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Preface

Biomass is the future. The origin of the acclaimed use of biomass for a net-zero
economy lies in its apparent sustainability and renewability. It is now categorically
clear that moving away from fossil resources is necessary. There is no easy solution,
and biomass is not a magic solution, but its intersection with the environment is a
crucial aspect of creating a sustainable economy. Under this horizon, as part of a
future being written, in this book, we explore biomass resources that can be used for
applications such as energy, chemicals and materials, and bioremediation, as well as
biomass processing technologies and operational, economic, social, political, and
regulatory challenges that haunt the environmentally beneficial, socially responsible,
and economically viable use of biomass. This book brings together contributions from
renowned specialists who launch a close look at the state-of-the-art of biomass and
biomass-based products.

Eduardo Jacob-Lopes, Leila Queiroz Zepka and Rosangela Rodrigues Dias
Federal University of Santa Maria,
Santa Maria, Brazil






Chapter1

Biomass Conversion Technologies:
Transforming Organic Matter into
Energy and Materials

Ruochen Wu

Abstract

This chapter provides a comprehensive exploration of the various technologies
used to convert biomass into valuable products, such as biofuels, biochemicals, and
bioenergy. It thoroughly examines the three main categories of current biomass con-
version technologies: thermochemical, biochemical, and physicochemical processes.
Thermochemical conversion includes processes such as combustion, gasification, and
pyrolysis, which utilize heat to transform biomass. Biochemical conversion involves
biological processes such as anaerobic digestion and fermentation to produce energy
and chemicals. Physicochemical conversion, such as transesterification, chemically
alters biomass to create bio-based products. The chapter meticulously examines the
principles, mechanisms, and applications of each technology, highlighting their
role in creating sustainable, renewable energy solutions and contributing to waste
management and environmental protection.

Keywords: thermochemical conversion, biochemical conversion, physicochemical
conversion, biofuel, bioproducts

1. Introduction

The growing interest in renewable energy stems from two main factors: (1) height-
ened concern over global climate change and the environmental effects of fossil fuels,
and (2) rising worries about the security and sustainability of fossil fuel supplies [1].
Interest in renewable energy arises from two sources: (1) increasing concern about
global climate change and the environmental impact of fossil energy sources and (2)
increasing anxiety regarding the security and longevity of fossil fuel [1]. Approximately
14% of the world’s primary energy comes from biomass [2]. In developing countries, the
percentage is notably impacted, as biomass is mainly burned for household heating and
cooking. In contrast, biomass accounts for less than 3% of primary energy in industrial-
ized nations. Globally, only around 40% of the biofuel potential is utilized, with Asia
being the only region where consumption surpasses the available potential [2]. This
highlights the significant potential for expanding biomass usage as a sustainable alterna-
tive or complement to coal. A strategy proposed by the US Department of Agriculture
and Energy suggests that biomass sourced from forest and agricultural lands could
replace up to 30% of the current petroleum consumption in the US by 2030 [1, 2].
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As the world increasingly shifts toward sustainable and renewable energy sources,
biomass has emerged as a key player in the production of biofuels, biochemicals, and
bioenergy [3, 4]. In order to meet the Net Zero Emissions by 2050 Scenario, biomass,
as a zero-carbon fuel, is essential to advancing sustainable energy on a global scale
[5]. Biomass, which includes organic material from plants, animals, and waste, can be
converted into a variety of valuable products using different conversion technologies
[6]. These technologies not only decrease our dependence on fossil fuels but also offer
solutions for waste management and the mitigation of greenhouse gas emissions [7].

Biomass conversion technologies are broadly categorized into three types: ther-
mochemical, biochemical, and physicochemical processes [8]. Each of these methods
leverages different scientific principles and mechanisms to unlock the energy and
material potential stored in biomass. Thermochemical processes, for instance, use
heat to break down biomass into energy-rich gases, liquids, or solids, while biochemi-
cal processes employ microorganisms or enzymes to convert biomass into biofuels
and other high-value chemicals. The physicochemical process involves both physical
and chemical reactions that modify biomass into products, such as biodiesel. The
thermochemical process happens relatively rapidly at high temperatures that are a
few 100°C and sometimes up to over 1000°C. In contrast, the biochemical process
proceeds at a few tens of degrees Celsius above ambient temperature, thus it can be
quite slow even in the presence of catalysts. The physiochemical process often com-
bines physical actions, such as changes in phase (solid, liquid, gas) or mixing, with
chemical reactions that alter the molecular structure or composition of a substance.
Therefore, the operating conditions required for physicochemical processes can vary
widely depending on the specific process and materials [9-20].

This chapter will delve into these technologies in depth, examining the underly-
ing principles, major processes, and their respective applications. By understanding
these conversion pathways, we gain insight into how biomass can be effectively
transformed into clean, sustainable energy and materials, helping address critical
environmental and energy challenges. As we move forward, these technologies play a
pivotal role in the global transition to a circular bioeconomy, where waste is reduced,
and renewable resources are maximized.

2. Biomass conversion technologies

Biomass represents the organic material that comes from plants and animals.
Plants produce biomass through photosynthesis, which stores the chemical energy.
Biomass may contribute little or no net atmospheric CO, when harvested sustainably
and used as a fuel. Biomass sources for energy include: (1) wood and wood processing
wastes, such as firewood, wood pellets, and wood chips, and black liquor from pulp
and paper mills; (2) agricultural crops and waste materials, such as corn, soybeans,
sugar cane, switchgrass, woody plants, and algae, and crop and food processing resi-
dues; (3) biogenic materials in municipal solid waste, such as paper, cotton, and wool
products, and food, yard, and wood wastes; (4) animal manure and human sewage
for producing biogas/renewable natural gas (Figure 1) [21-24].

2.1 Thermochemical conversion

Thermochemical conversion is a technique that occurs at high temperatures to
decompose biomass into energy and valuable products such as biofuels, syngas, and
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In the process of photosynthesis, plants convert
radiant energy from the sun into chemical energy in
the form of glucose—or sugar.

(carbon
(water)  dioxide) (sunlight) (glucose)  (oxygen)
6H0 + 6CO, + radiantenergy — CH O, + 60,

6 1276

Figure 1.
Scheme of the photosynthesis process.

biochar. Syngas is a mixture of primarily CO and H, gas components with varying
amounts of CO, and H,0. The syngas converts to other products in one of a variety

of catalytic, pressurized processes to produce base chemicals, transportation fuels,

or finished chemicals. Several typical applications for syngas in the industry are
water-gas shift, catalytic synthesis, fermentation, etc. By utilizing high temperatures,
thermochemical conversion can transform organic materials into various energy-rich
forms, which makes thermochemical conversion one of the most efficient pathways
for extracting energy from biomass. This approach is particularly effective for large-
scale applications, including power generation, heat production, and the creation

of industrial feedstocks. The three main thermochemical conversion processes are
categorized as combustion, gasification, and pyrolysis, which are determined by the
temperature range for each stage. Figure 2 indicates that at 0-250°C, moisture in bio-
mass will evaporate. As the temperature goes up to 250-500°C (sometimes can be up
to 700°C), pyrolysis (or devolatilization) becomes the dominant stage, which consists
of involves many complex reactions and product gases. Combustion and gasification
require similar reacting temperatures (typically 800-1100°C), while the key differ-
ences are the degree of oxidation and heating rate [25].

Direct combustion is the most common and simplest foundation approach, where
biomass is burned in the presence of oxygen to generate heat, which can then be used
directly, or converted into electricity. This process is widely used in biomass power
plants and combined heat and power (CHP) systems to produce renewable energy
while mitigating carbon emissions. The operation procedure is achieved by rapid
oxidation reactions of fuel (biomass raw materials) and oxygen to obtain thermal
energy and flue gas, consisting mainly of CO, and H,0. Several disadvantages hinder
the promising application of direction combustion for biomass energy utilization. For
instance, high-moisture amounts in the biomass raw materials, agglomeration, and
fly-ash deposition due to alkali compounds in biomass, along with the high cost of
transporting bulky biomass are currently the most challenging limitations for direc-
tion combustion technology [9, 12].

Gasification is the conversion of biomass at elevated temperatures in a limited-
oxygen environment to produce syngas, a mixture of carbon monoxide, hydrogen,
methane, nitrogen, carbon dioxide, and some hydrocarbons. Syngas can be used
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Figure 2.
Temperature zones of drying, pyrolysis, combustion, and gasification (reduction) stages [25].

directly in gas turbines for electric power generation or be further processed to
create synthetic fuels using catalysts or microorganisms (syngas fermentation).
The carbonaceous biomass solids or liquids can be gasified into smaller and lower
molecular-weight gas mixtures, similar to coal gasification. Coal gasification has
been under development for about 200 years, beginning with the aim of providing
heating and lighting. Coal gasification has a long and rich history of research in the
modern Western world, but its track record of successful operation is much shorter
and less impressive. However, countries such as Nazi Germany and Apartheid-era
South Africa, which were cut off from petroleum supplies, as well as nations with
limited access to oil like China and India, have effectively used coal gasifiers to make
significant contributions to their fuel and chemical supplies. These operational
processes, along with a few successful government-led gasification demonstrations,
make up the current fleet of gasifiers in current operation. Due to the high volatile
content in biomass raw materials, biomass gasification can occur more readily than
that of coal. This technology possesses higher energy efficiency and flexibility than
direct combustion, and produces fewer emissions, making it an attractive option
for sustainable energy production, hydrogen production, and synthesis of fuels and
high-value chemicals. As petroleum and natural gas become more expensive with
reduced reservations in the world, biomass gasification represents promising applica-
tions in the near future [1, 9]. The gasification stage in these applications accounts
for more than 75% of the total capital cost and poses an even higher proportion of
the technical risk. Gasifiers pose significant operational and design difficulties, and
even when fully implemented, they tend to be the most problematic and inelegant
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portions of the overall process [26, 27]. In addition, sizeable energy input, tar produc-
tion, and significant energy loss especially in smaller-scale operations and plants are
the prominent factors that make biomass gasification less ideal in some cases, though
ongoing technological advancements aim to address these issues.

Pyrolysis takes place in the absence or very limited presence of oxygen and breaks
down biomass into mainly bio-oil (liquid), biochar (carbo-rich solid), and syngas
(gas) at moderately high temperatures (250-700°C).

Pyrolysis is a highly versatile process, with bio-oil serving as a precursor for
biofuels, biochar used to enhance soil, and syngas providing an energy source.

This decomposition process enables the production of a wide variety of products,
making it increasingly popular in the development of biorefineries. There are three
main types of biomass pyrolysis technologies: slow, fast, and flash pyrolysis. Slow
pyrolysis involves gradually heating biomass over several hours, resulting in a higher
yield of biochar, which is valuable for soil improvement and carbon sequestration,
but it produces less bio-oil and syngas compared to other methods. Fast pyrolysis,
on the other hand, rapidly heats biomass in under a minute, yielding up to 75%
bio-oil, which can be refined into liquid fuels or chemicals, with smaller amounts of
syngas and biochar. Flash pyrolysis heats biomass extremely quickly (within sec-
onds) and is designed to maximize bio-oil production, producing very little biochar
[28, 29]. Pyrolysis is applicable to a wide variety of biomass feedstocks, including
wood, agricultural waste, and organic residues, leading to a high-value production
process. Additionally, biochar from pyrolysis holds great potential for use in carbon
sequestration [30].

According to previous studies, the pyrolysis process involves numerous complex
reactions and various gas products. Gases such as CHy, C,H,, CO, NO, CO,, CsHs,
and C;Hg are monitored. Analyzing CO is challenging with GC-MS because CO and
N, share the same molecular weight and mass-to-charge ratio (m/z). To address this,
argon is used as the purge gas to create an environment nearly free of N,. Figure 3
presents sample data, showing gas species during pyrolysis of a 3/8-inch poplar

0.035
0.03
0.025 - CH4
» C2H2
2 0.02 .
% - NO
3 0.015 a2
Benzene
0.01 « Toluene
0.005 * €O
» water
o
o 1 2 3 4 5 b
Residence time/min
Figure 3.

Compositions and concentrations of pyrolysis gases for 3/8-inch poplar wood in 50% CO, and balanced argon at
1150°C [1].
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particle in 50% CO, and balanced argon at 1150°C. The data indicates that H,O is
released first, followed quickly by benzene and toluene, then C,H,, CHy4, and NO. The
sharp decline at the end of the process reflects limitations in sampling heavy gases,
not a sudden end to pyrolysis. As a matter of fact, pyrolysis gradually slows, with
heavier compounds contributing more to mass loss in the form of tar [1].

Biomass pyrolysis is still facing quite several technical challenges. Sizeable energy
input, high initial capital cost, process scaling-up limitations, and tar formation issues
are associated with biomass pyrolysis. Moreover, the market for pyrolysis byproducts
such as biochar, syngas, and bio-oil is still developing, and demand can be limited.
This can affect the economic viability of the process, especially if the market for these
products does not grow as anticipated [31, 32].

Despite all the technical challenges and issues, biomass pyrolysis is employed
in producing biofuels, managing waste, improving soil quality through biochar,
and generating renewable energy. It plays a crucial role in advancing sustainable,
circular bio-economies by providing alternatives to fossil fuels and lowering carbon
emissions.

Thermochemical conversion is a vital component of the renewable energy sector,
offering scalable and efficient ways to transform biomass into valuable energy and
materials. As technology continues to evolve, this conversion process has the potential
to significantly reduce reliance on fossil fuels and contribute to sustainable energy
systems.

2.2 Biochemical conversion

Biochemical conversion of biomass involves using biological agents, such as
microorganisms and enzymes, to break down organic materials into biofuels or other
valuable products. This process typically employs pathways such as anaerobic diges-
tion and fermentation [8, 33, 34]. Both biochemical and thermochemical methods
are effective for energy recovery from biomass, as they utilize the entire biomass
without needing to isolate specific macromolecules. However, biochemical conver-
sion offers distinct advantages, particularly its ability to handle wet biomass, operate
under ambient temperature and pressure, and exhibit greater selectivity for desired
products, making it a more sustainable and environmentally friendly option com-
pared to thermochemical processes. Unlike thermochemical conversion, which uses
heat, biochemical conversion relies on biological agents. Consequently, the operating
condition of biochemical conversion is much more moderate. Common processes of
biochemical conversion include anaerobic digestion and fermentation [35]. These
processes can convert biomass into various useful products such as bioethanol,
biogas, hydrogen, and other chemicals. For instance, anaerobic digestion is com-
monly used to generate methane-rich biogas, a renewable energy source derived from
organic waste [36]. On the other hand, fermentation is primarily applied to convert
sugars into bioethanol, a widely used biofuel [37, 38]. Both methods play a critical role
in producing sustainable energy from organic materials, helping reduce dependency
on fossil fuels and contributing to a more environmentally friendly energy system
(Figure 4).

2.3 Anaerobic digestion

Anaerobic digestion is a process in which microorganisms break down organic
material, such as agricultural waste, food waste, or animal manure, in the absence of
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Figure 4.
Scheme of hydrothermal and biochemical routes in biomass utilization from a circular economy perspective [39].

oxygen. The main product of this process is biogas, primarily composed of methane
(CHy) and carbon dioxide (CO,). This biogas can be used as a renewable energy
source for electricity, heating, or even as vehicle fuel [40, 41].

Anaerobic digestion consists of four key stages, catalyzed by different microorgan-
isms, whereas hydrolysis is considered as the rate-determining step [39, 42]:

1. Hydrolysis: Complex organic compounds, such as carbohydrates, fats, and
proteins, are broken down into simpler molecules such as sugars, amino acids,
and fatty acids. This step is often the slowest and determines the overall rate of
digestion [42, 43].

2. Acidogenesis: Fermentative bacteria convert the products of hydrolysis into
intermediate compounds, such as volatile fatty acids, alcohols, and other organic
molecules [44].

3. Acetogenesis: Homoacetogenic bacteria convert volatile fatty acids and alcohols
into acetate, hydrogen, and carbon dioxide [45-47].

4.Methanogenesis: Methanogenic bacteria convert acetate, hydrogen, and carbon
dioxide into methane and additional carbon dioxide, to generate biogas [48, 49].

5. Anaerobic digestion is extensively used in waste management and renewable
energy production because it reduces waste volume and produces useful byprod-
ucts such as biogas and nutrient-rich digestate that can be used as fertilizer.
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2.4 Fermentation

Fermentation is a process where microorganisms, such as bacteria or yeast, break
down organic materials, typically sugars, into simpler compounds, usually in the
absence of oxygen. This process provides energy to the microorganisms and produces
byproducts such as alcohol, gases (such as carbon dioxide), or acids, depending on
the type of fermentation involved [50, 51]. Fermentation is generally categorized into
several types, including alcoholic, lactic acid, and acetic acid fermentation, based on
the microorganisms involved, the end products, and the conditions under which the
process occurs [39, 52].

Alcoholic fermentation is the technique for yeasts convert sugars (such as glucose)
into ethanol (alcohol) and carbon dioxide. This is the process used in brewing beer,
making wine, and producing bioethanol from biomass [53, 54]. Reaction is:

C.H,,0, —»2C,H.OH +2CO, )

Lactic acid fermentation utilizes certain bacteria (e.g., Lactobacillus) to convert
sugars into lactic acid. This process occurs in yogurt production and in human
muscles during intense exercise [55, 56]. Reaction is:

C.H,,0, —2C,H,0, )

Acetic acid fermentation is the process in which acetic acid bacteria (e.g.,
Acetobacter) convert ethanol into acetic acid (vinegar production) in the existence of
oxygen [57]. Reaction is:

C,H,0H+0, —»C,COOH +H,0 3)

Fermentation is a key process in the production of bioethanol, which serves as
an important renewable fuel. In addition, fermentation technique has played a vital
role in food and beverage industry, and pharmaceutical production. This technology
provides sustainable and versatile solutions to food production, energy crisis and
environmental waste pollution. Despite the importance of the biochemical conversion
offers in the production of biofuels, food and pharmaceutical production, renewable
energy, waste reduction, and many other fields, there are still a lot of difficulties and
challenges, which are preventing it from being commercialized in a large-scale. One
major limitation of biochemical conversion is its inability to efficiently process bio-
mass with high hydraulic retention times, as well as the emission of greenhouse gases
during the process. Additionally, biomass requires pre-treatment before undergoing
biochemical conversion, adding complexity to the system. During fermentation, the
biomass must also undergo enzymatic hydrolysis to break down polysaccharides into
monosaccharides. Furthermore, a significant gap exists between proven fermentation
technologies and their implementation in large-scale biorefineries, with technical and
economic barriers, such as selecting the right conversion process and cost consider-
ations, posing obstacles [34, 58-60].

2.5 Physiochemical conversion

Physicochemical conversion of biomass refers to a set of integrated processes that
utilize both physical and chemical methods to transform organic materials (such
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as agricultural residues, wood chips, or food waste) into valuable products such as
biofuels, chemicals, or energy. This conversion approach blends mechanical, thermal,
and chemical techniques, optimizing the breakdown of biomass into simpler compo-
nents that can be more efficiently used for energy production or further refined into
other materials. The methods are distinct from purely biochemical or thermochemical
approaches because they integrate multiple stages of treatment to enhance the break-
down of biomass, optimize the efficiency of subsequent energy extraction processes,
and maximize product yields [61-63].

Physicochemical characterization of the biomass properties are essential for this
technique. In the physicochemical conversion of biomass, physical methods such
as mechanical size reduction and mixing/agitation play a crucial role in preparing
the feedstock for subsequent chemical reactions. These physical methods aim to
enhance the efficiency of the overall conversion process by increasing the surface
area of the biomass and ensuring uniform exposure to chemicals, heat, or biological
agents. Mechanical size reduction involves breaking down biomass into smaller,
more manageable particles. This can be achieved through techniques such as cutting,
grinding, milling, or shredding, depending on the type and hardness of the biomass
material. Mixing and agitation are essential steps in physicochemical conversion,
particularly in liquid or slurry-based processes. These steps ensure the homogeneous
distribution of the biomass particles, solvents, or reactants, which improves the
overall reaction efficiency. The physical methods can facilitate handling, decrease
the energy cost, and support uniform heat and mass transfer in the chemical reac-
tion process [64].

Chemical techniques, including catalysis, solvent extraction, and super-fluid

technology are employed to convert biomass to the desired products. Chemical
catalysts are often used to accelerate reactions during physicochemical conversion,
such as in biodiesel production where a catalyst is added to oils or fats to enhance
the transesterification process. Besides, biomass is treated with solvents to dissolve
specific components, such as lignin or cellulose, and extract valuable chemicals.
The solvents reduce the energy required for further breakdown of the biomass. In
some processes, supercritical fluids (e.g., supercritical CO,) are used to dissolve and
extract materials from biomass. These fluids exhibit both liquid and gas proper-
ties under specific conditions, allowing for more efficient separation of biomass
components [65, 66].

The major processes applied in physicochemical conversion technologies are:

1. Liquefaction: Biomass is subjected to moderate temperatures (250-350°C) and
high pressure in the presence of solvents such as water or alcohols. The goal is
to convert solid biomass into a liquid bio-oil, which can be refined into fuels or
chemicals. Liquefaction operates at milder conditions than pyrolysis and results
in higher liquid yields. This technique can process a wide range of biomass types,
including wet feedstocks, and produces bio-oil that is easier to upgrade into fuel
than raw biomass [9, 67, 68].

2. Supercritical fluid extraction: This method employs supercritical fluids to extract
valuable substances from biomass. For instance, supercritical CO, can be used to
extract oils from biomass, which can then be processed into biodiesel. Supercriti-
cal fluid extraction is highly selective and operates at moderate temperatures,
reducing the degradation of sensitive compounds. It is also environmentally
friendly because it often uses non-toxic solvents like CO, [6, 69, 70].
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3. Transesterification: In the production of biodiesel, oils or fats from biomass
(such as vegetable oils) are chemically reacted with alcohols (usually metha-
nol or ethanol) in the presence of a catalyst (such as sodium hydroxide). This
technique results in biodiesel and glycerol as byproducts. Transesterification is
arelatively simple and well-established process, scalable for industrial biodiesel
production. It also yields high-quality fuel that can replace conventional diesel
in many applications [71, 72].

4. Solvolysis: Biomass is dissolved in solvents, often organic, to break down its
complex structure (like lignocellulose) into simpler chemical building blocks.
This process helps separate lignin from cellulose and hemicellulose, allowing for
the production of biofuels, chemicals, or bio-based materials. This method can
be tailored to specific biomass types and the desired end-products and can work
well with complex feedstocks [73, 74].

By integrating physical and chemical techniques, these processes can achieve
higher yields and greater versatility than many traditional conversion methods,
although their economic viability and energy efficiency continue to present chal-
lenges for large-scale deployment. However, every coin has two sides. The physico-
chemical processes, particularly those utilizing supercritical fluids or operating at
high-pressure/temperature conditions, require substantial energy input, which can
ultimately offset the environmental benefits of biomass conversion. Furthermore,
the need for pre-treatment (physical and chemical methods) in most physicochemi-
cal processes to enhance the behavior of chemical agents, and increase the overall
efficiency is adding complexity to the operational design, and thus leading to a high
cost for the process [3, 39, 75].

3. Conclusions

Biomass conversion technologies are a vital component of the global transition
to renewable energy and a more sustainable future. By harnessing the energy and
material potential of organic matter, these technologies offer pathways to produce
biofuels, bioenergy, and bioproducts that can significantly reduce reliance on fossil
fuels, mitigate greenhouse gas emissions, and promote a circular economy.

Thermochemical, biochemical, and physicochemical conversion processes
each provide unique advantages and challenges, with the choice of technology
depending on factors such as feedstock type, desired end-products, and scalability.
Thermochemical methods like combustion, gasification, and pyrolysis are highly effi-
cient for large-scale energy production, while biochemical processes such as anaero-
bic digestion and fermentation are more suited to producing biofuels like biogas and
ethanol from biological sources. Physicochemical approaches like transesterification
are valuable for converting oils and fats into biodiesel, offering a cleaner alternative to
traditional fossil fuels.

Despite their potential, biomass conversion technologies face technical, economic,
and environmental challenges that must be addressed to achieve widespread adop-
tion. Feedstock variability, process inefficiencies, and competition with conventional
energy sources remain key hurdles. However, continued research and development,
along with supportive policies and investments, are paving the way for more efficient,
cost-effective, and environmentally sustainable solutions. To overcome the barriers
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for the development of biomass conversion technology, governments worldwide are
implementing a variety of regulations, incentives, and frameworks to promote the
use of biomass as a renewable resource. These include subsidies for biomass power
plants, tax credits for biofuel producers, and grants for research and development in
advanced biomass conversion technologies. Many countries and regions have estab-
lished renewable energy mandates and targets that deem biomass as a key contributor,
which is to push the adoption of biomass-based energy generation and biofuels. All of
these policies focus on encouraging investment, ensuring environmental sustainabil-
ity, and integrating biomass into the broader energy mix to meet climate and energy
goals [76-80].

In the future, advancements in biomass conversion technologies hold immense
promise. Next-generation processes, integrated biorefineries, and innovative
approaches to bio-based products can unlock even greater opportunities for reducing
waste, enhancing energy security, and driving economic growth. As these technolo-
gies mature, they will play a crucial role in building a cleaner, greener, and more
resilient energy system that supports both human well-being and environmental
preservation.
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Chapter?2

Biomass to Energy: Harnessing
Nature’s Potential

Mohammad Ali Sabbaghi

Abstract

This chapter explores a wide range of valuable products that can be derived from
biomass. Biomass is an abundant and renewable energy source that can contribute to
alleviating the energy crisis and addressing environmental challenges posed by fossil
fuels. This energy can be transformed into fuels, chemicals, and other valuable products,
serving as a sustainable alternative to fossil fuels. The chapter begins with a discussion on
biofuels, such as bioethanol, biodiesel, and biogas, and how they can be produced from
various biomass feedstocks, including agricultural residues, forest products, and energy
crops. The topic of converting waste into energy will also be examined, along with
methods for energy extraction from biomass. Generally, thermochemical processes,
particularly gasification, exhibit faster conversion rates and higher efficiencies. When
compared to biochemical methods, thermochemical gasification appears to be a more
favorable option for extracting energy in the form of synthesis gas. This process not only
accelerates the transformation of feedstocks into valuable energy but also enhances the
overall yield, making it an attractive alternative for energy production. Biomass gasifica-
tion produces a combustible gas mixture. The composition and energy content of this
gas vary based on factors like the type of gasifying agent used in the process.

Keywords: biomass, energy, pyrolysis, gasification, sustainable source

1. Introduction

Energy holds significant importance in the development of industry and facilitates
international trade. For this reason, energy security is of great importance for the
advancement and expansion of technology. Producing energy in a safe manner is
one of the priorities of human life. The production, consumption, and preservation
of energy are essential for achieving sustainable development. Given the negative
environmental impacts caused by the consumption of fossil fuels, which release NO,
CO,, and SOy gases in the transportation, industrial, power generation, and residen-
tial sectors, there is a growing need for renewable energy sources.

With the increase in population, the dependence on energy and its consumption
also rises. The use of fossil fuels can contribute to the rise in global temperatures
and cause serious damage to the environment. Additionally, burning these fuels for
energy and heat production leads to an increase in greenhouse gases [1].

Biomass is a plentiful and renewable energy source that can help alleviate the
energy crisis and the environmental challenges arising from fossil fuels. This type of
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energy can be converted into fuels, chemicals, and other valuable products, serving
as a sustainable alternative to fossil fuels. Biomass refers to biological materials or
waste derived from living organisms, which stores solar energy. This energy source
typically consists of organic materials that include carbon, hydrogen, and oxygen,
and encompasses plant residues, municipal waste, industrial waste, animal waste,
and household garbage.

Biomass, in its dry form, typically consists of a carbon content ranging from 30%
to 60% and a hydrogen content of approximately 5% to 6%. Other mineral elements
such as nitrogen, chlorine, and sulfur contribute to less than 1% of the total biomass
composition. This diverse makeup highlights the potential of biomass as a versatile
energy resource, capable of reducing dependency on fossil fuels while addressing
environmental concerns [2].

The main factors that are important in the utilization of biomass for energy
production include heating value, moisture content, and ash content [3].

* Heating value indicates the amount of energy released when biomass is burned.

* Moisture content denotes the amount of water present in the feedstock, such as
wood.

* Ash content reflects the percentage of mineral matter present in the biomass.

1.1 The importance of energy production from biomass

Biomass, due to its renewable and sustainable characteristics, can be recognized
as an alternative energy source. It is predicted that this resource has the potential to
meet 25% of the global energy demand. Based on a report by the U.S. Department of
Energy, renewable energies account for about 10% of the total energy consumed in
the country, and half of this amount, approximately 50%, is derived from biomass.
This showcases the significant role that biomass could play in the transition toward
more sustainable energy systems. As the global community is striving to decrease
its dependence on fossil energy sources and mitigate climate change, the utilization
of biomass presents a viable and effective solution for meeting energy needs while
promoting environmental sustainability.

Biomass plays an important role in the energy industry and is recognized as the
largest primary energy source in the world after fossil fuels. To produce and utilize
biomass effectively, it is essential to have sufficient knowledge about its various
types. This information helps us harness biomass for generating electricity, energy,
transportation fuels, heating, and other products. Understanding the diverse forms
and applications of biomass can lead to more sustainable energy practices and
innovations in various sectors, ultimately contributing to a greener future [3].

2. Diverse forms of biomass energy
Biofuels play a crucial role in the transition to a sustainable energy system. Among

these fuels, bioethanol and biodiesel have gained attention due to their capacity to
lower the emissions of greenhouse gases and enhance energy security.
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Bioethanol is primarily produced through the fermentation of carbohydrates
found in biomass. These carbohydrates are typically sourced from agricultural resi-
dues, food products such as corn and sugarcane, and energy-rich resources. During
the fermentation process, microorganisms convert sugars into ethanol. This bioetha-
nol can then be blended with gasoline and utilized in vehicles, resulting in a decreased
reliance on petroleum and a reduction in carbon emissions.

Biodiesel is created using a method known as transesterification. This technique
involves the conversion of triglycerides present in plant oils or animal fats are con-
verted into fatty acid methyl esters. This renewable fuel can be utilized as is or mixed
with traditional diesel, making it an attractive option for those looking to reduce their
carbon footprint.

The essential ingredients required for the creation of biodiesel include soybean oil,
canola oil, and waste cooking oils. Since biodiesel can be produced economically, it
presents opportunities for rural development. Farmers can increase their income by
cultivating oilseeds or collecting waste oils.

In addition to bioethanol and biodiesel, biogas plays a significant role as a new
biomass fuel in the future of renewable energy. Biogas is generated by the anaerobic
breakdown of organic materials such as manure, food waste, and agricultural resi-
dues. During this natural process, microorganisms break down organic matter, result-
ing in a mixture primarily composed of methane and carbon dioxide. This biogas can
be utilized directly for producing heat and generating electricity, or converted into
biomethane for injection into natural gas networks. The use of biogas not only acts
as a sustainable energy source but also contributes to waste reduction and nutrient
recovery, exemplifying the principles of a circular economy.

The diversity of raw materials in biomass is a key factor in the production of
biofuels and its potential to provide sustainable energy solutions. Agricultural resi-
dues, such as wheat straw and rice husks, offer substantial sources of materials that
are often discarded, contributing to improved resource efficiency. Forest products,
including wood chips and sawdust, enable the utilization of waste from the wood
industry. Additionally, crops that are specifically cultivated for high-yield biomass
create favorable conditions for the development of future biofuels [4].

2.1 Biomass extraction considerations

Regarding biomass as a renewable resource, it is crucial to consider the environ-
mental and socioeconomic impacts of its production. To ensure biomass is provided
sustainably, it is essential to guarantee that land use does not interfere with food
production and that negative environmental effects are minimized. These consider-
ations are significant for strengthening the biofuel industry and supporting global
sustainability objectives.

Policy-making, research, and public awareness-raising play crucial roles in
enhancing the sustainability and acceptance of biofuels. These efforts help ensure
that the benefits of these fuels are realized in a way that simultaneously promotes
economic growth and protects the environment. By developing effective policies and
investing in research, stakeholders can better understand the potential of biofuels
and address any challenges associated with their production and use. Additionally,
increasing public awareness about the advantages and importance of biofuels is vital
for fostering community support and encouraging sustainable practices. Overall,

a collaborative approach that emphasizes these key roles will be instrumental in
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advancing the biofuel sector and achieving a balanced relationship between economic
development and environmental stewardship [5].

Central to the process of converting biomass is the generation of biochemicals,
which play a vital role in today’s economy. Chemicals derived from biomass function as
essential components for numerous industrial uses. These substances can be synthesized
using biotechnological methods such as fermentation or through thermochemical meth-
ods like gasification. The innovative potential of microorganisms in these biotechnologi-
cal processes facilitates the eco-friendly production of valuable platform chemicals from
basic biomass resources. For example, cellulose can be broken down into sugars, which
are then fermented to produce bioethanol, an attractive substitute for conventional
gasoline. Moreover, specialty chemicals, which find applications across various sectors
including pharmaceuticals and beauty products, can also be derived from biomass. The
production of fine chemicals, characterized by their high purity and targeted function-
alities, is increasingly taking place through biocatalysts—an advancement that promotes
more sustainable manufacturing practices. By harnessing biomass for chemical pro-
duction, we can reduce dependency on fossil fuels while fostering the development of
greener methodologies, thereby addressing significant environmental issues.

An increasing issue facing global industries is the rising amount of plastic waste and
the negative effects of synthetic materials on the environment. A potential answer lies
in the use of polymers and composites derived from biomass, which present renew-
able options that can supplant traditional fossil fuel-based materials. One notable
example is polylactic acid (PLA), sourced from corn starch, which has become widely
used in packaging as an eco-friendly alternative to standard plastics. Likewise, lignin,
extracted from wood and agricultural by-products, can be transformed into durable,
biodegradable composites suitable for various applications in construction and textiles.

Exploring the topic of biomass requires a thorough examination of the innovative
waste-to-energy technologies that play a crucial role in its transformation. Different
biomass waste sources encompass agricultural leftovers, forestry residues, and munici-
pal waste, present ample opportunities for energy recuperation. Techniques such as
anaerobic digestion and pyrolysis enable the conversion of these waste materials into
useful energy outputs such as heat, electricity, and fuels for transportation. Anaerobic
digestion is a biochemical process in which organic materials are decomposed in the
absence of oxygen, yielding biogas as a result. This biogas, predominantly made up of
methane, can serve multiple purposes, including heating, providing combined heat
and power, or even being refined into biomethane for use in vehicles. Conversely,
pyrolysis encompasses the thermal breakdown of biomass at high temperatures, result-
ing in products such as bio-oil, syngas, and biochar, thereby expanding the array of
available energy resources. By effectively managing biomass waste, we can reduce the
burden on landfills while promoting a more sustainable and diverse energy future [6].

3. General strategies for biomass processing

Extensive research has been conducted on methods of energy extraction from bio-
mass. This resource is utilized for the production of fuels and chemicals through two
main technologies: biochemical and thermochemical methods. Biochemical conversion
includes processes such as digestion for biogas production and fermentation for ethanol
generation. However, there are concerns regarding the economic viability of these meth-
ods. The increased production of fuels from crops such as wheat, barley, and corn can lead
to arise in food prices, sparking debates about the competition between food and fuel [7].
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In the field of enzymatic hydrolysis as a biochemical method, several challenges
exist. These challenges include the low activity of commercial enzymes, the high costs
associated with these enzymes, and an insufficient understanding of the biochemis-
try, structure, and function of the enzymes. Addressing these challenges is crucial for
making enzymatic hydrolysis a more viable option for biomass conversion.

Thermochemical methods based on biomass are recognized as an alternative
option for the production of biofuels and chemical materials. These processes can be
utilized to generate electricity as well as biofuels. The main methods in thermochem-
istry include direct combustion, pyrolysis (thermal decomposition), liquefaction,
gasification, and carbonization. Overall, these thermochemical pathways demon-
strate higher efficiency and yield compared to biochemical methods.

Pyrolysis refers to the process of producing liquid at medium temperatures and
with short residence times in an oxygen-free environment. The pressure during this
process is typically equal to atmospheric pressure, and combustion does not occur
due to the lack of oxygen. Instead, the chemical compounds found in organic mate-
rial, such as cellulose, hemicellulose, and lignin, are converted into flammable gases.
These gases can then be transformed into combustible liquids, resulting in products
such as pyrolysis oil or bio-oil. However, to achieve high heating rates, this process
requires the drying of the materials [8].

As an alternative, hydrothermal liquefaction (HTL) utilizes wet biomass and
eliminates the need for drying, which often entails high energy consumption.

Thermal gasification refers to the production of gaseous products in the presence
of factors such as air, oxygen, and steam. This process is based on the partial oxida-
tion of biomass and results in the generation of syngas, which includes hydrogen,
carbon dioxide, methane, and carbon monoxide. Gasification serves as a crucial
method for converting biomass into valuable energy carriers, as it allows for the
efficient utilization of organic materials. By harnessing the chemical energy present
in biomass, thermal gasification facilitates the transition toward more sustainable

Biomass

Mechanical
extraction

m | Gasification | Pyrolysis

(o (Cow ) Cauie)
Figure 1.

Various strategies of energy extraction from biomass.

Biochemical Thermochemical
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energy systems. Furthermore, the syngas produced can be utilized in various appli-
cations, including electricity production, chemical production, and as a fuel for
transportation [9].

Biomass with high moisture content requires drying to ensure effective energy
conversion during the thermal gasification process. However, in supercritical water
gasification (SCWG), there is no need for drying, and wet biomass can be utilized
directly. Generally, thermochemical processes, particularly gasification, exhibit
faster conversion rates and higher yields. In comparison with biochemical methods,
thermochemical gasification appears to be a better option for extracting energy in the
form of synthesis gas [10].

Various types of energy extraction strategies from biomass are shown in Figure 1.

4, Gasification

Gasification stands out as a highly efficient approach for transforming biomass
and waste into energy within the realm of thermochemical processes. In this process,
biomass is combusted in the presence of air, and the chemical energy contained
within it is transformed into heat, electricity, or mechanical power. However, one of
the significant challenges associated with this method is the high emission of pollut-
ants and the generation of large amounts of ash [11].

The gasification of biomass is an endothermic process, which means it requires
heat to proceed. Depending on the source of heat, this process can be catego-
rized as either autothermal or non-thermal. In autothermal gasification, heat is
produced through the partial oxidation of biomass occurring within the gasifier
itself. On the other hand, in non-thermal gasification, heat is supplied from an
external source, which often presents challenges related to the transfer of heat to
the area where the conversion to high-temperature gas takes place. This distinc-
tion between the two types of gasification processes is crucial for understand-
ing their operational dynamics and efficiency in producing gas from biomass
feedstock [8, 12, 13].

The primary output of biomass gasification consists of a blend of flammable
substances, comprising carbon monoxide, methane, nitrogen, hydrogen, and lighter
hydrocarbons, along with small amounts of heavier hydrocarbons. This gas blend is
known as producer gas, and its characteristics and energy content depend on various
factors, including the type of agents employed in the gasification process. Following
a purification and refining procedure aimed at eliminating or decreasing contami-
nants to minimal concentrations, the produced synthesis gas is mainly composed of
hydrogen and carbon monoxide. This gas can be harnessed as a fuel source in internal
combustion engines or gas turbines for generating heat and electricity. Moreover, syn-
thesis gas acts as a key starting material for creating a range of chemical substances
and biofuels [14-16].

The main advantage of biomass gasification over other thermochemical con-
version technologies is the utilization of very high temperatures. These elevated
temperatures lead to the production of higher quality and purer syngas as unwanted
impurities are significantly removed in the process. Additionally, biomass gasification
demonstrates a higher efficiency compared to other technologies.

Research conducted by Girio et al. [17] indicates that several technologies for
converting biomass waste into energy and advanced biofuels have been examined.
These studies rely on multiple performance metrics, with efficiency being a key
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focus. The investigators have found that gasification exhibits comparable efficiency to
combustion and surpasses several biomass conversion methods, including anaerobic
digestion, fermentation, and pyrolysis.

In addition, regulatory measures set by government agencies and global institu-
tions enhance the significance of gasification. This method allows for the utilization
of diverse raw materials, such as lignocellulosic substances, plastics, and other waste
products, regardless of their moisture levels, tailored to the specific gasification
technique used [18].

Consequently, gasification processes exhibit significant flexibility concerning the
raw materials used. Unlike other biomass conversion technologies, such as bioethanol
production via fermentation, which require land-use changes, gasification does
not necessitate such transformations. This characteristic makes gasification a more
sustainable option, as it can utilize waste materials that might otherwise contribute
to environmental pollution without competing with food production or causing
deforestation.

4.1 Syngas

Converting biomass into gas comes with limitations, including logistical chal-
lenges. Because biomass has a lower density in comparison with fossil fuels, trans-
porting it becomes more difficult. Furthermore, gasification typically results in
the production of syngas with a diverse combination of gaseous components and
unwanted impurities. This increases the need for cleaning and purification stages,
which in turn adds complexity and raises costs.

The formation of tar is also a major concern in biomass gasification. Tar accu-
mulation can obstruct machinery, leading to diminished efficiency in processes and
a decrease in the quality of syngas, which in turn elevates operational expenses.
Furthermore, the emission of tar into the environment may present health hazards
and ecological concerns, given that numerous compounds within tar are known to be
carcinogenic [19].

One approach to minimize tar production is to operate at elevated temperatures
or utilize catalysts. Recently, advancements have been made to address this chal-
lenge, particularly through the application of microwave technology [20, 21].

A major issue in the gasification process is the high concentration of impurities
found in syngas derived from biomass. These impurities encompass a wide range

of substances, including various tar compounds, particulates, nitrogen-containing
compounds such as ammonia and hydrogen cyanide, as well as sulfur-bearing inor-
ganic substances such as hydrogen sulfide, carbon disulfide, and carbonyl sulfide.
Additionally, halides and halogens such as hydrogen chloride and chlorine, together
with alkali metals such as sodium and potassium, contribute to the contamination.
These pollutants are generated during the thermochemical conversion of biomass
and can appear in varying concentrations within the resulting syngas. The presence
of these contaminants can lead to numerous technical and operational issues, includ-
ing equipment degradation caused by hydrogen sulfide, fouling resulting from tars,
and deactivation of catalysts due to substances such as hydrogen sulfide, ammonia,
hydrogen chloride, and trace metals [22, 23].

There are numerous approaches available for improving syngas quality by
minimizing contaminant levels, which can be classified into primary and secondary
methods. Primary methods focus on the immediate reduction of contaminants,
such as tars, right within the gasification process and the reactor itself. In contrast,
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secondary methods address the treatment of syngas after its formation [23]. In

situ techniques rely on careful management of operational parameters and the
incorporation of catalysts or additives during the gasification process to limit the
production of contaminants like tar. In comparison, secondary processes do not
disrupt the gasification reaction itself; rather, they aim to remove impurities from
the syngas downstream through various physical and chemical means. Despite

the different methods available, relying solely on a single technique for effective
contaminant removal remains a difficult task in practice. A more successful strat-
egy often involves the combined use of both in situ and post-gasification treatment
methods [24].

The construction of a gasifier is influenced by multiple elements, such as the fuel
being used, its dimensions and form, the moisture levels and ash presence in the input
material, as well as the specific uses for the syngas produced. To accommodate these
needs, a range of gasifier types has been created. These encompass fixed bed reac-
tors (available in updraft, downdraft, and crossflow designs), fluidized bed reactors
(which include bubbling, circulating, two-stage, and multi-stage options), bubbling
flow reactors (featuring top and side feeding methods), and plasma reactors. In the
context of business uses, nearly 75% of gasifiers are of the downdraft type, while
20% utilize fluidized bed technologies, and the remaining 5% are allocated to other
designs. Figure 1 schematically illustrates the different types of gasifiers [25, 26].
Different types of gasifiers are shown in Figure 2.
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& steam
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—

Downdraft
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—_— 1 —t
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Bubbling Fluid Bed Gasfier Circulating Fluid Bed Gasfier Dual Fluid Bed Gasification

Figure 2.
Various types of gasifiers.
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4.2 Synthesis gas cleaning processes

There are two primary classifications based on the kind of working fluid
involved: purification of wet gases and purification of dry gases. Wet gas puri-
fication involves the use of a liquid medium, often water or other solvents, to
absorb or react with pollutants, thereby removing them from the gas stream.
This method is especially effective for soluble contaminants and can increase the
overall efficiency of the purification process. On the other hand, dry gas purifi-
cation employs solid adsorbents or other dry media to capture particulates and
gaseous pollutants without the need for a liquid phase. Each of these approaches
has its own advantages and limitations, making the choice of purification method
dependent on the specific composition of the synthesis gas and the nature of the
contaminants present.

4.2.1 Wet gas cleaning (WGC)

WGC is recognized as a highly effective and economical technology for purify-
ing gases, successfully minimizing the levels of specific pollutants to acceptable
thresholds. This method is particularly favored for the elimination of impurities
from raw syngas, owing to its proven dependability and superior performance.
Typically, WGC operates at temperatures under 100°C [27, 28]. However, it
faces challenges, as the gasification process is carried out at higher temperatures
ranging from 700 to 900°C, leading to a decrease in energy efficiency due to the
required cooling of the syngas. Furthermore, there are additional expenses linked
to the management or disposal of the pollutants collected during the cleaning
operation [27].

4.2.2 Dry gas cleaning (DSC)

Recently, there has been an increasing emphasis on techniques for DGC owing to
its notable advantages concerning energy efficiency and environmental impact. This
technique is particularly impressive for its ability to clean and condition gasifica-
tion by-products at temperatures that are similar to those in the gasification stage,
which helps to minimize energy loss overall. Furthermore, DGC presents additional
benefits, such as reducing waste outputs and the possibility of transforming certain
pollutants into useful by-products. For example, tar can be converted into useful com-
bustible gases such as carbon monoxide (CO), methane (CH,), and hydrogen (H,).
DGC can be divided into three primary categories: mechanical-physical methods
aimed at particle removal, thermal methods focused on eliminating tar, and catalytic
methods designed to remove a range of contaminants, including tar, sulfur, alkali,
nitrogen, and chlorine [29].

4.3 Advances in gasification method

Recent advancements in biomass gasification have included significant progress in
integrated gasification methods, supercritical water gasification, and cyclic chemi-
cal gasification. These methods show significant potential due to their objective of
reducing the costs of syngas generation and improving the efficiency of gasification
systems. This goal is achieved by the combination of various processes, highlighting
the potential for fundamental changes in this field.
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4.4 Carbon capture technology

With the transition toward a net-zero energy framework, carbon capture unit
(CCU) technologies are becoming increasingly important. Utilizing CCU technolo-
gies in biomass gasification facilities is essential for minimizing carbon emissions,
which helps transform gasification methods into more sustainable alternatives.
Additionally, Carbon Capture Storage and Utilization (CCSU) technologies enable
the efficient extraction and conversion of carbon dioxide into valuable renewable
products such as methanol, methane, and liquid fuels. This advancement is pivotal in
the effort to decarbonize sectors with significant emissions, including transportation,
cooling, and heating, as well as the chemical industry [30].

The transformation of syngas into renewable fuels and chemicals encompasses
processes such as methanation, methanol production, and Fischer-Tropsch synthesis.
While there are certain scenarios where a minor concentration of CO, (below 10% by
volume on a dry basis) can be advantageous, most syngas conversion methods require
the elimination of CO, to enhance product quality, optimize reaction rates, and avert
the poisoning of catalysts. Additionally, removing CO, from syngas is often necessary
to reduce its overall volume, which allows for the utilization of more compact process-
ing equipment.

Modifying the H,-to-CO ratio in syngas is essential, which can be accomplished
through water-gas shift (WGS) reactions or by introducing additional hydrogen [31].
In gasification systems, CO, capture tends to be more straightforward and cost-effec-
tive relative to other industries, primarily due to the elevated pressure of the resulting
syngas, resulting in a higher concentration of CO,. The captured carbon dioxide can
be utilized on-site for the production of valuable products, as previously mentioned,
or it can be marketed for additional financial benefits. Potential uses for CO, include
its incorporation into building materials, its role in carbonated drinks, the mineraliza-
tion of hard water, its function in flame retardants such as fire extinguishers, and its
application as a pressurized gas in pneumatic tools and machinery.

The combination of gasification with the combined cycle (CC) can be beneficial
both environmentally and economically. However, additional investigation is required
to completely grasp and illustrate these mechanisms. Recently, several studies on this
topic have been published, contributing to our understanding of the potential advan-
tages and operational efficiencies of integrating gasification technology with combined
cycle power generation. These studies could pave the way for more sustainable energy
solutions, highlighting not only the environmental benefits but also the potential for
cost savings in energy production. The ongoing research efforts aim to bridge the
knowledge gaps and optimize the performance of this integrated approach [32, 33].

5. Biomass gasification thermodynamic equations

The interaction of biomass with steam generates a variety of gases, including
hydrogen, carbon monoxide, carbon dioxide, methane, and additional water vapor. In
the gasification of biomass, key reactions take place, encompassing the transforma-
tion of biomass, the water-gas reaction, the water-gas shift, and the generation of
methane. A gasifier reactor operating under isothermal conditions efficiently trans-
forms the feedstock into synthesis gas [34].

The biomass gasification process is carried out using water vapor as a reactant.
This gasification reaction is defined as shown in Eq. 1. Biomass gasification involves
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the thermal decomposition of organic materials in the presence of limited oxygen and
steam, resulting in the production of syngas, mainly composed of hydrogen, carbon
monoxide, and small amounts of other gases. This process not only helps in convert-
ing biomass into a more usable form of energy, but also plays a significant role in
reducing waste and promoting renewable energy sources. Understanding the dynam-
ics of the gasification reaction is crucial for optimizing the efficiency of biomass-to-
energy conversion processes [34].

CH,O, +zH,0 - ny,H, +n,CO +n¢,CO, +ny,oH,0 + 1, ,CH, 1)

The formulas pertain to the molar proportions of hydrogen relative to carbon and
oxygen relative to carbon found in biomass. Moreover, the variable z denotes the over-
all moisture content in the biomass, in conjunction with the added water vapor, while
n; signifies the production of synthetic gas from the biomass gasification process.
Stoichiometric total biomass ratio (STBR) is identified as one of the key performance
indicators for biomass gasification, as indicated in Eq. 2.

My icure T Mooam i
STBR — mmst'urz steam,in (2)

md?;v biomass

The efficiency of cold gas is defined according to Eq. 3, which relates the lower
heating value of the gases exiting the gasifier reactor to the total lower heating
value of the biomass and the heat input to the reactor. This relationship allows us to
quantify how effectively the gasifier converts biomass into usable gas, taking into
consideration both the energy content of the available biomass and the thermal
energy provided to the system. Understanding this efficiency metric is important for
optimizing gasification processes [35].

LHVﬂue as
— 8 %100 3)
LHYV,

776 =
biomass + in

The exergy destruction rate within the biomass gasifier’s control volume is articu-
lated in Eq. 4. In this equation, ( Ex,,,,, ) and ( Exsyngm ) account for the complete physi-
cal and chemical exergy associated with the incoming water vapor and the resulting
syngas produced by the gasifier, respectively. Furthermore, the input exergy, whichisa
result of the heat energy delivered to the gasifier, is denoted by the term ( E'xQ) [35].

steam

E, =FEx,+Ex,, + E'xQ - Exmgm 4)

steam

Biomass possesses a negligible amount of physical exergy, leading to its frequent
omission in total exergy calculations. The exergy associated with biomass, which
comprises solely chemical exergy, is expressed through Eq. 5. This separation plays
a crucial role by allowing for a more straightforward analysis that emphasizes the
predominant aspect of biomass exergy: its chemical potential. By disregarding the
minimal contribution of physical exergy, researchers can optimize their evaluations,
directing their attention to the elements that have a more significant impact on energy
production and the sustainability of biomass applications [36].
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Ex, =, (B.LHV,) 5)

In connection with Eq. 5, the lower heating value for biomass fuel is employed,
while the coefficient p is established as the proportion of hydrogen to carbon and
oxygen to carbon. This figure is derived using Eq. 6 [37]. Grasping these variables is
crucial due to their impact on the combustion efficiency and overall functioning of
biomass as a sustainable energy resource.

1.0414 +] 0.0177x (0.3328><Oj>< 1+(0.0537XHJ
B c C C

p= - ©6)
1—(0.4021><O) 1_(0_4021XO)
C C

6. Conclusions

In this chapter, a wide range of valuable products that can be obtained from bio-
mass is investigated. First, biofuels such as bioethanol, biodiesel, and biogas, detailing
how they are produced from various biomass raw materials, including agricultural
residues, forest products, and energy crops, are discussed. Following this, the topic of
waste conversion into energy, along with methods of energy extraction from biomass,
is examined. Research indicates that in general, thermochemical processes—particu-
larly gasification—exhibit faster conversion rates and higher efficiency compared to
other methods. One of the main advantages of biomass gasification over other ther-
mochemical conversion technologies is its ability to operate at very high temperatures.
These elevated temperatures lead to the production of syngas with improved quality
and greater purity, as unwanted impurities are effectively removed. The primary
product of biomass gasification is a mixture of combustible compounds known as
producer gas. The composition and calorific value of this gas mixture depend on vari-
ous factors, including the type of gasifying agent used.
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Chapter 3

Perspective Chapter: The Growing
Importance of Bio-Attributed
Products in Reducing Greenhouse
Gas Emissions

Ivana Krkljus, Peter Saling and Christian Kriiger

Abstract

Renewable raw materials, as regenerative biobased feedstock for chemicals, have an
enormous potential for reducing feedstock-related greenhouse gas emissions. Dedicated
to driving the growth of bioeconomy, we continuously explore and develop building
blocks for turning the bioeconomy ambition into a reality. Bio-based products are already
available in the market but are limited in growth due to lack of technologies and product
development costs. Alternatively, scale-up and utilization of biobased feedstocks, lever-
aging existing infrastructure, requires utilization of different chain-of-custody models.
That is how a growing need for bio-attributed products, which provide the same quality
and performance of their conventional equivalent and a proven benefit determined by the
reduction of the Product Carbon Footprint in cradle-to-gate assessments, can be fulfilled.
Ranging from a discussion around collaboration to drive sustainability in the chemical
industry, towards current and future policy asks, we discuss about the opportunities of
using different types of feedstocks and how we can accelerate industry transformation
strategies by using attribution models, model biogenic CO,-uptake in a meaningful, fair,
and transparent way, based on accepted and harmonized standards, such as global ISO
standards. We provide reference points and statistics and address the latest and the most
important bioeconomy-related aspects of bio-attribution as science is evolving.

Keywords: bioeconomy, bio-attributed products, biogenic carbon, mass balance chain
of custody, GHG emissions reduction

1. Introduction

Reducing carbon emissions is crucial for limiting global warming. Fossil fuels are a
major source of greenhouse gases, which contribute to climate change. By moving away
from fossil fuels, we can reduce carbon footprint and mitigate environmental damage.

There are two major concepts essential for achieving climate neutrality: de-fos-
silization and decarbonization, focused on different aspects of energy and industrial
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systems. De-fossilization refers to the process of reducing or eliminating the use of
fossil resources, such as coal, oil, and natural gas, for energy and materials produc-
tion. Decarbonization focuses on reducing the amount of carbon dioxide (CO,) and
other carbon compounds released into the atmosphere from human activities. Itis a
broader concept that includes de-fossilization, but also encompasses other strategies
to lower carbon emissions.

For chemical industry, it is essential to use carbon because it is a fundamental
building block for many chemical compounds necessary for our daily life. Carbon
is incredibly versatile and can form strong bonds with each other and with atoms,
allowing it to create complex structures. These structures determine the properties
and functions of chemicals. Without carbon, the chemical industry would not be able
to produce the materials and compounds that are crucial for everyday products and
technologies.

The chemical industry is a cornerstone of a modern economy that supports the
value chains of various sectors and plays a pivotal role in driving the sustainability
of all downstream industries. Not only does it provide employment to 1.2 million
people in Europe [1], but it also serves as a catalyst for innovation. The significance
of a strong and resilient European chemical industry cannot be emphasized enough.
The industry is currently undergoing a significant transformation to align with the
ambitious objectives of the European Green Deal [2], which aims to achieve climate
neutrality, circularity, and digitalization. This transformation requires substantial
investments amounting to many billions of euros over the coming decades, leading up
to the 2050 deadline. A robust European chemical industry is vital for the successful
implementation of the European Green Deal, as chemicals are present in more than
90% of manufactured goods, and almost everything from solar panels to pharma-
ceuticals is made with the help of chemicals [3], serving as a foundation for modern
lifestyles and the advancement of clean technologies.

Today, the chemical industry mainly relies on fossil resources such as oil, coal,
and natural gas, with petrochemicals making up a significant portion of its raw
materials. In 2019, fossil-based feedstocks accounted for around 80% of the total
feedstock used [4]. The phaseout of fossil resources is an urgent need [5], and the
chemical industry has a critical role to play in this transition [6]. De-fossilization
recognizes the need to transition away from these finite resources toward renewable
and recycled feedstocks, such as bio-based or recycled materials, and CO,, Figure 1,
as well as adopting solar, and wind as energy sources, or hydrogen to power manu-
facturing processes.

The importance of utilizing renewable and recycled feedstock becomes even more
apparent when consulting the following statistics.

Share of Fossil Carbon: In 2020, approximately 99% of the raw materials used for
plastics production in the EU were derived from fossil fuels, including oil and natural
gas [7]. Globally, over 95% of the raw materials used in plastic production come
from fossil sources [8]. Fossil fuels accounted for 84.3% of the global primary energy
consumption in 2019 [9].

Share of Recycled and Renewable (Circular) Carbon: The recycling rate for plastic
packaging was raised up to 39.7% in 2021 [10]. Globally, only about 9% of plastic
waste is recycled. The rest ends up in landfills, is being incinerated, or leaks into the
environment [11]. The share of circular carbon embedded in products is still low,
compared to the amount of fossil carbon. Kéhler et al. have published a share of 9%
of embedded circular carbon in chemicals and derived materials globally [12]. The
global steel industry recycles 33% of the total steel production annually [13].
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Renewable carbon sources replacing fossil resources.

Share of Biobased Products: The share of bio-based products in the EU’s chemical
industry was around 8% in 2017 [14]. The global production capacity of bioplastics is
accounting for approximately 1% of the total plastics market [15].

Obviously, we need other concepts beyond bio-based products to enable transfor-
mation [16]. Bio-attributed products offer a new paradigm for sustainable solutions
by combining renewable and traditional resources, while leveraging the existing
infrastructure to deliver affordable products without compromising performance, i.e.
through adoption of mass-balanced products [17]. Mass balance allows for a gradual
integration of renewable materials into existing production systems, without the need
for separate production lines. The emphasis is on substituting the overall fossil carbon
demand for a customer product, rather than tracing and substituting carbon from
each individual input in a single product value chain. This provides greater flexibility
and allows for the substitution of more fossil carbon [18].

Bio-attributed products benefit from greenhouse gas emissions reduction via
biogenic carbon', i.e. assimilation of CO, from the atmosphere at the farming step.
The carbon that is released into the atmosphere when biogenic materials are burned
or decayed is offset by the carbon that is absorbed by the plants or trees. In contrast,
the consumption of fossil resources releases carbon that has been sequestered under-
ground for millions of years, contributing to the increase of carbon dioxide in the
atmosphere and exacerbating climate change.

Yet, carbon accounting methodologies for bio-derived products (aggregated
term for bio-based and bio-attributed products) require an advancement in carbon

! Biogenic carbon refers to carbon that is sequestered from the atmosphere during the growth of biomass.
This carbon is found in a variety of natural materials, such as trees, plants and other forms of biomass, and
accumulates in reservoirs as organic carbon in the soil.

Biogenic CO2 emissions are defined as CO2 emissions related to the natural carbon cycle, as well as those
resulting from the combustion, harvest, digestion, fermentation, decomposition, or processing of biologi-

cally based materials.
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accounting standards, to ensure a comprehensive and accurate assessment of the
climate impact of bio-derived products throughout their life cycle.

2. Prerequisites for the successful transformation towards a sustainable
future

To successfully establish a transformation pathway, there are several important
prerequisites that need to be addressed.

1. Exploring the bioeconomy potential

Sections 3-4 delve into the concept of bioeconomy, highlighting the importance
of utilizing renewable resources.

2. Demonstrating significant progvess in reducing GHG emissions

Sections 5-8 highlight the importance of rewarding concepts and Chain-of-custody
(CoC) models that enable significant emission reduction measures early on, as well
as supporting progress in sustainable management of complex value chains.

3. Integrated assessment methodologies and frameworks

In Section 9-10 we present the integration of a Mass Balance Chain-of-custody
model into standardized Life Cycle Assessment (LCA) to achieve accurate and
comprehensive sustainability assessments. We will also delve into the applica-
tion of a specific LCA indicator, the Product Carbon Footprint (PCF), to further
highlight the benefits of this integrated approach.

By incorporating the holistic and consistent approach to —1/+1 biogenic carbon
accounting,” businesses can comprehensively assess and communicate the
environmental impact of products throughout their life cycle, enabling informed
decision-making and effective product placement strategies, Section 11.

4. Collaboration with stakeholders and industry oviented policy

Section 12 highlights the role of policy and advocacy in providing recognition
and incentives for sustainable practices.

3. From waste to wealth: The circular bioeconomy driving Europe’s
climate-neutral future

Bioeconomy [19] embraces the use of renewable resources, the valorization of
waste, and the cascading use of resources [20-22]. These resources are harnessed to

% The “-1/+1 approach” considers all the biogenic carbon flows of a product throughout its entire life cycle.
When a bio-based material is used, the biogenic carbon stored in the biomass enters the product’s system
and is reported as a negative emission. A positive emission is accounted for at the end of the product’s
useful life when the biogenic carbon is released back into the atmosphere or subsequently transferred to
another product system in short time periods.
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produce a wide range of essential products including food, energy, and materials like
plastics, textiles, and chemicals. Additionally, bioeconomy plays a vital role in waste
management [23-25].

4. Unleashing the potential: Understanding the concept of biogenic
carbon

Biogenic carbon [26] refers to carbon that comes from natural living sources like
plants, trees, animals, microorganisms, and another biomass. Living organisms play
a crucial role in absorbing carbon dioxide from the atmosphere through photosyn-
thesis. Unlike fossil carbon, which is stored underground for millions of years in
the form of coal, oil, and natural gas, biogenic carbon is part of the Earth’s current
carbon cycle.

Plants absorb carbon dioxide (CO,) from the air during photosynthesis. They use
carbon to grow and produce biomass, like leaves, stems, and roots. When animals eat
plants, they consume the carbon stored in the plant biomass. This carbon becomes
part of their bodies. When plants and animals die, microorganisms break down their
biomass, releasing carbon back into the air as CO, or into the soil. This process repeats
continuously, making biogenic carbon part of a renewable cycle that’s constantly
being reused in nature.

5. The bio-attributed products: Driving sustainability and the transition
to a low-carbon economy

For consumers seeking a measurable biogenic content, bio-based products [27]
exist for multiple applications. The products are derived from dedicated production
routes, using materials primarily from vegetable oils like palm oil, palm kernel oil,
and their respective derivatives, as well as fats, grains, sugar, and wood. The bio-
based content can be tracked to the final product by analytical measurements, and
determined by various radiocarbon methods, e.g., ASTM D6866-12:2012 [28], CEN/
TS 16640:2014 [29], DIN-51637:2014 [30].

For consumers who support reduction of fossil feedstock utilization, the fast-
emerging bio-attributed products and the biomass balance concept come into play. In
this approach, renewable raw materials are co-fed into the production chain alongside
fossil raw materials and attributed to end products. Bio-attributed come with the
same quality, performance, and properties as their fossil twins.

To support and accelerate the transition of the chemical industry, it is essential
to utilize both concepts and offer both bio-based products and bio-attributed
products to customers and consumers. This distinction extends to sustainability
product claims that are increasingly guided by regulatory guardrails for consumer
empowerment [31] and green claims [32]. Product claims refer to the marketing
statements that companies make about their products, to inform consumers about
the sustainability aspects of a product. Manufacturers must not claim bio-based
C14 carbon content [28-30] in their bio-attributed products. Product claims of
bio-attributed products may highlight the positive contribution of feedstock
replacement in the value chain that goes without compromising on the product
performance, compared to the fossil equivalent, reduced product carbon footprint,
due to biogenic carbon utilization, as well as substitution of fossil carbon by
renewable carbon.
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5.1 Examples of claims

“X% attributed renewable raw material”: This claim indicates that the raw material
needed to manufacture the product has been substituted by renewable feedstock and
this feedstock is attributed to the product via the mass balance method.

“Certified sustainable”: This means that the product has been audited by a third-
party organization to meet the criteria of a certification scheme, e.g. on traceability
and sustainability.

6. Tracing sustainability: Understanding the different chain-of-custody
models for a transparent and traceable supply chain

There are different chain-of-custody (CoC) models [33] in place, which offer dif-
ferent levels of traceability and transparency of raw materials flow throughout the
supply chain. ISO 22095:2020 [33] is a global and horizontal standard that outlines
the requirements for implementing CoC models. The CoC models are differentiated
by the physical presence of characteristics in the final product, Figure 2. Each of these
CoC models is suitable for certain supply-chain and production settings.

The identity preserved (IP) CoC model is used for systems where the identity
and integrity of a specific product or material are maintained throughout the
supply chain in industries such as food, agriculture, and specialty products. It is
sometimes applied to food value chains, e.g. the material flow is followed from the
specific farm or forest, where the raw materials were grown or harvested, through
the processing and manufacturing stages, to the final product. This material flow
is physically kept completely separated from other material flows originating from
other farms or forests.

The concept of a Segregated CoC model generally refers to a system where
materials or products from different sources or certified origins are kept separate

High overall Low overall or no
physical presence physical presence
Identity
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Figure 2.
Different chain-of-custody (CoC) methods, differentiated by physical presence, based on the ISO 22095:2020 [33].
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throughout the supply chain, to maintain their distinct identity and ensure trace-
ability. For renewable and fossil raw materials the segregated CoC model requires
complete separation throughout the linear value chain. E.g. the 100% renewable
content claim can be used if renewable content is not mixed with fossil content at
any point.

Controlled blending CoC model [33] refers to a system or process that ensures the
traceability and integrity of materials being blended in a controlled manner at any
time. This concept is commonly used in industries such as forestry, agriculture, and
manufacturing, where multiple materials or components are combined to create a
final product. Typical product examples of bio-based products are products where the
biogenic part is “chemically mixed” with a non-biogenic part. The share of biogenic
part is known at any point of time throughout the supply chain and can be analyti-
cally measured [28-30].

For materials, in a complex production environment (e.g. multi-input, multi-
output production set-up), today the most relevant attributional CoC model is the
Mass Balance (MB) model, Figure 3. MB allows to simultaneously use a mix of renew-
able and conventional feedstocks, using the existing interlinked/integrated system of
production plants, energy flows, and infrastructure. The use of renewable carbon can
be scaled up effectively and rapidly without costly adaptation of production processes
and value chains. A third party certification ensures the credibility of the system by
avoiding double counting.

The Book and Claim (B&C) CoC model [33] may be an option for sharing sus-
tainability attributes between companies without physical transport of energy, or in
case of materials without physical transport of products. B&C systems are the most
applied method for tracking energy attributes because Energy Attribute Certificates
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Figure 3.
The mass balance approach in chemical production. One or more characteristics (e.g. biogenic carbon) are
attributed to certain physical outputs, i.e. products.
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CoC models and their application to generate different types of products.

(EAC)? [34], such as GOs,” can be transferred and traded separately from the physical
flow of energy. Every unit of energy generated has certain characteristics, such as the
source of the energy (wind, solar, coal), where the energy was generated, and when
the production device first came online. These characteristics can be documented
into an EAC which is issued to the producer and can be traded or transferred to a
consumer. Because there is informational and economic value to EACs, they must be
accurate and securely managed. Energy attribute tracking systems based on the B&C
methodology exist across the world.

Figure 4 gives a general overview of the segregated and mass balance CoC models
and their direct impact on final products.

The IP, Segregated and Controlled blending CoC imply a measurable physical
content, while attributional models like MB and B&C imply an attributed content,
which is not measurable [34].

3 Energy Attribute Certificates (EACs) are the vehicle used to carry energy attributes certified via an attri-
bute tracking system. In Europe, the primary certificate used by attribute tracking systems is the Guarantee
of Origin or “GO” In other locations, like the United States, the certificate used is the REC (Renewable
Energy Certificate). An EAC is often bought, sold and canceled with prices determined by a supply and
demand market.

* The Guarantee of Origin (GO or GoO) is the tracking certificate regulated by the EU Renewable Energy
Directive 2023/2413 (RED-3 [34]). The GO is the carrier of energy attributes. The trade, cancelation

and use of GOs are further governed by the European Standard CEN EN 16325 [35], as referenced in the
RED-3. In addition, the European Energy Certificate System (EECS) rules, maintained and enforced by
the Association of Issuing Bodies (AIB) provides further rules that serve to harmonize and standardize GO
markets. GO prices are determined by a voluntary the supply and demand market.
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7. Balancing sustainability: Unveiling the power of the mass balance
approach in a circular economy

The mass balance approach is already well established in biofuel markets. Both
green methane (from renewable sources) - biomethane, and gray methane (from
conventional sources) - natural gas, can coexist within the same network or pipeline
grid. This approach allows for mixing and blending of different sources of methane
in a common infrastructure. The consumer receives gas from the shared network,
without being able to differentiate between the different sources. The mass balance
model ensures that the total amount of renewable or green gas, injected into the
network, matches the amount consumed by users, even if the specific molecules from
renewable sources cannot be physically traced to the end consumer.

The mass balance model is also applied to track the flow of materials through com-
plex production systems in the chemical industry, which is designed to create a wide
range of products, including polymers, coatings, crop-protection agents, vitamins,
and more [36], Video 1 (https://wwwyoutube.com/watch?v=7vZa36ikBi8).

The mass balance model enables the substitution of hydrocarbons from fossil
sources with hydrocarbons from non-fossil sources at the beginning of petrochemical
value chain (input) and is attributed to the product (output) in such a manner that
the input and the output match, i.e., the overall balance of raw material attributes
is maintained. The recycled and renewable feedstock demand is calculated back to
the primary carbon sources, like naphtha and natural gas, which are replaced with
an adequate volume of biogas, bio-naphtha, or pyrolysis oil (recycled from post-
consumer or pre-consumer waste). The following prerequisites must be fulfilled:

1.accurate consideration of all raw materials inputs,
2.tracing raw materials and characteristics flows,

3. maintaining the overall balance of raw materials and products, ensuring the sum
of input equals the sum of output, via predefined rules or calculations,

4.accounting for process losses/gains (e.g., the fossil fuels, utilized for steam and
electricity generation or fuel production),’

5.the mathematical attribution of certified content of raw materials (input) to
specific products (output).

The traceability® and the correct balance between inputs and outputs [33] can be
ensured by audits, according to a set of transparent rules and a third-party certifica-
tion approach. The most common certification schemes in the chemical sector are
the REDcert” scheme [37] and the ISCC PLUS [38]. Certification schemes involve the
evaluation of specific criteria established by horizontal or sector-specific standards,
by independent auditors. The availability of transparent and accurate product claims,
based on certificates, empowers downstream customers and consumers to make
choices that align with their sustainability preferences.

° The same applies for inorganic intermediates like sodium hydroxide or chloric acid.
® Traceability is defined according to ISO 22095: ability to trace the history, application, location or
source(s) of a material or product throughout the supply chain [33].
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The following guidelines are outlined in the ISO 22095:2020 [33]:

1.Documentation and record-keeping: The standard emphasizes the importance of
maintaining accurate and comprehensive documentation throughout considered
system boundaries of different CoC models, including the production networks.
This includes recording the origin, quantity, and characteristics of the input ma-
terials, with characteristics mixed with conventional inputs (blended process),
the processes to produce an output, and the flow of characteristics, as well as any
relevant information about sustainability or quality standards.

2.Material identification: ISO 22095:2020 [33] highlights the need for clear identi-
fication of different raw materials, to maintain their traceability.

3. Verification and certification: The standard encourages companies to obtain
third-party certifications or execute audits, to provide independent verification
of their CoC systems.

4.Training and competence: The personnel involved in the application of the
different CoC models must have a solid understanding the CoC requirements,
proper handling and storage of materials, and adhere to relevant procedures and
documentation.

5.Internal audits and management review: The standard recommends conducting
regular internal audits to identify any non-conformities, implement corrective
actions, and continuously improve the certification process.

8. The two implementing methods of mass balance chain-of-custody
model

The mass balance method considers the flow of characteristics within the defined
boundaries and ensures that the total quantity or value of the characteristics entering
the system matches the quantity or value of those leaving the system. Within the system
boundaries, the sum of the physical input and the output mass flows must be identical.

In principle, there are two different implementation methods according to ISO
22095 [33]. The rolling average mass balance method, Figure 5, is a specific approach
used in the mass balance system to account for the mixture of inputs with and without
specific characteristics. This method involves considering the average characteristics
of inputs over a defined period, typically 1 year. In the context of bio-based renewable
raw materials, the rolling average method allows for the combination of sustainably
certified and non-certified bio-based renewable raw materials. The average of inputs
with certified bio-based characteristics is determined over the defined booking
period, and this average is then attributed to all outputs in the same output ratio.

The credit method mass balance, Figure 6, is a specific approach within the mass
balance system that involves generating credits based on specific input characteristics,
such as the renewable attribute of a renewable feedstock. These credits are then stored
in a credit account and can be used to balance the use of certain input characteristics
for the attribution on final products. By utilizing the credit method organizations
using mass balance can demonstrate the use of renewable or other desired attributes
in their products.
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Figure 5.
Tllustration of the rolling average implementation method of MB CoC model.

Credit Method: Attribute Credits to Products

. Renewable Feedstock

Figure 6.
Tllustration of the credit method of MB CoC model.
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Figure7.
Hllustration of the non-proportional attribution of the renewable charvacteristics of credit MB CoC for multi-
output processes within a system boundary.

ISO/CD 13662 [39]’ provides guidance on the application of credit mass balance
to multi-output processes. In the case of non-proportional attribution, Figure 7, the
credits generated from a specific input characteristic, such as renewable content, are
attributed to the different outputs of a multi-output process, based on their relative
contribution to the overall process. This approach allows for a targeted attribution of
renewable characteristics to specific products. An example is given in Figure 7, where
renewable characteristics are directly attributed to Polymer 2 and Product 3.

On the other hand, the proportional attribution, Figure 8, distributes the renewable
characteristics based on the output yield of each product. The credits generated from
a specific input characteristic are attributed to each output in direct proportion to
their physical quantity or mass, i.e. in proportion to their contribution to the overall
production process. In Figure 8, the renewable characteristics are proportionally
distributed among all outputs, based on their respective yields.

The non-proportional attribution model is currently more widely used in volun-
tary markets. Given the existing market dynamics and the cost differentials between
renewable feedstocks and their fossil counterparts, the utilization of the non-pro-
portional attribution model helps mitigate the price difference and facilitates the sale
of bio-attributed products at a competitive price point. On the other hand, certain
regulated markets [40] require proportional attribution.

7 The ISO/CD 13662 [39] is under development. A draft is being reviewed by the technical committee ISO/
TC 308/WG2. The published version of the ISO/CD 13662 may contain further updates.
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Figure 8.
Hllustration of the proportional attribution of the renewable characteristics of credit MB CoC for multi-output
processes within a system boundary.

9. Enhancing sustainability assessment: The synergy of mass balance
chain of custody model and life cycle assessment

Life cycle assessment (LCA), as defined by ISO 14040 [41], involves the compila-
tion and evaluation of inputs, outputs, and potential environmental impacts of a
product system throughout its life cycle. LCA is a valuable tool for assessing the envi-
ronmental performance of various products, e.g., bio-derived products. By consider-
ing factors such as raw material extraction, manufacturing processes, distribution,
use, and disposal or recycling, LCA offers a holistic view of a product’s environmental
performance. Accurately accounting for the biogenic carbon uptake is crucial in LCA
studies of bio-derived products. The choice of system boundaries (the limits of the
LCA assessment) is essential in determining the extent to which biogenic carbon is
considered in the assessment [41, 42].

To improve the accuracy, reliability, and robustness of environmental assess-
ments, the MB CoC model can be combined with the LCA. The integration of the MB
approach into LCA for biomass applications in the chemical sector follows a well-
defined methodology [43]. This methodology has been critically reviewed by a panel,
primarily comprising academic experts, confirming its adherence to the requirements
of ISO 14040 [41] and ISO 14044 [42]. To apply this methodology several use cases
involving bio-based feedstocks, specifically biomass balance, have been examined
[44, 45]. In 2019 a methodology was published [43], based on a material flow analysis
and the substitution of feedstock datasets. The aim was to determine the number of
sustainable feedstocks required to replace fossil inputs through material flow analysis.
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The life cycle inventory of outputs, which includes products with attributed sustain-
able content obtained through the mass balance approach, is determined based on the
relative conversion rates and chemical values of the different feedstocks. Overall, the
integration of concepts and methodologies of both approaches enhances the accuracy
and reliability in the following manner:

1.1t involves using both approaches to track the flow of materials, energy, or prod-
ucts within a supply chain, and ensure transparency and traceability. The MB CoC
model helps to collect the required data accurately (tracks the flow of materials,
energy, or products within a supply chain), which is essential for a reliable LCA.

2. The MB data help understand where the product’s inputs and outputs come from.
These accurate and reliable data flows, guaranteed by certification schemes, can
then be incorporated into the LCA framework.

3. The model can also be used to attribute specific environmental impacts, based on
the measured or estimated flow of materials or energy, to processes or products
within a specific supply chain. This helps us accurately reflect the environmental
burdens associated with each stage of the life cycle.

4.By incorporating the MB data into the LCA framework, discrepancies or inconsis-
tencies can be identified and the credibility of the LCA assessment enhanced.

10. Unleashing the potential of product carbon footprint (PCF) in the
context of quantifying the environmental impact of products

Within the realm of LCA, the Product Carbon Footprint (PCF) [41, 42, 46] has
emerged as a widely recognized indicator of environmental impact. The PCF focuses
on quantifying greenhouse gas emissions associated with a product. In 2024, Together
for Sustainability (T£S) [47] published an industry-specific PCF guideline, to ensure
that the assessment accurately captures the carbon footprint of chemical products
[48, 49]. Figure 9 demonstrates examples of the integration and PCF calculation
of bio-attributed products, as outlined by TfS [48]: the “conventional reference”
approach and the “inventory” approach. Both approaches are accepted methods for
accurately calculating PCFs, with varying input shares of sustainable feedstocks
indicated by numbers 1 and 2 in the figure.

To communicate the results and facilitate the comparison of environmental
impacts, the ISO 14020 [50] series should be consulted. This allows for the creation
of self-declared claims, ecolabels [51], Environmental Product Declarations (EPDs)
[52], or other forms of footprint communication.

11. Advancing sustainability: Carbon accounting rules for valorization of
renewable raw materials in the value chain

It is a common practice to consider biogenic carbon dioxide emissions from
biomass-derived products as climate neutral. This is because the carbon released
during the combustion or decomposition of biomass-derived products is equivalent
to the carbon that was previously absorbed from the atmosphere during the growth
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Figure 9.

How do the “conventional reference” method and the “inventory” method differ in the calculation of PCF for
mass-balance attributed products [47].

phase of the biomass feedstock. As a result, the net impact on atmospheric carbon
levels can be considered neutral. This is, in contrast to fossil fuel-derived products,
where the combustion releases carbon dioxide that was previously sequestered over
millions of years underground.
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11.1 The cradle-to-grave accounting approach

In a cradle-to-grave approach, which considers the entire life cycle of a product,
from raw material sourcing to final product disposal, the biogenic carbon uptake® and
emissions from disposal are balanced. This means that the CO, emissions associated
with the end-of-life stage of biomass-derived products, such as composting or biodeg-
radation, are offset by the biogenic carbon uptake during the growth phase of the
bio-based renewable raw materials. Both carbon uptake and biogenic carbon dioxide
emissions are considered in total as climate neutral.

This approach is often used for cradle-to-grave assessment of bio-based fuels.

The specific characteristic of these product systems is that the combustion of fuel,
and, therefore, the CO, release to the atmosphere, is inside the system boundaries.
From this perspective, the biogenic CO, flows can be canceled out and the net carbon
emissions from these products are zero or neutral (the so-called “0/0 accounting
approach”). On the other hand, fossil-based products will receive a CO, burden in
case of incineration or other forms of disposal. This is because the combustion of
fossil-based products releases CO, that has been sequestered underground for millions
of years, and if released now, contributing to the increase of CO, in the atmosphere.

11.2 The cradle-to-gate accounting approach

When a product’s final disposal cannot be specifically identified, such as with plat-
form chemicals used for various applications, or it is simply unknown, as is mainly
the case for upstream suppliers in the value chain, a cradle-to-gate LCA is typically
conducted. In a cradle-to-gate LCA, part of a product life cycle, i.e. the environmental
impact of products from raw material extraction (cradle) to the point of leaving the
factory gate (gate) are considered (i.e., before it is transported to the customer),
Figure 10. Furthermore, this system boundary is selected in business-to-business
relationships, when materials are delivered from suppliers to their customers. ISO
14067 [46] specifically focuses on carbon footprint assessment, including the treat-
ment of biogenic carbon. In the context of PCF calculation, the —1/+1 approach for
assimilated CO, should be applied, and the responsibilities and contributions of dif-
ferent actors along the value chains, such as biomass producers, processors, manufac-
turers, formulators, and end-users, made transparent. It is crucial to account for such
scenarios where biogenic content may be retained or transferred to other materials or
applications. Figure 10 illustrates the different impacts throughout the product’s life
cycle until the factory gate.

The biogenic carbon remains in the molecule until it is released through incinera-
tion or degradation. For instance, in the case of indoor paint on a wall, the biogenic
carbon will remain on the wall until the house is demolished or undergoes complete
reconstruction. If the concrete of the house is repurposed for road construction or
any other application, the biogenic content of the indoor paint may still be present in
the material used for the initial purpose [53]. EN 15804 [54] is a European standard
that specifically addresses the environmental impact assessment of construction

8 Biogenic removals or biogenic uptake refers to the process of capturing and removing carbon dioxide
(CO,) from the atmosphere through the natural growth and absorption of carbon by plants, trees, and
other living organisms. It is a mechanism by which living organisms, through photosynthesis, take in CO,
and store it in their biomass or in the soil. Biogenic removals are considered a form of carbon sequestration
and can help mitigate climate change by reducing the concentration of greenhouse gases in the atmosphere.
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Figure 10.
Hllustration of CO, contributions of a cradle-to-gate calculation of a bio-derived products.

products. The long-term benefits of biomass-derived products used in applications
with extended lifespans or as investment goods need to be accounted for. Obligations
for businesses under the CSRD [55] are to maintain transparency and traceability
throughout the process, including data collection, reporting, and decision-making.
Similarly, when biomass feedstocks are blended with fossil feedstocks, such as in mass
balance scenarios, the greenhouse gas footprint difference between bio-attributed
and fossil-based products needs to be captured [56].

In earlier versions of the Product Environmental Footprint (PEF) methodology
[57], developed by the European Commission’s Joint Research Centre (JRC) [58], the
carbon removal potential of bio-derived products through photosynthesis and plant
growth of biomass feedstock was not explicitly accounted for [59]. In Figure 11, the
current methodology is illustrated. In Figure 12, the proposed alternative account-
ing method is illustrated. We describe a scenario, where there are two identical
products with the only difference being the feedstock used (fossil-based and bio-
based feedstock). The CO, footprint at the cradle will indeed differ. The bio-based
feedstock, Figure 12 will have a negative CO, emission (due to the uptake of CO,
during biomass growth), while the fossil-based feedstock will have a zero CO, emis-
sion. Throughout the processing and use stages, the difference in the CO, emissions
between the two feedstocks will become apparent. While the total carbon footprint
at the end of life may be the same for both products, the bio-derived product will
have a lower carbon footprint at any stage during processing and use, due to the
negative CO, emission at the cradle.
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Figure 11.
Scenario where fossil-based feedstock is used, adopted from [60].
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Figure 12.

Scenario where bio-based renewable raw material is used as feedstock, adopted from [60].

The omission of carbon sequestration in biomass-derived products was a limita-
tion of earlier versions of the PEF methodology. The efforts to address limitations and
improve the methodology’s treatment of biogenic carbon are ongoing [61].

11.3 Driving change: The impact of policy in accelerating the transition to a
sustainable future

Chemistry continues to be indispensable for modern life and the chemical indus-
try successful transition requires clear steps, predictability, and instilling investors’
confidence. The European Union has been actively promoting and supporting
bioeconomy through its published strategies in 2012 and 2018 [62], with ongoing
progress and support from sectorial and horizontal policies [63, 64]. The implemen-
tation of the principles of “cascading use” [65] of biomass is an important aspect for
sustainable feedstock utilization. This approach emphasizes the efficient and strategic
use of biomass, where the same biomass resource is used for multiple purposes, and
in different value chains, maximizing its potential and reducing waste. Harmonized
sustainability criteria are essential to ensure that the sourcing of biomass does not
jeopardize local food production or compromise food security. In terms of carbon
accounting, by applying the —1/+1 accounting, both on the foreground and on the
background system level, the carbon sequestration potential via biomass, and the
potential of the GHG emissions reduction can be recognized. Further details on gen-
eral recommendations and recommendations by industry are expressed throughout
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the consultation process with association and sector groups [60, 66-71]. It is essential
for stakeholders and practitioners to stay informed about the latest developments

on methodologies like PEF and consult other relevant standards, where needed and
appropriate. The ongoing update of the GHG Protocol [56], which provides guidelines
for quantifying and reporting greenhouse gas emissions, should consider the need for
methodological adaptation, mainly on the corporate reporting level [66].

12. Conclusion

The chemical industry serves as a crucial driver of innovation in a multitude of
customer industries. The transformation of the chemical industry towards decarbon-
ization requires a shift beyond the limitations of bio-based materials. The concept of
bio-attributed materials offers a promising approach, leveraging existing infrastruc-
ture, to deliver affordable products without compromising performance. The CO,
emissions and removals should be shown alongside the time periods that are in the
scope of the calculations.

In summary, the adoption of cascading use principles, the consideration of
sustainability criteria, the recognition and harmonization of biogenic carbon
uptake accounting rule, the acknowledgement of the mass balance method, and the
comprehensive product and corporate carbon dioxide accounting framework are all
important elements in driving the transition towards environmentally sustainable
production processes in the chemical industry.
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Abstract

The increasing environmental concerns regarding the depletion of fossil resources
and the excessive production of waste have shifted attention toward sustainable mate-
rials derived from renewable resources. Biobased activated carbon (BAC), derived
from biomass, has emerged as a promising alternative to conventional fossil-derived
activated carbon (AC), offering numerous advantages in terms of sustainability, cost-
effectiveness, environmental impact, and wide-ranging applications. The production
process of BAC involves the carbonization of biomass materials followed by activa-
tion, which enhances its porosity and surface area. These characteristics make BAC
highly effective for applications in water and air purification, energy storage, and
environmental remediation. In water treatment, BAC is used to remove pollutants
like heavy metals, organic contaminants, and microplastics through adsorption. In
air purification, it helps eliminate harmful gases and volatile organic compounds
(VOCs). Additionally, BAC has emerged as a key material in energy storage technolo-
gies, particularly in supercapacitors, due to its high surface area and electrical con-
ductivity. Its use in soil amendment and environmental remediation is also gaining
attention for removing toxic substances from contaminated environments. The
development of BAC is aligned with global efforts to reduce carbon footprints and
promote circular economies. Its versatility and sustainability make BAC a promising
material in addressing environmental challenges while providing an alternative to fos-
sil fuel-derived products. This chapter will cover all the possible applications where
BAC is being used.

Keywords: biomass, biobased activated carbon (BAC), renewable source, activation,
emission

1. Introduction

Activated carbon (AC) is a porous material widely used in various industries,
including water filtration and gas adsorption, due to its high surface area and
exceptional adsorption properties [1]. AC has traditionally been derived from non-
renewable sources such as coal, petroleum, and peat due to their high carbon content
and availability. Coal, in particular, has been a primary source of activated carbon
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production [2]. However, with increasing environmental awareness and the depletion
of fossil resources, attention has shifted toward biobased activated carbon (BAC).

Use of biomass has attracted considerable attention as an alternative resource
because of its renewable and lasting nature, high utilization potential, abundance in
nature, and low cost.

BAC can be produced from renewable biomass sources such as agricultural
residues, wood, and waste materials [3, 4]. This is further supported by the idea of a
‘zero waste economy, which uses waste biomass as a feedstock to achieve this poten-
tial by converting it into value-added commodities [5, 6]. Converting these wastes
into valuable products like activated carbon has the potential to solve environmental
problems including agricultural waste residue, air and water pollution. Interestingly,
biobased activated carbon often exhibits superior properties compared to coal-
based activated carbon. For instance, biochar-activated carbon can achieve higher
Brunauer—-Emmett-Teller (BET) surface areas and iodine numbers [7]. Furthermore,
substituting fossil fuels with activated carbon obtained from biomass will reduce the
effects of global warming. The production of BAC has been shown to have signifi-
cantly lower environmental impacts, with about 35% less cumulative energy demand
and less than half the greenhouse gas emissions compared to coal-based activated
carbon production [7, 8]. A life cycle assessment study comparing biomass-based and
coal-based activated carbon production found that biomass-based activated carbon
has a lower environmental impact in terms of global warming potential, acidification
potential, and eutrophication potential [9].

The objective of this chapter is to provide a comprehensive summary of the appli-
cations of biobased activated carbon with a focus on the benefits of adopting more
sustainable carbon sources. Its role in adsorption processes, environmental remedia-
tion, energy storage, and other industrial applications is highlighted to illustrate its
multifaceted importance.

2. Biobased activated carbon

Activated carbon (AC) is a carbon-based material that has a wide variety of appli-
cations. Adsorption, purification, and catalytic uses of AC include food processing,
medicines, beverages, metal recovery, and environmental appliances. It has been used
to remove colorants and odors from municipal water sources, both underground and
recycled. Common industrial applications with high AC consumption include the
recovery of volatile organic compounds (VOCs), removal of toxic gases from flue
gases, treatment of industrial wastewater, removal of siloxane from engine exhaust
gases, recovery of precious metals and capture of landfill emissions. AC is mainly
produced from two sources: coal and agricultural waste [10]. Based on the synthesis
sources, AC is classified into two types: low-cost and commercial. Commercial AC
is made from coal [11], apricot stone [12] and animal bones [13], whereas low-cost
AC is made from renewable biomass resources such as date seed [14], rice husk [15],
waste coffee ground [16], almond shell [17], corncob [18], waste tires [19], paulownia
sawdust [20], sewage sludge [21], lotus stalk [22], peanut shell [23], coconut shell [24],
longan shell [25], garlic peel [26], grass cuttings, horse manure, organic waste from
beer production (beer waste) and bio-sludge [27], cane bagasse [28], hemp bast fibers
[29], palm kernel shell [30], acorn shell [31], and Canarium Schwerin fruit nutshell
[32]. Commercial activated carbon is more expensive than non-commercial activated
carbon because it is produced from non-renewable raw materials [33]. As a result,
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research has been focused on preparing BAC from low-cost and environmentally
friendly biomass sources, although the carbon content of these biomass precursors is
lower than that of non-renewable precursors like coal, anthracite, or peat. Nonetheless,
their availability, low cost, and non-harmful nature have a greater impact than their
low carbon content and yields [34]. Several methods have been used to synthesize BAC
from these sources such as chemical activation [23], physical (activation by steam and
carbon dioxide) activation [14, 35], and hydrothermal carbonization [36]. A chemical
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Figure 1.
Synthesis of BAC from biomass via chemical activation, redrawn from the reference [37].
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Synthesis of BAC from biomass via physical activation.
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Figure 3.
Synthesis of BAC from biomass via hydrothermal carbonization, redrawn from the reference [36].

agent is impregnated with the raw/untreated biomass and then activated via pyroly-
sis at 500-600°C in the chemical activation process (Figure 1). Physical activation
involves the carbonization of raw/untreated biomass at 800-1100°C temperature in the
presence of steam or CO, (Figure 2). Hydrothermal carbonization uses wet biomass in
an autoclave at a maximum temperature of 350°C for hydrochar production, followed
by activation step using a chemical agent (Figure 3). Chemical activation is the most
favorable method to prepare BAC compared to physical and hydrothermal carboniza-
tion methods. Large surface areas and higher AC yield were obtained using chemical
activation method [38]. BAC is prepared through chemical activation using H;PO,
[39], H,SO, [40], ZnCl, [41], FeCl; [42], NaOH, KOH [29], K,CO; [43], CO, [44],
steam [45], composite ZnCl,—CuCl, [46], and H,0-CO;, [31].

3. Applications of biobased activated carbon

BAC offers a wide range of applications owing to its effective adsorption capa-
bilities and environmental benefits. It is effective at removing contaminants from
wastewater, including heavy metals (such as Pb and Cd), organic pollutants (such
as pesticides and pharmaceuticals), and industrial wastes. This makes it an essential
component of municipal and industrial water purification systems providing a long-
term alternative to standard treatment methods.

BAC is utilized to capture and neutralize airborne pollutants, including volatile
organic compounds (VOCs), odors, and harmful gases such as NH3, H,S, CO, and CO,
to purify the air. Its ability to effectively adsorb these substances makes it valuable for
maintaining indoor air quality and mitigating industrial emissions.

BAC is used in both residential and commercial water filters. It enhances the
quality of drinking water by removing chlorine, sediment, and other impurities,
thus ensuring safe and clean water for consumption. Its high surface area and porous
structure also contribute to its effectiveness in treating well water and municipal
supplies.

BAC is applied in processes such as decolorization and purification in the food and
beverage industry. It helps in removing unwanted color, taste, and odor from products
like sugar and alcohol, ensuring that the final product meets quality standards.

BAC is increasingly recognized for its potential in supercapacitor applications
due to its excellent electrochemical properties and sustainability. BAC, derived from
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agricultural waste materials like coconut shells and wood, BAC features a highly
porous structure with a large surface area, which enhances charge storage and
transfer capabilities. In supercapacitors, it acts as an effective electrode material,
providing high specific capacitance and energy density. The renewable nature of BAC,
combined with its high performance, makes it a promising alternative to conventional
carbon materials in energy storage devices, contributing to more sustainable and
efficient power storage solutions.

The pharmaceutical industry utilizes BAC to purify drug compounds and remove
contaminants during drug manufacturing processes. Its adsorption capabilities help
in ensuring the purity and safety of pharmaceutical products.

Additionally, in the gold (Au) recovery industry, BAC is used in the extraction
process to recover Au from ores and concentrates. Its effectiveness in adsorbing Au
from cyanide solutions makes it a valuable material for improving recovery rates and
reducing environmental impact.

In a nutshell, BAC offers a versatile and eco-friendly solution for various applica-
tions, providing effective performance while contributing to sustainability and waste
reduction. This section explains the detailed applications of BAC.

3.1 Wastewater treatment

Water is one of the most critical natural resources on Earth, and it is essential
for the survival of all living organisms. However, the growing global population,
industrialization, and urbanization have led to increased pollution of water sources,
making wastewater treatment an indispensable process. Wastewater treatment refers
to the process of removing contaminants from sewage and industrial waste to make
it safe for reuse or discharge into the environment. This process plays a pivotal role in
public health protection, environmental sustainability, resource conservation, and
economic efficiency.

BAC offers a sustainable and eco-friendly alternative for wastewater treatment
by utilizing agricultural waste materials as feedstocks [47]. The production process
involves pyrolysis, in which biomass is thermally decomposed in an oxygen-limited
environment, and activation, which can be achieved using steam or chemical agents.
This results in a highly porous structure with an expansive surface area and numerous
micropores that are crucial for adsorption.

The unique properties of BAC allow it to effectively remove various contaminants
from wastewater, including dyes [48], heavy metals (e.g., Pb, Cd, and Hg) [49, 50],
organic pollutants (e.g., phenol, pesticides, pharmaceuticals, antibiotics, and indus-
trial solvents) [51-53], and emerging pollutants that are difficult to degrade using
traditional methods [54, 55]. Tables 1-3 show the application of BAC obtained from
different biomass sources which were used for dyes, metals, and organic pollutants
removal from aqueous solution. Adsorption efficiency of BAC is often comparable to
or even better than conventional activated carbon made from non-renewable sources
like coal or wood due to the large surface area, tunable pore size distribution, and
the presence of surface functional groups (such as -OH and -COOH groups), which
enhance interaction with contaminants.

In addition to its adsorption performance, BAC is economically and environ-
mentally advantageous. It repurposes agricultural byproducts, reduces waste and
contributes to a circular economy, while also requiring lower production costs [87].
Furthermore, it can be regenerated and reused, maintaining high adsorption effi-
ciency over multiple cycles, making it a viable option for long-term water purification
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Biomass source Target dye References

Samanea saman waste pods Rhodamine B Kumbhar et al. [56]
Softwood bark Orange 16 dye Averheim et al. [48]
Sugarcane bagasse Methylene blue Sutthasupa et al. [57]
Walnut shell Methylene blue Vakili et al. [58]
Avachis hypogaea shell Bromophenol blue Raghunathan et al. [59]
Corncob Methylene blue Sunetal. [60]

Pomelo peel waste Methylene blue Zhang etal. [61]

Waste phenolic resin Methylene blue Huetal. [62]

Table 1.

Dyes adsorption on BAC synthesized from different biomass sources.

Biomass source

Target metal

References

Samanea saman waste pods (SSWPAC)

Cr(VI)

Kumbbhar et al. [56]

Melia azedarach leaves and twigs

Cu(II), Pb(II), and Ni(II)

Imran-Shaukat et al. [63]

Rice husk Cu(II), Co(I), Zn(II), Pb(II),and ~ Olupot et al. [64]

Ni(1I)
Gas-to-liquids (GTL) derived biosolids, Sr(II) and Ba(II) Zuhara and McKay [65]
carboard and their mixed samples
Brown alga Pb(II) Osman et al. [66]
Coconut shell Zn(II) and K(I) Packialakshmi et al. [47]
Commercial wood Cr(VI) Wuetal. [67]

Rice husk

Fe(III) and Mn(II)

Elewa et al. [68]

Lignocellulosic biomass

Cr(VI), Pb(1I), Cu(Il), Zn(II),
Cd(I1), Hg(1II), As(V)

Hoang et al. [50]

Coconut shell

Zn(II)

Yusop etal. [69]

Forest and agricultural waste, industrial

byproducts and waste, and municipal solid

waste

Ag(I), Pb(II), Cu(I), Cd(II),
As(V), Cr(VI), Ni(II), Hg(III)

Guptaetal. [70]

Bambusa vulgaris var. striata

Hg(II)

Mistar et al. [71]

Table 2.

Metals adsorption on BAC synthesized from different biomass sources.

systems. Given its potential to tackle both industrial and municipal wastewater
issues, BAC represents a promising technology in the field of sustainable wastewater

management.

3.2 Air treatment

BAC is increasingly being utilized in air purification systems due to its exceptional
adsorption properties and environmental advantages. Made from renewable agricul-
tural byproducts such as date stones [88], rambutan peel [89], palm kernel shell [90],
fruit waste [91], mango seed shell [92] and pinewood sawdust [93], this type of BAC
undergoes a rigorous activation process to develop a highly porous structure with a
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Biomass source Target compound References
Pomegranate shell Chlorpyrifos Hussain etal. [72]
Erythrina speciosa Paracetamol Georgin etal. [73]
Antibiotic mycelial residues Phenol Wei et al. [74]
Residue of the fruit of Butiacapitate Paracetamol Yanan et al. [75]
Ketoprofenon
Hazelnut Imidacloprid Mohammad and El-Refaey [76]
Red stems Phenol Zhang etal. [77]
Walnut Imidacloprid Mohammad and El-Refaey [76]
Acacia mangium Phenol Alam et al. [78]
Walnut shell Imidacloprid Motaghi et al. [79]
Peach stones Imidacloprid Mohammad and El-Sayed [80]
Baobab Fruit Shell Phenol Nedjai et al. [81]
Banyan tree roots Phenol Nirmala et al. [82]
Sewage sludge Acetamiprid Sanz-Santos et al. [83]
Thiamethoxam
Imidacloprid
Commercial coconut shell Acetochlor Wang et al. [84]
Rice husk Phenol Lvetal. [85]
Black wattle bark waste Liitke et al. [86]
Table 3.

Organic pollutants (phenol, pesticides, pharmaceuticals) adsorption on BAC synthesized from different biomass
sources.

vast surface area. This structural characteristic allows it to effectively capture a wide
range of airborne contaminants, including volatile organic compounds (VOCs) [94],
odors [95], and hazardous gases such as ammonia, hydrogen sulfide, carbon dioxide,
and formaldehyde [96-102]. Table 4 shows the application of BAC obtained from
different biomass for VOCs and harmful gases adsorption. Its effectiveness in remov-
ing these pollutants helps improve indoor air quality and control industrial emissions,
making it a valuable component in air filters, ventilation systems, and gas masks.
Additionally, the use of biobased AC in air purification systems not only addresses
pollution but also promotes sustainability by repurposing agricultural waste, reduc-
ing reliance on non-renewable resources, and minimizing environmental impact. Its
high performance, combined with its eco-friendly benefits, positions biobased AC as
a promising solution for achieving cleaner and healthier air.

3.3 Environmental remediation

Environmental remediation refers to the process of removing contaminants,
pollutants, or hazardous materials from the soil, water, or air to restore ecosystems to
a safe and sustainable state. It plays a critical role in addressing the negative impacts
of industrial activities, oil spills, mining, and chemical waste disposal, which can
severely harm biodiversity, human health, and the natural environment. Traditional
remediation techniques, such as chemical treatments and synthetic adsorbents, often
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Biomass source Target compound References
Seaweed waste NH; Wang et al. [103]
Penicillin mycelial Dichloromethane and chlorobenzene Wei et al. [104]
residues

Bamboo chip Acetone, benzene, toluene, ethylbenzene, ortho-xylene, meta- Liu et al. [105]

xylene and para-xylene

Waste wood chip Dichloromethane and toluene Pietal. [106]
Date stones CO, Danish et al. [88]
Rambutan peel CO, Zubbri et al. [89]
Palm kernel shell CO, Rashidi et al. [90]
Fruit waste CO, Serafin et al. [91]
Pinewood sawdust CO, Quan etal. [93]
Banana peel Benzene and toluene Shen et al. [107]
Coconut shell benzene, methanol, #z-hexane and cyclohexane Zhang et al. [108]
Hickory wood Acetone and cyclohexane Zhang etal. [109]
Table 4.

VOCs and harmful gases adsorption on BAC synthesized from different biomass sources.

exacerbate the environmental impact due to their non-biodegradability and high
energy consumption. Thus, BAC presents a promising alternative for sustainable
environmental remediation. BAC, known for its high surface area and porous struc-
ture, is widely used in adsorption processes to remove contaminants. BAC is particu-
larly attractive because it is derived from renewable resources, such as agricultural
waste, wood, and fruit peels. It provides a sustainable approach to waste valorization
and environmental cleanup.

3.3.1 Water purification

Water contamination from industrial discharges, agriculture, and urban runoff is
amajor environmental challenge. BAC has proven effective in removing a wide range
of pollutants, including the following.

Heavy metals: BAC can adsorb toxic metals such as lead (Pb), mercury (Hg),
cadmium (Cd), and arsenic (As) through ion exchange and surface complexation
(Table2).

Organic pollutants: The porous structure of BAC allows it to adsorb dyes, pesti-
cides, phenols, and pharmaceutical residues from wastewater (Tables 1 and 3).

Emerging contaminants removal: BAC has also shown potential efficiency for
removing emerging contaminants (posing numerous public health concerns) from
drinking water to deliver safe water. Table 5 shows the potential of BAC for emerging
pollutants adsorption from drinking water.

3.3.2 Air purification

BAC is widely used in air filtration systems to remove volatile organic compounds
(VOCs) and other airborne pollutants. BAC has demonstrated efficacy in adsorp-
tion of VOCs (such as benzene and toluene), and odor control systems for industrial
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Biomass source Target compound References
Almond shell Bacteria (E. coli) Belcheva et al. [110]
Rubber wood sawdust, ramie fiber, and Bacteria (E. coli) Nath et al. [111]
areca husk

Raffia palm shells Fluoride ion Iwar etal. [112]
Bamboo TSS, turbidity, and pH Kuok et al. [113]

Coconut shell

Pathogens and disinfection byproducts

Xing etal. [114]

Almond, coconut, peanut, and walnut
shells

Triazine (atrazine and prometon) and
estriol

Xiao etal. [115]

Coconut shell

Dissolved organic carbon (DOC)

Chaukuraetal. [116]

Coconut shell

BODs

Suif et al. [117]

Coconut shell

Total coliform count and E. coli bacteria

Yusuf and Murtala
[118]

Coconut shell

Microcystins

Chaffin et al. [119]

Tables.
Emerging contaminants adsorption on BAC synthesized from different biomass sources.

emissions as it adsorbs sulfur compounds, ammonia, and other odor-causing chemi-
cals and explored for capturing carbon dioxide, contributing to efforts to mitigate
climate change (Table 4).

3.3.3 Soil vemediation

BAC can immobilize contaminants in soils, thereby reducing their bioavailability
and leaching into groundwater. This method has applications in the remediation of
heavy metals and organic pollutants in contaminated soils, particularly in areas near
industrial sites and agricultural lands (Tables 2 and 3).

3.4 Food industry

The food industry is continuously evolving, driven by consumer demand for
safe and high-quality products and the need for sustainable practices. Food safety
concerns, including the presence of chemical contaminants, spoilage, and foodborne
pathogens, pose a significant threat to public health. Traditional methods of food
preservation and contamination control often rely on synthetic chemicals, which
may have negative health and environmental impacts. BAC has emerged as a natural,
sustainable alternative for various food-related applications. BAC is characterized by
several properties that make it suitable for use in food applications:

High adsorption capacity: Due to its large surface area and porous structure, BAC
can effectively adsorb contaminants, including chemical residues, toxins, and unde-
sired flavors or odors.

Non-toxic and safe for consumption: BAC is considered safe for food use as it is produced
from natural materials with no harmful chemicals involved in the production process.

Chemical stability: BAC remains stable in different food environments, whether in
liquids, solids, or gases, making it versatile for various food processing applications.

BAC has been used for the following applications due to the presence of the above
characteristics:
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3.4.1 Food purification and decontamination

One of the most significant uses of BAC in the food industry is the purification of
food products by removing contaminants such as:

Pesticide residues: BAC can adsorb harmful pesticide residues that remain on fruits,
vegetables, and other agricultural products [120].

Chemical additives: In processed foods, BAC can help reduce residual chemicals
from preservatives, flavor enhancers, and colorants [121].

Heavy metals: BAC is used in food and beverage processing to remove trace heavy
metals such as Cadmium (Hg), lead (Pb), and cadmium (Cd), which can accumulate
in food products and pose health risks [122, 123].

3.4.2 Decolorization and taste improvement

BAC plays a crucial role in improving the appearance and taste of food products:

Decolorization: BAC is widely used in sugar refining, where it adsorbs impuri-
ties and colorants, resulting in pure, white sugar [124, 125]. It is also applied in
the production of fruit juices, wine, and edible oils to remove unwanted colors
[126-128].

Odor and flavor control: BAC can be employed to remove off-flavors or odors in
processed foods, making them more palatable. For example, in the production of
beer, carbon filters can remove undesirable volatile compounds [129].

3.4.3 Food preservation

BAC contributes to extending the shelf life of perishable food products:

Adsorption of ethylene gas: BAC can adsorb ethylene gas, which is responsible for
the ripening and aging of fruits and vegetables [130]. By controlling ethylene levels,
BAC helps delay ripening and spoilage, thus extending shelf life.

Moisture and humidity control: In food packaging, BAC is used in desiccant packets
to absorb excess moisture, thereby preventing spoilage and degradation of food
products [131].

3.4.4 Food packaging

BAC plays an important role in advanced food packaging systems:

Active packaging: BAC is incorporated into packaging materials that actively absorb
harmful gases, moisture, and odors, thereby improving the quality and safety of
packaged foods [132].

Odor absorption: In meat, fish, and dairy packaging, BAC can be used to absorb
unpleasant odors caused by the degradation of food compounds, thus enhancing
consumer acceptance [133].

3.4.5 Water and beverage filtration

BAC is commonly used in the filtration of beverages and water for food
production:

Water purification: Water used in food processing must be free from contaminants.
BAC filters remove organic compounds, chlorine, and unwanted tastes or odors from
water used in brewing, soft drink production, and food manufacturing [55].
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Beverage filtration: Activated carbon is widely used in the beverage industry to
purify and refine products such as beer, wine, spirits, and juices. It removes phenolic
compounds, tannins, and other impurities that can affect the flavor, color, and clarity.

3.5 Pharmaceutical applications

Pharmaceutical compounds are the most frequently used chemicals in human,
agricultural, and aquatic uses. Because of increased medication usage, aquatic ecosys-
tems have been constantly exposed to pharmaceutical waste [134]. These chemicals
can remain in water because of their extraordinary hydrophilicity and stability under
aqueous conditions, which represents an environmental threat. Pharmaceuticals
may still have a harmful impact on the environment, although their concentrations
in water are generally negligible [135]. Table 6 shows the application of BAC for the
pharmaceutical compound’s removal from the contaminated aqueous streams.

3.6 Energy storage applications

The transition to renewable energy sources has created a pressing need for effi-
cient and sustainable energy storage technologies. Traditional energy storage systems,
such as lithium-ion batteries and fuel cells, rely on materials that are often expensive,
non-renewable, and environmentally detrimental. BAC has emerged as an eco-
friendly, cost-effective alternative for energy storage applications.

BAC is widely recognized for its high surface area, tunable pore structure, and electri-
cal conductivity, making it suitable for use in supercapacitors, batteries, and other energy
storage devices. The ability to derive BAC not only contributes to energy storage efficiency
but also promotes waste valorization, reducing the environmental impact. This section
emphasizes the applications of BAC in the energy storage field, focusing on the potential
of these materials to improve the energy storage efficiency and sustainability.

3.6.1 Supercapacitors
Supercapacitors, also known as electrochemical capacitors, are energy storage

devices that store energy via electrostatic charge accumulation at the electrode-
electrolyte interface. They offer a high-power density, rapid charge/discharge

Biomass source Target pharmaceutical References
Sunflower seed Diclofenac Alvear-Daza et al. [136]
Ibuprofen

Agricultural waste Norfloxacin Bedndrek et al. [137]

Banana peel Amoxicillin Carbamazepine Al-Sareji etal. [138]

Rubber fig tree leaves Tetracycline Vinayagam et al. [139]

Peony seeds shell Ciprofloxacin Liu et al. [140]

Sugar cane bagasse Tetracycline Xiong etal. [141]

Walnut shell Sulfonamide Geng et al. [142]

Seed shell Naproxen Mondal et al. [143]

Paper sludge Enrofloxacin Chowdhury et al. [144]
Table 6.

Pharmaceutical compounds adsorption on BAC synthesized from different biomass sources.
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rates, and long cycle life. BAC is ideal for use in supercapacitors due to its high
surface area, porous structure, and ability to efficiently adsorb electrolyte ions
efficiently [145-147].

Electrochemical double layer capacitors (EDLCs): BAC is commonly used in EDLCs,
where energy is stored in the electric double layer formed at the interface between
the BAC electrode and the electrolyte. The high surface area and optimized pore size
distribution of BAC enhance the energy storage capacity of EDLCs [148, 149].

Hybrid supercapacitors: In hybrid supercapacitors, BAC can be combined with
other materials, such as metal oxides or conducting polymers, to improve energy
storage performance. These hybrid systems take advantage of the high-power density
of supercapacitors and the high energy density of battery-like materials [150, 151].

3.6.2 Lithium-ion batteries (LIBs)

Lithium-ion batteries are widely used in portable electronics, electric vehicles, and
renewable energy storage systems. The performance of LIBs largely depends on the
properties of the electrode materials. BAC has been investigated as both anode and
cathode materials in LIBs due to its high surface area, good conductivity, and ability to
form stable interfaces with lithium ions [152, 153].

Anode materials: In LIBs, BAC can serve as an anode material, providing a large
surface area for lithium-ion intercalation. The porous structure of BAC allows for
rapid ion diffusion and minimizes the risk of volume expansion, which is a common
issue in traditional anode materials [154, 155].

Cathode materials: While activated carbon is more commonly used as an anode
material, it has also been explored as a component in composite cathodes, where it can
improve electron conductivity and enhance the overall electrochemical performance

of the battery [156].
3.6.3 Sodium-ion batteries (SIBs)

Sodium-ion batteries are considered a promising alternative to lithium-ion batter-
ies due to the abundance and low cost of sodium compared to lithium. However, the
larger ionic radius of sodium poses challenges in terms of electrode materials. BAC,
with its highly porous structure and tunable pore sizes, can accommodate sodium
ions effectively, making it a potential candidate for SIBs [157].

Anode materials: Biomass-based activated carbon can be used as an anode material
in SIBs, providing a stable structure for sodium-ion intercalation and deintercalation.
The surface functional groups and large surface area of the activated carbon enhance
the electrochemical performance of the anode [158, 159].

Composite electrodes: In sodium-ion batteries, biomass-based activated carbon
can be combined with other materials, such as carbon nanotubes or graphene, to
form composite electrodes with improved conductivity and energy storage capacity
[160, 161].

3.6.4 Fuel cells

Fuel cells convert chemical energy directly into electrical energy, making them
highly efficient energy conversion devices. BAC can be used as a catalyst support
material in fuel cells due to its high surface area, porosity, and ability to disperse
catalytic nanoparticles effectively [162].
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Proton exchange membvrane fuel cells (PEMFCs): In PEMFCs, biomass-based
activated carbon can serve as a support material for platinum-based catalysts,
enhancing the dispersion of catalyst particles and improving the overall efficiency
of the fuel cell [163].

Direct methanol fuel cells (DMFCs): Activated carbon from biomass can also be
used in DMFCs, where it serves as a support material for electrocatalysts, promoting
the oxidation of methanol and improving the performance of the fuel cell [164, 165].

4, Conclusion

In conclusion, BAC has emerged as a sustainable and cost-effective alternative to
conventional activated carbon derived from non-renewable resources. Utilizing bio-
mass waste materials such as agricultural byproducts, forestry residues, and industrial
biomass, this approach not only promotes environmental sustainability but also adds
value to what would otherwise be discarded as waste.

The versatility of BAC in various applications, including water purification, air
filtration, energy storage (e.g., supercapacitors), and catalysis, demonstrates its effec-
tiveness due to its high surface area, porosity, and customizable chemical properties.
In environmental remediation, it plays a crucial role in adsorbing contaminants such
as heavy metals, organic pollutants, and gases. The production of BAC also supports
the global movement toward circular economies by enhancing resource recovery
and reducing the carbon footprint associated with traditional activated carbon
production.

However, challenges remain in scaling up production and reducing energy con-
sumption, warranting further research and innovation in this area. Future research
and development in optimizing production techniques, enhancing adsorption
capacities, and expanding its range of applications will further solidify BAC as a vital
material in addressing global environmental and energy challenges.
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Chapter 5

Preparation of Biomass Carbon
Materials and Their Several Typical
Applications
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Abstract

In this chapter, “Preparation of Biomass Carbon Materials and Their Several
Typical Applications,” we delve into the realm of transforming biomass waste into
valuable carbon materials. The scope encompasses a comprehensive overview of
various biomass sources, highlighting their abundance and renewability as precur-
sors. We explore diverse preparation methods, ranging from traditional pyrolysis and
hydrothermal carbonization to more advanced techniques like chemical activation
and templating that convert these wastes into high-performance carbon materials.
Furthermore, the chapter showcases several typical applications of these biomass-
derived carbon materials, emphasizing their potential in energy storage, catalysis,
environmental remediation, and even as advanced materials in electronics and
sensors. The discussion also touches upon the critical aspect of structure-activity
relationships, elucidating how the physicochemical properties of the carbon materials
govern their functional performance in different applications. Overall, this chapter
aims to provide a holistic understanding of the transformation of biomass waste into
valuable carbon materials and their diverse utilization paths, fostering sustainable
development and circular economy practices.

Keywords: biomass carbon materials, preparation methods, typical applications,
structure-activity relationship, sustainable development

1. Introduction

Carbon materials play a crucial role in the advancement of human civilization and
societal development [1-4]. Today, diverse novel carbon materials (NCMs) such as
graphene, carbon nanotubes, fullerene, carbon dots, and porous carbon have emerged
and are being utilized across various applications due to their versatile structures and
properties. However, the primary precursors for these NCMs are nonrenewable and
unsustainable resources (coal and petroleum), and their production often involves
harsh conditions and high energy consumption, which can lead to environmental
pollution. Therefore, it is desirable to use abundant, renewable, and low-cost carbon
sources alone with eco-friendly processes for producing NCMs.
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Biomass, a renewable energy resource, primarily falls into plant and animal
categories, sourced from microbial, crop, and forestry residues, animal carcasses
and remains, and municipal solid waste (MSW) (Figure 1). And, using biomass, as
a precursor for producing NCMs, offers advantages such as low cost, renewability,
sustainability, and widespread availability, especially when compared to fossil fuel-
based carbon precursors. Biomass consists mainly of carbon (C), hydrogen (H), and
oxygen (O), forming carbon networks similar to those in other carbon materials and
exhibiting a diverse range of molecular structures. Rationalization of biomass waste
as carbon precursors can convert otherwise worthless waste into multifunctional,
high-value biomass-derived carbon materials (BCMs). Among the various methods,
pyrolysis carbonization and hydrothermal carbonization (HTC) are the two most
commonly employed techniques for preparing BCMs [5, 6]. By adjusting parameters
such as heating rate and duration, precise control over the structure, composi-
tion, and morphology of BCMs can be achieved. Additionally, microwave-assisted
carbonization and Joule heating carbonization methods are also utilized in BCMs
preparation. Furthermore, activation and templating techniques can significantly
influence the porosity of BCMs, allowing for more precise control of the prepara-
tion. Similarly, BCMs can be combined with other materials to create or enhance
composites, for example, by integrating metal oxide semiconductors (MOSs) to
form heterojunctions [7].

Due to their varied structures and different surface chemistries, BCMs have a wide
range of potential applications, including energy storage, catalysis, environmental
remediation, electronics, and sensors (Figure 1). For example, three-dimensional
(3D) porous BCMs, with their high porosity, enhance electrolyte diffusion and have
many potential applications in energy conversion and memory devices. And, their
well-developed pore network also improves the accessibility of active sites, making
them effective in catalysis [8]. Additionally, BCMs’ high specific surface area (SSA),
excellent porosity, and rich surface functional groups make them ideal for use as
efficient pollution adsorbents and solar energy steam generators [9]. Moreover, BCMs
offer high electrical conductivity, electron mobility, chemical stability, and thermal
resilience, positioning them as excellent candidates for flexible electronics and sensor
devices [10-15]. In the pursuit of sustainable development and a circular economy,
the conversion of biomass waste into valuable carbon materials has emerged as a

promising field.
é | Catalysis

B Electrocatalyst catalysis

O Catalysts for oxygen reduction reaction
O As cathode materials for anion-exchange

B Pyrolysis catalysis

W Rechargeable batteries /|

O Lithium-sulphur batteries
O Potassium-ion batteries

B Supercapacitors

B Remediation of wastewater 7
B Remediation of soil
B Electromagnetic Shielding

B Pressure sensor
B Gas sensor
B Electrochemical sensor

Figure 1.
Classification of BCMs and their applications in various fields.
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In the following, this chapter concentrates on the intricate process of transforming
biomass, a plentiful renewable resource, into high-performance carbon materials. It
begins by describing the various biomass sources and their potential as precursors for
carbon material production. Then, it delves into different preparation methods and
their impact on the properties of the resulting carbon materials. Finally, it highlights
the versatility of these BCMs across a range of applications, from energy storage to
environmental remediation.

2. Biomass sources and their carbonization

Biomass is an excellent precursor for producing BCMs due to its abundance and
renewability. It encompasses a variety of organic sources, including agricultural,
forest, and livestock residues, as well as even MSW, which are classified into plant-
derived and animal-derived biomass. Each type has distinct properties that influence
the characteristics of the resulting BCMs. For instance, plant biomass is rich in ligno-
cellulose, enhancing the porosity and SSA of the BCMs. In contrast, animal biomass
has a more complex composition, so only those animal-derived precursors with easily
available proteins and chitins are typically used in BCMs preparation.

2.1 Biomass sources
2.1.1 Agricultural, forest, and livestock residues

Agricultural, forestry, and livestock residues are by-products during the pro-
duction and management of these industries. They include, but are not limited to,
post-harvest straw, rice husks, corncobs, cotton stalks, fruit and vegetable residues,
tree trunks, branches, sawdust, wood shavings from timber processing, and animal
bones, hides, and manure from livestock production. These residues can be repur-
posed as BCMs, giving them a new utility. Despite their complex composition, which
includes C, H, O, nitrogen (N), phosphorus (P), sulfur (S), and trace metals, these
biomass resources can be converted into BCMs through a straightforward process
(i.e., carbonization).

2.1.2 MSW

MSW refers to the daily waste discarded by people across cities worldwide. It is
usually composed of biodegradable and nonbiodegradable materials from organic and
inorganic sources. Annually, approximately 1.9 billion tons of MSW are generated
globally, with organic waste and waste paper comprising 46 and 17%, respectively
[16]. This suggests that at least 63% of MSW worldwide has the potential to be used as
precursors for the creation of multifunctional carbon materials.

2.2 Carbonization of biomass

Carbonization of biomass involves changes in elements’ composition with tem-
perature. This process entails the gradual release of H and O as the temperature rises,
while C transitions from a complex compound to a single substance. Consequently,
temperature is a crucial factor in the production of BCMs. Next, the carbonization
process for both plant and animal biomass will be discussed in detail.
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2.2.1 Carbonigation process of plant-derived biomass

Plants are the most widely studied precursors for BCMs. The main chemical com-
ponents of agricultural lignocellulosic biomass are cellulose (40-50 wt%), hemicel-
lulose (20-30 wt%), and lignin (10-25 wt%) [17]. Figure 2a presents the chemistry
of the plant biomass in the cellulose, hemicellulose, and lignin ternary system. The
decomposition rate and extent of these components largely depend on the process
and parameters, e.g., hydrothermal carbonization, pyrolytic carbonization, and the
rate of heating, target temperature, and holding time set during the carbonization
process. Cellulose and hemicellulose, with their abundant hydroxyl groups, easily
decompose into volatile compounds (CO, CO,, H,0, and some hydrocarbons, etc.).
At lower temperatures (<400°C), these processes usually produce many oxygen-
containing heterocycles, which are readily converted into aromatic rings by reactions
(dehydration, decarboxylation, and decarbonylation) as the temperature increases.
The mechanisms of these pyrolysis reactions have been the focus of extensive stud-
ies. As shown in Figure 2b, hemicellulose decomposes first at 200-350°C, with the
maximum mass loss rate (0.95 wt.%/°C) occurring at 268°C. Cellulose decomposes
between 315 and 400°C, with peak decomposition rates (2.84 wt.%/°C) at 355°C,
and nearly completes decomposition above 400°C. Lignin’s decomposition is more
gradual, with a wide temperature range (140-900°C) and a lower decomposition rate
(<0.14 wt.%/°C) [18]. Additionally, Deng et al. [19] summarized the possible struc-
ture revolution in cellulose, hemicellulose, and lignin when heat-treated with KHCO;.
And, the numerous hydroxyl groups in cellulose and hemicellulose degrade to form
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Figure 2.
(a) Ternary system of plant biomass [17]; (b) pyrolysis curves in TGA and DTG [18]; (c) the possible structure
revolution under the thermal treatment with the assistance of KHCO; of cellulose, hemicellulose, and lignin [19].

86



Preparation of Biomass Carbon Materials and Their Several Typical Applications
DOI: http://dx.doi.org/10.5772/intechopen.1007808

oxygen-containing heterocycles during carbonization, while lignin, with fewer O and
more aromatic rings, converts more readily into carbon materials with fewer micro-
pores (Figure 2c).

2.2.2 Carbonigation process of animal-derived biomass

Animal biomass contains many complex components, usually rich in chitin,
and protein precursors are commonly used for the preparation of BCMs. Chitin,
the second most prevalent natural biopolymer, is composed of $-(1 — 4) chitosan-
linked N-acetyl glucosamine units, which are the N-deacetylated product of chitin
[20], which can be prepared by pyrolysis in an inert atmosphere (Figure 3a).
Chitin is thermally stable, with a degradation onset temperature of about 280°C.
The main temperature range of degradation is 300-450°C, and the maximum rate
of decomposition occurs at 431°C. The 3D FTIR spectra of volatile products are
shown in Figure 3b, and the pyrolysis of chitin mainly involves the deacetylation
and decomposition of deacetylation products [21]. Proteins are biological macro-
molecules linked by peptide bonds of carious acids [22]. Silk is a typical protein
biomass widely used in the preparation of BCMs. He et al. [23] successfully pre-
pared cobalt (Co) and tungsten bimetallic-loaded N-doped porous carbon elec-
trocatalysts derived from silk cellulose by facile carbonization and KCI chemical
activation (Figure 3c).
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Figure 3.

(a) Direct carbonization of chitin into N-doped materials [24]. (b) TGA and DTA curves of chitin and 3D FTIR
spectra of chitin during carbonization [21]. (c) The top of N-doped porous carbon electrocatalysts derived from
silk cellulose [23].

87



Biomass Based Products

3. Preparation methods for BCMs

Biomass carbonization involves heat transfer and numerous chemical reactions,
making the choice of carbonization method crucial for altering the physical and
chemical properties of the materials. Various carbonization methods impact the mor-
phology of the obtained BCMs. The following discussion will cover several commonly
used carbonization methods and explore approaches to enhance the diversity of BCMs.

3.1 Pyrolysis carbonization

Pyrolysis is the most common method for carbonization of biochar. Given the
complexity of biomass composition, it varies under different pyrolysis conditions [6].
Pyrolysis methods are typically classified based on temperature rise and residence
time into slow pyrolysis, fast pyrolysis, and flash pyrolysis. Slow pyrolysis involves
a gradual temperature increase, generally below 10°C/s, which favors the formation
of aromatic hydrocarbon structures and preserves structural complexity in biochar
[25]. Fast pyrolysis occurs at higher temperatures, between 400 and 650°C, with a
heating rate ranging from over 10°C/s to less than 200°C/s. Flash pyrolysis occurs
at 800-1000°C, with a heating rate of 100°C/s or even faster. The high heating rate
promotes thermal cracking of the biomass, including cracking and hydrolysis, which
results in the production of liquids and volatiles, and produces a higher yield of
bio-oil [26]. The presence of bio-oil will not be conducive to the contact between the
surface of materials and the outside world, reducing the effective SSA. However, in
pollutant treatment, particularly in oil-water separation, bio-oil can actually facilitate
the separation of BCMs from the liquid, benefiting the subsequent processes.

3.2HTC

Hydrothermal treatments utilize water as a protective medium during the heating
process. Water has an infinite network of hydrogen bonds, which allows the solubility of
certain salts to increase under critical conditions, thus facilitating acid or base catalysis
[27]. The dissociation of acidic hydrated hydrogen ions and basic hydroxide ions can
promote interactions with biomass, break chemical bonds, and facilitate the separation
of products and other components, allowing biomass to be cracked at lower tempera-
tures [28]. The hydrothermal process is exothermic producing primarily solid-phase
carbon materials, followed by liquid and gaseous phases [29]. Depending on the propor-
tion of the transformation products, hydrothermal treatment can be classed into HTC,
hydrothermal liquefaction, and hydrothermal gasification. Excessive liquid phase can
reduce SSA and often result in low solid-phase yields in the gas phase. Therefore, HTC is
preferred for enhancing solid-phase carbon yields, which can be categorized into high-
temperature and low-temperature HTC, with 250-300°C as the dividing line. Moreover,
HTC can provide a high-temperature and high-pressure environment, which reduces
energy consumption compared to other carbonization methods.

3.3 Other carbonization methods

Additionally, two other prevalent treatments are microwave-assisted carbonization
and Joule heating carbonization. Microwave-assisted carbonization, in particular, offers
the advantage of achieving greater porosity in a shorter time frame. This method also
minimizes the production of hazardous by-products, the use of chemicals, and pollutant

88



Preparation of Biomass Carbon Materials and Their Several Typical Applications
DOI: http://dx.doi.org/10.5772/intechopen.1007808

3,000
2 800
€ 2,600

0.000 0.005 0.010

- Time (s) Quartz tube | -

a

Temperature

i

3x6 mm
4mm tube 8 mmtube 15 fla1 tuba
0.08g 0.1g 1g 1g
per batch per batch per batch per ‘batch

Figure 4.
(a) Schematic diagram of the Joule thermal flash evaporation technology, (b) TEM, and (c) the picutures of its
synthesis of graphene samples [32]. (d-g) TEM of the crystalline carbon structure after activation [33].

emissions [30]. However, it has its limitations, including the need for additives to enhance
the material’s microwave absorption capacity [31]. Furthermore, factors such as the
material’s dielectric properties, surface shape, and dimensions can lead to uneven heating
and make it challenging to control the temperature and rate of heating. Conversely, Joule
heating involves heating an electrolyte-filled medium by applying an electric current
directly to it. This method heats an electrode or heating rod to high temperatures rapidly,
leading to the carbonization of the material. Joule heating has progressively been utilized
in the production of BCMs (Figure 4a—c). Nevertheless, this technique places significant
demands on the equipment and is also prone to uneven heating.

Table 1 summarizes and compares the four carbonization methods discussed. It
shows that each method has its prospects (Pros.) and considerations (Cons.), allow-
ing for the selection of the most suitable carbonization approach based on specific
needs to achieve the desired BCMs.

3.4 Methods to increase the diversity of BCMs
3.4.1 Activation method

To enhance the diversity and performance of BCMs, activation is crucial for
adjusting the structure and performance of biochar. This process is categorized into
physical and chemical activation based on the conditions used.

Physical activation occurs entirely in the gas phase and involves two main pro-
cesses: first, pyrolysis, where the precursor is heated to 400-1000°C in an inert gas
environment to eliminate volatiles, which can also produce disorganized carbon that
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Method Parameters Pros. Cons.
Pyrolysis carbonization » Temperature * Wide operating tempera- * Uneven
(<3000°C) ture range heating
* Heating rate * Programmable heating * High energy
* Residence time * Controllable atmosphere consumption
* Atmosphere
Hydrothermal * Temperature * Uniform heating ¢ Limited
carbonization (< 350°C) + Easy to control material operating
* Residence time morphology temperature
range
* Dopin, * Easy dopin
pie ¥ Coping * Low graphiti-
zation degree
Microwave-assisted * Temperature * Noncontact volumetric * Difficult

carbonization (<1000°C) rapid heating temperature
and heating

* Residence time * High safety level
rate control
* Microwave power L.
 Limited
application
Joule heating * Temperature * Rapid heating ¢ Uneven
carbonization (> 3000 K) « High graphitization degree heating
* Residence time * High
* Voltage and equleent
requirements
current
* Atmosphere
Table 1.

Comparison of common carbonization methods.

clogs the pores reduces the SSA; second, gasification, where a physical activator is
introduced at 700-1200°C to remove tar and other products from the pores, thereby
increasing the porosity, SSA (Figure 4d-g), and expose more active sites [34]. The
two most commonly used physical activators are carbon dioxide and steam, of which
carbon dioxide is popular due to its ability to effectively control the rate of pore
transformation and produce graded pores.

Chemical activation leverages kinetically controlled reactions in specialized environ-
ments. Activators are typically classified as acidic, basic, or metallic. Acidic and basic
activations generally involve mixing with biochar at low temperatures, which enhances
the SSA and porosity of BCMs [35]. Additionally, some researchers have developed a
composite activation method by combining acid and base treatments [36]. ZnCl,, a
common metal activator, acts as a strong dehydrating agent that not only prevents tar
formation but also does not react with carbon. It can also facilitate deoxygenation at high
temperatures, thereby improving the yield of the final product [37]. Compared to physi-
cal activation, chemical activation offers several advantages, including precise control
over pore size, a high SSA, a well-distributed microporous structure, elevated carbon
content, straightforward operation, rapid reaction rates, lower pyrolysis temperatures,
and shorter activation times. However, it also has drawbacks, such as the requirement
for extra chemical reagents, challenges with recycling, and the necessity for additional
washing steps after use. And, some researchers have proposed combining chemical and
physical activation methods to create a hybrid physicochemical activation process [38].
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3.4.2 Template-assisted method

The template-assisted synthesis method involves creating inorganic porous
materials on the surface of biomass precursors, guiding the formation and growth of
BCMs. This approach is typically categorized into hard and soft template methods.
Hard templates, such as mesoporous metal oxides or metal-organic frameworks
[39], generate mesopores or macropores but require removal and cleaning with an
alkaline solution after activation [40]. In contrast, soft templates use surfactants or
block copolymers to form mesopores without needing removal after activation [41].
To further refine porosity, researchers are increasingly employing a dual template
method that combines both hard and soft templates [42].

4. Typical applications of BCMs

The previous section provided a detailed overview of how BCMs are prepared.
This section will explore the latest advancements in their innovative applications
across key areas such as energy storage, catalysis, environmental remediation, as well
as electronics and sensors.

4.1 Electrochemical energy storage

Given the challenges of renewable energy sources, such as uneven distribution
and intermittent availability, energy storage devices have garnered significant interest
[43]. As crucial components of these devices (batteries and capacitors), electrode
materials play a pivotal role in determining their performance [44]. BCMs, known for
their heteroatom doping, porous structures, and high SSA, are viewed as promising
candidates with exceptional electrochemical performance [45].

Enhancing the surface wettability of materials through atomic doping and introducing
pseudocapacitive charge storage mechanisms represent effective strategies for improving
the electrochemical performance of electrodes [46]. He et al. [47] prepared S/N co-doped
layered porous BCMs starch through a combination of the template method and calcina-
tion (Figure 5a-b). These materials exhibited a spongy porous morphology and a layered
mesoporous structure with increased interlayer distances, resulting in superior Na storage
capacity compared to pure Cui et al. [48] successfully prepared S/N double-doped porous
C/SiO4 composites (SN@C/SiOy) using rice husk as the C and Si source, with thiourea
for S and N source. When employed as an anode for lithium-ion batteries (LIBs), these
composites demonstrated a stable reversible capacity of 1150 mAh/g at a current density
of 0.1 A/g, with an initial coulombic efficiency (CE) enhancement of 70.4% (Figure 5c).
Xu et al. [49] reported on heteroatom-doped mushroom-derived BCMs (MBCMs) for
use as an anode material in potassium (K)-ion batteries. The porous MBCMs exhibited a
relatively high specific capacity of 290 mAh/g at a current density of 500 mA/g and main-
tained excellent cycling stability after 2000 cycles (Figure 5d). And, combining BCMs
with them with transition metal oxides or phosphides, which have strong adsorption
capabilities, can further improve their electrochemical performance [50]. Furthermore,
BCMs can be activated to achieve a high SSA and a well-defined microporous size dis-
tribution. Currently, fish scales [51], waste paper [52], flour [53], yeast cells [54], fallen
leaves [55], pig bones [55], willow wadding [55], lettuce leaves [56], waste tea leaves [57],
sunflower seed husks [58], ginkgo biloba shells [59], cow dung [60], silk [61], and human
hair [62] have been chemically activated for use as supercapacitors.

91



Biomass Based Products

1200 1400 1600 1800 2000

Cyclo Number Cycle Number

Figures.

(a) Schematic illustration of the preparation of SN-HPCS; (b) SEM images, TEM images, HRTEM image, and
EDS images of SN-HPCS and the corresponding elemental mapping of C, N, and S elements, vespectively [47];
(c) SN@C/SiOy composites as high-performance LIBs anodes [48]; (d) a MBCMs as high-stability anode for K
ion battery [49].

4.2 Catalysis
4.2.1 Electrocatalysis

Employing biomass as a sustainable carbon source, the construction of at 3D
multi-stage pore structure, exposure of the active sites, and doping with heteroatoms
to modify the electron cloud distribution, thereby enhancing the oxygen reduction
reaction (ORR) activity of the catalysts [63]. Kim et al. [64] prepared layered porous
S, N-doped bamboo carbon materials SNBCs through the pyrolysis of bamboo and
thiourea, which were employed as electrocatalysts for ORR (Figure 6a). By precisely
controlling the mesopore ratio and optimizing the effective doping amount, the
SNBCs achieved half-wave potentials and stability comparable to commercial Pt/C
catalysts. Lee et al. [65] successfully synthesized hierarchical 2D porous iron single-
atom catalysts using hemoglobin-rich discarded red blood cells (Figure 6b). This
interesting structure offers excellent mass transfer properties, resulting in superior
ORR performance in alkaline media, which was also employed as a cathode material
in an anion-exchange membrane fuel cell (AEMFC) and demonstrated a maximum
power density of 658 mW/cm’ (Figure 6c-d). Additionally, transition metal com-
pounds loaded on BCMs carriers have good catalytic properties for ORR [66].

4.2.2 Pyvolysis catalysis

Various catalysts have been employed for the catalytic pyrolysis of biomass
[67, 68]. Recently, activated carbon has garnered significant attention as an effective
catalyst for converting biomass into sustainable, high-quality bio-oil and high-value-
added chemicals. Studies have demonstrated that activated carbon derived from corn
stover achieves 100% selectivity in glucose-catalyzed pyrolysis of phenolic com-
pounds [69]. Additionally, cellulose conversion was conducted using a catalyst-to-
cellulose ratio of 1.13 at a pyrolysis temperature of 450°C, confirming that activated
carbon is effective for the pyrolysis of phenolic compounds.
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(a) Preparation and application of SNBCs [64]; (b) schematic illustration of the synthesis for PBC catalysts;
(¢) single-cell polarization result obtained using PBC/900/M as the cathode catalyst with a 4 mg/cm?® loading at
1 bar pressure. The anode was 0.6 mg/cm* PtRu/C, and a 60 wt% ionomer was used; (d) comparison of the best
AEMEFC performance using developed catalysts with time [65].

4.3 Environmental remediation
4.3.1 Remediation of wastewater

BCMs are mainly utilized as an affordable, eco-friendly filter for removing
harmful pollutants from wastewater and stormwater. Among various options, cel-
lulose nanofibers stand out as excellent adsorbents due to their unique properties,
abundance, and renewability. Lu et al. [70] detailed the adsorption mechanisms
of lead (Pb”*) on sludge biochar surfaces, identifying four potential processes
(Figure 7a): (a) electrostatic outer surface complexation; (b) internal complexation
and co-precipitation with metals oxides and organics; (c) surface complexation
with the -OH and -COOH functional groups present; and (d) metal precipitation as
Pb-PbO-silicates. Consequently, biochar and biochar-based filtration technologies are
promising options for wastewater treatment and discharge.
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4.3.2 Remediation of soil

BCMs exert varied effects on the mobility of metals in soil. Kong et al. [71]
reported a removal efficiency of 86.4% for Hg (II) and 99.5% for phenanthrene
using soybean straw biochar (Figure 7b). This high adsorption performance
is attributed to its significant microporosity and SSA. In the remediation of
inorganic pollutants, BCMs primarily function through mechanisms such as
precipitation, electrostatic attraction, and ion exchange. Notably, the pyrolysis
temperature significantly influences the physiochemical properties of biochar,
which in turn affects its ability to adsorb both organic and inorganic contami-
nants. Cao et al. [72] also investigated the effect of biochar on Pb fixation in soil,
finding that P in the biochar could immobilize Pb by forming insoluble hydroxy
pyrophosphate.
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(a) The adsorption mechanism of sludge biochar [70]; (b) the removal efficiencies of phenanthrene and Hg
(II) from solution by the soybean straw-derived biochar [71]; (c) a novel heteroatom-doped cellulose-derived
carbon aevogel with hierarchically porous architecture and hybrid conductive network exhibits an outstanding
performance [73].
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4.3.3 Electromagnetic shielding

In recent years, electromagnetic interference (EMI) pollution has become a growing
concern, significantly increasing the demand for effective shielding materials. Wang et al.
[73] prepared heteroatom-doped carbon aerogels for organic dye adsorption by synthe-
sizing graphene oxide nanosheets/cellulose composite hydrogels, followed by freeze-
drying and a specific two-stage carbonization process (Figure 7c). Despite their low
density of 68.9 mg/cm’, these aerogels demonstrated an EMI shielding effectiveness of up
to 97.3 dB and an absorption coefficient of up to 0.69 in the X-band. BCMs offer a promis-
ing new approach for developing high-performance wave-absorbing materials [6, 74].

4.4 Electronics and sensors

BCMs feature a wide range of structural and morphological designs, offer straight-
forward functionalization, and have adjustable surface and electronic properties [75].
Currently, BCMs are employed in various electronic devices, encompassing e-textiles
as well as applications in compound, metal ion, gas detection, and humidity-tem-
perature sensing [76].

4.4.1 Pressuve sensor

Electronic skin is utilized in various modern scientific fields. Guo’s group prepared
a low-cost, efficient, and highly sensitive flexible tactile sensor using calathea zebrine
(CZ) [77] and lotus leaf (LF) [78] as templates. Guo et al. [77] synthesized a micro-
structured ionic gel (MIG) using CZ leaves as a template using soft lithography. This
MIG features a lower detection limit (LoD) of 0.1 Pa for high-performance capacitive
electronic skin. Additionally, an electric double layer (EDL) forms at both the top
and bottom interfaces, with the EDL area at the rough interface increasing under
cone compression. The polydimethylsiloxane (m-PDMS) structure, replicated using
LF, includes high aspect ratio, low-density micro-towers, and the bottom electrodes
covered with ultrathin silver nanowires [78]. The flexible sensor boasts a LoD
under 0.8 Pa, a response time of less than 36 ms, and remains fatigue-resistant after
100,000 touches. Additionally, BCM composites combined with other materials offer
promising applications in flexible sensing research [79, 80].

4.4.2 Gas sensor

The rich pore structure of BCMs provides effective diffusion channels for the
adsorption and desorption of target gasses. Their extensive SSA also offers more
accessible active sites for gas detection, enabling the sensors to identify low gas
concentrations at room temperature (RT), overcoming the problems that traditional
gas sensors have failed to overcome in real life, and has attracted great attention.

Among the methods available, the biomimetic approach has emerged as a key tech-
nique for fabricating nanoscale structured materials. Biomass templates can be classified
according to natural biological species: plant templates (e.g., wood [81, 82], bamboo
[83], straw [84], etc.); animal templates (e.g., eggshell membranes [85, 86], crab shells
[87, 88], insect wings [89], etc.); microbial templates (e.g., fungi [90], yeast, viruses,
etc.); and biomolecular templates (e.g., proteins, DNA, etc.).

Liu et al. [91] developed porous nickel-Co oxide (Ni-Co-O) nanocomposites by
adjusting the Co-Ni ratio of initial Ni-Co nitrate, utilizing hemp stems as a template.
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The resulting sensor exhibited a high response (3 ~ 100 ppm), low LoD (50 ppb),
and stability (>7 weeks) for NH; at RT. Shao et al. [92] prepared porous ZnO-

graded microtubes by zinc nitrate impregnation and air calcination using spent rose
stems as bio templates, examining how different calcination temperatures affected
microstructure and gas-sensitive properties. The ZnO-500 sensor exhibited a short
response time (2 s), a high response (S = 143.0), and a low LoD (10 ppb) to 50 ppm
n-butanol vapor at an operating temperature of 252°C. These gas-sensitive indicators
were significantly better than those of the already reported ZnO-based n-butanol
sensors. Additionally, many natural materials with multi-level pore structures, which
feature two or more pore channels, can be used to obtain porous biochar through
simple carbonization for gas-sensing applications [93, 94].

The striated folds present on the surface of roses, forming micro/nanostructures, and
the intricate multistage pore architectures within discarded bamboo chopsticks, charac-
terized by interconnected pores spanning various levels and specialized for achieving a
high specific surface area, exhibit structural similarities to the nasal turbinates of dogs.
Drawing inspiration from the intrinsic micro/nanostructure of biomass, Sun et al. [93]
pioneered the conversion of discarded rose tea into a biomass carbon with a striped
folded structure akin to that of the dog’s maxillary nasal turbinate. This material demon-
strated exceptional performance, including high responsiveness, a low detection limit,
swift recovery (2.0 s), and long-term stability toward NH; at ambient temperatures. This
biomimetic sensor has been effectively employed for real-time lamb freshness monitoring
(Figure 8a). In parallel, Qin et al. [95] achieved the carbonization of discarded dispos-
able bamboo chopsticks into a high specific surface area carbon material, replicating the
structure of a dog’s nasal turbinate under various temperature conditions (Figure 8b).
Building upon this foundation, Qin etal. [7] further developed tin dioxide (SnO,) het-
erojunctions on the surface of discarded bamboo chopsticks through a straightforward
one-step pyrolytic carbonization process. The bamboo chopsticks were transformed into
a tubular porous structure, mimicking the dog’s nasal turbinate, while SnO, served asan
olfactory receptor for the recognition and detection of NH; at RT (Figure 8c).

In recent years, biochar composites have garnered increasing attention in the field
of gas sensing. Chen et al. [96] and his team used hemp stem biochar (BC) as a carrier
and synthesized CoBC composite material using MOF template through vacuum-
assisted and calcining methods. The CoBC-700 composite showed an excellent
response to 100 ppm NO, gas (R./R; = 34.1), showing impressive reproducibility and
stability at RT. Sun et al. [97] introduced hollow porous carbon microtubules (CMTs)
and ZnO/CMTs composites with heterojunctions by simply carbonizing sycamore
villus fibers. Both CMTs and ZnO/CMTs exhibit higher sensitivity and faster response
(<16 s) and recovery time (<2 s), along with good long-term stability. Zhang et al.
[98] synthesized imine covalent organic scaffolds (iCOF) at RT using micron tube
structured BCMs from lavender straw as a template, and this groundbreaking study
is the first to combine COF materials with biological carbon materials. This sensor
achieved a remarkable maximum response of 2155.75% to aniline, one total circle time
under 26 s, and a LoD of 10.26 ppb. These advancements are likely to inspire further
research into high-quality, biomass-derived gas-sensitive materials.

4.4.3 Other electronics

Luetal. [99] developed a BCMs doped with both N and P from lotus root using
a one-step pyrolysis method and created an electrochemical sensor for detecting
baicalein (BA) and luteolin (LU) from this material. The characterization results
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(a) SEM images with different resolutions of CRT and lamb stored at RT for 6, 12, and 24 h the vesponse line
graphs [93]; (b) longitudinal sections and transverse sections SEM of DBC—-600 [95]; (c) biomimetic schematic of
biochar/SnO, [7].

indicate that a precise amount of elemental doping significantly enhances the SSA of
the carbon material. However, excessive doping can drastically reduce this SSA. In
addition, co-doping with N and P effectively increases the number of active sites and
improves the electron transfer rate of the materials. Under optimal detection condi-
tions, the sensor achieved minimum detection limits of 7.8 x 10~ mol/L for BA and
76 x 107 mol/L for LU (S/N = 3). The sensor also demonstrated strong performance
in detecting these compounds in both Shuang Huang Lian oral solutions and urine
samples from healthy individuals.

5. Conclusions

In summary, this chapter explores the structures of various BCMs and provides an
in-depth discussion of notable synthetic methods and their features. It also reviews
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recent progress in biomass materials for diverse applications. Although progress has
been made in the research of BCMs, there are still many challenges to be addressed.
Firstly, preparing BCMs necessitates a thorough understanding of the precursors’
microstructure and an assessment of their pore size and dimensions. Secondly, there
are currently no guidelines for choosing the appropriate biochar to achieve effec-

tive heteroatom doping, which is necessary to enhance interlayer spacing, introduce
defects, and create active sites. Additionally, selecting the ideal shapes and gradations
of pores from their precursors remains challenging. Then, when chemical activators
are employed to achieve high SSA and hierarchical porous structures, obtaining large
pore sizes can be challenging. Additionally, controlling pore geometry, size, and
connectivity remains difficult. Finally, controlling the proportion of impurity atoms
introduced during doping modifications is challenging. Atall, it is hoped that the
energy savings discussed in this chapter will encourage further research and develop-
ment of BCMs, supporting sustainable development and circular economy practices.
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Abstract

The increase in energy usage over the past century has raised concern over the
energy insecurity and environmental unsustainability of current fossil fuel utilization;
therefore, there is a need for energy diversification. An attractive alternative diversi-
fication is the densification of the abundant biomass. However, poor performance of
raw biomass in energy generation necessitates attention to the process through which
they were produced. This chapter reviews the technoeconomic impacts of extrusion
and compaction, by evaluating two types of extruders: screw press [SP] and hydraulic
piston press [HPP] machines. Technical evaluations based on both biomass material
and briquetting technologies were reviewed. The biomass technical review includes
material availability, pretreatments, and characteristics. The technicalities around
the briquetting technologies reviewed include operational variables, machine perfor-
mance variables, efficiency of the process, and power consumption patterns, while the
economic analysis reviewed consists of the cost of biomass, briquetting processes, and
market values of final products. From the review, the technical analysis showed that SP
has improved the physical quality and combustion characteristics compared with piston
press. Two critical challenges in the development of screw press are that of alignment of
the extrusion head with the die and high cost of electricity tariff, which discouraged the
availability of small-scale screw presses. The economic analysis of briquetting process
revealed a considerable cost and end-user savings in HPP briquetting over screw press
at the expense of energy value of final products. The economic viability of each process
based on different factors of production depended on the material availability, technol-
ogy deployed, and energy consumption in the production of unit products. The energy
cost was a major barrier to achieving sustainability for biomass briquetting with screw
press technology. Operating the screw press is not economically viable because of the
high electricity tariffs, poor electricity supplies, and high level of machine precisions
required. However, the use of alternative energy facilities such as diesel engine as source
of power and die heating has reduced the cost of briquette production to 50%.

Keywords: technoeconomic, extrusion, compaction, briquette, extrusion performance,
product characteristics
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1. Introduction

The current population growth and increase in global energy demands have placed
a lot of pressure on fossil fuel, the most exploited energy resource, which contributes
about 80% of the primary energy requirement [1-4]. This global energy need is con-
sequential on the outrageous increases in fuel prices in developing countries of Africa,
Nigeria, inclusive, and Asia [2]. The situation is worst in Nigeria, where reliance on
non-renewable energy resources and capacity to maintain a stable energy stock is
very low, with increasing volatile energy markets [5, 6]. The global increase in fossil
fuel prices, coupled with the worsening effects of global warming, is edging toward
creating a global energy crisis and mitigating climate change. Within the context of
environmental protection policy provisions and strategic execution of development
plans, biomass is an indispensable part of alternative energy resource debates. As the
society becomes more mindful of their influence on the environment, quest for eco-
friendly and environmentally sustainable alternatives to biomass is slowly becoming
one of the fastest growing affordable renewable technology material sources, with
consumption increasing by 3% per year [7, 8].

In creating further awareness toward the exploitation of biomass for renewable
energy production, production of biomass-derived energy carriers such as bio-
electricity and biofuels could translate to an efficient means of meeting the United
Nations Sustainable Development Goals (SDGs) on Affordable and Clean Energy
[9]. The current energy insecurity and unsustainable environmental consequences
are surmountable through energy resource diversification. The global strive to find
alternative routes for energy production led to the implementation of a shared regula-
tory framework to promote renewable energies, thereby diversifying the sources of
supply through the replacement of biomass resources with more viable energy-value
products [6]. This has led to the emergence of briquettes as viable alternative energy
sources as factored through deviation from the present sustenance energy-usage level
to more sustainable and diversified energy options [4].

Technological innovations to increase productivity and reduce costs remained the
major challenge to expanding the share of renewable energy carriers, and efforts should
be directed toward the development of more user-friendly, cost-efficient technologies
at various scales to attract more investment in the field [9]. Therefore, it is necessary to
design systems such as briquetting that are capable of obtaining valuable products and
drastically reducing the costs of agro-waste and wood residue recovery. Briquetting,
otherwise known as densification, is a process by which agricultural and other organic
residues are compacted into high-density products with improved energy values com-
pared to the raw materials [10, 11]. Briquetting converts loose materials into uniform-
shaped solid fuels (briquettes) with improved handling characteristics, increased
volumetric calorific value, reduced transportation costs, and are made available for a
variety of applications. A review of various briquetting technologies shows that success-
ful briquetting is dependent on conditions of the material biomass characteristics, the
technology adopted, and the variability of briquetting process conditions.

Biomass material chavacteristics: Parameters identified in the literature that extremely
influence the performance characteristics of briquettes are material variables and non-
material process variables [12]. Briquette’s final quality is affected by three parameters:
material characteristics (variables); process variables; and operational variables [13, 14].
Material-specific variables include biomass particle size, particle moisture, and binder.
The non-material variables are components of process variables. A significant infer-
ence is that structural and material characteristics of biomass are vital to the biomass
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conversion process and evaluation. Kipyego [15] reported the significance of particle
moisture, heating value, ash content, and alkali content as important quality parameters
for densification technologies. However, biomass thermochemical characterization (i.e.,
combustion, gasification, and pyrolysis) is based on the determination of the overall
product’s physical, mechanical, and chemical characteristics [15]. Variability in mate-
rial structural characteristics has brought about differences in applicable technological
processes and machines used in briquette production.

Technology adopted: Biomass densification employs different agglomeration
technologies for the conversion of loose biomass residues into solid fuel, signifying
the technology directions. Research studies presented in Table 1 show some technical
characteristics of briquetting technology. Conversely, a screw press has better overall
production performance and product quality than piston presses.

Compaction and extrusion processing occurred in two stages: elastic and plastic
deformations [24]. During compaction, elastic deformation occurred as the materi-
als regained their original position at pressure relief while the material permanently
deformed during plastic deformation. These materials are produced in low-,
medium-, or high-pressure processes. In the screw press extrusion process, high-
pressure application through a conical screw shaft within an enclosed barrel forced
materials through an opening, forcing conveyed material into uniform regular or
irregular cross-sections identical to cylindrical bars or hollow tubes with that of the
opening [25]. Due to high compressibility and biomass material factors, briquettes
produced usually have high-density factors requiring no binders. The preliminary
results on machine production showed failed extrusion; no briquette was extruded.
The recovered briquettes around the die neck are poorly formed. However, their phys-
ical and mechanical attributes showed good comparative characteristics with varying
degrees of fractures, carbonation, and good crushing resistance when subjected to
impact force. It was observed that there was discontinuity in material flow from the
barrel into the die at the transition zone, hence causing deformation and leading to
failed extrusion.

Briquetting process conditions: Briquetting process conditions are optimum briquet-
ting conditions that could affect the physical and combustion characteristics of bri-
quettes. Several successful attempts have been made to produce briquettes by varying
process conditions (non-material variables), which include the material moisture, the
operating temperature, operating pressure, dwell/hold time, feed rate, die geometry,
and other machine-specific variables depending on the technology adopted [26-30].
Other process conditions exist that could affect briquette quality, which include
material blowout, pre-densification charring, localized heating, high temperatures
within the transport/compression sections of the extrusion chamber, and moisture
variations as the system equilibrates [31].

1.1 Biomass availability and utilization

Replacement of fossil energy carriers with biomass-derived energy carriers
could bring about positive impacts from economic, environmental, and health
perspectives. Moreover, production of biomass-derived energy could be achieved
under any geographical conditions owing to the large global availability of bio-
mass [32-36]. These wastes are not utilized efficiently, in most cases, are burnt in
the open fields resulting not only in energy wastage but also in environmentally
polluting manner. The strong position of the abundance of renewable resources in
promoting the use of renewable energies in developing countries is a strong factor
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Briquette Reference Output Shape and Materialused  Briquette characteristics
press capacity dimension
Screw Senetal. [16] 120 kg/h Hexagonal Cassava Density: 0.69-0.91 g/
extruder 100 mmlength  rhizomewaste  cm? compressive
strength: 8.51-14.94 kg/
cm?, shattering index:
153.7-416.7, HHV:
21,670-24,367 K] /kg.
Hamid etal. [17] 200 kg/h Hexagonal Rubber seed POS maximum
50 mm length,  kernel (RSK), compressive load
20 mm int. dia Palm oil shell 101.11 N, HHV: 16.05 MJ/
(POS) kg
RSK briquette
compressive load 141 N,
HHV:16.03 MJ/kg.
Mechanical ~ Srivastavaetal. [18] 500 kg/h Cylindrical. Vegetable Density: 509-747 kg/
piston press 50 mm dia. market waste m’, from initial densities
(VMW) of 44.2-60 kg/m’.
Briquettes HHV ranges
10.26-16.60 MJ/kg.
Gill etal. [19] 1200 kg/h  Cylindrical. Rice straw Density: (1030.38-
70 mm 1159.22 kg/m®),
durability: (71.9-92.3%),
HHV: 15.61 MJ/kg, ash
content: 16.34%.
Hydraulic Moreno et al. [20] Not Cylindrical. Furniture, Briquettes generated
Piston Press available 50 mm dia. wood waste, more energy and
[HPP] foam. durability, similar to
furniture wood waste.
Manyuchietal. [21]  Not Rectangular. Sawdust, coal HHV: 26 MJ/kg, fixed
available 30 mmlength, fines carbon: 76%, and
25 mm width, compressive strength:
15 mm height 0.25 kN/cm®
Roller press ~ Thoreson etal. [22] Not Almond- Corn stover, Bulk densities:
available shaped. Switchgrass 351-527 kg/ m’, durability:
31.3 mm 39-90%, crushing
length, strengths: 28-277 N.
233 mm
width,
179 mm depth.
Borowski et al. [23] Not Pillow shaped. ~ Charcoal Briquettes’ physical
available 60 mmwidth,  powder properties are
50 mm height, satisfactory and suitable
30 mm depth. for barbecues.

Source: Kpalo et al. [12].

Table 1.

Literature summary of briquette presses study.

influencing growth and economic development [37]. The global biomass resources
largely revolve around wastes generated from forestry residue and agricultural and

industrial/domestic wastes.

The global supply from different sources was estimated at approximately 220
billion tons per year, with an estimated two-thirds consumed in developing nations in
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household cooking [38]. This huge diversity of biomass has shown that these materi-
als are abundantly cheap and available, and their conversion from direct burning to
generate heat is part of the solution to the world’s energy supply and alleviation of
environmental problems [4]. Considering the huge potentials in the exploitation of
biomass as an energy source in scaled-up plants for heat and power cogeneration, the
use of biomass has led to the emergence of mega biodiesel and ethanol production
plants [9, 39]. However, there are issues around the global supply of biomass toward
the expansion of the biodiesel industry and suitability [4, 40]. The exigency of dis-
posing of these large volumes of waste and other relatively homogeneous wood-based
industrial wastes has led to the growth of the briquetting industry.

Despite the advantages of biomass utilization as a viable replacement for fossil
fuels for energy production, there are constraints on its direct use as primary biomass
for energy production [41]. These constraints, such as a luminous yellow flame, poor
energy per unit volume, hydrophilic properties, and high levels of smoke generation
above acceptable levels for household use [4, 41, 42], make its utilization and replace-
ment as fossil fuels for energy production difficult [42]. One way by which these
wastes can be utilized significantly is by biomass upgrade before utilization [3, 43].

1.2 Technological solutions to biomass upgrade (biomass pretreatment)

Viable technological solutions proffered in literature for biomass property upgrade
to meet such demands include biomass pretreatment and fermentation. Biomass
pretreatment for briquetting has existed for a long time and is an important process
for loosening or delignification of the compacted biomass structures to expose the
cellulose fiber [44, 45]. This process removes the volatile matter contents of the
lignocellulosic materials, thereby improving their densification, physical, mechani-
cal, and combustion properties [46]. Due to its impact on technical, economic, and
environmental systems, biomass pretreatment has drawn significant study attention
worldwide [47].

Pretreatment of biomass aimed at delignifying compacted biomass structures to
expose the cellulose fiber [44, 45, 48]. This material process could equally increase the
production rate up to 340-360 kg/hr [49]. Kpalo et al. [2] revealed that the concept of
preheating biomass material in a screw press resulted in a total average energy saving
of about 10.2% (23.5% at the heater and 10.8% at the motor). Various pretreatment
methods have been identified as relevant to material improvement and sustainable
alternative fuel, including thermal (preheating), chemical (fermentation), biological,
and mechanical processes, as well as their combinations [50, 51].

The thermal preheating process produces high-quality and high-energy biomass
at reduced power consumption [4]. Due to its impact on technical, economic, and
environmental systems, biomass pretreatment has drawn significant study attention
worldwide [4, 47, 52, 53], showing various thermal conversion processes, routes, and
their potential high-value by-products (Figure 1) [53]. Thermal preheating offers
increased production rates up to 360 kg/hr. and reduced compression and extrusion
pressures up to 3.0 x 10* kN/m” compared to 1.8 x 10° kN/m” without preheating
[46, 49, 54, 55]. Kpalo et al. [2] revealed that the concept of preheating biomass mate-
rial in a screw press showed a total average energy saving of about 10.2% (23.5% at the
heater and 10.8% at the motor).

Thermal pretreatment such as torrefaction and pyrolysis occurs under different
temperatures and environmental conditions. Torrefaction is the carbonization of
the hemicellulose, depolymerization of lignin and cellulose, and devolatilization of
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Figure 1.
Biomass thermal conversion processes.

lignocellulosic biomasses [56]. Torrefied biomass tends to be hydrophobic, brittle,
and easily grindable, with significant energy and market potentials [42, 57, 58]. The
process initiates at temperatures lower than 160°C with gradual removal of water,
then advanced with hemicellulose degradation at temperatures between 180 and
270°C, accompanied by rapid biomass breakdown and release of moisture, volatile
gases, and low-energy molecules that turn brown instead of yellow [59]. Torrefaction
turns completely exothermic at 280°C, producing more gas and causing the synthesis
of other heavy compounds and extraneous gases [56].

At temperatures above 300°C, but below 600°C in the absence of or limited
air (oxygen), pyrolysis sets in as an irreversible thermal degradation of biomass
[46, 53, 60]. The organic matter is broken down in an inert atmosphere without
oxidizing agents, beginning at low temperatures of around 100°C with loss in mois-
ture (dehydration), and at about 300°C, the biomass fractures and devolatilizes [61].
During pyrolysis, less oxygen is introduced as the temperature rises to 600°C, beyond
this value, gasification results. The by-products of pyrolysis include gaseous products,
ash, bio-oil, and other higher energy density materials [62]. Beyond pyrolysis temper-
ature, combustion began. Combustion is a thermochemical process in fuel burning in
air [63]. When fuel is heated in the air, combustion begins at the lowest temperature,
which is the material ignition temperature, which varies for different materials. The
shrinking core model of the burning of a briquette ball was used to explain the igni-
tion temperature [64].

Fermentation: Fermentation is another pretreatment method requiring an appli-
cation of solvents and/or chemicals such as water, acids, alkali, salts, and oxidants
in breaking down lignocellulosic materials with the sole objective of lowering the
volatile matter concentration while maintaining the structure of the cellulose and
hemicellulose [65]. Several fermentation studies and procedures have been conducted
to investigate comparative benefits in product energy contents, non-complex pro-
cesses, better solubility, decreased volatility, higher octane number, and insoluble
with water [66, 67]. Fermentation methods deployed in research studies include acid
hydrolysis, alkali treatment and wet oxidation, organosolv pretreatment, and ionic
and oxidizing processes have been developed [50]. Other fermentation approaches
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involved soaking materials in water for different lengths of soaking time [4] or in 5%
NaOH for about 20 minutes and then transferring them into aqueous sodium hypo-
chlorite (NaOCI) for 24 hours, then rinsing in water severally to improve materials
transparency [68, 69]. This pretreatment is less severe than acid pretreatment due to
the ease of experimentation performed under atmospheric conditions [70, 71].

In the fermentation process, biomass is soaked in a liquid medium for a while to
lower the volatile matter concentration while preserving the cellulose and hemicel-
lulose structure. Numerous existing fermentation techniques, each with unique
contrasting benefits for energy contained product, ease of processing, and material
applicability for further processing, improved miscibility with liquid fuels, higher
octane ratings, and reduced volatility [67]. A literature search suggested torrefaction
and fermentation as more attractive and less expensive processes for sawdust pre-
treatment for briquetting.

2. Briquetting technologies

Worldwide, a number of machines and techniques have been developed for bri-
quetting on a range of different scales [72]. Several briquetting machines have been
developed based on different operational mechanisms, including manual presses,
screw presses, roller presses, pelletizing, and piston presses [4, 11, 73-75]. Mechanical
piston press development started in Switzerland during World War II based on
research works done in Germany in the 30’s, which centered on Fred Housman and
the Glomera presses [11, 43] and were typically common in Europe and the USA. The
screw extrusion briquetting technology was invented in Japan in 1945 [11, 43] and
preferred in the East. The integration of these two technologies is common in India
and Bangladesh, however, it is relatively new to biofuel development technology in
Africa compared with Asia, America, and Europe [2, 76].

The extent of development and utilization of briquette technology globally since
1992 has been significant and has seen the introduction of pillow-type coal briquettes
by the Nepal Academy of Science and Technology (NAST) in collaboration with the
Japan International Cooperation Agency (JICA) [77]. Subsequently, the Institute for
Himalayan Conservation (“IHC”), in cooperation with NAST, introduced the roller
presses in 1999. In 2000, NAST and the Asian Institute of Technology (AIT) intro-
duced the screw-extruder briquetting technology to address screw-wearing problems
[78-81]. Progressively from 2000, several research cooperations among international
organizations and agencies across Asia had developed several briquetting machines
comprehensively reported by Abdul Salam and Shobhakar [82]. Briquette extrusion
had along history of development and utilization, especially in industrial and domes-
tic heating. In addition, several studies on different technologies, output capacity,
shape and dimension, material used, and product characteristics were summarized by
Kpalo et al. [2] and Bello et al. [3].

In Africa, briquetting technology is new [76], however, briquetting technology
is gaining momentum, particularly as wood resources become scarcer and the price
of regular charcoal increases in East Africa, where biomass dominates the domestic
energy market [72, 77]. Nigeria’s experience in briquetting technology is presently not
quantitatively defined, as briquetting technology development efforts are limited to
research engagements in research institutes, universities, and other tertiary institu-
tions [78]. These efforts had produced several machines with different technologies
for converting biomass into briquettes [82-84]. For instance, Sokoto Energy Research
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Centre (SERC), in collaboration with the Usman Danfodio University, Sokoto devel-
oped a 13 kg/hr. capacity single-cylinder extruder to densify sawdust rice and millet
husks. Obafemi Awolowo University, Ile-Ife Equally developed a 4 kW-powered screw
press capable of producing 10 kg of briquettes/hr. with a calorific value of 17.8 MJ
and 67.94% thermal efficiency [85]. Other successful briquetting technologies in
Nigeria include the development of a 40 kg/hr. capacity piston press at the Center for
Industrial Studies (CIS), Abubakar Tafawa Balewa University (ATBU), Bauchi, in
collaboration with the Raw Material Research and Development Council (RMRDC),
Abuja. Accelerated developmental efforts are ongoing at various research levels on
medium/low-pressure densification with little attention on the development of high-
pressure densification studies. Commercial briquetting installations with installed
capacities as high as 2000 kg/hr. or more are limited in Nigeria, while there exist few
small-scale industries producing and marketing briquette in Nigeria.

The viability of any briquetting technology depends on a number of key factors,
such as energy inputs, technical complexities, potential markets for briquettes (i.e.,
costs as compared to other fuels), acceptability of briquettes by potential users, raw
material availability, etc. To this end, any briquetting process that does not allow for
real commercial standardization of the production process and sustainable invest-
ment in their production is considered not economically viable. Therefore, for eco-
nomic evaluation, a review of the technoeconomic study of extrusion and compaction
processes was undertaken using two machines (a screw extrusion briquetting tech-
nology and hydraulic piston briquetting technology) studied by the authors [3, 31].

2.1 Technologies reviewed

Screw-extruder machine: Briquetting technologies investigated include a screw
extrusion briquetting technology [31] and hydraulic piston briquetting technology
[3]. The extrusion machine (Figure 2) has three main functional units: the extrusion
unit, the power transmission unit, and the power generation/electrical control sys-
tems. The extrusion unit comprises the extrusion barrel, shaft with screw assembly,

Figure 2.
Existing experimental screw press extruder.
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universal connection, and die that make up the extrusion unit. The barrel is a long
cylindrical pipe with sufficient thickness (to sustain severe compressive stresses) that
is supported by two L-shaped mount brackets attached to the frame with four 21 mm
bolts and nuts. Toward the bearing end is a fixed hopper for material infeed into the
machine, while at the other end is a welded circular bracket for the die attachment.
The screw shaft is a long-tapered shaft with a machined single-flight screw conveyor
that extends from the end of the extrusion section into the die ring. A massive trust
bearing attached to one end of the cylinder serves as the shaft’s support (cantilever).
A ring flange that is welded to the die connects a short, cylindrical metal pipe with an
internal conic taper at the barrel end that is bored into a uniformly cylindrical hole at
the other end, known as the die [31].

The power transmission unit comprises a speed reducer assembly, belt, double-
grooved pulley, and universal coupling. The extruder receives power from a 3-phase,
delta-connection induction motor. The instrument control system comprises short-
circuit protection, a contactor, a temperature controller, a temperature sensor, and
a heating element connection. Short-circuit protection shuts off the heater’s power
supply above a predetermined temperature. It then trips when the temperature falls
below that threshold, raising the raw material temperature for improved densifica-
tion. There are two heaters with dimensions of length 100 mm and diameter 90 mm
and rated power outputs of 1300 and 1500 W, respectively [31]. To ensure that the
temperature requirements for extrusion are met, a J-type thermocouple sensor and
a PID-JTC 9036.3 A, 415 V temperature device were installed to regulate the heater
temperature. The power generation unit consists of the induction motor, which
supplies power to drive the extrusion shaft and provide power for short-circuit
protection and direct induction heating via two mica-type band heaters attached
to the die. The machine functional requirement, component description, technical
specifications, and quantity for individual machine components are presented in

Table 2 below.
S/N Item Description/specification
1 Induction motor 20 HP (15kW) @ 1460 rpm, 380 volts/50 Hz, 3-phase A/A connection
2 V-Belts B-90
3 Pulleys 12.5 cm dia. (driver), 47.0 cm dia. (driven)
4 Reduction gear assembly Rear-axle reduction gearbox
5 Bearings N 6312, N 6311
6 Transmission shaft 3" dia.
7 Die 9.7 cm dia., 30 cm long (MS)
8 Screws 2 Ya*dia., 45 cm long (MS)
9 Bushing Outside dia: 73 mm, inside dia: 59 mm length: 32 mm
10 Frame Length = 256 mm, width = 88 mm, and height = 98 mm
1 Control panel Electrical distribution board
12 Extrusion barrel Cylindrical pipe diameter

Source: Bello and Onilude [31].

Table 2.

Technical details of the experimental machine components.
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Figure 3.
The developed hydraulic briquetting machine and production. A. Material loading, B. Material compression,
C. Removing mold.

Hydyraulic Piston Press [HPP]: The hydraulic piston briquetting press comprises four
pistons equipped with two balances symmetrically positioned alongside a centrally
positioned hydraulic jack to measure the load exerted by spring balances on each pis-
ton (Figure 3A). The frame structure, which supports the entire machine, was made of
mild steel (MS) angle iron that was 50 mm wide and 3.0 mm thick. The hydraulic jack
is a 5-tonne machine that provides the necessary force to compress the biomass mate-
rial mix in the cylindrical mold cups. The jack was fastened to the frame with a 24 mm
bolt and the nut welded to the extension bar above, and it was secured to the pressure
plate with four 8 mm bolts and nuts that hold the four-piston plates beneath [3].

To measure the load/force given to the loaded biomass under compression, two
symmetrically mounted dynamically balanced helical extension spring balances were
placed at either side of the jack (Figure 3B). The springs expanded with the move-
ment of the pressure plate through the action of the hydraulic jack at compression.
Each piston was dynamically positioned and fastened on a 3 mm thick flat base plate,
with each fused to a 2 mm thick piston-base plate at one end and a 20 mm diameter
pipe at the other end. The pistons transfer the compressive pressure to the material
charge within the four cylindrical mold cups positioned on a 420 x 420 mm hardwood
pressboard. The spacers made of plastic are available to produce several briquettes in a
cylinder mold. After compression, a detachable rod inserts with a diameter of 20 mm
and a length of 240 mm was placed into the piston pipe to create the briquette’s center
hole (Figure 3C).

Table 3 shows the summary of the designed parameters for the Hydraulic Piston
Press [HPP]. The Hydraulic Piston Press [HPP] performance was evaluated based on
briquette quality and physical and mechanical characteristics. The machine produced
durable and stable hollow briquettes at an operating pressure of 167 kPa.

2.2 Operational variables

The selection of briquetting technology is dependent on desired performance
characteristics such as heat source, pressure application, material type and
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S/No Parameters Values

1 Load applied by jack 1.99MN

2 Maximum torque transmitted 79,738.82Nm
3 Cylinder dimensions Height = 151.36 mm, diameters = 78.50 mm
4 Height of briquettes produced 50-60 mm

5 Buckling load 2932 MN

6 The area of each piston plate 0.071m*

7 Briquetting pressure 1.66 kPa

8 Circumferential stress on the cylinder 3.735N /m*
9 Longitudinal stress on the cylinder 1.87N /m’
10 Compressive stress on cylinder hanger 6.35MNm™
1 Power requirement 26.49Nm [ sec
12 Spring constant 9.81 kN / m’

Source: Bello et al. [3].

Table 3.
Designed values of hydraulic briquetting machine.

characteristics, power consumption, and energy value, among others, with the major
determinants of the choice of technology being the biomass material (material-
specific) characteristics, non-material-specific variables [86], product quality, and
production costs [87]. Process variables dominant in briquette production include
the operating temperature, pressure, and dwell time. These factors have a prominent
influence on the briquette’s physical properties, densities (compressed and relaxed),
and durability.

In the screw extrusion, heat is a principal requirement in successful operation.
The secondary source of material preheating was the inter-particle interactions
during high-pressure compaction, while the primary source was using two external
mica-heating bands rated at 1300 and 1500 W. The use of heating elements across the
entire die barrel surface allows excellent heating over a wide range of temperatures up
to 350°C [88]. The use of heating the die with thermal band heaters has advantages
including high-watt density and temperature capabilities, good efficiency, a good
lifetime, and a low cost over other types of heaters. The total heat energy (kWh)
required in extrusion depends on the start-up heat and additional heat required to
maintain the process at the desired temperature. The start-up power and required
operating power (kW) are expressed as heat energy (kWh) per unit start-up time.
Power losses during start-up time are zero and may rise to as much as 100% at peak
process temperature due to surface heating, conduction, and radiation. In addition,
because of the variability in material characteristics, the amount of heat required var-
ied and, subsequently, temperature changed. However, differences in material types
and characteristics under varying process conditions produced different qualities of
the final products [13, 89].

Hydraulic piston briquetting employed compressive force in the densification
process without heat requirement. Two operating conditions considered during
briquette production include residence time and operating pressure. A residence time
of 5 minutes was allowed for the compressed material to remain under compressive
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load before ejection [3]. The dwell time does not significantly affect briquette
durability but has a significant effect on relaxation properties. An operating pres-
sure of 169.80 kPa and an axial load of 45 kg were considered suitable for briquette

production.

2.3 Technical analysis and operations

Extrusion is a highly technical process requiring accuracy, precision, and correct
operating conditions. Advances in extrusion technology and more rapid product
changes demand an adaptable high extrusion performance with outstanding through-
put without changing screw or barrel design. Screw and barrel designs adaptable to
a gradual increase in pressure along the extruder and low friction in the feed section
are required in extruder design technology for quality briquette production at the
lowest costs required. The conical screw shaft within the enclosed barrel protruding
into the die requires precision to synchronize conveyed material into uniform regular
or irregular cross-sections identical to cylindrical bars or hollow tubes with that of
the opening [25]. Misalignment caused discontinuity in material flow from the barrel
into the die at the transition zone, hence causing deformation and leading to failed
extrusion. Machine abnormalities that could cause poor performance are presented
in Table 3, while the summary of the observable performance characteristics of the
extruder during briquette production is presented in Tables 4 and 5.

Several research efforts have been made to optimize screw design and fabrica-
tion methods [90]. These efforts require specifying the extruder screw geometry to
offer a 90% minimum reduction volume or 10% relative final volume and applying
the principles of mechanics to determine the applied forces and power consumption
requirement to operate the machine. In addition, specifying the geometry of the die,
size (diameter), as well as the temperature of the heating ring. The specific output
capacity of the extruder is dependent on the barrel and screw geometry derivatives.

Technical considerations for the design of Hydraulic Piston Press [HPP] are
simple compared with those of a screw press. The considerations for the design of

Components

Design errors

Suggested corrections

Screw and shaft

Irregular profiles at conical section tip, high
taper angle (15°) relative to the shaft length.

Redesign the shaft, screw length, and
reduce the taper angle (~3.2°).

Screw-die clearance

Too small (=3 + 0.02 mm).

Increase die clearance by
(~5 + 0.02 mm).

Die cone

Spotted weld within die cone.

Redesign.

Shaft length to taper
ratio

High (4:1).

Reduce the ratio (3:1).

Barrel and die inner

Spot weld projections within the barrel and

Remove the projections to have a

surface die. smooth surface.
Uneven barrel and die surfaces. Machine the surfaces.

Barrel length Short barrel length between transport and Redesign barrel.
compression zones.

Die length Short die length. Increase the length.

Heating element Low power rating (1300 W). Increase power rating.

Table 4.

Results of observation on existing machine performance.

118



Technoeconomic Review of Briquette Production in a Scvew Press [SP] and Hydraulic Piston...
DOI: http://dx.doi.org/10.5772/intechopen.1007809

Machine factors Extruder performances
Material transport Within the transition zone in the barrel.
Material compression Occurred within the compression zone.
Dwell time 3-4 minutes approx.
Extrusion characteristics Well-formed materials are extruded.
Product defects Products showed hairpin cracks but were well-formed.
Briquette quality Well-formed and strong briquettes with brownish-char coloration.
Product durability Extruded products are durable, stable, and store longer.
Tables.

Summary of performance characteristics of extruder.

Parameters Piston press Screw press
moisture content of biomass 10-15% 8-9%
Wear of contact press Low in case of ram and die High
Output from the machine In strokes Continuous
Power consumption 30 kWh/tonne 60 kWh/tonne
Density of briquettes 1-1.2 gms/cm? 1-1.4 gms/cm’
Maintenance High Low
Combustion performance Inclined to crumble on grate, smoky Burns well with minimal smoke
Carbonization to charcoal Not possible Possible
Suitability in gasifiers Not suitable Suitable
Briquette homogeneity Non-homogeneous Homogeneous
Table 6.

Comparison between a screw press and a piston press.

the hydraulic briquetting machine include that the cylinder wall thickness selected
should be able to withstand pressures due to the compressive action of the piston on
materials, pressure generated by the jack was transmitted to the cylinder wall via the
piston surface, and the torque transmitted by the jack to the pistons should be sus-
tained without failing. The machine performance evaluation showed that Hydraulic
Briquetting Press [HBP] produced durable and stable hollow briquettes and had an
output capacity of 96 briquettes/hour. The machine was simple in operation, suitable
for low-pressure densification, and inexpensive to produce compared to screw press
operation. Table 6 shows the comparison between a screw press and a piston press.
Process efficiency: Improving the process efficiency in briquetting is one of the major
objectives for machine development. Technical characteristics of a screw press machine
that could affect the process efficiency are associated with shaft and screw geometry,
feeder capacity, and extrusion horsepower requirements. Another critical factor that
adversely limits the machine productivity and final product quality is a defective
die. A reduction in die-material frictional relationship, die taper angle, and material
resident time was able to reduce such defects and improve the grain structure boundar-
ies around the tolerance or electroplated die contact surface. In the screw extruder,
maximizing efficiency requires production of good-quality products and the ability
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to process a broad range of raw materials with the same screw, which contribute to the
economy of a machine. Machine production soundness, surface finishing, poor mate-
rial selection, and cost considerations all affect machine performance. The effect of the
biomass material factors, its particle moisture, on the capacity of briquetting machine
efficiency is used to evaluate the machine performance and product characteristics.
Extruder operations are expected to be optimized for maximum performance;
however, existing installations in Nigeria are either moribund or operating below the
rated capacities, producing lower-quality products, reducing the profitability of the
plant [91]. Operating at the maximum rate will minimize the fixed costs of the prod-
uct by spreading these costs over more product. High economic efficiency is achieved
by low specific investment costs relating to throughput and low operating costs [92].
Other important aspects include low energy consumption and low maintenance costs.

2.4 Power consumption pattern

Power consumption is a critical factor in the selection of briquetting technology,
viability of any briquetting operation, and a major determinant of product quality as
well as the production costs. The power consumptions for hydraulic Piston presses are
lower compared to those of the screw presses, which require electricity to drive the
shaft and heat up the mica band. The total horsepower requirement in screw presses
depends on accurate installation (precision), constant feed rate, flight width factor,
which has a relative contribution to power consumption. Feedstock pretreatment is
another factor that influences the power consumption pattern. Feedstock pre-heating
could reduce power consumption to 30%, lower die temperature, and reduce screw
wear, thereby increasing screw lifespan up to 44 hrs during briquetting [26, 30].
Material build-up within the extruder could also led to high power consumption with
material sticking around the root of the screw flight, and subsequent sticking around
the entire shaft due to screw surface roughness and irregular shaft profile at the
periphery of the conic section. The power consumption pattern in HPP is low com-
pared with screw presses due to the wet-material charge fed to the machine; however,
screw press has better production performance and product quality at the expense of
high power consumption. Considering the energy values of products produced, there
are strength limitations in compression press products at the expense of high machine
output but high operational cost to meet the demands for solid fuel in developing
countries [91, 93].

Sieve Description Particle size Particle Mean particle length
mesh length
#8 Oversize (OS) 2.38 mm <10.67 mm 8.57 mm, Standard deviation at
- 0,
#12 Coarse pin size (CPS) 1.70 mm <9.98 mm o =95%, 4.594
#20 Coarse pin particle 0.85 mm < 8.64 mm
(CPP)
#35 Fine pin particles 0.50 mm <4.5mm
(FPP)
>#40 Fine pin size (FPS) 0.40 mm <2.07mm

Source: Bello et al. [3].

Table7.
Particle-sige distribution of G. arborea sawdust.
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2.5 Feedstock materials and characteristics

The dominant lignocellulosic material used is sawdust from the Gmelina arborea
species for reasons of volumetric availability in large quantities, varied utilization in
waste-to-wealth conversion processes, and utilization in combating environmental
menace [32, 55, 76]. Mill wastes were sourced randomly from sawmills and other
mills, which were sorted for foreign matters and prepared as received, requiring no
size reduction. The materials were sundried to moisture contents favorable for the
production of stable briquettes (8-12%) dry basis and characterized [94]. Material
characterization parameters determined include the particle-size distribution,
particle density, geometric mean sizes, and particle moisture [30, 95]. The summary
of particle-size distribution, particle length, and mean particle lengths determined
are shown in Table 7 [3].

3. Economic analysis of briquetting processes

Economic analysis of briquetting process centers around assessment of the
economic feasibility of the production and utilization of briquettes and consequently
the market perspectives, keeping in focus the value additions compared with other
studies. The key focus is the return on investment (Rol) and the value addition when
compared to raw materials. Commercially developed markets and pricing structures
for briquettes are not readily available with assumptions of premium payment for
potentially superior storable products similar to those made from coal [96]. Several
economic assessment models developed are available to evaluate the cost of material
pretreatment and briquetting [97]. The assessment model includes an analysis of the
costs of biomass treatment, electricity, labor, investment, and transportation [96].

Cost variables Piston press (dry ton/yr), NGN Screw press (dry ton/yr), NGN
Capital cost of machine 150,000 500,000
Cost of machine installation 80,000 150,000
Cost of biomass preparation/ton 20,000 20,000
Biomass transportation cost/ton 55,000 55,000
Cost of binder preparation/ton 30,000 —
Labor costs for production/ton 25,000 25,000
Unit production cost 3000 3000
Operating cost 15,000 15,000
Cost of energy input 30,000 80,000/kWh
Manpower cost 15,000 15,000
Miscellaneous cost 10,000 35,000
Total production cost 433,000 898,000
Cost of final product 200/kg 450/kg
Table 8.

Estimated economic evaluation of screw press and piston press.
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These analyses reported a production cost savings of over 3% above pelletization with
considerable transport and end user savings [96].

Economic viability: The scale of preference of briquetting technology is tied to
the economic viability of the material availability, technology deployed, and energy
consumption in the production of unit products [98]. The economic viability of
any system assesses the operational profitability of such system and compares the
analyzed procedure with other more intensive productive systems. Different methods
have been used to evaluate economic viability, ranging from standardizing methods
and operational productivities to evaluate the operational unit costs [99, 100], and
profitability evaluated through the estimation of Net Present Values (NPV) and
Internal Rates of Return (IRR) [101]. In order to provide an economic analysis of the
briquetting technologies and the main products from biomass (i.e., electricity and
biofuels), an assessment of the production cost, conversion efficiency, and size of the
processing is required.

Production costs: Economic cost variables for the production of briquettes include
the cost of equipment and installation, operating costs, and equipment maintenance
costs. The capital costs include the cost of pre-processing equipment, material
handling equipment, and the briquetting press, depending on the type of raw mate-
rial. The installation cost includes the cost of equipment installation at the site. The
operating cost includes the cost of various inputs, such as raw material, oil lubricant,
and electricity, as well as the manpower required to operate the unit. The cost of
energy was identified as a major barrier to achieving sustainability for biomass bri-
quetting technology. Operating the screw press is not economically viable because of
the high electricity tariffs, (NGN80, 000/kWh) compared with (NGN30, 000/kWh)
for HPP, poor electricity supplies challenges in Nigeria and high precisions required in
component manufacturing and installation.

Table 8 shows the comparison of estimated economic evaluation of cost compo-
nent considerations for screw press and piston press technologies, which include the
cost of machine, installation, biomass processing, binder cost, energy input (NGN/
kWh), and the cost of the final product (NGN/kg) [102, 103]. The use of alterna-
tive energy facilities such as diesel engines as sources of power and die heating has
reduced the cost of briquette production to 50%.

4, Conclusions

The technoeconomic analysis of screw press and piston press briquetting technol-
ogy has been reviewed from the perspective of technical production and technology,
which revolves around the technical evaluations, based on biomass material and
briquetting technologies. The biomass technical variables reviewed include mate-
rial availability, material pretreatments, and characteristics. The reviewed technical
variables around the briquetting technologies include operational variables, machine
performance variables, process efficiency, and power consumption patterns. The
economic analysis reviewed consists of the cost of biomass, briquetting processes,
and market values of final products. The economic feasibility of sustainable produc-
tion, keeping return on investment (Rol) and value additions in focus.

The economic analysis of the briquetting process revealed considerable cost
and end-user savings in HPP briquetting over SP at the expense of energy value of
final products. The economic viability of each process based on different factors of
production depended on the material availability, technology deployed, and energy
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consumption in the production of unit products. The energy cost was a major bar-
rier to achieving sustainability for biomass briquetting with screw press technology.
Operating the screw press is not economically viable because of the high electricity
tariffs, poor electricity supplies, and high level of machine precisions required.
However, the use of alternative energy facilities such as diesel engines as a source of
power and die heating has reduced the cost of briquette production to 50%.

The technoeconomic benefits of screw and piston press technologies, product
characteristics, and economic analysis showed that the screw press significantly
improved the physical quality and combustion performance of products compared
with the piston press. The screw press products have better storability compared to
piston press; however, the cost of machine acquisition, installation, and operation
of piston press is much lower than screw press. The quality of extruded products
is higher than the piston press, and its high-density characteristics translate to an
economic advantage over the high cost of production. A critical technical challenge
in the development of the screw press is that of alignment of the extrusion head with
the die. This challenge and high cost of electricity tariff discouraged the availability of
small-scale screw presses.
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Chapter7

Succinic Acid: A Sustainable
Platform

Lethiwe D. Mthembu and Nirmala Deenadayalu

Abstract

Succinic acid, a crucial C4-dicarboxylic acid, is essential in biological metabolism
and serves as a precursor for key industrial chemicals like 1,4-butanediol and tetra-
hydrofuran. Traditionally derived from fossil fuels, its production raises significant
environmental concerns. This chapter explores succinic acid’s importance and wide-
ranging applications, emphasizing sustainable production methods. Focus is given to
microbial fermentation using renewable resources and carbon dioxide. The discussion
includes advances in genetic engineering, feedstock selection, and process optimiza-
tion to improve efficiency. Highlighting the development of bio-based polymers and
sustainable industrial practices, the chapter illustrates succinic acid’s pivotal role in
fostering a greener future for the chemical industry.

Keywords: succinic acid, platform chemical, microbial fermentation, renewable
resources, sustainable chemistry

1. Introduction

Succinic acid, a versatile and essential member of the C4-dicarboxylic acid family,
is also known as butanedioic acid or amber acid. It is a naturally occurring compound
found in humans, animals, plants, and microorganisms, playing a critical role in
biological metabolism. As an intermediate in the citric acid cycle, succinic acid is
fundamental to energy production and various metabolic processes [1, 2].

Beyond its biological significance, succinic acid is a valuable platform chemical,
serving as a precursor for the synthesis of numerous important industrial
commodities. These include 1,4-butanediol, tetrahydrofuran, and y-butyrolactone,
which are essential in the production of plastics, resins, solvents, and other materials
[3]. Figure 1 illustrates the diverse applications of succinic acid in various industries.

Currently, the commercial production of succinic acid predominantly relies
on fossil fuels, a process that not only depletes finite resources but also releases
significant pollutants. Considering increasing environmental concerns and the
need for sustainable practices, research has shifted toward producing succinic acid
via fermentation from renewable biological resources and carbon dioxide, a major
greenhouse gas [2]. This biotechnological approach promises a more environmentally
friendly and sustainable method of production, aligning with global efforts to reduce
carbon footprints and mitigate climate change.
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Figure 1.
Tllustrates the succinic acid in varies fields.

This chapter aims to provide a comprehensive overview of succinic acid, empha-
sizing its significance in biological and industrial contexts, current production
methods, and the potential of sustainable biotechnological approaches. Through a
detailed exploration of microbial fermentation, genetic engineering advancements,
and feedstock optimization, we will highlight the prospects of succinic acid as a key
player in the transition toward greener and more sustainable chemical production.

2. Biological role and metabolism
2.1 Overview of succinic acid in biological systems

Succinic acid, also known as butanedioic acid or amber acid, is a naturally
occurring dicarboxylic acid that plays a fundamental role in the metabolism of living
organisms. It is an intermediate in the citric acid cycle (Krebs cycle), which is a crucial
metabolic pathway that generates energy through the oxidation of acetate derived
from carbohydrates, fats, and proteins. This pathway is essential for the production of
adenosine triphosphate (ATP), the primary energy carrier in cells [1].

2.2 Role in the citric acid cycle and overall metabolism

In the citric acid cycle, succinic acid is formed from succinyl-CoA through a reac-
tion catalyzed by the enzyme succinyl-CoA synthetase. Succinic acid is then converted
to fumaric acid by the enzyme succinate dehydrogenase. This conversion is coupled
with the reduction of ubiquinone to ubiquinol in the mitochondrial membrane, play-
ing a key role in the electron transport chain and oxidative phosphorylation, processes
that produce ATP [2].
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The citric acid cycle, and specifically the role of succinic acid, is central to the
cellular respiration process, enabling organisms to efficiently convert biochemical
energy from nutrients into ATP. This energy is vital for various cellular functions,
including muscle contraction, nerve impulse propagation, and biosynthesis of
essential molecules.

2.3 Succinic acid in human metabolism

In humans, succinic acid levels can influence various physiological processes. For
instance, it acts as a signaling molecule in the regulation of glucose homeostasis and
insulin secretion. Elevated succinic acid levels have been associated with metabolic
disorders such as diabetes and obesity. Moreover, succinic acid and its derivatives
have potential therapeutic applications due to their roles in modulating inflammation,
oxidative stress, and mitochondrial function [4].

2.4 Succinic acid in plants and microorganisms

In plants, succinic acid is involved in the metabolic pathways that support growth
and stress responses. It acts as an intermediate in the glyoxylate cycle, which enables
plants to convert fatty acids into carbohydrates during seed germination. In microor-
ganisms, succinic acid serves as a key metabolite in anaerobic fermentation processes.
Certain bacteria and fungi can produce succinic acid from various carbon sources,
making them valuable for industrial biotechnological applications [5].

2.5 Ecological and environmental significance

Succinic acid also plays an ecological role in the environment. Soil microorganisms
utilize succinic acid in the decomposition of organic matter, contributing to nutrient
cycling and soil health. Additionally, succinic acid can act as a carbon source for certain
bacteria involved in bioremediation processes, aiding in the cleanup of contaminated
environments [6].

3. Industrial applications
3.1 Detailed analysis of succinic acid as a precursor for various chemicals

Succinic acid is a highly versatile platform chemical that serves as a precursor
for the synthesis of numerous valuable industrial products. Its molecular structure,
characterized by two carboxyl groups, enables a variety of chemical transforma-
tions, making it a crucial intermediate in the production of many compounds used in
diverse industries.

3.1.1 1,4-Butanediol (BDO)
1,4-Butanediol (BDO) is a primary chemical produced from succinic acid and
is utilized in the manufacture of plastics, elastic fibers, and polyurethanes. The

hydrogenation of succinic acid yields BDO through a catalytic process that involves
the reduction of the carboxyl groups to hydroxyl groups. BDO is a vital component
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in producing thermoplastic polyurethanes, engineering plastics like polybutylene
terephthalate (PBT), and elastic fibers such as Spandex [5].

3.1.2 Tetrahydvofuran (THF)

Tetrahydrofuran (THF) is another significant chemical derived from succinic acid
via the intermediate BDO. THF is produced through the dehydration of BDO and is
extensively used as an industrial solvent, particularly in the production of polyvinyl
chloride (PVC) and as a precursor to various polymers. THF is known for its ability
to dissolve a wide range of substances, making it invaluable in pharmaceutical and
chemical synthesis [4].

3.1.3 Gamma-butyrolactone (GBL)

Gamma-Butyrolactone (GBL) is synthesized from succinic acid through a series
of catalytic reactions. GBL serves as a solvent, reagent, and intermediate in the
production of chemicals such as pyrrolidones and herbicides. It is also used in the
synthesis of pharmaceuticals, including certain anesthetics and tranquilizers, due to
its chemical stability and reactivity [7].

3.1.4 Bio-based polymers

Succinic acid is a key monomer in the production of bio-based polymers,
particularly polybutylene succinate (PBS). PBS is a biodegradable polyester
with properties similar to polyethylene and polypropylene, making it suitable
for applications in packaging, agricultural films, and disposable products. The
polymerization of succinic acid with 1,4-butanediol results in PBS, highlighting
the importance of succinic acid in developing sustainable and environmentally
friendly materials [6].

3.1.5 Succinic anhydride

Succinic anhydride is produced through the dehydration of succinic acid and
is used as a chemical intermediate in the production of alkyd resins, plasticizers,
and surfactants. It also finds applications in the manufacture of pharmaceuticals,
agrochemicals, and as a curing agent for epoxy resins. Succinic anhydride’s reactiv-
ity with alcohols and amines makes it valuable in creating various functionalized
compounds [1].

3.1.6 Pharmaceuticals and nutraceuticals

Succinic acid and its derivatives are used in the pharmaceutical and nutraceutical
industries due to their biocompatibility and therapeutic properties. Succinic acid
acts as a key ingredient in formulations aimed at treating metabolic disorders,
enhancing physical performance, and promoting overall health. Its role in modulating
mitochondrial function and reducing oxidative stress underlines its potential in
developing novel therapeutic agents [2].
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4. Current production methods

4.1 Fossil fuel-based production

4.1.1 Traditional methods using fossil fuels as raw materials
4.1.1.1 Paraffin oxidation

This method uses a calcium or manganese catalyst to oxidize paraffin, producing
a mixture of dicarboxylic acids, including succinic acid. The process, industrialized
since the 1930s, offers low yield and purity of succinic acid, necessitating extensive
purification steps [8, 9].

4.1.1.2 Catalytic hydrogenation

In this method, maleic acid or maleic anhydride is hydrogenated to produce
succinic acid with higher yield and purity. This process can be performed
homogeneously or heterogeneously depending on the catalyst. Despite its efficiency,
the process is expensive, complex, and environmentally taxing due to the reliance on
fossil fuels and high energy requirements [10].

4.1.2 Envivonmental impact and sustainability issues

Traditional fossil fuel-based methods for succinic acid production have significant
environmental drawbacks. Paraffin oxidation, while capable of producing succinic
acid, contributes to greenhouse gas emissions and relies on nonrenewable resources,
resulting in low sustainability. The catalytic hydrogenation method, although more
efficient, also suffers from environmental concerns due to the energy-intensive
nature of the process and the use of fossil-derived materials [10]. These methods are
increasingly viewed as unsustainable, especially in the context of rising crude oil
prices and stringent environmental regulations [9].

4.2 Biotechnological approaches
4.2.1 Fermentation processes using renewable biological resources

Metabolic pathways: The production of succinic acid via fermentation involves
metabolic pathways in microorganisms such as the reductive branch of the TCA cycle,
which is active under anaerobic conditions. Microorganisms like Actinobacillus suc-
cinogenes and genetically engineered Escherichia coli are commonly employed. These
processes utilize renewable biomass feedstocks, such as corn stover, cane molasses,
and glycerol, offering a sustainable alternative to fossil fuel-based methods [9, 11].

Microbial fermentation: Fermentation processes use renewable resources like glu-
cose, glycerol, and agricultural by-products. For example, Actinobacillus succinogenes
can efficiently convert corn stover hydrolyzates into succinic acid. Other feedstocks
like whey, glycerol, and lignocellulosic biomass are also explored, providing a sustain-
able alternative to fossil fuels [11].
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4.2.2 Use of carbon dioxide, a greenhouse gas, in the production of succinic acid

Utiligation of CO,: An environmental advantage of biotechnological succinic
acid production is the use of CO, as a feedstock. In the fermentation process, CO, is
assimilated and contributes to succinic acid formation, potentially reducing overall
greenhouse gas emissions. This method not only helps mitigate CO, emissions but also
adds value by converting CO, into a valuable chemical product. This biotechnological
approach exemplifies how advances in this field can lead to more sustainable
industrial processes [9, 11].

5. Sustainable production techniques
5.1 Microbial fermentation

Microbial fermentation has emerged as a sustainable and efficient method for
producing biochemicals, including succinic acid. Through the metabolic pathways
of genetically engineered microorganisms, renewable feedstocks are converted
into valuable bioproducts, offering an environmentally friendly alternative to
petrochemical methods [9].

5.1.1 Overview of microorganisms used for succinic acid production

Several microorganisms have been employed in the industrial production of
succinic acid due to their ability to efficiently utilize diverse carbon sources. Key
organisms include:

5.1.1.1 Actinobacillus succinogenes

A well-studied anaerobic bacterium for succinic acid production, capable
of utilizing various carbon sources like agro-industrial waste. It is known for its
robustness and high yield in industrial fermentation processes [12].

5.1.1.2 Escherichia coli

Engineered strains of E. coli are frequently used due to their flexible metabolic
pathways and ability to ferment glucose into succinic acid. Several strategies have
been developed to block by-products and improve yields [13, 14].

5.1.1.3 Mannheimia succiniciproducens

This bacterium has been optimized for homo-succinic acid production using
metabolic engineering techniques that direct more carbon flux toward succinic acid
and limit the formation of by-products [15].

5.1.1.4 Basfia succiniciproducens

Another rumen bacterium capable of producing succinic acid efficiently from
glucose and sucrose through optimized metabolic pathways [16].
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5.1.2 Advances in genetic engineering to enhance production efficiency

Recent advancements in genetic engineering have further improved microbial
succinic acid production efficiency. The key areas of development include:

* Metabolic pathway optimization: Genetic modifications to suppress by-product
formation pathways (e.g., acetate and lactate) and redirect carbon flux to suc-
cinic acid production have significantly improved yields [17]

* Gene overexpression: Enhancing the expression of genes like phosphoenolpyru-
vate carboxylase (PEPC) has increased succinic acid yields by optimizing key
intermediates in the TCA cycle [18].

* CRISPR-Cas9 technology: The use of CRISPR-Cas9 has enabled rapid and precise
genetic editing, allowing the simultaneous modification of multiple genes
involved in succinic acid metabolism [19].

* Cofactor regenevation engineering: Efficient regeneration of cofactors such
as NADH/NAD+ has been engineered into strains to improve the reductive
pathway, further increasing fermentation efficiency and succinic acid
yields [15].

* Synthetic biology tools: Modular genetic circuits and synthetic pathways have
been constructed using synthetic biology techniques to control metabolic
flux and enhance the robustness of production strains under industrial
conditions [17].

These advancements are making microbial fermentation a highly efficient and
sustainable method for succinic acid production, reducing reliance on petrochemical-
based methods.

5.2 Feedstock selection
5.2.1 Use of Lignocellulosic biomass and other venewable feedstocks

Lignocellulosic biomass, including sugarcane bagasse, has gained attention as a
viable and sustainable feedstock for succinic acid production due to its abundance
and renewability. Several studies have explored the potential of these feedstocks to
replace fossil-based sources, and significant advancements have been made in the
bioconversion of lignocellulose.

Sugarcane bagasse is one of the most utilized lignocellulosic biomasses for
succinic acid production. Studies have shown that the use of ultrasonically pretreated
sugarcane bagasse with dilute acid hydrolysis can yield a total sugar concentration of
43.9 g/L, leading to 23.7 g/L of succinic acid production [20]. Another process using
sugarcane bagasse for co-production of succinic acid and ethanol, utilizing both
glucose and xylose from hydrolysates, achieved concentrations of 22.1 g/L for succinic
acid and 22.0 g/L for ethanol [21].

The co-fermentation of sugarcane bagasse can enhance the economic feasibility
of using lignocellulosic biomass. Co-producing multiple products, such as bioethanol
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and succinic acid, has shown promise in increasing the yield and sustainability of
biomass biorefining processes [22].

Other biomasses such as corn stover, switchgrass, and Arundo donax have also
been tested for succinic acid production. Basfia succiniciproducens was used to produce
succinic acid from hydrolysates of Arundo donax, yielding 9.4 g/L of succinic acid
[23]. Another study on corn stover demonstrated succinic acid titers reaching 30 g/L
using microbial fermentation [24].

5.2.2 Economic and environmental benefits of using venewable resources

The use of renewable feedstocks such as sugarcane bagasse and other
lignocellulosic biomasses offers significant economic and environmental benefits.

5.2.2.1 Economic viability

Sugarcane bagasse, as a low-cost and abundant waste product from the sugarcane
industry, can substantially reduce production costs when used as a feedstock for
succinic acid production. By co-producing other value-added chemicals such as
polyhydroxybutyrate (PHB) and electricity, the overall profitability of biorefineries
can be enhanced. For example, a study found that the co-production of succinic acid
and PHB in a sugarcane bagasse biorefinery resulted in an internal rate of return
(IRR) of 24.1% [25].

5.2.2.2 Environmental sustainability

Utilizing renewable feedstocks like lignocellulose contributes to lower green-
house gas emissions compared to fossil-based processes. A study demonstrated
that using Arundo donax for succinic acid production reduced net global warming
potential by 55% compared to fossil adipic acid production [26]. Additionally, the
recycling of CO, during the fermentation process, such as in the co-fermentation
of ethanol and succinic acid from sugarcane bagasse, further reduces CO,
emissions [21].

5.3 Process optimization
5.3.1 Technological advancements in fermentation processes

Significant advancements have been made in optimizing fermentation processes
to increase the efficiency and yield of succinic acid production. Some of these
advancements include:
5.3.1.1 Continuous fermentation systems

Continuous fermentation using engineered strains like Mannheimia
succiniciproducens LPK7 has shown promising results. This system achieved a
succinic acid yield of 1.77 g/L/h with reduced by-product formation. Continuous

processes allow for higher productivity compared to batch fermentation, making
them more suitable for industrial-scale production [27].
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5.3.1.2 Cell-vecycled continuous fermentation (CRCF)

CRCF has been developed to enhance succinic acid productivity by maintaining
high cell densities, overcoming the limitations of cell washout during continuous
fermentation. This approach has resulted in a significant increase in volumetric
productivity to 3.86 g/L/h, which is 5.1 times higher than traditional fermentation
methods [28].

5.3.1.3 Use of metabolically engineered strains

Advances in metabolic engineering have led to the development of strains that
exhibit higher succinic acid yields. For example, Escherichia coli strains engineered
to overexpress formate dehydrogenase have increased succinic acid production by
enhancing NADH availability, crucial for the reductive carboxylation of pyruvate to
succinic acid [29].

5.3.2 Strategies for improving yield and reducing production costs

Several strategies have been employed to improve succinic acid yields and reduce
production costs:

5.3.2.1 Optimizing Feedstocks

Utilizing low-cost renewable feedstocks, such as sugarcane molasses, has been
shown to reduce production costs significantly. In anaerobic fermentation using
Actinobacillus succinogenes, succinic acid concentrations of 55.2 g/L were achieved
using fed-batch fermentation, which also minimized substrate inhibition effects [30].

5.3.2.2 Electro-membrane extvaction

Recovery processes are critical in reducing overall production costs. Membrane
electrolysis and electro-membrane extraction have shown promise in efficiently
separating succinic acid from fermentation broths. These processes enhance energy
efficiency and reduce the cost of downstream purification [31].

5.3.2.3 Immobilized cell fermentation

The use of immobilized cells can lower costs by enabling multiple fermentation
cycles. This strategy has been successfully applied in glycerol-based succinic acid
production, achieving high succinic acid yields while allowing for cell reuse across
fermentation batches [32].

5.3.2.4 pH regulation and neutralizers
Optimizing pH during fermentation can reduce costs by lowering the need for
expensive neutralizers like NaOH. For instance, a two-stage pH regulation strategy in

Yarrowia lipolytica fermentation reduced NaOH consumption by 43%, improving the
overall process economy [33].
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6. Applications and future prospects
6.1 Bio-based polymers and materials
6.1.1 Use of succinic acid in the production of bio-based polymers

Succinic acid has become a key platform chemical in the production of bio-based
polymers due to its versatility and the growing demand for sustainable alternatives
to petroleum-based plastics. The application of succinic acid spans the development
of various polymers, including poly(butylene succinate) (PBS), polyesters, and
polyamides.

6.1.1.1 Poly (butylene succinate) (PBS)

PBS is one of the most important bioplastics derived from succinic acid and
1,4-butanediol. PBS is biodegradable and possesses properties similar to conventional
plastics, making it suitable for a wide range of applications, including packaging,
agriculture, and biodegradable consumer goods [34, 35].

6.1.1.2 Polyesters and polyamides

Succinic acid is also used in the synthesis of polyesters and polyamides, which
are biodegradable and used in a variety of industries, including textiles, automotive
parts, and electronics. These materials can replace petrochemical-derived polymers
and reduce the environmental footprint [36].

6.1.1.3 Bio-based plasticizers

Succinic acid derivatives, such as bis(2-ethylhexyl) succinate, have been explored
as bio-based plasticizers in polymers like poly (vinyl chloride) (PVC), showing
promise as sustainable alternatives to petrochemical plasticizers [37].

6.1.2 Potential applications in sustainable materials and bioplastics

The use of succinic acid in the production of bio-based polymers has opened
up numerous applications in sustainable materials, particularly in the area of
biodegradable plastics. These materials are gaining popularity due to their reduced
environmental impact and ability to biodegrade in natural environments.

6.1.2.1 Biodegradable plastics

PBS, produced from succinic acid, is widely used in the manufacture of
biodegradable plastics for single-use products such as food packaging, disposable
cutlery, and agricultural films. The material’s ability to decompose in soil and
compost environments makes it a promising alternative to conventional plastics [38].

6.1.2.2 Sustainable coatings

Succinic acid is also used in the production of bio-based coatings, especially
for environmentally friendly applications such as food-safe packaging. Coatings
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developed from succinic acid-based polymers exhibit excellent mechanical properties
and chemical resistance [39].

6.1.2.3 Advanced biocomposites

The combination of succinic acid-derived polymers with natural fibers has led
to the development of biocomposites for automotive, construction, and electronics
industries. These materials are lighter, biodegradable, and offer a sustainable alterna-
tive to traditional composites [40].

6.2 Chemical industry integration

6.2.1 Integration of bio-based succinic acid production into existing chemical
manufacturing processes

The integration of bio-based succinic acid production into existing chemical
manufacturing processes is increasingly viable due to advancements in biotechnology
and bio-refinery systems. Succinic acid, as a platform chemical, is compatible with
various chemical transformation processes traditionally dependent on petroleum-
based feedstocks, making it attractive for the chemical industry.

6.2.1.1 Energy and greenhouse gas savings

Studies show that bio-based succinic acid production using methods like low pH
yeast fermentation has a significantly lower greenhouse gas (GHG) emission profile
compared to traditional petrochemical-based methods. Integrating bio-based succinic
acid into existing chemical processes offers both energy savings and environmental
benefits, particularly in reducing nonrenewable energy use (NREU) [41].

6.2.1.2 Bioveactor and process integration

The development of advanced bioreactors, including those that incorporate
continuous and integrated fermentation and separation systems, has been pivotal
in optimizing succinic acid production for chemical industry integration. These
technological advancements are designed to reduce costs, streamline processes, and
improve yield, making bio-succinic acid a more economically feasible alternative [42].

6.2.1.3 Economic competitiveness

The combination of metabolic engineering with advanced downstream
processing, such as reactive extraction and electrodialysis, makes bio-based succinic
acid more competitive with its petrochemical counterparts. These approaches
enhance process efficiency, lower production costs, and reduce environmental
impacts, supporting large-scale industrial integration [43].

6.2.2 Future trends and potential for large-scale industrial adoption

The future of bio-based succinic acid production looks promising, with trends
indicating a shift toward larger-scale industrial adoption. Several factors are
contributing to this movement:
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6.2.2.1 Process intensification and scale-up

As bio-based succinic acid production technology matures, scale-up efforts are
accelerating. Companies are moving from pilot to full-scale production, making bio-
succinic acid more commercially viable. Continuous improvements in fermentation
processes and metabolic engineering of microorganisms like E. coli and Mannheimia
succiniciproducens are key to achieving higher yields and reduced costs [44].

6.2.2.2 Market demand for biodegradable polymers

The demand for biodegradable plastics, such as poly(butylene succinate)
(PBS) produced from bio-based succinic acid, is growing. This trend is driven
by the increasing push for sustainability and the reduction of plastic pollution.
Bio-succinic acid is becoming a critical feedstock in the production of bioplastics,
which are gaining acceptance in industries such as packaging, automotive, and
agriculture [38].

6.2.2.3 Sustainability and circular economy

As the world moves toward a circular economy, bio-based succinic acid plays a
key role in reducing reliance on fossil fuels and minimizing environmental impacts.
The ability of bio-based succinic acid production to integrate with existing chemical
production systems, coupled with its application in a wide range of industries, makes
it a strong candidate for large-scale adoption [45].

7. Conclusions

This chapter has comprehensively explored the pivotal role of succinic acid as
a sustainable platform chemical, focusing on its biological significance, industrial
applications, and the advancements in sustainable production methods. Succinic acid,
as a key intermediary in biological metabolism and an essential precursor for numer-
ous industrial chemicals, stands at the intersection of environmental sustainability
and industrial innovation. The transition from traditional fossil fuel-based methods
to biotechnological approaches for succinic acid production marks a significant shift
toward greener, more sustainable industrial practices.

The utilization of microbial fermentation, genetic engineering, and renewable
feedstocks such as lignocellulosic biomass demonstrates the potential of bio-based
succinic acid to reduce environmental impact while maintaining industrial efficiency.
Microbial fermentation, particularly using engineered strains, offers a viable and
scalable method for producing high yields of succinic acid, with significant advances
in optimizing metabolic pathways, enhancing cofactor regeneration, and leverag-
ing CRISPR technology. These advancements are crucial for the development of
biorefineries that produce succinic acid at commercial scales, potentially replacing
petrochemical methods.

The integration of bio-based succinic acid into the broader chemical industry
is progressing rapidly, with significant reductions in greenhouse gas emissions and
energy use. As the demand for biodegradable polymers such as poly(butylene suc-
cinate) increases, succinic acid is positioned as a key feedstock in the production of
sustainable plastics, biocomposites, and bio-based materials. These developments
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align with global trends toward a circular economy and the reduction of plastic waste,
further highlighting the critical role of succinic acid in fostering sustainable industrial
processes.

Succinic acid’s dual role as a biological metabolite and a versatile platform chemical
place it at the forefront of efforts to transition to a more sustainable, bio-based chemi-
cal industry. With ongoing technological innovations in microbial fermentation,
genetic engineering, and feedstock utilization, the large-scale adoption of bio-based
succinic acid production is not only feasible but also essential for a greener industrial
future. The chemical industry’s integration of succinic acid into existing production
processes presents a unique opportunity to enhance environmental sustainability
without sacrificing economic viability.
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Abstract

In this chapter, we explore the vast potential of Portuguese agroforestry biomass
as a sustainable source of valuable biomolecules. Focusing on the extraction, char-
acterization, and valorization of compounds, such as polysaccharides, phenolics,
and essential oils from native species like carob, cork oak, aromatic plants or mari-
time pine, we highlight their applications in food, pharmaceutical, and innovative
bio-based materials. Emphasis is placed on eco-friendly extraction techniques and
innovative functionalization methods to enhance the physicochemical properties of
different biomolecules, thus expanding their applicability and potential commercial
relevance. By highlighting the unexploited diversity of Portuguese agroforestry
biomass, we can pave the way for an innovative and, sustainable platform that not
only drive economic growth but also preserve biodiversity, reduce waste, and ensure a
greener and more prosperous future.

Keywords: Portuguese agroforestry, biomolecule extraction and characterization,
bio-based materials, polyphenols, essential oils, locust beam gum, lignocellulose

1. Introduction

Environmental concerns associated with the threat of climate change, environ-
mental degradation, exponential growth of the global population, and scarcity of
natural resources have strengthened the emphasis on sustainability. In this context,
the circular economy concept that engages the use of renewable bioresources to
produce goods and services has gained notoriety in the last years since it aligns with
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sustainability aspirations [1, 2]. Agroforestry biomass, comprising biologically
derived products, including waste residues, from forestry and agriculture, appears

as an excellent alternative to fossil resources, contributing to minimize the severe
impact of non-sustainable fossil-based feedstock [1]. Among the varied potentiali-
ties, biomass from forest and agriculture is a key source of valuable biomolecules,
such as polysaccharides, with many industrial applications [3]. At the same time,
bioeconomy shows promise; it faces many challenges, including the discovery of new
feedstocks and optimizing the extraction and characterization of these biomolecules.
The exploration of agroforestry biomass can not only fuel the bioeconomy but also
foster sustainable farming practices and rural development, establishing a mutually
beneficial association.

The Portuguese territory is rich in raw materials from agroforestry resources.
According to the last Land Cover and Use Map, about 92% of the territory has agricul-
tural, forestry, and agroforestry occupation; bush and forest represent 51% of the
territory, whereas 26% of the territory is used for agriculture. In addition to being a
guarantor of biodiversity and a significant carbon sink, forest represents a substantial
support for the Portuguese economy [4]. Furthermore, agriculture and associated
agro-food industries are important economic sectors in the country. The diverse
edaphoclimatic and agroecological conditions in the different regions of Portugal
strongly affects plant distribution along the country and allows the cultivation of dif-
ferent agricultural products in each region. The dominant tree species in Portuguese
forest are (by this order) maritime pine, eucalyptus, cork-oak, holm-oak, stone pine,
oaks, chestnut, acacia, and carob [5]. The Portuguese Flora are also very rich herba-
ceous plants and shrubs, some of them with aromatic and medicinal characteristics
(~500 species) [6].

In addition to the large amounts of residues generated from the forest, agricultural
waste has increased daily, mainly because of the increasing demand of the fast-
growing population. In fact, the disposal of agricultural waste is currently one of the
major environmental issues [6, 7]. Untreated waste contributes to greenhouse gas
emissions resulting in undesirable gaseous byproducts that potentially contribute to
climate change [7]. Thus, a timely and adequate utilization (and valorization) of this
biomass is fundamental for agricultural sustainability and human-food and health
security. Agrowastes include nonedible parts of plants, postharvest or postprocessing
food residues, such as leaves, peel, seed, or pulp from fruits/legumes, or cereals [6].
These are promising raw materials whose exploration can represent an additional
sustainable income to local producers in addition to the environmental benefits
inherent to their utilization [8]. Although the main use of forest residues is to produce
energy, the Portuguese forest is a reservoir of plant species in which products and
byproducts are relevant sources of valuable molecules. The Portuguese Government
established strategies to promote the sustainable use and valorization of renewable
resources and biomass until 2030 [9]. Agroforestry biomass is mainly composed
of organic material and can be divided into lignocellulosic and non-lignocellulosic
biomass [10]. Lignocellulosic biomass consists of cellulose, hemicellulose, and lignin,
while non-lignocellulosic materials include structural components (sugar, lipids, and
proteins) and other organic compounds like secondary metabolites including bioac-
tive compounds. In the last years, consumers have increasingly demanded biodegrad-
able, petroleum-free, and safe products from natural origin. Agroforestry biomass is
a key source of biomolecules with many industrial applications that can meet these
requirements with improved performance. Furthermore, as we will see through this
chapter, biotechnology and nanotechnology, particularly by using eco-friendly and
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cost-effective methodologies, can play a key role in the bioconversion of agroforestry
biomass into added-value unique materials for the pharmaceutical sector, biopesti-
cides, biostimulants and biofuels for the agriculture sector, and nutraceuticals or new
food products [11]. Given the great availability of agroforestry biomass in Portugal, its
valorization has been gaining a relevant role in the last years. Hence, in this chapter,
we provide an overview of the potentialities of Portuguese agroforestry biomass as a
primary feedstock for the extraction of relevant biomolecules that could be suitable
for the agri-food-pharma sectors. Emphasis is provided to strategic raw materials

in the national context, such as carob byproducts, aromatic plants biomass, and
lignocellulosics.

2. From carob to pine: Biomolecule diversity in Portugal

Portugal’s flora is rich and varied, reflecting the diverse environmental conditions
and influences of different biogeographical regions. Along with its high diversity,
Portugal’s flora continues to expand with recent additions to the country’s species
list. Notable discoveries include, for instance, Carduncellus cuatrecasasii and Eryngium
aquifolium in the Alentejo [12], Onobrychis caput-galli in the Algarve [13], the curi-
ous Lesleya ceriacoi, a previously unknown gymnosperm species discovered from
a300-million-year-old fossil in the herbarium of the Museum of Natural History
and Science of the University of Porto [14]. More recently, species from a family
thought to be extinct, Pseudofrenelopsis zlatkoi [15] and Pseudofrenelopsis dinisii [16],
were discovered in the Lusitanian Basin of western Portugal. As the list is constantly
expanding, new opportunities for science are emerging, both in terms of the main
compounds obtained from plants, as well as secondary compounds and byproducts.

It is known that plants are rich in various bioactive phytochemical com-
pounds, and these compounds can be extracted from various parts such as leaves,
bark, seeds, flowers, roots, and pulp. However, as we will explore in the following
sections, unleashing the full potential of new biomolecules for various industrial
applications relies on effective extraction, thorough analysis, and, in some cases,
strategic chemical modifications. Several bioactive compounds present in plants have
economic value in industry [17] and can be classified into various classes, such as
alkaloids, phenolics, saponins, and terpenes [18, 19].

Terpenoids, for example (tocotrienol, tocopherols, carotenoids, limonoids, and
phytosterols), are already known antioxidants, as are some carotenoids [19, 20]. It
is also noteworthy that some bioactive compounds from plants benefit health with
anti-inflammatory, anticancer, antidiabetic, and digestive properties and favor blood
circulation, which is the case of alkaloids [19, 21]. There are also studies investigating
the use of bioactive compounds extracted from agricultural wastes to increase the
ability to maintain and enhance food quality and health benefits [22]. These topics
will be discussed later in this chapter.

Although economic production in Portugal has a strong support from agricultural
practices and focused on forest species such as cork oaks (Quercus suber), holm oaks
(Quercus rotundifolia), carob (Ceratonia siliqua), and maritime pine (Pinus pinaster),
there are still limited data on valorization beyond traditional exploitation [23-27].

In the case of oak trees, apart from their long-standing use, these species contain a
valuable compound known as suberin, the primary constituent of cork, which has a
significant economic impact in Portugal. Suberin is also recognized in the health field
for its bactericidal activity against Escherichia coli and Staphylococcus aureus [28-30].
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Other examples of plant biomass valorization are gradually emerging, such as the use
of agroforestry waste as raw material for biorefineries, the exploration of the bioac-
tive potential of essential oil from the Portuguese endemic species Santolina impressa
[31], and the use of phenolic compounds to enrich functional cookies, valorizing

the residues from chestnut shell (Castanea sativa) [32] and arbutus (Arbutus unedo)
pomace [33].

The variety of biomolecules found in Portugal’s agroforestry systems presents a
significant opportunity for sustainable development and the conservation of local
species. However, it remains essential to encourage research and raise awareness
about the economic and ecological importance of these biomolecules to ensure a
sustainable future.

As previously mentioned, the extraction of such biomolecules may constitute a
significant challenge as it involves not only selecting appropriate methods to ensure
maximum yield and purity, but also addressing the inherent variability in plant
materials and the need for sustainable practices. In the following section, these topics
will be discussed in more detail.

3. Extraction methods for agroforestry biomolecules

Natural products (pure bioactive compounds or standardized plant extracts)
from plant materials provide unlimited opportunities for different industrial applica-
tions [34, 35]. These compounds, known as secondary metabolites, are produced in
response to a determined stress. Minor changes in the plant’s physical characteristics
due to biotic and abiotic factors can have a significant impact on the chemical profile
and yield of compounds produced [36, 37]. Apart from the biotic and abiotic stresses,
the selected extraction method is of major importance regarding its effect on the final
constituents present in plant extracts and in its corresponding potential applicabili-
ties [38].

These compounds can be extracted using different conventional and non-conven-
tional methods. The most conventional techniques include Soxhlet, maceration, and
percolation, among others. These methods are non-selective, typically require high
temperatures, which are associated with an elevated energy cost, and often involve
hazardous organic solvents (e.g., methanol, ethanol, propanol, ethyl acetate, acetone,
hexane, etc.) [39]. However, they are commonly used as models to compare the
efficiencies of alternative extraction methods [40].

Nowadays, the choice of more sustainable techniques and solvents is increasing.
The creation, development, and use of chemical products and processes to minimize
or completely remove the usage and production of dangerous substances is a broad
definition of green chemistry [41]. As greener alternatives appear, other techniques
have emerged throughout recent years, such as microwave-assisted extraction
(MAE), ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE),
subcritical water extraction (SWE), enzyme-assisted extraction (EAE), cold press-
ing extraction (CPE), high-pressure carbon dioxide assisted extraction (HPCDAE),
among others [42]. These methods are generally renowned for their ability to almost
entirely extract bioactive molecules from plant matrices, while using smaller amounts
of organic solvents and requiring less energy and time [39]. In addition, more envi-
ronmentally friendly solvents, such as natural deep eutectic solvents (NADES), ionic
liquids (IL), supercritical fluids (SCF), and fluorous solvents (FS), have been widely
proposed to replace conventional systems [43].
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As mentioned before, despite their drawbacks, conventional techniques, such as
Soxhlet [44-46], infusion [47-51], and maceration are still commonly used to extract
distinct biomolecules. The latter case (maceration), which typically involves combin-
ing plant material with solvent in a vessel, assisted by heating and/or stirring, and
leaving the mixture for a predetermined (usually long) time [43], is regarded as the
most conventional method employed to extract phenolics from Cistus ladanifer [52],
Lavandula pedunculata [47], Melissa officinalis [53], Mentha pulegium [51], Origanum
vulgare [53], Vaccinium myrtillus [49, 541, Vitis vinifera [55, 56], C. siliqua pulp
[50, 57, 58], and alkaloids from different species of Calendula [59] and Lupinus [60].

Among the newer and more environmentally friendly extraction techniques,

UAE is the most widely applied method due to its modest requirements for solvent
and energy. The ultrasonic waves employed in UAE result in cavitation forces that
induce bubbles to burst and produce localized pressure in plant tissues. This pressure
causes the rupture of plant cellular structure, which facilitates the diffusion of the
solvent and increases the mass transport of intracellular components [43, 61]. Most
of the studies regarding UAE still use organic solvents like acetone [62], ethanol [49,
62, 63], or methanol [64]. However, many recent studies consider the use of NADES
as a replacement for traditional organic solvents for similar or even more effective and
green extraction. NADES consist of a mixture of two or more components (hydrogen
bond acceptor and donor), stabilized by strong intermolecular interactions, which
have significantly lower melting points than any of their original constituents alone
[65, 66]. Some reports have recognized these eco-friendly systems as new high-
efficiency extraction solvents for polyphenols from the aromatic plants L. pedunculata
[61], Lavandula viridis [67], and Thymus lotocephalus [67, 68] and residues (needles
and bark) from maritime pine [69].

SWE is also a green extraction method that could selectively fractionate chemicals
with distinct polarities from plant matrices by changing the solubility properties of
water through temperature and pressure adjustments. More specifically, in a subcriti-
cal state, water can be used to extract molecules with medium to low polarity, similar
to organic solvents [39]. The SWE has been found efficient for extracting several
biomolecules from Portuguese forestry, namely, phenolic compounds like gallic and
ellagic acids from Q. suber cork [70], as well as catechin and vanillic acid from blue-
berry pruning waste [54].

Other authors reported the extraction of phenolic acids (protocatechuic acid,
pyrogallol, and gallic acid), flavonoids (quercetin-3-O-galactoside, catechin, procy-
anidin pentamer, and p-type proanthocyanidin tetramer) and alkaloids (chelidonine)
from the aerial (stems, leaves, and fruits) and terrestrial (roots) parts of Portuguese
plants, as well as from their residues, using other green alternative methods, such as
MAE [54, 56, 71], HPCDAE [72, 73], and SFE [74].

Regardless of the inherent advantages and disadvantages of each extraction
technique, the yield and efficiency of the extraction may be influenced by several
factors. Among the most relevant parameters often studied are temperature, exposure
time, solvent type, liquid-solid ratio, particle size, power, and pressure, all of which
are typically optimized to determine the ideal extraction conditions for a given plant
material and/or target biocompounds.

The largest class of plant secondary metabolites is the terpenoids. These com-
pounds, formed from several 5-carbon entities called isoprene units (with additional
functional groups), are found principally in essential oils (EOs). EOs are aromatic
volatile liquids or semiliquids, mainly constituted of terpenes, terpenoids, and
phenylpropanoids. They are typically isolated by distillation from the entire plant
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or various plant parts, such as flowers, leaves, fruits, stems, bark, peels, roots, or
seeds [37]. Hydrodistillation (HD) and steam distillation (SD) are the main methods
used in EO recovery and, according to the Pharmacopeia, the standard techniques

for extracting EO for quality control [75]. However, solvent extraction can also be
utilized for the fractionation of different aromatic volatile compounds from plants,
including terpenoids [46, 59, 76]. In this context, “EO” refers to a distillation-derived
product, whereas the term “extract” is related to the product resulting from other
extraction processes (namely, those mentioned previously) [77]. SD, in which steam
passes through the plant material with subsequent collection of volatile compounds, is
used to isolate the EO from temperature-sensitive plants. In HD, the plant material is
immersed in boiling water (ca. 3 h) where the volatile compounds are extracted by the
steam and then condensed for their isolation. Due to the higher temperatures applied,
HD has the disadvantages of possible hydrolysis of esters, polymerization of alde-
hydes, or decomposition of other thermosensitive compounds [75]. In this context,
distinct methods will be beneficial for different EO isolation [75]. In fact, the quality
and quantity of EO can be highly dependent on the isolation methods; it has been
observed that for the EO of Cupressus lusitanica isolated by HD and SD, yields ranged
between 0.12 and 0.26% (v/dw.) for SD and 0.1% (v/dw.) for HD [78]. Moreover,
their major compounds also varied depending on the extraction method applied.
However, recent research indicates HD as the most popular technique for isolating EO
(even despite its disadvantages) [12, 79-82].

Several studies have reported 1,8-cineole (or eucalyptol), camphor, and/or
a-pinene as the main abundant compounds of EO isolated by HD from Lavandula
spp., namely, L. pedunculata [83, 84], L. viridis [85], and L. stoechas subsp. luisieri
[86, 87]. In other species or subspecies of Lavandula, fenchone was the main chemo-
type in the EO profile of L. pedunculata [84], L. pedunculata subsp. lusitanica [86, 88],
as well as the monoterpene carvacrol in the Lavandula multifida EO [89, 90]. The EO
or extract of Rosmarinus officinalis is also very studied and dependent on the extrac-
tion technique, as has been evident in the different chemical profiles obtained by HD
[91-93], simultaneous distillation-extraction [94], or HPCDAE with NADES.

During HD, an aqueous phase known as hydrolate arises, which is distilled with
the EO and physically separated from it. These hydrolates are also good sources of
bioactive compounds (especially phenol ethers, ketone alcohols, and methyl ethers)
and, for that, also present numerous biological activities [95]. The hydrolate of
Aloysia citrodora, whose major compounds are neral and geranial, showed excellent
antimicrobial activity, inhibiting the growth of E. coli and Candida albicans in 90 and
80%, respectively [96]. In the case of the hydrolate of Eucalyptus globulus, 1,8-cineole
was found the prevalent chemical component [96].

The solid residue of plant biomass and wastewater from HD can also have differ-
ent purposes. For instance, solid residue can be used for power generation through
direct combustion, composting, or as an absorbent, food supplement, or animal feed,
while wastewater can have different biological activities [95]. Waste products from
HD of C. ladanifer and C. lusitanica EO showed a great amount of biocompounds,
such as a-pinene, camphene, trans-pinocarveol, limonene, sabinene, and §-3-carene
[78]. Due to the growing demand for EO in different industries, such as perfumery,
cosmetics, aromatherapy, food and flavor, and pharmaceutics, researchers are looking
for more innovative and cost-effective ways to generate high-yield and high-quality
EO [75]. Their improvement using green energy sources, such as ultrasounds and
microwaves, is particularly appealing from a sustainable and economic standpoint.
Recently, the EO profile of the aromatic plant lemon verbena extracted with HD and
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microwave-assisted HD was compared and it was observed that the latter method
achieved higher amounts of geranial and neral, as well as greater antioxidant and
anti-tumor activities [81]. In addition to the mentioned greener techniques, another
method has been widely used for the extraction of the main volatile or semi-volatile
compounds without using solvents: solid phase microextraction (SPME). This
technique allows the isolation of volatile compounds prior to their chromatographic
analysis from different plant sources [97, 98], EOs or extracts [51], among others.

In the future, it is essential to continue combining research into plant chemistry
and extraction technologies to lead toward advances that will improve yields and
efficiency, reducing energy consumption while protecting the environment.

4. Characterization of extracted biomolecules

As previously described, the composition of agroforestry products is frequently
challenging to determine due to the high concentration of macromolecules, such
as sugars and minerals, which hinders the efficient analysis of minor components,
including cellulose, lignin, and secondary metabolites, such as polyphenols. This
section focuses on the main analytical techniques employed for the analysis of these
molecules.

Spectroscopic techniques have been established as essential tools for biomolecule
analysis, offering several notable advantages. These include being non-destructive,
having a very short analysis time, being easy to use, and not requiring extensive
sample preparation. Consequently, these techniques are often suitable to be operated
by non-specialized users. Moreover, they provide quantitative data and can detecta
wide range of compounds. In this context, colorimetric methodologies represent a
significant area of analytical exploration. These methods often rely on the addition
of a reagent that specifically reacts with the analyte to form a colored complex. The
absorbance of this complex is then measured at a particular wavelength. By applying
the Beer-Lambert law, a relationship is established between the measured absorbance
and the concentration of the analyte in the sample.

The most employed colorimetric methods for the analysis of the composition
of agroforestry products are the following: (i) The Folin-Ciocalteu Method, which
employs a mixture of phosphomolybdic acid and phosphotungstic acid, known as
Folin-Ciocalteu reagent, to reduce the phenolic compounds present in the sample.
This reduction produces a blue-colored molybdenum-tungsten complex, whose
absorbance is measured at 765 nm. To quantify the amount of total polyphenolic
compounds total phenolic content (TPC), a calibration curve with gallic acid as the
standard is typically employed. (ii) The aluminum chloride method involves the reac-
tion of flavonoids present in a sample with chloride forming a yellow complex whose
absorbance is measured at 415 nm. Quercetin is used as a standard for the quantifica-
tion of total flavonoids content (FC). (iii) The vanillin-sulfuric acid method employs
condensed tannins present in a sample to react with vanillin in acidic medium
(concentrated sulfuric acid), producing a red complex. This reaction is specific for
flavonoids containing catechin and epicatechin units. The absorbance is measured
at 500 nm using catechin as a standard for the quantification of condensed tannin
content (CT). For instance, Neiva et al. employed colorimetric methods for the quan-
tification of TPC, FC, and CT in the bark of E. globulus and Picea abies (species with
the highest prevalence in Portuguese industries) and Acacia melanoxylon and Acacia
dealbata (the largest invasive species in Mediterranean countries, with an estimated
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area of ca. 16,000 ha in Portugal) [99]. Tavares et al. also employed colorimetric
methods for the determination of TPC, FC, and CT in C. lusitanica and C. ladanifer
wastes collected from northeastern Portugal [62].

Fourier transform infrared spectroscopy (FTIR) is also a valuable spectroscopic
technique for providing additional information on the chemical bonds and functional
groups present in agroforestry products, thus aiding in their identification and charac-
terization. In this regard, Pedro et al. [100] have employed FTIR-ATR to characterize
the phenolic compounds present in the floral extracts of Acacia retinodes and Acacia
mearnsii, invasive species in Portugal. On the other hand, Magina et al. successfully
used FTIR-ATR for the quantification of cellolignin present in the bark of Eucalyptus
globulus collected in Portugal after enzymatic hydrolysis [101]. Additionally, Sartori
etal. [102] employed FTIR analysis to examine the condensed tannins present in the
barks of Eucalyptus urophylla hybrids originating from Portugal. Lastly, Barros et al.
have successfully analyzed P. pinaster bark from Valenga (northern Portugal) by FTIR
for the quantification of lignin, cellulose, and hemicellulose [103].

Despite their simplicity, spectroscopic techniques also present some limitations.
They are generally less selective and sensitive compared to more specific methods.
Accurate results require prior calibration, and certain substances, such as sugars,
can interfere at specific wavelengths. As a result, some researchers have opted to
use alternative techniques for biomolecule analysis. In this regard, chromatographic
methods offer significant advantages over scattering techniques, including high
resolution and separation capacity, which results in superior sensitivity and speci-
ficity. These methods require the use of specialized detectors for the detection and
quantification of specific analytes. Often, these methods are combined with mass
spectrometry (MS), which has proven highly efficiency in identifying individual
compounds in complex mixtures. In this regard, Sousa et al. [104] analyzed Q.
rotundifolia bark collected in southern Portugal by gas chromatography-mass spec-
trometry (GC-MS) to quantify both graded acids and triterpenes present in the bark
samples. In a recent study, Esteves et al. [105] investigated the chemical composi-
tion of young Paulownia tomentosa wood samples collected from a plantation in
the Viseu region of Portugal using GC-MS to study the lipophilic composition. The
samples were found to contain a variety of fatty acids, including palmitic, octa-
decadienoic, octadecenoic, stearic, and arachidic acids. Additionally, the samples
were found to contain terpenic structures, including serruginol (a meroterpene),
dehydroabietic acid (a resinic acid), p-sitosterol (a phytosterol), a lignan (sesamin),
and alkanes such as heptacosane and pentacosane. Phenolic compounds, such as
vanillin, vanillic acid, vanillic alcohol, and 4-hydroxy-3-methoxyphenylglycol,
were also identified. In a recent study, Pedro et al. [106] identified a total of seven
flavonoids in seven different pood samples of Acacia species (A. melanoxylon,
Acacia longifolia, Acacia cyclops, A. vetinodes, Acacia pycnantha, A. mearnsii, and A.
dealbata) using liquid chromatography-electrospray ionization-mass spectrom-
etry (LC-ESI-HRMS/MS). The identified flavonoids were myricetin, quercetin,
kaempferol, rutin, and myricitrin, as well as the flavan-3-ol (+)-catechin and the
flavanone naringenin. Moreover, the authors further employed high-pressure liquid
chromatography coupled with a photodiode array detector (HPLC-DAD) to confirm
the presence of phenolic compounds in the samples. Domingues et al. evaluated
triterpenic compounds from the outer bark of different species of Eucalyptus grandis
and Eucalyptus urograndis (E. grandis x E. urophylla) grown in Brazil and Portugal

[46]. The extracts were analyzed by GC-MS to infer the fatty acids and long-chain
aliphatic alcohols present in the samples.
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It is often the case that data gathered from the analysis of biomolecules in
complex matrices, such as those found in agroforestry products, originate large
and intricate datasets that represent significant analytical challenges, making
it difficult to draw clear conclusions. Therefore, the use of chemometric tools is
often employed to extract relevant information. The most utilized statistical tool
is the single-factor or multi-factor analysis of variance (ANOVA), which allows
the assessment of the significant influence of various factors. As an illustrative
example, the study conducted by Pedro et al. [100] employed a two-factor ANOVA
to evaluate the differences between the flowers of A. retinodes and A. mearnsii as
a function of species and flowering stage, utilizing the comprehensive chemical
profiles of these species.

The unsupervised analysis methods, a cornerstone of chemometrics, are invalu-
able for uncovering intrinsic patterns in complex datasets without prior knowledge of
sample classifications. Among the various techniques available, hierarchical cluster
analysis (HCA) is particularly effective for grouping samples with similar multivari-
ate characteristics. HCA operates by successively merging or splitting clusters, which
can be visually represented through a dendrogram. The tree-like diagram provides
a clear depiction of the hierarchical relationships between clusters, illustrating the
nested arrangement of sample groups based on their similarity or dissimilarity met-
rics. Heatmaps provide an additional visual representation of the data matrix values,
offering an intuitive and detailed visualization that complements the dendrogram.
Each cell in a heatmap represents the intensity of a variable for a specific sample,
with color gradients indicating the magnitude of these values. The combination of
dendrograms and heatmaps in HCA enables a comprehensive understanding of the
data structure, facilitating the identification of distinct sample groups and underly-
ing patterns, which is particularly useful in different fields including metabolomics,
genomics, and materials science.

In addition, principal component analysis (PCA) is a robust unsupervised
data reduction technique that is widely employed in chemometrics to diminish
the dimensionality of intricate datasets while maintaining their variance. By
transforming the original variables into a new set of orthogonal components,
PCA enables the extraction of the most significant features, which capture the
underlying structure of the data. The principal components are linear combina-
tions of the original variables, ordered according to the amount of variance they
explain. The initial principal components frequently account for most of the total
variance, thereby enabling researchers to visualize high-dimensional data in a
lower-dimensional space, typically through scatter plots. This reduction in com-
plexity facilitates the identification of patterns and relationships within the data,
as well as the detection of outliers and clusters. PCA is particularly advantageous
in domains, such as spectroscopy, chromatography, and environmental chemistry,
where it enables the interpretation of intricate, multivariate data and enhances
comprehension of the underlying chemical processes. For example, Pedro et al.
[100, 106] employed the use of heatmaps and PCA for the analysis of Acacia flower
samples according to their flowering stage or for the classification of Acacia pods
varieties (A. melanoxylon, A. longifolia, A. cyclops, A. retinodes, A. pycnantha, A.
mearnsii, and A. dealbata), based on their phenolic and flavonoid profile. This
approach made it possible to distinguish the existing differences depending on the
species and/or their flowering stage and the main compounds responsible for such
differences. An example of the representation of a dendrogram as well as a PCA is
shown in Figure 1.
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Figure 1.

(A) Heatmaps plotting clusters of content of phenol and flavonoid compounds of A. melanoxylon, A. longifolia,
A. cyclops, A. retinodes, A. pycnantha, A. mearnsii, and A. dealbata. (B) Score plot of PCA from Acacia
flower samples analyzed.

Linear discriminant analysis (LDA) is a supervised classification technique widely
used in chemometrics to distinguish between different classes within a data set.
Unlike unsupervised methods, LDA uses known class labels to find the linear combi-
nations of features that best separate the classes. This is achieved by maximizing the
ratio of between-class variance to within-class variance, ensuring that the projected
data points are as distinct as possible while minimizing overlap. The resulting dis-
criminant functions provide insight into the most significant variables contributing to
class differentiation, facilitating understanding of the underlying factors that distin-
guish the classes. Borges et al. [107] employed chestnut orchards from the north of
Portugal as a source of organic matter for soil management practices and successfully
used LDA techniques to evaluate the significant differences according to the treat-
ment and fractions employed in each soil.

5. Biotechnology tools for biomass valorization: Single-cell protein
and biofuel production

Biotechnology offers cutting-edge solutions for transforming renewable biomass
into high-value products like biofuels, bioplastics, and bioactive compounds. Using
advanced techniques such as enzyme engineering, microbial fermentation, and
metabolic pathway optimization, plant and agricultural residues can be efficiently
converted into valuable chemicals. These innovative approaches not only boost the
sustainability of industrial processes but also embrace circular economy principles
by reducing waste and creating eco-friendly alternatives to traditional materials. A
particularly exciting application is the production of single-cell proteins (SCP) from
biomass, addressing the growing global demand for proteins [108]. This sustain-
able method optimizes waste management, allows for large-scale production with
minimal environmental impact, and provides faster output without competing with
conventional farming or being affected by climatic changes [109, 110].

SCP can be produced by various microorganisms, with fungi being the most used,
followed by bacteria [111, 112]. SCP production is generally based on the transforma-
tion of biomass through a fermentation process, as illustrated in Figure 2.
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Schematic illustration of the SCP production process.

The composition of the SCP can vary depending on the methodology, substrate,
and microorganisms used [113, 114]. Nutritionally, there is also considerable varia-
tion; for instance, the mycoprotein is effective in reducing total and LDL cholesterol,
generally contains 30-50% protein, has low energy content and high fiber content,
and is rich in micronutrients [115]. Its greatest advantage lies in its high levels of cho-
line when compared to traditional protein sources (e.g., salmon, pork, soy and others)
[116]. On the other hand, yeast SCP generally has 55-60% protein content, low lipid
levels and high antioxidant properties [117, 118], while bacterial SCP is generally rich
in proteins, carbohydrates, fats and fibers [119]. There are no exact values for SCP
composition because, as mentioned, the nutrient content is strongly dependent on the
substrate and the microorganisms used.

The implementation of SCP offers significant sustainability benefits, particularly
in addressing global warming and land use challenges. However, significant research
gaps remain [120]. Advancements in microbial engineering could enhance the
competitiveness of SCP-based products regarding production costs, nutritional value,
and functional properties, positioning them more favorably in the market [121].
Despite the various nutritional benefits, further studies are necessary, particularly
on an industrial scale, since much of current knowledge is based on laboratory-scale
research [122]. Increasing awareness and promoting the advantages of SCPasa
dietary protein source is also crucial for broader consumer acceptance. To fully realize
its potential, it is essential to intensify efforts in research and development, contribut-
ing not only to human nutrition but also to a more sustainable and resilient future
[114]. Overall, the main challenges for SCP production lies in scaling up production,
improving competitiveness, and ensuring consumer acceptance, particularly regard-
ing food safety and sensory attributes [122, 123]. Although the concept of producing
protein with minimal environmental impact is appealing, the SCP landscape remains
underdeveloped. In Portugal, for example, there is only a brief report on a study
involving the production of SCP using the fungus Paecilomyces variotii and spent
sulfite liquor [124]. Attention and investment in advancing this technology remain
limited, highlighting the need for stronger support to unlock SCP’s full potential.

Energy consumption has increased worldwide, largely because of population
growth, technological progress, and economic development. The reliance on non-
renewable energy sources, primarily fossil fuels, significantly accelerates global
warming, contributing to climate change, environmental degradation, and harmful
effects on human health and biodiversity [125, 126]. To mitigate this, the European
Union (EU) established a goal to improve energy efficiency by 32.5% until 2030
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which included the incorporation of 20-30% of ethanol in gasoline [127]. In this
regard, biofuels have emerged as a promising alternative to mitigate the harmful
effects of fossil fuel consumption, reducing greenhouse gas emissions and depen-
dence on non-renewable energy sources [125, 126, 128].

Biofuels can be produced from a wide range of biomass sources, including for-
estry byproducts, food crops, agricultural residues, and dedicated energy crops.
Specifically, bioethanol can be produced from various renewable resources rich in
carbohydrates, which can be hydrolyzed into fermentable sugars and subsequently
converted into ethanol [126]. As previously discussed, mainland Portugal produces
a significant amount of agroforestry-based wastes, including residues from the pulp
and paper industry and agricultural residual biomass as cereal straw, corn stover, tree
cutting and pruning residues, and pomaces as those from the olive oil production
[125, 127, 129]. All these raw materials, usually considered as residues, are widely
available at relatively low cost which, despite their different forms, are comparatively
rich in lignocellulosic biomass. For example, E. globulus wood is the most used in the
Portuguese pulp and paper industry due to its high cellulose content and low lignin
content, which results in high pulping yields.

While lignin is not used for bioethanol production, it is a valuable source of
high-value aromatic products [130]. The conversion of E. globulus bark into cellulosic
sugars typically involves hydrolysis, preceded by a pretreatment where the kraft
process is applied as a delignification step. Following this, alcoholic fermentation is
carried out using ethanologenic microorganisms. Additionally, primary sludge from
pulp and paper mills, which is rich in cellulose and hemicelluloses, can also be valo-
rized for bioethanol production [131-134].

Due to the growing global interest in identifying new and sustainable carbohydrate
sources for bioethanol production, alongside technological advancements, an increas-
ing variety of feedstock materials has been researched. While finding cost-effective
technologies for bioethanol production is a priority, the process remains significantly
hindered by intrinsic biological challenges [135]. In the Mediterranean region, carob
trees have been cultivated for centuries for their edible seed pods, yielding between
2000 and 3500 kg/ha, and are often used to diversify and revitalize dryland areas [136].
The seeds’ endosperm is extracted to produce locust bean gum, a valuable natural food
additive with strong gelling properties. The carob pod is typically used as animal feed or
ground into powder for human consumption, but its high tannin content limits broader
applications. Nevertheless, carob pods are rich in fermentable sugars like fructose,
glucose, and sucrose, making them ideal for bioethanol production, a process that has
already proven effective [137-140]. In addition, carob pulp has been selected for fermen-
tative H, production using Clostridium butyricum, capable of producing 215.8 L H, per
kilogram of dry weight. Although further studies are necessary to evaluate the feasibility
and economic viability of scaling up the process, carob pods show great potential for the
development of bioenergy production systems in Mediterranean regions [141].

6. Biomolecule valorization for agrofood

Water scarcity has intensified globally, particularly in arid and semi-arid regions.
Projections indicate that by 2030, global water demand will rise by 50%, leading
to critical shortages, further intensified by the impacts of climate change. With
over 70% of global freshwater consumption allocated to agriculture, it is crucial
to develop new solutions that enhance the efficiency of water and nutrient use
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[142, 143]. In this context, absorbent polymer materials, such as hydrogels, have
demonstrated significant potential for use in agriculture due to their high-water
absorption and retention capacity. Environmentally friendly hydrogels can be syn-
thesized from a variety of biomolecules, particularly natural polysaccharides, which
can be sourced from aquatic environments, plants, bacteria, or animals [144]. The
wide range of hydrogel applications in agriculture includes soilless cultivation, soil
improvement, removal of heavy metals, smart materials, controlled release of fertil-
izers and agrochemicals, and water retention in soil [145-149]. Hydrogels formulated
from biomolecules extracted from forestry or industrial residues have demonstrated
biodegradability, non-toxicity, renewability, and cost-effectiveness compared to
their synthetic counterparts. For instance, lignin-based hydrogels have been suc-
cessfully tested in agricultural soils, showing potential for water retention, reducing
nutrient leaching, and improving plant photosynthetic capacity under drought
stress. Additionally, they have proven effective as soil conditioners [150, 151].
Natural gums, such as locust bean gum (LBG) extracted from carob seeds, have

also been utilized in hydrogel formulations, exhibiting desirable properties, such

as high swelling, biocompatibility, water retention, and biodegradability, making
them popular not only in agricultural applications but also in the pharmaceutical,
cosmetic, biomedical and food areas [136, 152-154].

As previously mentioned, the growing global population is putting increasing
pressure on agricultural development to ensure a secure food supply. This has, in
turn, led to a rise in pesticide use, which is recognized as a major contributor to
environmental pollution. Current unsustainable practices must be replaced by inno-
vative technologies capable of minimizing the use of harmful chemicals [155, 156].
Bio-based molecular agrochemicals have been developed with noteworthy advantages
as high specificity and efficiency, biocompatibility and, more importantly, ecological
sustainability [157]. Examples include antimicrobial peptides, that can be expressed
by transgenic organisms or extracted from vegetable biomass and be topically applied
[158-160]. As previously discussed, plant extracts contain a wide range of bioactive
molecules and secondary metabolites, such as tannins, phenols, alkaloids, terpenoids,
and flavonoids, all of which are regarded as highly appealing for the production of
novel biopesticides [161-165]. In addition to their naturally occurring antibacterial
and antioxidant properties, plant essential oils are also promising candidates for
biopesticide development and have been successfully tested against fungi, viruses,
and insects [85, 166, 167].

Plant extracts have garnered attention for their valuable potential in the food
industry, utilizing locally sourced biomolecules from agricultural by-products and
contributing to the development of sustainable agricultural practices. These biomole-
cules not only enhance the sensory attributes of food but also play a role in their pres-
ervation and offer health-promoting nutritional benefits. This has been recognized by
Routray and Orsat, who discussed the significant amounts of waste and byproducts
generated by agricultural practices and the food industry [168]. These byproducts
are rich in bioactive components, including phenolic compounds, dietary fibers,
amino acids, fatty acids and vitamins, among others. The Algarve region in Portugal
could be a potential source of bioactive compounds, contributing to the creation of
economically viable and environmentally friendly functional foods and beverages by
reducing waste in the agri-food sector. Furthermore, the region’s specific agricultural
challenges, such as the long-standing impact of the Tomato yellow leaf curl virus and
Tomato chlorosis virus on tomato production [169, 170], highlight the importance of
ongoing research and surveillance in the agri-food sector. Such research is crucial for
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managing plant diseases and ensuring the quality and safety of agricultural products,
thereby enabling their use in the food industry.

A wide variety of fruit constituents, such as seeds and peels, have been recovered
from industrial waste processing to obtain value-added compounds, mostly phenolic,
and incorporate them into food [43]. Carob bean gum, commonly known as LBG, is
extracted from the fruit seeds/kernels endosperm of the carob tree, a plant species
typical of the Algarve region but also abundant in other Mediterranean areas. LBG
is a prominent example of a “Portuguese biomolecule” and is classified as a polysac-
charide biopolymer from the group of galactomannans [136]. Due to its ability to
provide high viscosity at low concentrations and act as a water binder, it is frequently
used in various food products as a natural food additive (E410) with thickening
and stabilizing functions. While LBG is well-known for its applications in the food
industry, it has also demonstrated potential in the biopharmaceutical field, such as in
the development of biodegradable non-toxic products and in drug delivery systems
[171, 172]. Moreover, additional research has highlighted its use in treating specific
health conditions such as hyperlipidemia and associated heart disease, diabetes, colon
cancer, and gastrointestinal complications, further underscoring its medicinal value
[171, 173, 174]. LBG also has numerous non-food applications, particularly in the
textile, cosmetic, and construction industries [172].

Carob germ protein and oil are also notable carob-based systems recognized for
their beneficial amino acid and fatty acid profiles, respectively, contributing to the
nutritional enhancement of food products [175]. Additionally, carob pulp can be
consumed directly or processed by roasting, grinding, and sieving to obtain flour
or powder [176]. It has potential as a nutraceutical ingredient, serving as a healthier
substitute for cocoa in food and beverage formulations due to its similar sensory
properties and the absence of stimulating alkaloids like theobromine and caffeine
[176]. Most of the commercial value of carob comes from the seed, where LBG plays
a key role due to its wide range of applications, followed by the germ, which is a rich
source of protein. However, the pulp is increasingly gaining economic importance as
its nutritional benefits become more widely recognized [176, 177]. Carob pulp is high
in bioactive compounds, including sugars, cyclitols, fibers, polyphenols, amino acids,
vitamins, and minerals, while the seed mainly consists of three major components:
gum (LBG), proteins (germ), and polyphenols [136, 173]. A schematic representation
of the carob-derived products is shown in Figure 3.

Gum turpentine, derived from the steam distillation of oleoresin from various
Mediterranean pine species, has applications in medicine as well as in the food, cos-
metic, and detergent industries [178]. Additionally, wood extracts from E. globulus,
which is abundant throughout Portugal, demonstrated the most promising results
compared to almond shells, corn cobs, and grape pomace in inhibiting the growth of
awide range of food pathogenic bacteria in bioactive packaging [179]. Other relevant
studies have reported that ethanol extracts from A. unedo (strawberry tree) fruits
and Ocimum basilicum (basil) leaves, which are rich in catechin and rosmarinic acid,
respectively, were successfully incorporated into bread loaves, conferring bioactive
and preservative properties [180]. Additionally, extracts from R. officinalis have been
shown to enrich the sensory attributes of bread [91].

As previously discussed, among plant extracts, EOs are recognized not only for
their pleasant fragrances but also for their bioactive properties such as antioxidant,
antimicrobial, anti-inflammatory and even anticancer activities. They are increas-
ingly incorporated into food products for their health benefits and as natural pre-
servatives [43, 181, 182]. In addition to the antioxidant and antimicrobial activities
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Figure 3.
Carob pod-derived food products and its pulp chemical composition (adapted from Solana et al. [176]).

reported in extracts from various pine species, including those found in Portugal
[183-185], the EOs from Pinus pinea, Pinus pinaster, Pinus sylvestris, and Pinus brutia
(highly predominant in Portugal and in the Mediterranean area) contain compounds
regularly used in food products for flavoring and aroma, such as limonene, thymol
and caryophyllene [178, 186-188]. Furthermore, EOs from Portuguese species, such
as thyme, oregano, rosemary, verbena, basil, peppermint, pennyroyal and mint-
beyond their traditional culinary uses-have shown significant inhibitory effects
against various foodborne pathogens. This suggests their potential utility in enhanc-
ing food safety and extending shelf life [189]. Additionally, Coriandrum sativum and
Foeniculum vulgare are two aromatic and medicinal species from the Apiaceae family,
whose extracted EOs are noteworthy for applications not only in food but also in the
pharmaceutical and cosmetic industries. The chemical compositions of EOs from
these species, such as linalool in coriander and trans-anethole in fennel, are crucial
for their potential applications [190]. Moreover, the diversity of leaf trichomes in
Lavandula species from Portugal, which produce EOs, may contribute to the variety
and efficacy of these oils [191]. L. stoechas subsp. luisieri and L. pedunculata EOs are
two examples of Portuguese endemic Lavandula species that have recently been
shown antibacterial and antifungal effects [83]. Interestingly, while the EO of Laurus
nobilis is less studied, it has been identified as a potential ingredient for flavoring and
preserving Mediterranean food products, including olive oil [192]. On the other hand,
the EO from Anethum graveolens, known as dill, has attracted considerable research
attention for its culinary applications, particularly due to its antimicrobial, antifun-
gal, and antioxidant effectiveness [193]. Similarly, the wild Smyrnium olusatrum has
demonstrated inhibitory effects against a wide range of fungi, especially Cryptococcus
neoformans, suggesting their potential applications in food preservation [194]. The
development of nanoemulsions and biodegradable films incorporating EOs for food
packaging further highlights innovative approaches to utilizing these oils in the food
industry [195].

Given that certain Portuguese plants belong to a broader group of botanicals with
chemical constituents capable of enhancing the food industry through their aromatic
and preservative qualities, further research, development, and commercialization
are essential to fully leverage the potential of these biomolecules in food applica-
tions. This highlights the importance of effectively understanding and utilizing these
natural resources.
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7. Progress in biomolecule functionalization

As discussed in previous sections, biomolecules can be efficiently extracted
from various Portuguese agroforestry residues, characterized by advanced methods
and utilized in a wide range of applications. However, to enhance their properties
and broaden their applications in fields such as materials science, biotechnology, and
environmental science, strategic functionalization may be necessary. This can be
accomplished through various chemical modifications, employing greener methods
to ensure sustainability and environmental friendliness.

It was already discussed that the major components of woody and agricultural
biomasses are cellulose, hemicellulose, and lignin. These three primary compounds,
along with tannins, contain high levels of hydroxyl groups of varying natures, which
confer them significant potential for surface chemistry modification. Additionally,
the presence of aromatic moieties in lignin and tannins provides further sites for
functionalization. In the literature, several functionalization procedures have
been reported for bio-based polymers [196-199]. However, the functionalization
procedures reported often employ chemicals which pose risks to human health
and the environment, such as formaldehyde, thionyl chloride or sulfuryl chloride
[200, 201]. It is thus necessary to develop of greener and safer functionalization
procedures. In this context, mechanochemistry and esterification reactions using
bio-based, environmentally friendly solvents and molecules (such as amino acids)
have emerged as “greener” alternative strategies [202, 203]. The mechanochemical
process, which combines mechanical forces, such as grinding or milling, with cataly-
sis to enhance reaction rates and selectivity in the absence of solvents, is a relatively
recent technique with significant potential for functionalizing bio-based molecules.
Conversely, esterification reactions operate under mild conditions and employ
simple catalysts, making them suitable for various types of modifications. Among
the possible bio-based, safe and environmentally friendly solvents for esterification
reactions, ethyl carbonate [204], y-valerolactone [205], levulinic acid [206] and deep
eutectic solvents [207-209] have emerged as suitable alternatives with great poten-
tial. Another important route for bio-based polymer functionalization is based on
oxidation [210-212]. Several oxidant processes can be employed and among them,
two should be highlighted due to their selectivity and versatility (Figure 4). First,
the periodate-mediated oxidation produces a dialdehyde molecule in specific carbons
of carbohydrates. Periodic acid and its salts, periodates, are known as regioselective
oxidation agents capable of converting vicinal diols, such as carbohydrates, into
dialdehyde structures. In the specific case of cellulose, the diol cleavage by periodate,
under acidic conditions, at the C2 and C3 bond results in the formation of two
aldehyde groups at the OH-C2 and OH-C3 positions, yielding dialdehyde cellulose
(DAC) [213]. For example, Grenda et al. used this route to prepare different cationic
and anionic cellulose derivatives with different applications [214]. The formed
cellulose dialdehyde enables subsequent modifications using cationization agents
such as Girard’s reagent T (to form a stable imine structure with cationic quaternary
ammoniums) [215] or anionization agents, such as sodium metabisulfite [210, 214].
Another important reaction is the oxidation mediated by 2,2,6,6-tetramethylpiper-
idine-1-oxyl radical (TEMPO). This reaction introduces carboxylic acid groups in
carbohydrates, conferring charges to the polymers, at neutral or alkaline pH values.
This reaction is widely used to oxidate the carbon C6 in cellulose, inducing swell-
ing of the fibers and facilitating the preparation of nanocelluloses (nanofibers and
nanocrystals) [212, 216].
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Figure 4.
(A) Reaction scheme of dialdehyde cellulose (DAC) synthesis; (B) cellulose dialdehyde cationization with Girard
T reagent and anionization with sodium metabisulfite; (C) TEMPO mediated oxidation of cellulose.

Water-soluble cellulose derivatives can also be synthesized through etherification
reactions. In these reactions, organic groups such as ethyl and methyl units react
with the accessible hydroxyl groups of cellulose. This process yields cellulose ethers
like carboxymethyl cellulose (CMC), hydroxypropyl methylcellulose, methylcel-
lulose, hydroxyethyl cellulose, ethylcellulose, and hydroxypropyl cellulose (HPC)
(Figure 5). Also, cationization by direct reaction of N-(3-chloro-2-hydroxypropyl)
trimethylammonium chloride (CHPTAC) with OH groups of carbohydrates (C6
carbon) is achieved by the formation of an ether linkage, resulting in cationized
cellulose. The reactive epoxy reagent is prepared in situ by reacting CHPTAC with an
alkali. Anionic charges may be also added to cellulose by introducing, for instance,
sulfonate groups (-SO;-). One of the possibilities to prepare CMC is the direct
sulfonation of cellulose in N,N-dimethylformamide using the CISO;H/DMF com-
plex as a sulfonation agent, producing polyelectrolytes with good water solubility.
Alternatively, NH,SO;H in DMF or sulfonation using sulfuric acid, SO;, chlorosulfuric
acid, and SO,Cl,, have also been used to obtain cellulose sulfate [217].

Conversely, cellulose esterification allows the preparation of other important
cellulose derivatives, such as cellulose acetate and hydrophobically modified cellulose.
Cellulose acetate is usually prepared by esterification of cellulose with acetic acid,
substituting the hydroxyl groups of cellulose with acetyl groups [218]. On the other
hand, sustainable hydrophobic modification of cellulose involves the use of renewable
feedstocks, such as the use of fatty acids from plant oils. Through an esterification
reaction, the fatty acids can be attached to the plenty hydroxyl groups present in
carbohydrates (Figure 5). These modifications significantly enhance carbohydrate
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Chemical structure of different cellulose derivatives, obtained through reactions in hydroxyl groups.

properties, enabling its use in a wide range of applications, from industrial materials
to advanced biomedical devices, dispersants, and flocculants [219, 220].

The cationization and anionization procedures briefly described for cellulose have
been also applied to other molecules, such as the previously discussed carob gum,
LBG [221].

Lignin is another biomolecule that contains a variety of functional groups, includ-
ing hydroxyls, methoxyls, carbonyls, and carboxyls and thus with high potential for
functionalization. Such modifications often involve synthesizing new macromono-
mers that increase the reactivity of hydroxyl groups or alter other active chemical
sites. Different chemical modifications, such as hydroxyalkylation, amination,
nitration, sulfomethylation, and sulfonation, have been explored to introduce new
functionalities into the lignin structure (Figure 6).

Hydroxyalkylation, amination, nitration, sulfomethylation and sulfonation of
lignin introduce functional groups into the lignin structure, which can become ioniz-
able and charged under different conditions [222]. Several chemical methods are used
for this, with the Mannich reaction being one of the simplest. The main drawback is
that formaldehyde is used in this reaction. Alternatively, cationization of lignin with
CHPTAC can be attained by reaction with the phenolic hydroxyl groups of lignin,
resulting in cationized lignin; similarly, phosphorylation of lignin is obtained by
reacting the OH phenolic groups with phosphorus pentoxide, improving the fire-
retardant properties of epoxy resins [223]. Tannins, due to their chemical similarity
to lignin, can be also modified by employing similar chemical functionalization
reactions used for lignin.
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Overview of chemical modifications of lignin.

The brief examples discussed above, clearly demonstrate that lignocellulosic
molecules can be modified through a variety of approaches, each offering distinct
enhancements to their properties. By integrating the principles of green chemistry
and employing environmentally friendly solvents, these functionalization processes
can become more sustainable and eco-conscious.

8. Advanced bio-based materials: The cellulose and lignin cases

Cellulose and its derivatives are increasingly being utilized to address contempo-
rary challenges in biomedical, industrial, and environmental sectors. In the biomedi-
cal field, cellulose’s inherent biocompatibility with human tissues, along with its
capacity for chemical modification, make it an ideal candidate for applications, such
as drug delivery, tissue engineering and wound healing [224-226]. Colloidal forms
of cellulose, with their stable and homogeneous mixtures, offer innovative solu-
tions in food, pharmaceutical, and cosmetic industries, enhancing product texture,
consistency and stability. Moreover, the environmental applications of cellulose are
considerable, ranging from water treatment and pollution control to the development
of biodegradable packaging and sustainable textiles.

In the biomedical field, cellulose derivatives are highly attractive for controlled
drug release systems [224, 225]. Numerous cellular species can be cultured on
nanocellulose-based biomaterials, including hydrogels, nanofibers, sponges, compos-
ites, and membranes [227]. Among the different sources, bacterial nanocellulose is
particularly suitable for cell culture due to its high purity, porosity, biodegradability,
and low toxicity [228, 229]. Other cellulose derivatives have also been employed in
biomedical applications. For instance, Bianchi et al. prepared hydrogels with wound
dressing capabilities in association with f-cyclodextrin [230]. Suliwarno et al. [231]
developed hydrogel-based materials formed by electron beam irradiation crosslinking
of methylcellulose, also for wound dressing applications. Niemczyk-Soczynska et al.
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[232] used methylcellulose to produce hydrogels via thermally induced crosslinking
to create scaffolds for tissue engineering. Pasqui et al. [233] prepared carboxymethyl
cellulose-hydroxyapatite hybrid hydrogels for bone tissue engineering and Wang et al.
[234] successfully developed PEG-carboxymethyl cellulose nanoparticle hydrogels
for injectable and thermosensitive drug delivery.

Beyond their biomedical applications, cellulose and its derivatives exhibit remark-
able potential in other areas. In the food industry, cellulose has been successfully
utilized as a stabilizer and thickener in products such as sauces, dressings, and dairy
items [235]. It enhances texture, consistency, and mouthfeel, and helps to stabilize
emulsions, preventing the separation of oil and water in products like salad dress-
ings and beverages. Microcrystalline cellulose and CMC are common additives that
improve the texture and consistency of these food products [236]. Additionally,
colloidal cellulose can replace fat in low-calorie foods, mimicking the texture and
mouthfeel of fat without compromising taste and consistency [237].

In the pharmaceutical and cosmetic industries, cellulose plays a crucial role in
controlled-release formulations for drug delivery systems, ensuring a sustained
and regulated release of active ingredients [238]. This enhances therapeutic effi-
cacy and patient compliance. In cosmetics, cellulose acts as a thickening agent and
stabilizer in creams, lotions, and gels, improving product consistency and stability
[239, 240].

The paper and packaging industries also benefit from colloidal cellulose through
its application in paper coatings, which improves the mechanical properties, print-
ability, and surface smoothness [241]. Additionally, in industrial applications,
cellulose serves as a rheology modifier in paints and coatings, enhancing their viscos-
ity and application properties [242]. It stabilizes the dispersion of pigments and other
components, ensuring a uniform and high-quality finish [243].

Additionally, cellulose and its derivatives offer significant advantages in environ-
mental applications. For instance, in water treatment, cellulose derivatives are used
for their ability to adsorb contaminants [214, 244]. Functionalized cellulose, such as
modified cellulose nanocrystals, hydrogels, and cationic and anionic cellulose, can
efficiently remove heavy metals, dyes, and organic pollutants from water [245]. This
makes them effective adsorbents for purifying wastewater and ensuring clean drink-
ing water in an environmentally friendly way.

In air and soil pollution control, cellulose-based materials are suitable to capture
and neutralize harmful substances. For instance, cellulose aerogels can absorb air-
borne pollutants, including volatile organic compounds and small particles [246]. In
soil remediation, cellulose derivatives help immobilize heavy metals and other toxic
substances, preventing their leaching into groundwater and spreading contamination
[247]. In agriculture, cellulose derivatives enhance soil health and water retention.
Hydrogels made from cellulose can retain and slowly release water and nutrients
to plants, improving crop yields and reducing irrigation needs [248]. Additionally,
cellulose-based mulches and films protect soil from erosion and regulate soil tempera-
ture, promoting healthier plant growth [249].

Cellulose-based derivatives are also highly relevant in developing biodegradable
packaging materials, which are essential for reducing plastic waste. These materi-
als offer a sustainable alternative to conventional plastics, decomposing naturally
without leaving harmful residues. Cellulose-based films, coatings, and laminates
provide barrier properties against moisture, oxygen, and grease, extending the shelf
life of food products while being environmentally friendly [250-253]. This supports
the reduction of plastic pollution and promotes a circular economy.
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In the textile industry, cellulose fibers are used to create sustainable and biode-
gradable fabrics. Lyocell, for example, is known for its strength, breathability, and
eco-friendliness [254]. Produced through a closed-loop process that recycles solvents,
lyocell minimizes environmental impact. Such cellulose-based textiles help reduce the
dependence on synthetic fibers derived from non-renewable resources.

Another very interesting application is the development of flexible and light-
weight electronic devices [255]. By incorporating cellulose nanofibers into substrates,
researchers can create flexible displays and sensors [256]. There is also progress in
making cellulose conductive by blending it with materials like carbon nanotubes
or graphene, which could lead to the development of flexible, lightweight conduc-
tive films for various electronic uses [257]. Equally exciting is the use of cellulose in
paper-based electronics [258]. By engineering cellulose-based paper, scientists can
create low-cost, disposable devices such as sensors and RFID tags [256]. Furthermore,
cellulose is being explored in energy storage devices, such as supercapacitors and bat-
teries, due to its biodegradability and abundance, which offer a sustainable alternative
to traditional materials [259]. Cellulose films have also been successfully developed to
harvest energy via the development of novel triboelectric nanogenerators [260-262].

Similarly to cellulose, lignin acts as a plentiful renewable feedstock; as previ-
ously discussed, it is the primary natural source of aromatic monomers on Earth
[130]. Although some efforts have been made to increase lignin’s valorization, and
its introduction into a wide range of markets has been proposed, it is still regarded as
a by-product, being generally produced as a low value sub-product. This is the case
of lignin from spent pulping liquors and chemical liberation of wood fibers from
the pulp and paper industries, which are the main source of lignin for large scale use
[263]. Most of the nearly 70 million tons of lignin annually produced by pulp and
paper industries are wasted for heat generation [264], which clearly represents a
waste of resources. Usually, lignin from pulp and paper is considered of low-quality
due to its low molecular weight and the presence of contaminants, limiting its
application. While some applications, for example biomedical materials, will require
highly pure lignin extracts, low grade lignin can be applied in other cases such as the
development of composite materials or flocculants for wastewater treatment. Lignin
obtained from the paper industry could act, for example, as an inexpensive filler for
composite materials to change its properties and reduce the production costs.

Lignin has some intrinsic properties that are valuable for a wide range of applica-
tions. This includes its antimicrobial activity, its high ability to absorb UV light, and
its biocompatibility. The extraction of pure lignin could lead to valuable materials
for wound dressing [265-267], cosmetics [268-270], and drug delivery systems
[271,272].

As previously mentioned, lignin contains several functional groups, including
phenolic ~OH, methoxy, and carbonyl groups, which provide excellent UV absorp-
tion, making it an appealing material for UV filtering [273]. Some studies report
lignin’s ability to improve the sun protection factor (SPF) of commercial sunscreens
or moisturizing creams [274-278]. To overcome the potential marketing challenge
associated with the dark color of lignin, some studies have been conducted to extract
light-colored lignin in order to incorporate it in skin products [273, 279].

Light-colored lignin extracted from bamboo using choline chloride:glycerol:AlICl;
DES was tested for its application as sunscreen agent [279]. Its sunscreen protec-
tion was determined by mixing it with pure cream or commercial SPF 15 sunscreen.
While the pure cream only showed a SPF of 1.04, having almost no ability to absorb
UV radiation, the addition of lignin significantly improved its absorption with the
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increasing lignin loading, reaching a SPF of 5.11 for 5 wt.% lignin addition. A similar
trend was reported by Duy et al. [273] for sunscreens containing lignin extracted from
coconut husk. The size of the lignin particles incorporated in the formulation also
influences its ability to absorb UV light and confer sun protection; Girard et al. [280]
showed that reducing the particle size from the macro- to the nanoscale increases the
UV absorbance of a moisturizing cream containing similar lignin content.

In the biomedical field, lignin is considered an ecologically friendly and sustain-
able material with potential application for anti-aging, wound healing, biosensing,
or drug delivery [281]. Its application is motivated by its antioxidant activity which
results from its radical scavenging activity, and its excellent antimicrobial proper-
ties caused by the ability of the phenolic groups to damage and break bacterial cell
membrane [282].

Lignin nano-systems can be used to encapsulate pharmaceuticals and allow for
its targeted delivery to the desired cells by increasing the drugs stability to degrada-
tion. These delivery systems include lignin nanoparticles (LNPs), nano-capsules,
and hydro- or nanogels, in which the active ingredients can be added by inclusion,
adsorption, encapsulation, or chemical bonding [281]. The release of the drugs is
driven by external stimuli, such as changes in the pH of the medium. Lu et al. showed
the potential of LNPs to encapsulate ibuprofen (IBU) and increase its bioavailability
and therapeutic efficacy [283]. LNPs had hydrophobic cores and hydrophilic shells,
and IBU was encapsulated in the interior via hydrophobic interactions. The ampho-
teric nature of lignin contributed to the pH-sensitivity of the IBU-LNPs, making them
stable at acidic conditions characteristic of the stomach (release of IBU < 24%) and
promoting the release of IBU at neutral conditions of the intestine (release of IBU up
to 91%). In addition to reducing the irritation to the stomach, encapsulation of IBU in
LPNs also decreased its cytotoxicity.

The use of lignin for biomedical use is also motivated by the fact that lignin can act
simultaneously as a carrier and active ingredient. Reports show that lignin extracts
have remarkable potential to prevent diseases caused by the overproduction of
radicals, being a natural antioxidant and anti-cancer agents [284].

Lignin carriers were used to encapsulate other types of active ingredients, such
as benzazulene [285], curcumin [286, 287], resveratrol [288, 289], doxorubicin
[290, 291], among others. The potential of lignin as a carrier for drug delivery was
recently reviewed by Chaudhary and Sinha [292].

Flocculation is an essential step in wastewater treatment. Flocculants promote
particle aggregation and allow their removal by solid-liquid separation. Particle
aggregation occurs by different mechanisms, which depend on the flocculant type,
the nature of the material to be flocculated, and the conditions of the medium
[293]. The use of lignin as a natural flocculant has been proposed as an alternative to
non-sustainable agents currently used [294-298]. However, for an efficient floccula-
tion performance, lignin is usually modified to improve its hydrophilicity and water
solubility, following reactions, such as Mannich, sulfoalkylation, carboxylation,
briefly described in subsection 7 [297]. Wang et al. proposed the production of lignin
flocculants for dye removal from textile degumming black liquor waste [299]. At
optimal conditions, dye removal ranged from 89 to 96%. Mannich-functionalized
kraft lignin also showed remarkable results for flocculation of kaolin suspensions
and three different dyes [300]. Varying the modification degree of the derivatives,
its flocculation ability could be target for either removing kaolin or the dyes. Lignin
derivative with low substitution and high solubility showed the optimal character-
istics to remove 99.31% of kaolin by bridging mechanism, while highly charged and
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poorly soluble lignin derivative could remove more than 99.6% of dyes by charge
attraction.

9. Challenges, prospects and conclusions

As demonstrated in this chapter, the extraction and valorization of biomolecules
from agroforestry residues present several technical and economic challenges. On
the technical side, the complexity of the biomolecule extraction processes is a key
challenge. Biomolecules, such as polysaccharides, phenolics, and terpenes, are often
embedded in complex plant matrices, requiring sophisticated methods for their isola-
tion and purification. Conventional extraction techniques, like solvent extraction or
steam distillation, may lead to inefficiencies or degradation of bioactive compounds,
limiting their effectiveness. Advanced techniques, such as supercritical fluid extrac-
tion, enzymatic extraction, and membrane technologies, have emerged, offering
more efficient and sustainable alternatives. However, these methods often demand
significant capital investment in equipment, as well as expertise in optimizing param-
eters, such as pressure, temperature, and solvent composition, further hindering their
industrial application.

Economically, the scalability of extraction technologies is still a significant barrier.
While lab-scale extractions are feasible and often successful, the scaling-up transi-
tion implies challenges related to high operational costs and energy requirements.
Moreover, the availability and quality of raw materials are often inconsistent, particu-
larly in seasonal agroforestry feedstock, which can lead to fluctuations in production
efficiency and cost-effectiveness. To achieve economic viability, extraction processes
must be highly optimized and integrated into larger biorefinery operations that can
process various feedstocks, maximize yield, and minimize waste. Investment in
infrastructure, research, and development is critical to overcome these barriers and
making biomolecule extraction from agroforestry residues commercially viable.

The commercialization of biomolecules is heavily influenced by national and
international policy frameworks. In Portugal, as in many other countries, the
regulatory landscape for bioproducts derived from agroforestry residues is evolv-
ing. The European Union’s Green Deal and the Circular Economy Action Plan
provide important incentives for the development of bio-based industries, aiming
to reduce reliance on fossil-based resources. However, regulatory requirements
concerning product safety, environmental impact, and intellectual property can be
complex and difficult, particularly for small and medium-sized enterprises trying
to enter the biomolecule market. For example, biomolecule-based products, such
as nutraceuticals, cosmetics, or bio-based materials, must comply with rigorous
regulations set by agencies, such as the European Food Safety Authority (EFSA)
or the European Chemicals Agency (ECHA). These regulations often involve
expensive and time-consuming testing to ensure the safety and efficacy of new
bioproducts, which can delay market entry and raise costs. Additionally, the lack of
harmonized standards for biomolecule extraction, characterization, and certifica-
tion can further hinder commercialization efforts, as manufacturers face differing
national regulations within the European market. To facilitate the growth of the
bioeconomy, clearer, more supportive policy frameworks that streamline regula-
tory approval processes and incentivize innovation are needed.

Future research in biomolecule extraction and valorization is likely to focus on
improving extraction efficiencies and expanding the range of high-value compounds
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that can be isolated from agroforestry residues. As discussed in this chapter, one
emerging trend is the development of “green” extraction technologies, such as using
ionic liquids or deep eutectic solvents, which are considered more environmentally
friendly compared to traditional solvents. Research is also focusing on optimizing
biorefinery processes that integrate various extraction methods to maximize the yield
and purity of multiple biomolecules from a single biomass source, thus increasing the
economic viability of such operations.

Another important research direction involves the valorization of agroforestry
waste streams through the production of high-value bioproducts such as bioactive
compounds for pharmaceuticals, nutraceuticals, and bio-based materials. Advances
in biotechnology, including genetic engineering and metabolic pathway optimization,
are enabling the production of customized biomolecules with enhanced function-
alities. As discussed in this chapter, the use of machine learning and artificial intel-
ligence to optimize extraction processes and predict yields is also gaining traction,
offering new possibilities for reducing costs and increasing the efficiency of biomol-
ecule production.

Emerging trends in circular economy models will likely play a key role in the
future of biomolecule valorization. These models emphasize the reuse of agricul-
tural and forestry waste, creating a more sustainable production cycle and reducing
environmental impact. Collaboration between industries, research institutions, and
policymakers will be essential in driving these innovations forward and ensuring
their successful adoption in the marketplace.

Portugal has a rich agroforestry sector presenting vast potential for the extraction
and valorization of biomolecules. The diverse ecosystems, including cork oak forests,
olive groves, carob tree, vineyards, and pine forests, offer a wealth of renewable bio-
mass resources that could be employed for high-value biomolecules. The Portuguese
agroforestry sector is already a major contributor to the bioeconomy through the
production of cork, olive oil, and wood products, but its potential for producing bio-
based chemicals and materials remains largely unexplored. The key to unlocking this
potential lies in investing in research and infrastructure that can support the scaling
up of extraction technologies, as well as creating supportive regulatory frameworks
that reduce barriers to commercialization. By doing so, Portugal could position itself
as a leader in the bioeconomy, leveraging its abundant natural resources and innova-
tive capabilities to produce sustainable, high-value biomolecules for global markets.
The integration of advanced extraction technologies, coupled with clear policy sup-
port and continued research investment, will be crucial to unleash the full potential
of Portugal’s agroforestry sector for biomolecule extraction and valorization.
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Abstract

In this chapter, the use of biomass as a raw material for the biotechnological obtain-
ment of various products within the scope of biorefineries was considered, highlighting
the pretreatment of biomass as an essential step in the overall biomass conversion
process, as well as presenting those most used for this purpose, including physical and
chemical methods. Generalities about mathematical models of pretreatment processes,
what they consist of, and their applications were also reported. A comprehensive
description of hydrothermal pretreatment processes, their main characteristics, and
variables was provided. Different approaches to mathematical modeling of hydrother-
mal processes were analyzed, including (i) modeling based on mechanisms and kinetics;
(ii) modeling using the severity factor as a reaction coordinate that incorporates the
main variables that affect the hydrothermal process; (iii) modeling through the appli-
cation of statistical experimental designs and multiple linear regression to optimize the
hydrothermal process. Finally, data from the literature and our research group regard-
ing the application of the third modeling approach were presented and discussed.

Keywords: biorefinery, biomass hydrothermal pretreatment, mathematical models,
kinetics, optimization

1. Introduction

Lignocellulosic biomass can be considered a raw material for the obtainment of
bioproducts in the medium and long term, due to its low cost and high availability [1].
However, obtaining bioproducts from lignocellulosic materials is not as simple as
those generated from materials rich in sugar or starch. Furthermore, the lignocellu-
losic conversion involves other steps, including biomass pretreatment, which is con-
sidered a crucial step.

Several studies have been carried out on this step for different types of lignocellu-
losic waste, such as rice and wheat straw, sunflower stalks, and sugarcane bagasse
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[2-8]. However, the cost of some types of pretreatments and the low density of the
lignocellulosic material still make it uneconomical to obtain certain products,
especially those with lower added value.

Conceptually, a biorefinery is defined as the integration of biomass conversion
processes and equipment to obtain various bioproducts and energy. From an eco-
efficiency viewpoint, the biorefinery demonstrates better environmental perfor-
mance, mainly in the potential for global warming, due to CO, fixation during acid
fermentation [9].

Regardless of the use of the main fractions contained in the biomass, preliminary
processing is necessary to separate them, especially lignin, which can be considered
the most difficult physical barrier, represented by the fibers of these materials
cemented together. Separation of the main macromolecular components from bagasse
and straw, for example, could take part of this residue to the production of chemical
compounds such as sugars, alcohols, organic acids, furfural, phenols, and other
aromatic compounds, of greater economic value than that of raw biomass, which
could be obtained through chemical, biochemical, physical, or combinations between
them [10].

Therefore, pretreatment serves as the initial step in the biomass conversion pro-
cess. Its primary objective is to modify and remove components that impede access to
the substrate, thereby facilitating chemical or enzymatic reactions. As a consequence,
there is an increase in the hydrolysis yield and in the amount of fermentable sugars
and other intermediate substrates of interest. Studies have shown that pretreatment is
the most significant step, and decisive factor in making the technology for obtaining
products from biomass, this is because this step defines the yield and cost at which
cellulose and hemicellulose can be converted into bioproducts [11]. Furthermore, the
impact of pretreatment on the cost of the subsequent product recovery must also be
considered [10, 12].

Many pretreatment methods have been studied or are still being developed. It is
difficult to evaluate and compare pretreatment technologies due to various pre- and
post-processing costs, investment capital, recovery of chemical reagents, and waste
treatment systems [13]. However, as an integral part of an industrial system, the
biorefinery, a mass balance analysis can be used to validate the efficiency of a process
for a given raw material [12]. The methods of pretreatment depend on the material
used and the purpose of the use of lignocellulosic fractions, including physical, chem-
ical, physical-chemical, and biological methods.

Regarding the physical methods, the most used for bioproducts obtainment from
agroindustrial residues are combinations of methods such as grinding or chipping,
which reduce cellulose crystallinity and improve the efficiency of the downstream
process [14]. In addition to these methods, other physical pretreatments have been
widely studied such as hydrothermal, microwave irradiation, by ultrasound, pyroly-
sis, and extrusion. However, physical processes, in general, are very expensive and
require more energy inputs, and, thinking about a process on a high scale (commercial
production), would hardly be employed [13].

Regarding chemical and physical-chemical methods, there are several possibilities,
but, the most studied are generally those that involve the use of reagents such as
sodium hydroxide (to remove mostly lignin), perchloric, peracetic, sulfuric, phos-
phoric, and hydrochloric acids (mainly for hemicellulose removal), in addition to
organic solvents [13, 15]. However, the greater resistance that exists regarding the use
of these chemical reagents is the concern with the total cost of bioconversion of
cellulosic biomass [13], showing that among chemical treatments, pretreatment with
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diluted sulfuric acid is the most studied and the most popular. However, there are
other types that stand out, such as steam explosion treatment (catalyzed or not),
AFEX (ammonia fiber expansion/explosion), etc. [16].

The biological pretreatment method consists of the use of microorganisms such as
white, brown, and soft rot fungi for the decomposition of the cellulose complex,
releasing the cellulose for the stage subsequent to biomass conversion [14, 16, 17]. The
advantages of this pretreatment method are that it does not use chemical reagents and
low energy consumption since there is no need for large mechanical supports [11]. As
disadvantages are the low reaction rates and low yields, which prevents, in fact, the
implementation [11].

Hydrothermal pretreatment of lignocellulosic materials for bioproduct obtainment
has gained great prominence and importance in recent years [18]. Water under high
pressure and temperature can penetrate the biomass, hydrate the cellulose, and solu-
bilize the hemicellulose, in addition to removing part of the lignin. The primary
advantages of this treatment are its lack of chemical reagents and the elimination of
the need for corrosion-resistant materials in constructing the reactor used for hydro-
lysis. Another key advantage is that there is no need to reduce the size of the biomass
beforehand. Additionally, this method requires only a small amount of chemicals for
neutralizing the hydrolysate and produces less waste compared to other pretreatment
methods [19, 20]. The main objective of hydrothermal pretreatment is to solubilize
the hemicelluloses, making cellulose more accessible for enzymatic hydrolysis. Among
the macromolecular components of lignocellulosic materials, the hemicelluloses have
greater chemical and thermal sensitivity [21, 22] and therefore at high temperatures
(e.g. 180°C) under neutral conditions, initially, solubilization of hemicelluloses occurs
followed by small fractions of lignin [23, 24]. The principle of hydrothermal
pretreatment is based on the autoionization of water caused by high temperatures.
The formation of hydrogen ions from the autoionization of water promotes acidifica-
tion of the medium and induces the solubilization and hydrolysis of the acetyl groups
of hemicellulose. Acetic acid is a by-product of this reaction, which acts as a catalyst
for hydrolysis [25]. During the exothermic reaction of solubilization of hemicelluloses,
acids are formed, which self-catalyze the reaction of hydrolysis of hemicelluloses.

The economic impact of the pretreatment step on the entire biomass conversion
process (which can be up to a third of the total processing cost) has stimulated the
development of useful mathematical models for design and optimization purposes [26].

The most commonly developed models for the pretreatment processes are kinetic
models, assuming a first-order dependence of reaction rates on biomass components
and an Arrhenius-type relationship to describe the rate constants as a function of the
temperature [27]. Mathematical models of pretreatment processes are conceived
based on both experimental and literature data, aiming to identify the kinetic expres-
sions involved in the different reactions and incorporate them into mass balances to
quantify the consumed and generated amounts of the different participating compo-
nents [26]. Kinetics-based models are classified as appropriate for optimization stud-
ies because they have a superior ability to evaluate and interpret the effects of
independent variables on the pretreatment process [26].

The kinetic models must be as simple as possible to enable them to explain in a
satisfactory way the overall pretreatment process [26]. However, owing to the het-
erogeneous nature of the reactions involved, various alternative modeling approaches
for describing the behavior of the systems have been used, including severity factor,
Design of Experiments (DOE) coupled with multivariate linear regression, artificial
neural network, and fuzzy inference [27].
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Agroindustrial residues (sugarcane bagasse, wheat straw, rice straw, corn stover,
etc.) constitute the principal source of lignocellulosic biomass, which, in turn, is
mainly composed of cellulose, hemicellulose, and lignin. Cellulose is the main source
of fermentable sugars for ethanol production from biomass, being protected by a
network of lignin and hemicellulose, which requires an adequate pretreatment to
remove the protecting shield, making the cellulose more susceptible to enzymatic
digestion [28]. Hemicellulose is a polysaccharide composed of different types of
monosaccharides, including xylose, arabinose, galactose, and other compounds [28].

Autohydrolysis of biomass by a hydrothermal process with liquid hot water or
high-pressure steam is a preliminary step in the obtainment of hemicellulose and its
derivatives for the manufacture of materials and chemical products, being a very
complex reaction system whose kinetic study is an essential requisite to design ligno-
cellulose pretreatment reactors [28]. The distribution of products in autohydrolysis
strongly depends on the operating conditions of temperature and reaction time, mak-
ing it necessary to optimize these variables through mathematical models. Therefore,
it is necessary to understand the autohydrolysis mechanism and the associated
kinetics.

The objective of this chapter is to analyze some mathematical models of biomass
hydrothermal pretreatment processes, focusing on their general aspects and key
points, with a view to developing and optimizing technology for biomass
biorefineries.

2. Biomass hydrothermal pretreatment processes

To gain a comprehensive understanding of the biomass hydrothermal
pretreatment process, it is crucial to examine the chemical structure of hemicellulose
in detail. Hemicellulose, a complex carbohydrate that forms a significant component
of plant cell walls, plays a vital role in the overall composition and behavior of
lignocellulosic biomass. By analyzing its unique chemical structure, it is possible to
elucidate how hemicellulose interacts with other biopolymers, such as cellulose and
lignin, during the pretreatment step. This knowledge can help optimize the hydro-
thermal process, ultimately improving the efficiency of biomass conversion into valu-
able bioproducts. In the next subsection, the chemical structure of hemicellulose in
lignocellulosic biomass will be discussed, emphasizing its primary component, the
xylan backbone.

2.1 Chemical structure of hemicellulose

The hemicellulose from hardwoods and grasses consists of homopolymers known
as arabinoxylan, as it has a main chain composed of anhydroxylose units (Figure 1).

Arabinoxylan is entirely amorphous and contains side groups (arabinose, acetic
acid, and methyl glucuronic acid) along its main chain (Figure 1). The degree of
polymerization of arabinoxylan ranges between 100 and 200 units, and it is situated
within a matrix of cellulose and lignin in the plant cell wall, forming a lignin-
carbohydrate complex. Although arabinoxylan is more easily degradable than cellu-
lose, it still provides significant resistance due to its complex structural network
[29-31].

The main chemical bonds between lignin and arabinoxylan molecules in hard-
woods are illustrated in Figure 2.
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Figure 1.

Molecular structure of L-arabino-D-xylan, the main hemicellulose component of hardwoods and grasses (source:
own authors).
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Figure 2.
Diagram illustrating phenolic glycosidic ester and benzyl ether and ester bonds vesidues attached to lignin (source:
own authors).

The presence of these bonds has been confirmed in the lignin-carbohydrate com-
plex isolated from pine wood (coniferous wood) using two-dimensional nuclear mag-
netic resonance (2D-NMR). Figure 2 depicts an ester phenolic glycosidic, ester, and
ether benzyl bonds to lignin, respectively. In the case of the phenolic glycosidic bond,
the corresponding area in the spectrum was integrated, indicating that this bond is
present at approximately 8 units per 100 Co units of lignin, making it the most
frequent bond [29, 31, 32].

The primary chemical bonds between lignin and arabinoxylan molecules in grasses
are illustrated in Figure 3.

In grasses, lignin is connected to xylan through ferulic and p-coumaric acids,
which are phenolic acids linked at the C5 position of an arabinose molecule via an ester
bond. Arabinose is coupled to xylan through an ether-type linkage (arabinose group).
Additionally, lignin is connected to phenolic acids via propanoic chains at the a-
carbon, primarily through ether-type bonds. The phenolic acids are attached to lignin
through radical processes; however, ferulic and p-coumaric acids are coupled only to
monomers (coniferol and sinapyl alcohols) and not lignin oligomers. The primary
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Figure 3.
Diagram illustrating ferulate vesidues attached to lignin (source: own authors).

function of these acids is to act as nucleation points during the biosynthesis of lignin in
grasses [29, 33, 34]. Sugarcane bagasse contains approximately 1.7% ferulic acid and
7% p-coumaric acid (% dry weight) [35].

2.2 Hydrothermal pretreatment

Hydrothermal pretreatment is a technology in which lignocellulosic materials,
particularly hardwoods and grasses, are treated with water at high temperatures
(between 140 and 220°C) and pressures (ranging from 5 to 20 kgf.cmfz), under a
specific mass load or consistency (the ratio of water to the dry weight of lignocellu-
losic biomass), promoting the deconstruction of the lignocellulosic material
(Figure 4).

Hydrothermal pretreatment is an efficient and environmentally sustainable tech-
nique for preparing lignocellulosic biomass to obtain various bioproducts. It stands out
by not requiring additional chemicals, simplifying the process, and reducing opera-
tional costs, while also avoiding equipment corrosion [36]. However, this method
requires high temperatures which can result in the formation of compounds that
inhibit biotechnological processes [37].

The hydrothermal pretreatment process lowers the pH of the reaction medium due
to the release of acetic acid from the side chains of arabinoxylan (Figure 1). Moreover,
at higher temperatures (150-230°C), the hydrogen bonds in water weaken, resulting
in its autoionization into hydronium ions (H30"), which act as catalysts and further
reduce the pH of the medium. This pH decrease promotes the hydrolysis and partial
solubilization of the hemicellulose fraction, like what occurs in dilute acid
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Figure 4.
Model of lignocellulosic material deconstruction after hydrothermal pretreatment application (source: own
authors).

pretreatment, but to a lesser extent, thereby preserving the cellulose fraction and
resulting in pulp recovery yields of 80-90% [36].

The main fraction of lignocellulosic materials (hardwoods and grasses) hydrolyzed
during hydrothermal pretreatment is arabinoxylan because it is the most susceptible
of the three major components of the cell wall (Figures 1-3). This pretreatment is
more selective in the hydrolysis of this polysaccharide [31, 38-42]. Hemicellulose
degradation occurs in three main stages. Initially, reactions occur on the surface of the
material, resulting in the formation of primary products (high molecular weight
oligosaccharides). These are subsequently broken down into xylooligosaccharides
(XOS) (low molecular weight oligosaccharides) and, eventually, xylose (Figure 4).
Additionally, methyl glucuronic and acetic acids are released due to the cleavage of
ether and ester bonds, respectively (Figure 1). Under more severe conditions of
temperature and time, XOS can be hydrolyzed to xylose, which, in acidic environ-
ments and at high temperatures, can be dehydrated to furfural and further oxidized to
formic acid [37, 43, 44]. The efficiency of pretreatment can be enhanced by optimiz-
ing reaction conditions (temperature, time, and consistency), aiming to minimize the
formation of inhibitory compounds for biotechnological processes and/or maximize
the formation of XOS [36, 43, 44], which have prebiotic potential and various indus-
trial applications.

Hydrothermal pretreatment is a technically viable option for producing XOS (sol-
uble hemicellulose fraction). Additionally, within the biorefinery concept, the recov-
ered pulp (insoluble fraction rich in cellulose and lignin) after hydrothermal
pretreatment can be enzymatically hydrolyzed by cellulases, resulting in a cellulosic
hydrolysate (soluble fraction), i.e., can be converted into bioethanol. This is particu-
larly effective when combined with other techniques, such as ensiling, which can
increase sugar recovery and improve ethanol yields by up to 10%. Lastly, the final
residue recovered from the enzymatic hydrolysis step (insoluble fraction) can be
refined to obtain technical lignin, which can be used for the formulation of chemicals,
adhesives, and carbon fibers, among other applications [36, 43, 44].

In studies conducted by our research group, the optimized conditions for time,
temperature, and mass load or consistency for hydrothermal pretreatment to produce
XOS from sugarcane bagasse, straw, and wood by-products were 75.3 min at 161.98°C
with 10% (w/v) consistency, 64.9 min at 177.25°C with 10% (w/v) consistency, and
65 min at 161°C with 10% (w/v) consistency, respectively [43, 44]. Under these
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optimized conditions, XOS yields were 74.9, 59.5, and 42.6%, respectively, resulting in
the production of 53.3, 96.3, and 60.0 mg of XOS per gram of dry by-product. These
results were confirmed through mass balance data, considering that the remaining
pulp mass represents the hemicellulosic fraction not converted into bioproducts. This
unconverted fraction was added to the components quantified in the hemicellulosic
hydrolysate, completing the recovered mass, with the observed differences
representing unquantified components.

3. Mathematical modeling of biomass hydrothermal pretreatment
processes

In this section, some approaches commonly employed for mathematical modeling
of biomass hydrothermal pretreatment processes are presented.

3.1 Mathematical modeling based on mechanisms and kinetics

The autohydrolysis of hemicelluloses has aroused great interest, and kinetic models
based on different reaction schemes can be found in the literature [45]. In addition to
raw materials, the main variables investigated in autohydrolysis processes are tem-
perature, time, particle size, solid-to-liquid ratio, and pH [46].

A common modeling approach is to use formal kinetics to represent system
behavior according to reaction mechanisms established from experimental data [45].
Generally, a sequence of consecutive hydrolytic reactions is considered, including
[45]: hydrolysis of hemicellulose in the solid biomass to soluble oligomers, which are
subsequently depolymerized in the liquid phase to monosaccharides, including those
of six-carbon, which, in turn, are degraded to hydroxymethylfurfural (HMF). Xylose
and arabinose are also dehydrated to furfural. Finally, furfural and HMF are con-
densed and degraded into other products. Such reactions are initiated by the hydro-
nium ion resulting from the autoionization of water and are further accelerated by the
generation of free uronic acids from the hydrolysis of the uronic and acetyl groups in
hemicellulose [45].

Although most of the proposed mathematical models are based on the classical
Saeman’s model, which was developed for dilute acid hydrolysis of cellulose and
hemicellulose, this model was used to describe the pretreatment of sugarcane bagasse
with liquid hot water, considering the following pseudo-homogeneous, series-parallel,
irreversible, and first-order reactions [26]:

’ ’

k k
Cellulose — Glucose — Degradation Products (DP) 1)
Hemicellulose — Monomers — Degradation Products (DP) 2)

Saeman’s model can be applied to other polysaccharides, as follows:

Polymer (P) ¥, Monomer (M) hct Degradation Products (DP) (3)

According to Egs. (1)-(3), the polymers (P) (e.g., glucan, xylan, araban, or
galactan) contained in the initial biomass are converted into monomers (M) (e.g.
glucose, xylose, arabinose, or galactose) which, in turn, are subsequently converted
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Mass balance Analytical solution

4L — kP P = Poe kit

’%4 = k1P — koM M = (k]zlfﬁl) (e’klt - e’kzt)

dDP __ _ P - -

AP = M DP = "% k2 (1 —e7™17) — kg (1 — e7%7)]
Table 1.

Mass balance equations and analytical solutions for the generalized Saeman’s model.

into degradation products (DP) (including, HMF from glucose or galactose, and
furfural from xylose or arabinose) [26]. When mass balances of these species are made
in batch systems and kinetic expressions are introduced, it obtains the ordinary
differential equations and respective analytical solutions presented in Table 1, for
initial conditions P(0) = Py, M(0) = 0, and DP(0) = 0 [26].

In Eq. (3), k and k, represent the kinetic constants for the formation and decom-
position first-order reactions of the monomer, respectively, which are temperature
dependent (T) according to the well-known Arrhenius law, given in the generalized
form by Eq. (4) [26]:

ki = Aje Ea/(RT) o4 — 1,2 (4)

In Eq. (4), k; is the first-order kinetic constant, A; is the pre-exponential factor,
Ea; is the activation energy, all regarding i-reaction, R is the universal gas constant,
and T is the absolute temperature.

As autohydrolysis is a hydrolytic process catalyzed by protons, it is interesting to
understand how the evolution of proton concentration occurs during the process,
allowing to evaluate the acid level effect on the reaction rates [47]. In this sense, a
minor modification in Eq. (4) is proposed in the literature aiming to explicit this effect
on the kinetic constants, according to Eq. (5) [47]:

ki = A B/ RTf (¢ [H)); 0= 1,2 (5)

In Eq. (5), the function f (¢, [H"]) represents the dynamic behavior of the hydro-
nium ion concentration, which, for autohydrolysis processes, has been determined
empirically in the literature to be of the form of Eq. (6), where 2 and b are empirical
constants. Other authors prefer to consider this effect as constant, already implicitly
incorporated into the pre-exponential factor, defined in Eq. (4).

f(&,[H]) =a+bt (6)

An important improvement in Saeman’s model was to consider the existence of
two hemicellulose fractions separated into two distinct regions in the solid phase: a
more susceptible or fast fraction (easy to hydrolyze) and a less susceptible or slow
fraction (difficult to hydrolyze), resulting in the so-called “two-phase model” [26, 47,
48]. Thus, based on these premises, a more realistic reaction scheme for the hydrolysis
of hemicellulose is represented by:

. kg
Fast hemicellulose = }Monomer (M) hct Degradation Products (DP) @

Slow hemicellulose b
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The main situations for which the use of the two-phase model is indicated are the
following [26]: (i) limitations on the mass and energy transfer rates (higher for larger
particle size and lower water-solid ratios); (ii) existence of distinct hemicellulose
fractions with specific reactivities due to the structure, accessibility, and other factors;
(iii) occurrence of uronic acid, which has less reactivity than xylose, reducing the
solubilization rate of hemicelluloses; (iv) difference in the reaction rate of the fraction
combined with lignina; (v) variations in the contact interfacial area between water
and hemicelluloses during the reaction.

The fraction of fast hydrolysis is quantified by the parameter a (0 < a < 1), which
represents the ratio between the mass of this fraction and the total mass of the two
fractions. Therefore, the parameter « must be inserted as a multiplicative factor in the
second member of Eq. (8) for DP in Table 1 to better describe the monomer forma-
tion during the hydrolysis of hemicelluloses [26, 48].

A simple alternative formulation of the two-phase model considers two solid
species of hemicelluloses (fast and slow) denoted as X;(s), which hydrolyze following
first-order kinetics (r; = k; X;) to form a set of soluble products, X(aq), that are
susceptible to subsequent hydrolysis or decomposition reactions, as represented in
Eq. (8) [47].

H',r

Xi(s) — X(aq) (8)

Approaches based on this formulation can be found to describe the formation of
oligomeric intermediates once that oligosaccharides are important as intermediates
or substrates [47]. Thus, other models assume that there are two fractions of oligo-
mers in the medium, with most studies focusing on xylan-rich biomass as the pre-
dominant hemicellulose [45]. Xylan is a polymer with side chains to which arabinose,
acetyl groups, and uronic acids are linked. Generally, for mathematical modeling
purposes, xylan has a simplified definition, being the total pentose content in the
product fractions, without considering the composition of the original xylan and
the variations both in the composition of that which remains in the solid phase and in
the composition of the xylo-oligomers throughout hydrolysis [45]. From this view-
point, a detailed mathematical model, accounting for variations in the compositions of
xylan (Xy) and xylo-oligomers, was developed based on the following reaction
scheme [45]:

% Acetic acid (ACE)

ky
Xyl
y k—> Xylan oligomers (XO) e Xylose (XYL) LY s
Xy2 = Furfural (FUR) = DP

% Arabinose (ARA) b,
9

According to this scheme, the model assumes that there is no direct formation of
monomers (such as xylose, arabinose, and acetic acid), which are obtained exclusively
from the oligomers formed by the hydrolysis of the two xylan fractions [45]. The mass
balance equations of the model are given by Egs. (10)—(18), in which C; represents the
concentration of component j defined as a percentage of the initial mass of xylan that
was transformed into component j, and the average composition of the oligomers is
represented by xxo _ xvL,» ¥x0-aRA> and Xx0_acE, Which are the mass fractions of
anhydroxylose, anhydroarabinose, and acetyl, respectively, in the oligomers.
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Cxy = Cxy1 + Cxy2 (10)

dCXyl
- —k1Cxy1 (11)

dCxy»
= —k,C 12
dl’ 1%-Xy2 ( )

dacC
dfo = k1Cxy1 + k2Cxy2 — (k3xxo-xyL + ReXx0-arA + RgXx0-acE) Cx0 (13)
dcC
d);YL = k3xx0-xy1.Cxo — k4CxyL (14)
dcC
d};RA = kexx0-arA Cx0 — k7CARA (15)
dcC
% = kgxx0-ace Cxo (16)
t
dcC

dFtUR = k4CxyL + k7Cara — ksCrur (17)

dCpp

= 1

It ksCrur (18)

Since average composition of the xylo-oligomers (xxo_xyL, ¥x0-arRa> a1d Xx0_ACE)
varies with time, Eq. (13) must be substituted by Egs. (19)-(22), which are the mass
balances for anhydrous xylose, arabinose, and acetyl in the oligomers [45]:

Cxo = CxoxvL + Cxo-ara + Cxo-AcE (19)
dC;;% = k1xxy1-xYLCxy1 + k2Xxy2xvLCxy2 — k3xx0-x7L.Cx0 (20)
% = k1xxy1-ARACxy1 + k2Xxy2.aRA Cxy2 — keXx0-aRACxXO (21)
% = k1xxy1-AcECxy1 + R2Xxy2-AcECxy2 — ksXx0-acECx0 (22)

The average composition of the oligomers is calculated as mass fractions, based on
the following equations [45]:

Xx0 B Cxo-xyL (23)
XO-XYL =
Cxo-xyL + Cxo-ara + Cxo-AcE
Cxo0-ARA
XXO-ARA = (24)
XO-ARA ™ CroxyL + Cxo-ara + Cxo-ace
Cxo.
XXO-ACE = XO-ACE (25)

Cxo-xyL + Cxo-ara + Cxo-AcE

Considering that k; = k;(T(t)), the system of equations can be solved by
numerical methods since the initial conditions and the temperature temporal profile
are known.

Another interesting mathematical model was proposed in the literature to describe
a hydrothermal pretreatment process of lignocellulosic biomass in a large-scale
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continuous thermal reactor, based on a complex conversion mechanism presented as
follows [49]:

Acetyls — Organic acids

Arabinan — Arabinose — Furfural

Cellulose — Glucose — 5 — HMF

— Furfural
Xylan — Xylo — oligomers — Xylose
— Other degradation products (26)
Xylo — oligomers
Xylose Furfural
Carbohydrates + — Pseudo — lignin
Arabinose 5 — HMF
Glucose

According to this mechanism, cellulose is partially hydrolyzed to glucose, which is
subsequently degraded to 5-HMF. Arabinan is completely converted into arabinose. The
xylan-to-xylose conversion step has xylo-oligomers as an intermediate product, and the
prediction of these compounds is important since they act as very strong inhibitors in
biotechnological processes (enzymatic and fermentative) together with xylose. The pen-
toses (arabinose and xylose), in turn, are further decomposed into furfural and other
degradation products. Carbohydrates (xylo-oligomers, xylose, arabinose, and glucose)
react with furfural and 5-HMF to form spherical droplets with a structure similar to lignin,
also called pseudo-lignin, which can deactivate enzymes in a subsequent process. Furfural
and 5-HMF are important compounds to predict due to their inhibition effects on fer-
mentations, while organic acids alter the pH of sequential enzymatic hydrolysis processes.

The reaction rates, relating to the proposed mechanism, are described by the
following first-order equations, in which k; = &;(T(¢)) [49]:

* Rate of glucose production rate (rg): g = kgCc(s), Cc(s) = cellulose
concentration in the solid phase;

* Rate of glucose degradation rate to 5-HMF (ry): ry = kuCg, Cg = glucose
concentration in the liquid phase;

* Rate of arabinan hydrolysis to form arabinose (r4): 7s = koCa(s),
Ca(s) = arabinan concentration in the solid phase;

* Rate of xylan degradation to produce xylo-oligomers (rxo): xo = kxoCx(s),
Cx(s) = xylana concentration in the solid phase;

* Rate of xylo-oligomers decomposition to produce xylose (rxyr): rxvr = kxyL.Cxo»
Cxo = xylo-oligomers concentration;

* Rate of furfural production from pentoses (rg): g = kgCp, Cp = concentration of
pentoses (arabinose and xylose) in the liquid phase;

* Rate of pseudo-lignin formation from reaction of carbohydrates with furfural and
5-HMF (r): 7, = k.Ccpu Ccpu(Cr+ Cu), Ccpu = concentration of carbohydrates
(xylo-oligomers, xylose, arabinose, and glucose), Cy = concentration of 5-HMF.
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3.2 Mathematical modeling based on severity factor

Pretreatment is the main step in biomass fractionation, since the yield and struc-
ture of the products obtained strongly depend on the treatment conditions [50]. Thus,
it is important to correlate the chemical modifications of the removed compounds and
the process operational variables (e.g. temperature and time) in order to determine
the ideal conditions for obtaining the target lignocellulosic products [50]. The inten-
sity of pretreatment is expressed by the severity factor, which describes the combined
effect of temperature and time on the material, resulting in different pretreatment
conditions [51]. By increasing the pretreatment severity factor, the released hexoses
and pentoses can still be degraded to furfural and hydroxymethylfurfural, which are
degraded into levulinic and formic acid, respectively, and can act as inhibitors in the
steps of enzymatic hydrolysis and fermentation [52].

The origin of combining temperature and reaction time into a single factor
emerged during the establishment of kinetic models for kraft pulping processes and
has been considered the key point of process control schemes [27]. Therefore, the
severity factor has been widely used to facilitate the optimization and control of
biomass hydrothermal pretreatment processes [53].

Mathematical models have been developed to better understand the kinetics of the
autohydrolysis process and to determine optimal operating conditions to increase
reaction rates and yields with minimal energy consumption. Specifically, the use of
the severity factor allows us to compare different experimental data on the yield of
mono- and oligosaccharides, lignin, and pH, as well as predict such variables as a
function of a combination of processing temperature and reaction time [54].

In addition, the severity factor is an appropriate tool that can be used to interpret
and analyze experimental data, allowing a rapid and comprehensive understanding of
the reaction mechanisms involved in the biomass hydrothermal pretreatment pro-
cesses, and thus contributing to the design of reactors where such processes are
carried out [55].

Conceptually, the severity factor, denoted by Sy, is defined by Egs. (27) and (28)
[44, 51, 55]:

3 constant T
o T(t) — Tret H o T — Tret
Ry = J exp (W) dt Ro =texp 1475 (27)
0
So = loglO(Ro) (28)

In Eq. (28), t is the reaction time (min), T is the temperature (°C), Ty is the
reference temperature (Tyer = 100°C), and 14.75 is an empirical constant related to the
activation energy, assuming pseudo-first-order kinetics.

By inserting Eq. (27) into Eq. (28) and developing the result, Eq. (29) is obtained,
which shows that the severity factor has a linear dependence on the temperature:

So = log () + 0.0294T — 2.94 (29)

Eq. (29) provides a quantitative measure of how the severity factor is affected by
the two main operating variables (temperature and time). Using equations derived
from Eq. (29), some important results can be predicted, such as [55]: (i) severity
factor drops rapidly as residence time increases; (ii) for a given temperature, there is a
corresponding residence time that results in the same severity factor; (iii) for a
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constant severity factor, a ten-degree increase in temperature reduces the residence
time by half.

Although there is a modified equation in the literature that also considers the
influence of pH on the severity factor, for hydrothermal processes, temperature and
time are the most relevant variables, making the mentioned equation rarely used.

3.3 Mathematical modeling based on statistical experimental design and multiple
linear regression theory

Statistical techniques, including Design of Experiments (DOE) and Response Sur-
face Methodology (RSM), have been successfully used for mathematical modeling and
optimization of autohydrolysis processes. Commonly investigated independent vari-
ables are reaction time, temperature, and sometimes solid-to-liquid ratio, also known
as consistency [43, 44, 56].

Depending on the type of experimental design adopted, linear or quadratic models
can be built. However, if the objective is to optimize the system, a quadratic model is
necessary. In this case, the most usual experimental design is the Composite Central
Rotational Design (CCRD), which is a wide experimental design that allows to obtain
a more comprehensive knowledge on the response variable behavior [56]. In addition,
it provides sufficient experimental data and degrees of freedom to fit a quadratic
model on the significant independent variables [43, 44].

By applying a CCRD to investigate the effects of three independent variables on a
system response variable, the full second-order polynomial mathematical model
corresponding to this design is given by Eq. (30) [57]:

Y =bo +b1X1 + buXi + bXo + bnX; + b3X3 + b3sX5 + bX1Xo + bi3X1X3 + bnXoXs
(30)

In Eq. (30), Y is a specific response variable of the hydrothermal process, b is the
vector of the model coefficients (determined by multiple linear regression), X; repre-
sents the independent variable i (coded level), and X;Xj is the interaction term
between variables i and j.

The statistical analysis of the experimental data obtained in the experimental
design will reveal which terms of the mathematical model are statistically significant.
In practice, mathematical models do not contain all the terms presented in Eq. (30)
due to the lack of statistical significance of some of them.

The presence of quadratic terms in the mathematical model allows that, in a
subsequent step, the levels of the independent variables to be determined by RSM,
aiming at the optimization of the response variable.

A CCRD was used in conjunction with the RSM to investigate the influence of time
and temperature on the glucose and sucrose yields, obtained in an autohydrolysis
process of lignocellulosic materials, keeping the solid-liquid ratio fixed, to optimize
the extraction of these sugars aiming at the production of ethanol through fermenta-
tion [56]. The time was investigated at two levels: 5 and 30 min, while the temperature
was investigated at three: 121, 150, and 180°C, to evaluate the effects of this variable in
a wide range of practicable autohydrolysis conditions. The Response Surface Method-
ology (RSM) was used to optimize the autohydrolysis process, finding the highest
concentrations of glucose and sucrose for a temperature of 150°C and a reaction time
of 15 min.
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The production of xylo-oligosaccharides (XOS) through the hydrothermal
pretreatment of by-products of the pulp industry (wood residues) was carried
out by using a CCRD, followed by the application of RSM for process optimization
[44]. The investigated variables were temperature (126.4; 140.0; 160.0; 180.0; 193.6°
C), reaction time (9.6; 30.0; 60.0; 90.0; 110.4 min), and consistency (1.6; 5.0; 10.0;
15.0; 18.4%). These values correspond to the levels of the variables in the
experiments of the factorial block, in the replicates at the central point, and in the
experiments at the axial points, which were established based on data from hydro-
thermal pretreatment processes for the production of XOS from different
agroindustrial residues [44]. The by-product was divided into two fractions: the first,
denominated of original by-product (OB), and the second, consisted of the by-
product milled and extracted, denominated of extracted-milled by-product (EMB)
[44]. The statistical significance of the model coefficients was then analyzed and the
final equations describing the production of XOS for the two by-product fractions
were [56]:

XO0S = bg + b1 X1+ b2X12 + b3X2 +b4X22 + b5X3 + b6X32 (OB) (31)
XOS=bo+b1X1+b2X:2+b3X,+b 4X5" (EMB) (32)

In Egs. (31) and (32), the values of the coefficients are, respectively:

* bo = 42.392, by = 0.1415, b, = —13.9786, b3 = 2.931, b, = —8.9016, b5 = 0.0025,
bs = —4.5688

o bo=450279,b1=0.6961, b, = 16.9541, b 5 = 2.4383, b ", = —10.3935

The subsequent step was to determine, by RSM, the values of the independent
variables that maximized the production of XOS (optimization), obtaining the data
presented in Table 2 [44].

For the purpose of validating the mathematical models, additional experiments
were carried out under the previously optimized conditions and the results obtained
were compared to those predicted by the models, as shown in Table 3, verifying good
agreement [44].

By-product Coded values*

X3 (=) X5 (=) X5(-)
OB 0.005061 0.164635 0.000272
EMB 0.0213 0.1173 0

Actual values

T (°C) t (min) C (%)
OB 161.0 65.0 10.0
EMB 160.4 63.5 10.0

X; = (T-160)/20; X5 = (£-60)/30; X5 = (C-10)/5.

Table 2.
Coded and real values of the independent variables that optimize hydrothermal pretreatment of wood by-products
aiming to maximize XOS production.
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Independent variables Xylan conversion into XOS
By-product T t C Predicted Experimental
(°C) (min) (%) (%) (%)
0B-0OC’ 161.0 65.0 10 426 423
EMB-OC” 160.4 633 10 451 435

"OB-OC: original by-product subjected to hydrothermal pretreatment under optimized conditions.” EMB-OC: extracted-
milled by-product subjected to hydrothermal pretreatment under optimized conditions.

Table 3.
Predicted and experimental values of xylan conversion to XOS under the optimized conditions of hydrothermal

pretreatment of wood by-products (data presented are in percentage, i.e. gram of products per 100 grams of xylan
from the by-product, dry weight).

By-product Model equations and coefficients

SB XOS =bo + b1Xq + boXe? + b3Xs + buX5*
bo = 23.99560; b, = 1.35649; b, = —6.82656; b3 = 2.72656; b, = —2.66513

SS XO0S = b’ + b’1X1 + boX1% + b3 + baX?
b’ = 36.77311; b’y = 9.71410; b’, = —5.62845; b’ = 2.03623; b’y = —6.28371

Table 4.
Equations and coefficients of the mathematical models developed for the hydrothermal pretreatment of sugarcane
by-products.

Independent variables Xylan conversion into XOS
By-product T t C Predicted Experimental
(°C) (min) (%) (%) (%)
SB 161.98 75.34 10.00 24.76 24.75
SS 177.25 64.86 10.00 41.13 45.34

Table 5.
Data regarding the optimization of the hydrothermal pretreatment of sugarcane by-products and validation of the
respective mathematical models.

In a very similar study, also using CCRD and RSM, the optimization of hydrother-
mal pretreatment of two sugarcane by-products, bagasse (SB) and straw (SS), was
carried out for the production of XOS [43]. The independent variables were those
from the previously reported study, i.e. temperature, reaction time, and consistency,
which were also investigated at the same levels as in the other study [44]. The
mathematical models developed, as well as the values of their respective coefficients,
are presented in Table 4 [43].

Subsequently, RSM was applied to determine the optimal conditions for the
hydrothermal pretreatment. Experiments under such conditions were carried out and
the results obtained were compared to the predictions of the mathematical models to
validate them, obtaining the data presented in Table 5, which show excellent agree-
ment for SB and reasonable for the SS by-product [43].
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4. Conclusion

Lignocellulosic biomass is a renewable source of raw material that can be fraction-
ated into intermediate products of industrial interest. Lignocellulosic fractionation is
the main objective of a biomass refinery, consisting of separating the main polymers
that form biomass (i.e., cellulose, hemicellulose, and lignin) and processing them
further into profitable final products.

Hydrothermal pretreatment of lignocellulosic biomass is an economical method for
second-generation biorefineries and, therefore, has been commercialized on a large
scale, being conducted in large horizontal thermal reactors and pressurized, with hot
liquid water or steam as forms of heating. This treatment method is considered
simpler and less expensive, which can significantly reduce the costs of production.
Autohydrolysis, as well as other pretreatment methods, aims to obtain hemicellulose
and its derivatives for the manufacture of materials and chemical products. The
successful ability of autohydrolysis processes to improve the selective depolymeriza-
tion of cellulose and hemicellulose is well known, making it a viable alternative to the
conventional acid hydrolysis method. Furthermore, it allows for less generation of
unwanted by-products and a significant reduction in operating costs, as the neutrali-
zation step could be eliminated.

In developing kinetic models to describe pretreatment processes, the influence of
pretreatment conditions, including temperature, chemical concentration, pH, and
residence time, as well as the interactions between lignin and carbohydrates on the
reaction rates, needs to be taken into account. Regarding temperature, in general, it
was found that kinetic models based on the Arrhenius relationship are adequate to
accurately describe the effect of this variable on hemicellulose hydrolysis.

Mathematical models have been developed to better understand the kinetics of the
autohydrolysis process, as well as to find optimal operating conditions to increase
reaction rates and yields with minimal energy consumption. The literature on the
kinetics of hemicellulose removal is extensive, however, mathematical models are
generally built upon the classical approach used for dilute acid hydrolysis of cellulose.
Pretreatment hydrothermal is a very complex reaction system, whose full mechanisms
still need to be elucidated. Therefore, understanding such mechanisms through the
use of chemical kinetics principles is of great importance for the applications of
hemicellulose. Furthermore, a deeper understanding of pretreatment mechanisms is
useful in building robust models that are appropriate for a wide range of pretreatment
conditions.

The severity factor is a parameter that incorporates all pretreatment conditions,
which can be integrated into kinetic or empirical models to minimize the necessary
efforts in process optimization. It was shown that the severity factor is an appropriate
parameter to describe the residence time and temperature combination that results in
a maximum yield of the desired intermediate product. Thus, this parameter quantifies
the combined effects of temperature and time on the transformation of biomass,
ensuring that the desired modifications in the structure of the biomass are obtained
and allowing the development of the reactor design with a certain speed.

Finally, from the cases studied, the usefulness and effectiveness of experimental
design tools for data interpretation, mathematical modeling, and optimization of
biomass hydrothermal pretreatment processes were successfully demonstrated.
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