) should be employed to identify energy-efficient, economically viable production protocols.
8.3. Engineered and Functionalized Biochar
Emerging evidence indicates that modified biochars exhibit enhanced properties for pollutant remediation and catalytic applications. Future research should explore the development of engineered mulberry biochar composites through techniques such as mineral doping, surface activation, or nanomaterial integration. Such modifications can expand its utility beyond soil amendment to high-value sectors, including wastewater treatment, energy storage, and environmental detoxification, thereby creating a circular bioeconomy framework.
8.4. Carbon Market Integration and Policy Alignment
Despite its sequestration potential, mulberry biochar remains absent from carbon offset programs and integrated assessment models. Future efforts should prioritize quantifying its carbon credits through standardized methodologies and integrating these estimates into carbon trading frameworks. Policymakers must also be engaged to design incentives that encourage the adoption of biochar technologies in sericulture regions, linking climate mitigation with rural economic development.
8.5. Coupled Environmental and Socio-Economic Assessments
Beyond laboratory and pilot-scale studies, it is essential to evaluate the holistic sustainability of mulberry biochar systems through techno-economic assessments and environmental impact analyses. These assessments should encompass energy inputs, greenhouse gas balances, and socio-economic co-benefits such as employment generation, waste management, and livelihood security in sericulture-based communities.
8.6. Exploration of Non-Soil Applications
While agronomic benefits have been widely recognized, future investigations should delve into non-soil applications such as construction materials, carbon-based adsorbents, and energy storage media. These high-value applications not only enhance economic feasibility but also extend the functional lifespan of biochar, further reinforcing its role as a long-term carbon sink.
In summary, advancing research on mulberry biochar necessitates an integrated approach that couples fundamental characterization with real-world applications and policy interventions. Such efforts will not only unlock its untapped potential for carbon sequestration but also position it as a cornerstone technology in climate-smart agriculture and sustainable bioeconomy transitions.
9. CONCLUSION
The transformation of mulberry biomass into biochar represents a promising strategy for addressing both environmental and economic challenges associated with sericulture waste management. The review highlights that mulberry residues, primarily consisting of lignocellulosic material, can serve as a sustainable feedstock for biochar production. Biochar derived from these residues demonstrates favorable properties such as high carbon content, nutrient retention potential, and structural stability, which contribute to improved soil fertility and enhanced crop productivity when applied as a soil amendment.
Moreover, the role of mulberry biochar in carbon sequestration is particularly noteworthy. Its stable carbon structure, achieved through controlled pyrolysis processes, ensures long-term carbon retention, thereby mitigating greenhouse gas emissions and contributing to climate change adaptation strategies. However, existing studies remain limited, with most focusing solely on agronomic benefits rather than exploring broader environmental and industrial applications. This knowledge gap underscores the need for extensive research on optimizing pyrolysis conditions, characterizing biochar under diverse environmental settings, and evaluating its performance in various applications beyond soil management.The multifunctional potential of mulberry biochar ranging from pollutant remediation and wastewater treatment to integration into carbon markets offers opportunities for creating circular bioeconomy frameworks in sericulture regions. Realizing this potential will require interdisciplinary approaches that combine material science, life cycle analysis, and socio-economic evaluations to ensure sustainable adoption. Additionally, policy support and awareness programs can play a crucial role in scaling up these technologies, particularly in areas where sericulture contributes significantly to rural livelihoods.
In summary, mulberry biochar stands as a viable and underutilized resource for sustainable development. Its integration into carbon sequestration strategies, environmental remediation processes, and emerging industrial applications can position it as a cornerstone in climate-smart agricultural systems. Future research and policy interventions must focus on unlocking this untapped potential, ensuring that mulberry biochar transitions from an experimental concept to a practical solution for global environmental challenges.
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