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Abstract

In the face of growing environmental concerns and the urgent need to transition towards a
sustainable society, bio-based and renewable carbon materials have emerged as a promising
alternative to traditional fossil fuel-derived materials. This review article comprehensively
explores the various aspects of bio-based and renewable carbon materials, including their sources,
synthesis methods, properties, and applications. Biomass, such as agricultural waste, forestry
residues, and municipal solid waste, serves as a rich and renewable source for these carbon
materials. Different synthesis techniques, such as pyrolysis, hydrothermal carbonization, and
chemical activation, are employed to tailor the structure and properties of the resulting carbon
materials. These materials exhibit unique characteristics, such as high porosity, large surface area,
and excellent electrochemical performance, making them suitable for a wide range of applications,
including energy storage and conversion, environmental remediation, and catalysis. However,
challenges related to cost, scalability, and performance optimization still need to be addressed.
This article aims to provide a comprehensive overview of the current state of bio-based and
renewable carbon materials, highlighting their potential to contribute to a more sustainable future
and inspiring further research and development in this field.
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1. Introduction

The over-reliance on fossil fuels in the past few centuries has led to severe environmental issues,
such as climate change, air pollution, and depletion of natural resources. The continuous emission
of greenhouse gases, mainly carbon dioxide (CO_2), from the combustion of fossil fuels has
disrupted the global carbon cycle and caused a significant increase in global temperatures. To
mitigate these environmental problems and achieve a sustainable future, there is an urgent need to
develop alternative materials and energy sources that are renewable, carbon-neutral, and

environmentally friendly.

Bio-based and renewable carbon materials offer a promising solution to these challenges. Biomass,
which includes various organic materials such as agricultural waste, forestry residues, and
municipal solid waste, is a rich and renewable source of carbon. By converting biomass into
carbon materials through different processes, we can obtain materials with unique properties that

can be used in a wide range of applications. These bio-based carbon materials not only help to
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reduce the demand for fossil fuels but also provide a way to recycle and valorize waste biomass,
thus contributing to the circular economy concept.

2. Biomass Sources for Carbon Materials

2.1 Agricultural Waste

Agricultural waste is generated in large quantities worldwide. Crop residues such as corn stover,
wheat straw, and rice husk are abundant and readily available. These materials are rich in cellulose,
hemicellulose, and lignin, which can be converted into carbon materials through appropriate
processes. For example, corn stover contains approximately 35 - 45% cellulose, 25 - 35%
hemicellulose, and 15 - 25% lignin. The high cellulose and hemicellulose content make it an ideal
feedstock for producing bio-based carbon materials. Wheat straw, another common agricultural

waste, has similar chemical compositions and can also be effectively utilized.
2.2 Forestry Residues

Forestry residues include branches, twigs, and sawdust generated during forest management and
wood processing. These materials are rich in lignocellulosic components. Sawdust, for instance, is
a by-product of the wood industry and has a high lignin content, which can contribute to the
formation of carbon materials with unique structures and properties. The use of forestry residues
for carbon material production not only reduces waste but also provides an additional value to

forest resources.

2.3 Municipal Solid Waste

Municipal solid waste contains a significant amount of organic materials, such as food waste,
paper, and cardboard. Food waste, which is rich in carbohydrates, proteins, and fats, can be
converted into carbon materials through anaerobic digestion or pyrolysis processes. Paper and
cardboard, mainly composed of cellulose fibers, are also valuable sources for producing bio-based
carbon. By diverting these components from landfills and incinerators and converting them into
useful carbon materials, we can simultaneously address waste management issues and produce

sustainable materials.

3. Synthesis Methods of Bio-based and Renewable Carbon Materials

3.1 Pyrolysis

Pyrolysis is a thermochemical process that involves heating biomass in the absence of oxygen.
During pyrolysis, biomass undergoes decomposition, resulting in the formation of biochar (solid
carbon product), bio-oil (liquid fraction), and syngas (gaseous fraction). The properties of the
biochar can be controlled by adjusting the pyrolysis temperature, heating rate, and residence time.
For example, higher pyrolysis temperatures generally lead to biochar with higher carbon content
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and more developed porosity. Slow pyrolysis, which is carried out at relatively low temperatures
(300 - 600 °C) and long residence times, typically produces more biochar, while fast pyrolysis, at
higher temperatures (600 - 900 °C) and short residence times, favors the production of bio-oil.

3.2 Hydrothermal Carbonization

Hydrothermal carbonization (HTC) is a process that occurs in the presence of water at elevated
temperatures (180 - 250 °C) and pressures (2 - 5 MPa). In this process, biomass is converted into
hydrochar, a carbon-rich solid material. HTC has several advantages over pyrolysis. It can be
carried out at relatively lower temperatures, and it is suitable for wet biomass feedstocks without
the need for prior drying, which saves energy. The hydrochar produced often has a more uniform
structure and better surface properties compared to biochar from pyrolysis. Additionally, the
process can be adjusted to obtain hydrochar with specific functional groups by controlling the

reaction conditions and the addition of catalysts or modifiers.
3.3 Chemical Activation

Chemical activation is often used to further modify the structure and properties of bio-based
carbon materials obtained from pyrolysis or HTC. In this method, a chemical agent, such as
potassium hydroxide (KOH), zinc chloride (ZnCl 2), or phosphoric acid (H 3PO 4), is mixed
with the carbon precursor before or during the carbonization process. The chemical agent helps to
create more porosity in the carbon material by etching away the carbon matrix. For example, when
using KOH as an activating agent, it reacts with carbon to form potassium carbonate (K_2CO_3)
and hydrogen gas (H_2), resulting in the formation of a highly porous structure. Chemical
activation can significantly increase the surface area and pore volume of the carbon material,

enhancing its performance in applications such as adsorption and energy storage.
4. Properties of Bio-based and Renewable Carbon Materials
4.1 Porosity

Bio-based and renewable carbon materials often possess a high degree of porosity. The porosity
can be classified into micropores (pore size < 2 nm), mesopores (2 - 50 nm), and macropores (pore
size > 50 nm). The porosity is formed during the carbonization and activation processes. High
porosity provides a large surface area, which is beneficial for applications such as adsorption,
catalysis, and energy storage. For example, in supercapacitors, the porous structure allows for
efficient ion diffusion and storage, leading to high capacitance values. The porosity can be tailored
by controlling the synthesis conditions, such as the type and amount of activating agent in

chemical activation or the pyrolysis temperature in pyrolysis.
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4.2 Surface Area

The surface area of bio-based carbon materials can vary widely depending on the synthesis
method and biomass source. Materials obtained through proper activation processes can have
extremely high surface areas, reaching up to 2000 - 3000 m"2/g. A large surface area enables
more active sites for interactions with other substances. In environmental remediation applications,
such as the removal of pollutants from water or air, a high surface area allows for greater
adsorption capacity. In catalysis, a large surface area can support more catalyst loading, enhancing
the catalytic activity.

4.3 Electrochemical Performance

Bio-based carbon materials have shown excellent electrochemical performance in various energy
storage and conversion devices. In supercapacitors, they can exhibit high specific capacitance,
good rate performance, and long cycling stability. For example, some biomass-derived carbon
materials have achieved specific capacitances of over 300 F/g in aqueous electrolytes. In batteries,
such as lithium-ion batteries, bio-based carbon materials can be used as anode materials, offering
advantages such as high theoretical capacity, low cost, and environmental friendliness. The unique
structure and surface properties of these carbon materials facilitate ion transport and charge
transfer, contributing to their good electrochemical performance.

5. Applications of Bio-based and Renewable Carbon Materials
5.1 Energy Storage and Conversion

5.1.1 Supercapacitors

Supercapacitors are energy storage devices that can rapidly store and release energy. Bio-based
carbon materials are highly suitable for supercapacitor electrodes due to their high porosity and
large surface area. The porous structure provides a large number of ion adsorption sites, allowing
for efficient charge storage. For example, carbon materials derived from coconut shells have been
used to fabricate supercapacitor electrodes, achieving high specific capacitances. The use of
bio-based carbon materials in supercapacitors not only improves their performance but also makes

them more sustainable, as they are derived from renewable biomass sources.

5.1.2 Batteries

In the field of batteries, bio-based carbon materials can be used as anode materials. For
lithium-ion batteries, biomass-derived carbon materials can offer a high theoretical capacity,
similar to traditional graphite anodes. Additionally, they can have better cycling stability and rate
performance in some cases. For example, carbon materials derived from lignin have shown
potential as anode materials in lithium-ion batteries. The use of bio-based carbon materials in
batteries can reduce the dependence on scarce and expensive materials, such as cobalt, and
contribute to the development of more sustainable battery technologies.
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5.1.3 Fuel Cells

Fuel cells are devices that convert chemical energy into electrical energy through an
electrochemical reaction. Bio-based carbon materials can be used as catalyst supports in fuel cells.
Their high surface area and good electrical conductivity make them suitable for supporting
catalyst nanoparticles, such as platinum. The use of bio-based carbon materials as catalyst
supports can improve the catalyst utilization efficiency and reduce the cost of fuel cells. For
example, carbon materials derived from bamboo have been investigated as catalyst supports in
proton exchange membrane fuel cells, showing promising results.

5.2 Environmental Remediation

5.2.1 Water Treatment

Bio-based carbon materials can be used for the removal of various pollutants from water,
including heavy metals, organic contaminants, and dyes. Their high porosity and large surface
area enable strong adsorption of these pollutants. For example, biochar derived from agricultural
waste has been shown to effectively adsorb heavy metals such as lead (Pb), cadmium (Cd), and
mercury (Hg) from aqueous solutions. The surface functional groups on the bio-based carbon
materials can also interact with the pollutants through chemical reactions, enhancing the
adsorption capacity. In addition, the use of bio-based carbon materials in water treatment is
environmentally friendly, as they are made from renewable resources and can be easily disposed

of or recycled.

5.2.2 Air Purification

In air purification applications, bio-based carbon materials can be used to remove volatile organic
compounds (VOCs), particulate matter, and harmful gases. The porous structure of these materials
can trap and adsorb the pollutants. For example, activated carbon derived from biomass can be
used in air filters to remove formaldehyde, benzene, and other VOCs from indoor air. The use of
bio-based carbon materials in air purification can help to improve indoor and outdoor air quality,

reducing the negative impact of air pollution on human health and the environment.
5.3 Catalysis

Bio-based carbon materials can serve as catalysts or catalyst supports in various chemical
reactions. Their unique structure and surface properties can provide active sites for catalytic
reactions. For example, in the conversion of biomass to biofuels, bio-based carbon materials can
be used as catalysts to promote reactions such as hydrolysis, dehydration, and hydrogenation. As
catalyst supports, they can enhance the dispersion and stability of metal catalysts. The use of
bio-based carbon materials in catalysis offers a more sustainable alternative to traditional catalysts,

as they are derived from renewable biomass and can be easily prepared and modified.
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6. Challenges and Outlook
6.1 Cost and Scalability

One of the main challenges in the widespread application of bio-based and renewable carbon
materials is the cost. The production processes, especially those involving complex synthesis and
activation methods, can be expensive. Additionally, the collection and pre-treatment of biomass
feedstocks can also contribute to the overall cost. To make these materials more economically
viable, efforts are needed to optimize the production processes, develop more efficient and
cost-effective synthesis methods, and improve the logistics of biomass collection. Scalability is
another issue. Although laboratory-scale production has shown promising results, scaling up the
production to an industrial level remains a challenge. There is a need to develop scalable
production technologies that can maintain the quality and properties of the carbon materials while

increasing the production volume.
6.2 Performance Optimization

While bio-based carbon materials have shown good performance in many applications, there is
still room for improvement. For example, in energy storage applications, further efforts are
required to increase the specific capacitance and energy density of supercapacitors and the
capacity and cycling stability of batteries. In environmental remediation, enhancing the adsorption
capacity and selectivity for specific pollutants is crucial. This can be achieved through further
research on material structure - property relationships, developing new modification techniques,
and exploring novel synthesis routes to obtain carbon materials with more optimized properties.

6.3 Outlook

Despite the challenges, the future of bio-based and renewable carbon materials is promising. With
the increasing global focus on sustainability and the development of clean energy, the demand for
these materials is expected to grow. Continued research and development in this field will likely
lead to the discovery of new biomass sources, more efficient synthesis methods, and improved
material properties. The integration of bio-based carbon materials into various industries, such as
energy, environment, and materials, will contribute to a more sustainable and circular economy.
Additionally, the development of bio-based carbon materials can also create new business
opportunities and jobs, promoting economic development while protecting the environment.

7. Conclusion

Bio-based and renewable carbon materials offer a sustainable and promising solution to the
current environmental and energy challenges. Derived from abundant biomass sources, these
materials can be synthesized through various methods to obtain unique structures and properties.
Their applications in energy storage and conversion, environmental remediation, and catalysis

have shown great potential. However, challenges related to cost, scalability, and performance
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optimization need to be overcome. With continuous research and innovation, bio-based and
renewable carbon materials are expected to play an increasingly important role in the transition

towards a more sustainable future.
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