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SUMMARY

Biomass pyrolysis presents a sustainable approach for producing renewable energy and valuable
chemicals. Utilizing waste heat and renewable feedstocks to generate high-quality functional carbon
nanomaterials can significantly enhance the process’s economic viability and sustainability. This article
proposes a strategy to improve both economic returns and environmental performance by converting waste
pyrolysis gases and residual heat into high performance porous carbon. These porous carbon materials
demonstrate outstanding performance in energy storage and environmental applications. Recent advancements
highlight the promising roles of biochar-based materials across various energy-related domains, including
hydrogen production and storage, oxygen electrocatalysis, supercapacitors, emerging fuel cell technologies, and
lithium-ion batteries. Overall, integrating the production of functional carbonaceous materials within the
pyrolysis framework enhances its commercial potential by improving both economic and environmental
outcomes.

INTRODUCTION

The economy, air pollution, and climate variation are all greatly impacted by the widespread use of non-
renewable energy sources, the depletion of fossil fuels, and population expansion. A few types of biomasses
include crop residues, cooking oil, algae, wood, animal and food waste, municipal trash, and agricultural waste.
Biomass is a plentiful and reliable renewable energy source. Globally, agro-industrial biomass production amounts
to about 23.7 million tons per day(Duque-Acevedo et al., 2020). The lack of energy supplies, rising demand for
fossil fuels, and ensuing greenhouse gas emissions make bioenergy a viable substitute for clean energy production.
Bioenergy is recognized as a renewable and clean sustainable source of energy because converting lignocellulosic
biomass results in a lower carbon life cycle compared to fossil fuels, producing heat, electricity, and fuels with
minimal environmental effect. Biomass can be turned into energy in two ways: thermochemical and biochemical
processes. The thermochemical process comprises of Pyrolysis, gasification, combustion, and both conventional
and microwave pyrolysis. Two biochemical conversion techniques include microbial fermentation and anaerobic
digestion.

Biomass is a readily available, renewable, and carbon-neutral resource derived from plant and organic waste
materials. In India and across many parts of the world, massive quantities of agricultural and forestry residues
remain underutilized or are disposed of through open burning, contributing to air pollution and greenhouse gas
emissions. A promising alternative to such unsustainable practices lies in the pyrolysis process, which
thermochemically converts biomass into solid, liquid, and gaseous products under oxygen-free conditions. The
solid fraction, predominantly composed of fixed carbon, holds immense value for applications such as biochar for
soil health, activated carbon for filtration, and carbon materials for electrodes in advanced energy storage systems.
This article delves into the detailed mechanism of pyrolysis, feedstock behaviour, process variables, product
optimization, and the emerging applications of biomass-derived carbon.

Pyrolysis

Pyrolysis is the process of decomposing organic material at elevated temperatures (300-700 °C) in an
inert atmosphere, typically nitrogen or argon. Unlike combustion or gasification, pyrolysis operates in the absence
of oxygen, avoiding complete oxidation and preserving the carbon skeleton in the form of biochar. The major
types of pyrolysis include:
e Slow pyrolysis: Characterized by low heating rates and long residence times; maximizes char yield.
e Fast pyrolysis: Involves rapid heating and short vapor residence times; favors bio-oil production.
e Microwave-assisted pyrolysis: Provides uniform heating, reduced reaction time, and potential for selective

product formation.

During pyrolysis, three primary products are obtained:
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e Biochar (solid),
e Bio-oil (liquid condensate),
e Pyrogas (a mixture of CO, H,, CH,, etc.).

Selection of Biomass Feedstock

The quality and yield of carbon products significantly depend on the nature of the biomass used. Ideal feedstocks
are:

e Lignocellulosic materials such as rice husk, sugarcane bagasse, sawdust, corn cobs, and coconut shells.

e Agro-industrial residues like pressmud, coffee husk, or fruit peels.

e Forest residues including twigs, bark, and leaves.

Biomass with high lignin content typically leads to better carbon retention and aromatic
structures, while cellulose-rich materials contribute to the generation of volatiles(Kumar et al., 2024). Proximate
analysis (moisture, volatile matter, ash, and fixed carbon) and ultimate analysis (C, H, O, N, S content) are key
indicators for assessing pyrolysis suitability(Hallad et al., 2025).

Pyrolysis Conditions and Their Influence
It is essential to adjust the pyrolysis parameters in order to customize the carbon structure and yield:

Parameter Typical Range Effect on Carbon Product

Temperature 400-700 °C Higher temp = higher carbon content, more porosity
Heating rate 5-100 °C/min Lowe-rate favors biochar; high-rate favors bio-oil
Residence time 10-60 min Longer time improves carbon structure

Particle size <2 mm Smaller particles = uniform heating

Carrier gas (e.g., N,) 50-200 mL/min Ensures oxygen-free environment

Post-pyrolysis activation treatments (chemical or physical) are often applied to enhance surface area and pore
structure for advanced applications(Tripathi et al., 2016)(Zhao et al., 2014).

High-Value Carbon Products and Applications

1. Biochar:
Biochar is a carbon-rich solid used for:

e Improving soil fertility by enhancing nutrient retention and microbial activity.

e Acting as a carbon sink for long-term sequestration.

e Immobilizing heavy metals and organic pollutants in soil and water.

2. Activated Carbon:Activated carbon is produced by activating biochar using agents like KOH, ZnCl,, or CO,. It

is widely used for:

Water and wastewater treatment (removal of dyes, phenols, metals).

Air purification (adsorption of VOCs and odors).

Catalyst support in industrial processes.

Carbon for Electrochemical Applications:Biomass-derived carbon materials are gaining attention in energy

storage systems, such as:

e Anodes in lithium-ion and sodium-ion batteries: Tuned porosity and heteroatom doping (e.g., N, P) enhance
conductivity and ion diffusion.

e Electrodes in supercapacitors: High surface area and hierarchical pore structures improve capacitance and
cycling stability.

4. Advanced Nanocarbon Materials Under specialized conditions, biomass can yield:

e Carbon nanosheets
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Graphene-like structures
Carbon quantum dots
These find applications in sensors, fuel cells, photonics, and catalysis(Cha et al., 2016).

Environmental and Economic Benefits

e Reduces dependence on fossil-based carbon materials.

e Provides decentralized waste management solutions.

e Creates rural employment through small-scale pyrolysis units.
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e Supports climate change mitigation by sequestering carbon.

e Adds value to low-cost waste materials, integrating with circular bioeconomy models(Lehmann and Joseph,
2024).

Sustainability and Future Outlook

Integrating pyrolysis into decentralized systems supports rural livelihoods, reduces biomass burning, and
recovers value from agricultural waste. Coupling pyrolysis with renewable energy or waste heat can further
improve sustainability. Developing scalable pyrolysis reactors and standardizing product quality remain key
challenges.

CONCLUSIONS

Pyrolysis-based biomass carbon production offers a transformative solution for addressing
environmental pollution, energy material demands, and waste valorization. By fine-tuning process parameters and
utilizing locally available biomass, it is possible to generate high-value carbon products ranging from biochar to
nanostructured carbons. With growing interest in sustainable materials and clean technologies, biomass-derived
carbon is poised to become a cornerstone of the renewable materials economy. Policy incentives, research
collaboration, and industrial integration will be critical in scaling up this promising technology.
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