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Preface 

In an era defined by mounting environmental pressures and resource limitations, the 
concept of a circular bioeconomy has emerged as a vital pathway toward sustainable 
development. This book brings together interdisciplinary research and innovative 
practices that embody the core principles of the circular bioeconomy; reducing waste, 
maximizing resource efficiency, and fostering a regenerative industrial system. 

The volume opens with the Introductory Chapter, which frames the circular bio-
economy as a bridge between ecological integrity, economic growth, and societal 
wellbeing, crucial pillars for building a sustainable future. 

Subsequent chapters delve into practical and emerging applications that demonstrate 
the real-world impact of bioeconomic strategies. For instance, Chapter 2 examines 
how agricultural and industrial residues can be repurposed as valuable inputs for new 
processes and products, thereby reducing environmental burdens while generating 
economic value. 

The third chapter examines the complex interactions of microplastics in the environ-
ment and their implications for ecosystem health and circularity, providing insights 
critical to pollution mitigation and policy development. The fourth chapter presents 
strategies for optimizing renewable fuels through tailored pre-treatment methods, 
enhancing their compatibility with advanced combustion technologies and contribut-
ing to cleaner, more efficient energy production. This provides an important basis 
for the last chapter entitled “Fungi for Bioeconomy: Possibilities and Perspectives”, 
which explores the untapped potential of fungal systems within the bioeconomy. 
From enzyme production and bioremediation to novel biomaterials, fungi represent 
a promising frontier for sustainable innovation. 

Collectively, the chapters in this book offer a comprehensive and forward-looking 
perspective on how science, technology, and policy can converge to enable a more 
sustainable, resilient, and circular world. We hope this work will inspire researchers, 
practitioners, and policymakers to accelerate the transition to a circular bioeconomy 
and to collaborate across disciplines and sectors to achieve shared sustainability goals. 

Abdelfatah Abomohra and Dr. Dieter Hanelt 
University of Hamburg, 

Hamburg, Germany 
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Chapter 1

Introductory Chapter: Advancing 
Sustainable Development through 
Circular Bioeconomy
Mostafa Elshobary, Abdelfatah Abomohra and Dieter Hanelt

1. �Introduction

Nowadays, humanity faces an unprecedented confluence of ecological crises
that deeply question human connection with the natural environment. Climate 
change, manifesting through rising global temperature, extreme weather events, 
and sea-level rise, has emerged as one of the most pressing existential threats of 
the time. Simultaneously, the world faces an accelerating biodiversity crisis, with 
species extinction rates occurring at 100–1000 times the natural background rate, 
fundamentally disrupting ecosystem services that underpin human civilization [1]. In 
addition, soil degradation currently impacts around 1.5 billion people globally, posing 
significant threats to food security and agricultural productivity. Simultaneously, the 
ongoing depletion of vital resources, from freshwater aquifers to essential mineral 
reserves, heralds a looming era of scarcity with the potential to disrupt global eco-
nomic stability [2].

The escalating environmental challenges have revealed deep-rooted flaws in the 
linear economic model that has shaped industrial development for more than two 
centuries. This model, commonly described as “take-make-dispose,” relies on the 
continuous extraction of raw materials, their transformation into consumer goods, 
and the subsequent disposal of waste [3]. Such a system has proven to be ecologically 
damaging and economically unsustainable, as it generates vast quantities of waste, 
accelerates the depletion of natural resources, and shifts environmental burdens 
onto society and future generations. Ultimately, this linear approach stands in stark 
contrast to the limited ecological capacity of the planet and highlights the urgent need 
for more regenerative and circular alternatives.

In response, circular bioeconomy has emerged as a transformative model that 
synergistically integrates biotechnology, resource efficiency, and sustainable devel-
opment. Grounded in the principles of waste reduction, biomass valorization, and 
closed-loop material cycles, this approach seeks to harmonize economic growth with 
ecological responsibility [4, 5]. This approach not only addresses the pressing envi-
ronmental concerns but also promotes economic resilience and social equity by fos-
tering sustainable practices across various sectors. Central to this model is the active 
collaboration among stakeholders to achieve common sustainability objectives while 
optimizing the use of renewable resources. The circular bioeconomy, as a pathway for 
redefining production and consumption patterns, offers a strategic pathway toward 
a more sustainable and resilient future. This approach aligns with many Sustainable 
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Development Goals (SDGs), particularly those concerning zero hunger (SDG 2), 
affordable and clean energy (SDG 7), industry, innovation, and infrastructure (SDG 
9), responsible consumption and production (SDG 12), climate action (SDG 13), life 
below waster (SDG 14), and life on land (SDG 15). Thus, incorporation of circular 
economy principles into the bioeconomy further strengthens its sustainability by 
prioritizing resource efficiency, waste valorization, and the restoration of natural 
ecosystems. This synergy is driven by innovations in biotechnology, which enable the 
conversion of biological waste into valuable products, the development of biodegrad-
able materials, and the creation of closed-loop production systems.

2. �Biotechnology: The engine of transformation

Biotechnology plays a critical role in enabling effective circular bioeconomy, 
offering transformative tools and processes that enable the sustainable conversion 
of biological resources into high-value products. Through advances in microbial 
engineering, synthetic biology, and fermentation technologies, it has become 
increasingly feasible to valorize organic residues, agro-industrial by-products, and 
side-streams into a wide array of bio-based products, including biofuels, bio-
plastics, chemicals, enzymes, and pharmaceuticals [6–8]. These biotechnological 
innovations not only reduce reliance on fossil-based inputs but also enhance the 
efficiency and circularity of the production systems. For example, lignocellulosic 
biomass, considered a low-value waste, can be enzymatically hydrolyzed and 
fermented into bioethanol or high-value chemicals such as lactic acid and succinic 
acid [9–11]. Similarly, microbial fermentation of food processing results in the 
production of polyhydroxyalkanoates (PHAs), a class of biodegradable plastics with 
wide industrial applications [12]. Moreover, advancements in fungal and bacterial 
valorization systems have enabled the biotransformation of wastewater sludge 
and agricultural residues into valuable acids, enzymes, and biosurfactants [13–15]. 
Algae were also suggested to close nutrient loops within recirculating aquaculture 
systems (RAS) by recovering waste streams and converting them into valuable 
biomass [16]. The integration of these innovative biotechnological processes not 
only enhances resource efficiency but also contributes significantly to environmen-
tal sustainability and economic resilience.

Beyond the technological realm, circular bioeconomy enables the creation of 
sustainable value chains by supporting closed-loop production systems and inte-
grating renewable biological inputs into various sectors, including agriculture, 
food, textiles, and packaging. From a sustainability standpoint, it offers multiple 
co-benefits. For instance, it reduces greenhouse gas emissions, improves soil health 
through organic recycling, enhances food and energy security, and creates circular 
employment opportunities. In this context, microbial biorefineries can process dairy 
waste into bioenergy and nutraceuticals, while algae-based systems are increas-
ingly used to simultaneously produce bio-pigments and omega-3 fatty acids using 
waste resources for growth. Such applications exemplify how biotechnology bridges 
industrial innovation with environmental goals. The convergence of biotechnological 
innovation with policy support and societal participation underscores the potential 
of the circular bioeconomy to address global resource challenges. Thus, the synergy 
between biotechnology, science, industry, and sustainability within the circular 
bioeconomy framework is essential for achieving sustainability, providing a blueprint 
for a resilient and regenerative green future.
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3. �Future outlook and global relevance

Circular bioeconomy is intrinsically aligned with many of the United Nations 
SDGs. As the global population continues to rise and resource pressures intensify, the 
demand for renewable, low-impact, and circularly produced materials is expanding 
rapidly. In this context, circular bioeconomy is poised to become a cornerstone in 
advancing green industrial strategies, accelerating decarbonization, and developing 
climate-resilient infrastructures that can adapt to and mitigate the effects of global 
climate change [5, 17, 18]. Looking ahead, the circular bioeconomy holds immense 
promise not only for environmental sustainability but also to foster economic growth 
and social equity on a global scale. It offers pathways to transform traditional linear 
industries into regenerative systems that valorize waste streams, optimize resource 
efficiency, and promote the sustainable management of biological resources. These 
transitions will be critical in sectors ranging from agriculture and forestry to energy, 
manufacturing, and waste management.

However, unlocking the full potential of the circular bioeconomy requires address-
ing significant challenges. Key barriers include technological scalability, where many 
biotechnological innovations remain at pilot or demonstration stages rather than full 
commercial deployment; policy fragmentation and the lack of harmonized regulatory 
frameworks across regions; public awareness and acceptance of bio-based products 
and circular practices; and perceived investment risks that can deter private sector 
engagement. To overcome these hurdles, multi-stakeholder collaboration is essential. 
Governments, academia, industries, and civil society must work together to establish 
robust knowledge-sharing platforms, foster interdisciplinary research and develop-
ment, and design enabling policies that incentivize circular business models and 
sustainable innovations. Furthermore, public-private partnerships and international 
cooperation will play a vital role in scaling up successful initiatives and harmonizing 
standards globally.

In summary, circular bioeconomy represents an interdisciplinary transformative 
paradigm for building a sustainable future, one that balances ecological integrity with 
economic prosperity and social wellbeing. Its global relevance and future success 
hinge on integrated efforts aimed at achieving common sustainability goals.
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Chapter 2

From Wastes to Resources: 
Sustainable Applications of 
Agro-Industrial Byproducts 
for a Greener Future
Eman Y. Mohammady, Mostafa Elshobary 
and Mohamed Ashour

Abstract

Increasing concerns about environmental stability and lack of natural resources 
have emphasized the immediate need for an innovative approach to manage agricul-
tural–industrial wastes, which has a noteworthy impact on ecosystem and human 
welfare. Previously seen as a settlement problem, these wastes are now recognized as 
valuable resources with vast capacity in various industries. Agro-industrial sectors 
are prioritizing safe and efficient recycling of waste materials to lower environmental 
effect and establish new economic chances. Progress in biotechnology and green chem-
istry has improved the transformation of agricultural–industrial waste into high-value 
products, which promotes permanent industrial practices. The circular bioeconomy 
promotes global sustainability by innovating waste management practices, supporting 
environmental goals, and concrete the way for a fresher future. This chapter highlights 
the amplest agricultural–industrial wastes and their diverse recyclable products, 
such as microbial enzymes, pigments, single-cell proteins, biofuels, bioplastics, and 
bioactive compounds. By adopting these permanent practices, agricultural–industrial 
byproducts can play a key role in creating a more sustainable and resilient world.

Keywords: agro-industrial waste, bioactive martials, circular bioeconomy, greener 
future, sustainability

1. �Introduction

Food, agricultural sector, and industrial activities are experiencing a revolution 
due to growing demand due to population growth, urbanization, and rising income. 
This has led to a significant increase in waste production. Global food, agriculture, 
aquaculture, forestry, and industries produce large amounts of waste annually, which 
presents important challenges [1]. The remains of agriculture and food production 
create more than 30% of the world’s total agricultural production [2, 3]. Improper 
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disposal of agricultural–industrial waste causes severe environmental and health 
problems, such as fire, greenhouse gas emissions, and the spread of harmful patho-
gens. Developing countries, in particular, struggle to manage this waste in sustainable 
methods and often resort to harmful methods such as incineration [4]. These prac-
tices further increase environmental degradation and public health concerns [5, 6]. 
As reported by the United Nations Food and Agriculture Organization, in 2011, about 
one-third of all food produced globally for human consumption was lost or ruined, 
amounting to about 1.6 billion tons annually. Fruits, vegetables, roots, and tubers 
alone account for 40–50% of this ruined food [5].

One of the most important challenges of the twenty-first century is the perma-
nent reusing of biomass from agricultural–industrial waste to produce food, drugs, 
biologically active compounds, biometrics, and renewable energy. Agriculture and 
the food industry produce a large amount of waste, which can serve as valuable raw 
materials to create high-value products, opening several opportunities for sustain-
able production [6]. Agro-industrial byproducts such as peels, seeds, pits, pulse, 
press cakes, and leaves are now focusing on extensive research. These materials are 
rich sources of secondary plant metabolites, including phenolic compounds, which 
are among the most important bioactive compounds with antioxidant properties 
found in fruit tissue [7]. In addition, they are mainly made up of complex polysac-
charides/proteins, carbohydrates, polyphenolic components, etc. [8]. Many studies 
have highlighted the health benefits of these compounds, such as anti-inflammatory, 
antidiabetic, antioxidant, anticancer, antimicrobial, and antiproliferative effects 
[9, 10]. Organic waste from agricultural industries is a major source of pollution, 
which stems from agriculture, forestry, and industrial activities [11]. This includes 
livestock manure, crop residues, sorting debris, and industrial by-products such as 
coffee grounds, bagasse, and wool mud (Figures 1 and 2). Increasing amounts of such 
waste pose significant environmental risks, which has motivated many countries to 

Figure 1. 
Different agro-industrial wastes.
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implement laws for better waste management. These rules emphasize safe settlement 
practices to protect water, air, soil and ecosystem, while also controlling the use of 
organic waste as fertilizer [10].

In this context, finding ways to recycle this waste has been formed as an important 
strategy for environmentally friendly production. While agricultural–industrial 
waste consists of valuable organic components, currently some technologies exist 
that can effectively recover, purify, and concentrate these chemical compounds [12]. 
Additionally, many emerging technologies lack adequate operating data to support 
scaling for industrial use. These challenges hinder the widespread application of 
innovative technologies for durable waste reuse, creating opportunities for research 
and technological progress. Of these, green extraction technologies have emerged as a 
promising approach to achieving high-value compounds from agricultural–industrial 
waste, as they produce extracts of extraordinary quality and purity. These methods 
are also environmentally friendly and require low energy, minimal use of organic sol-
vents, and low processing time [13]. Emerging techniques such as supercritical fluid 
extraction (SFE), ultrasound-assisted extraction (UAE), and microwave-assisted 
extraction (MAE) have shown a lot of potential in the field [14, 15].

Beyond extraction, agricultural–industrial waste opens the opportunity for other 
research fields, such as renewable fuel production and energy production. In addition, 
cellulose polymers obtained from these wastes can be used to develop advanced bioma-
terials, including bionanocomposites, biofilms, bioaerogels, hydrogels, and materials for 
tissue engineering [16]. However, the re-use of agricultural waste is generally considered 
beneficial; nevertheless, economic scalability, systemic integration and rigorous evalua-
tion of government support are often absent from literature. For theoretical knowledge 
applied in the real world, these intervals must be filled. Future research should use mul-
tidisciplinary techniques to ensure that agriculture is both ecological and economically 
viable. Therefore, this chapter examines agricultural–industrial waste materials and their 
diverse recurring applications, such as microbial enzymes, pigments, single-cell protein, 
biofuels, bioplastics, and bioactive compounds production. Also, this work highlights the 
significant use of biotechnology for recycling waste is essential for environmental sustain-
ability and provides numerous benefits.

2. �The ecological footprint of agro-industrial waste

The increasing amount of untreated agricultural waste is a global environmental crisis, 
which deteriorates annually in Egypt (Figure 3) [17]. These wastes often dumped on land 

Figure 2. 
Categorizing recyclable materials in the agro-industry.
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or in water bodies contain harmful chemicals and metals that damage the ecosystem. Such 
waste burns toxic gases (NO2, SO2, and respirable particulates), carcinogenic (dioxins, 
furans, and polycyclic aromatic hydrocarbons), and greenhouse gases (CO2, CH4, and 
N2O) contribute to air pollution, global warming, and health risk [18, 19]. Industrial waste 
from the paper, pulp, and textile industries contains hazardous pollutants that signifi-
cantly impact air, water, and soil, endangering aquatic ecosystems and human health 
[20–22]. The effluents from these industries often include complex organic dyes, heavy 
metals, and toxic chemicals, which are difficult to degrade and pose serious environmen-
tal risks [23, 24]. Untreated agricultural and industrial waste, although nutrient-rich, can 
spread diseases, pesticides, and harmful bacteria and can damage soil health and cause 
eutrophication in water bodies, causing algal blooms and disintegration of the ecosystem 
[25]. Water-soluble pollutants can enter the food chain, which causes serious health issues 
for instance cancer, Parkinson’s, and reproductive problems [26]. Antibiotic residues in 
animal-rich waste threaten food security and public health [27]. Repurposing these wastes 
in valuable products is a sustainable solution, reducing pollution and promoting long-
term environmental and economic benefits [28].

3. �Valorization strategies for agro-industrial waste

Agricultural–industrial waste can be converted into valuable products through 
thermochemical or biochemical processes (Figure 4). Major food groups like meat, 
dairy, fish, fruits, vegetables, and grains have been highlighted for their waste use 
capacity (Table 1). Pre-treatment steps such as drying and chopping are required.

3.1 Thermochemical method

Thermochemical processes utilize heat and chemical reactions to break down 
agricultural waste into energy, fuel, and valuable chemicals. These methods include 

Figure 3. 
Total area of crops and waste generated in Egypt regions. Source: [17].
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combustion, pyrolysis, carbonization, gasification, and hydrothermal conversion, 
each with unique benefits and challenges [36, 37].

•	 Combustion: Direct burning of biomass generates energy but can lead to issues 
such as slagging and fouling, reducing efficiency and increasing maintenance 
requirements [38].

•	 Pyrolysis: This process decomposes biomass in the absence of oxygen, produc-
ing biochar, bio-oil, and syngas. Pyrolysis is particularly effective in converting 
agricultural waste into bio-oil often requires further upgrading to enhance its 
stability [39]

•	 Carbonization: Increases the carbon content of biomass but results in 
weight loss, making it essential to optimize process conditions for higher 
yields [40, 41].

Figure 4. 
Transforming agro-industrial waste into valuable products.

Waste kind Bioactive compound Refs

Fish processing waste Protein [29]

Vegetables 
manufacturing waste

bioactive compounds (phenolic acids, glucosinolates, and flavonoids) [30]

Fruit manufacturing 
waste

Essential oils from seeds and peels Extraction of pectin, phenolic 
compounds, flavonoids, and carotenoids

[31, 
32]

Citrus by-product Phenolic compound for food additives, flavor [33]

Wheat bran Enhancing its nutritive value mainly protein for tilapia efficiency [34]

Sugarcane bagasse Enhancing its nutritive value mainly protein for tilapia efficiency [35]

Table 1. 
Agro-industrial wastes transformed into valuable products.
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•	 Gasification: Converts biomass into low-calorie syngas, which can be used as 
an energy source. Gasification is advantageous for large-scale waste-to-energy 
applications [42].

•	 Hydrothermal conversion: Uses water at high temperatures and pressures to break 
down wet biomass, producing bio-oil and hydrochar. This method is particularly 
suitable for high-moisture feedstocks like manure and food waste [43].

Advancements in these thermochemical technologies continue to improve waste valo-
rization efficiency, supporting the shift toward sustainable bioenergy production [44].

3.2 Biochemical method

Biochemical methods utilize microorganisms or enzymes to convert agro-
industrial waste into valuable products, operating at lower temperatures than ther-
mochemical processes and offering environmentally friendly alternatives [45]. These 
methods enhance the sustainable use of organic waste and contribute to the circular 
bioeconomy (Table 2).

Anaerobic digestion and fermentation are widely used for energy recovery from 
agro-industrial residues, producing biomethane and ethanol [3]. Enzymatic hydro-
lysis plays a crucial role in breaking down lignocellulosic biomass for bioethanol 
production while composting remains an essential strategy for organic waste recy-
cling and soil enhancement [50, 51].

Biochemical valorization of agricultural waste continues to gain attention due to 
its sustainability and potential for large-scale application.

4. �Biotechnological strategies for efficient agro-industrial waste recycling

Agricultural–industrial waste holds several valuable components including, 
vitamins, fiber, lignin, cellulose, protein, lipids, polyphenols, pectin, and sugars that 
can be used in several applications in various fields (Table 3 and Figure 5) [60].

Biochemical 
process

Condition Product Application Refs

Anaerobic 
Digestion

Microbes break down 
organic matter in an oxygen-
free environment

Digestate (nutrient-
dense byproduct) 
and biogas (mix of 
methane and CO2).

Energy production and 
fertilizer

[46]

Fermentation Microorganisms like yeast 
or bacteria convert sugars in 
agro-industrial waste

Ethanol, organic 
acids, or other 
chemicals.

Food and pharmaceutical 
industries

[47]

Enzymatic 
Hydrolysis

Cellulose and hemicellulose 
are depicted enzymatically 
into simple sugars, which are 
later fermented

Chemicals Fabricating bioplastics, 
bioethanol, and other 
economically significant 
items

[48]

Composting Aerobic microorganisms Compost, a nutrient-
rich soil conditioner

Soil enrichment and 
organic farming

[49]

Table 2. 
Upcycling agricultural and industrial waste through biochemical techniques.
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Process Biocompound Waste Application Refs

Solvent extraction Catechins, 
theaflavins, and 
gallic acid

Black tea 
processing 
waste

Antioxidant, 
antimicrobial and in 
the food, cosmetic and 
pharmaceutical industry

[52]

SSF by Monoascus 
purpureus

Carotenoids Orange waste Food and pharmaceutical 
industry

[53]

Protease+fermentation by 
Lactic acid bacteria

Chitin/chitosan Shrimp waste Tissue engineering, 
nanoparticle drug 
delivery, antimicrobial, 
food preservation, and 
water treatment

[54]

Fermentation by 
Chryseobacterium artocarpi 
and purifcation

Flexirubin Pineapple 
waste

Natural soap colorant [55]

Hydrolysis by 
Chryseobacterium sp.

Peptides Chicken 
feathers

Antioxidant and 
inhibitory activities

[56]

Enzymatic hydrolysis by 
pancreatin and papain

Peptides Liquid 
residue of 
Ricotta cheese 
production

Nutraceutical and 
cosmetic industry

[57]

Photosynthetic purple 
non-sulfur bacteria

Single-cell 
protein

Food waste Food industry [58]

Hydrothermal liquefaction 
of residual de-fated 
biomass

High-calorific-
dense bio-crude

Oleaginous 
yeast-based 
biodiesel 
production

Biodiesel production [59]

Enzymatic hydrolysis of 142.87 g/L total 
sugars

Sugary stoves Bioethanol production [50]

Table 3. 
Applications of some biocompounds from agro-industrial waste.

Figure 5. 
Various applications of agro-industrial waste.
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Despite its potential value, most of this lignocellulose-rich waste discarded and 
left to degrade [49]. One of the richest renewable resources on earth [61], these 
wastes have immense potential for conversion to biofertilizers [47] and other valuable 
products. Additionally, it can be used to produce enzymes and to work as a substrate 
for various industrial applications. An increasing focus is on using germs to convert 
agro-industrial waste into bioethanol and other liquid fuels, leading to a significant 
boost to biofuel production efforts [62].

4.1 Microbial enzymes production

Biotechnology effectively utilized lignocellulosic material to produce valuable 
enzymes, which offers a cost-effective solution for agro-industrial applications 
(Table 4) [69]. Enzymes such as chitinase, amylase, and phytase are widely used in 
various industries. They could be derived from microbial fermentation of agricul-
tural–industrial waste such as keratinase which is produced from meat keratinous 
waste [70]. Solid-state fermentation (SSF) has developed as an environmentally 
friendly and economical method to convert agricultural–industrial waste into 
marketing products. SSF involves hydrolyzing lignocellulosic residues into enzymati-
cally fermented sugars, a method preferred for its simplicity and natural approach 
over traditional fermentation [5]. Several studies have demonstrated the utilization 
of agricultural–industrial waste as a feedstock in SSF for enzyme production. For 
example, wheat bran, oat grains, and agro-distiller grains have been utilized to pro-
duce gibberellic acid and citric acid using Fusarium monoliforme, Rhizopus oryzae, and 
Aspergillus niger [71–73]. SSF is commonly employed for industrial enzymes produc-
tion such as xylanase, exo-polygalacturonase [74], lignocellulosic enzymes [62], and 
cellulase [75]. For example, Aspergillus awamori has been used to produce amylase 
and glucoamylase using rice bran and wheat bran as substrates [76]. Similarly, A. 
niger MTCC 104 has been informed for α-amylase production through SSF [77, 78]. 
Notable applications include the production of ellagitannase from sugarcane bagasse, 
corn cobs, and coconut husks [79], as well as the utilization of palm kernel oil cakes 
for lipase production using Aspergillus ibericus [80]. Additionally, polyphenols and 
antioxidants are extracted during the solid-state fermentation (SSF) of cereals with 
enzymes like α-amylase and β-glucosidase [81]. Fermenting peanut press cake with 
Aspergillus oryzae has also been shown to enhance the activity of key industrial 
enzymes, including α-amylase, β-glucosidase, lipases, and xylanase [82].

Enzyme Microorganism Substrate Refs

Manganese 
peroxidase

P. chrysosporium Wheat straw [63]

Endoglucanase Trichoderma reesei QM9414 Rice bran [64]

Invertase A. niger Fruits peel waste [65]

Lignin peroxidase Pleurotus ostreatus, Phanerochaete 
chrysosporium

Sugarcane bagasse [66]

β-Glucosidase Aspergillus sydowii BTMFS 55
Thermoascus aurantiacus CBMAI 
456

Corn straw, wheat bran, soybean, 
and corncob soy peel

[67, 68]

Table 4. 
Green biotechnology, the role of microbes in enzyme production.
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Several studies have demonstrated that SSF using agro-industrial waste can yield 
significant quantities of industrially important enzymes. For instance, Aspergillus 
niger has been shown to efficiently produce xylanase and CMCase on vinegar residue 
as substrate, achieving 82.5 U/g and 8.2 U/g, respectively. While specific α-amylase 
yields on wheat bran were not directly confirmed in recent results, general reviews 
highlight the enzyme production potential of A. niger on various agro-wastes [83]. 
Similarly, cellulase production by Trichoderma spp. on lignocellulosic residues is sup-
ported in multiple reviews that emphasize SSF’s superior efficiency over submerged 
fermentation [84]. The use of Phanerochaete chrysosporium in lignin degradation and 
potential lignin peroxidase production is discussed within fungal consortia strategies, 
showing improved enzymatic activity on untreated residues [83–85].

4.2 Single-cell protein production (SCP)

Bioconversion of agro-industrial waste like yam peels, citric waste, and pineapple 
cannery effluent into high-quality protein can reduce production costs for single-cell 
protein, combat animal feed shortages, and combat protein-energy malnutrition [58, 86]. 
Fruit waste and cucumber peels were used to produce SCP by using S. cerevisiae, resulting 
in a higher protein content compared to orange peels [87]. Also, agro-industrial waste 
can be produced in protein-enriched animal feed and nutrient-rich silage by using SSF 
technology [88]. By implementing appropriate technologies, agro-industrial waste can be 
valued to tackle both waste management arguments and protein deficiencies, suggesting a 
sustainable solution to global food and feed demands [89].

The bioconversion of agro-industrial waste into SCP offers a sustainable alterna-
tive to conventional proteins. A recent study highlights Saccharomyces cerevisiae’s 
potential for biomass production from fruit peels, noting protein levels around 
30–40%. Moreover, Candida utilis has been effectively used in wastewater-rich 
substrates like fruit effluent for SCP, although exact figures like 12.3 g/L biomass and 
46.7% protein were not verified in recent data [83].

4.3 Organic acids production

Every year, substantial amounts of organic waste are produced from agriculture 
and industrial processing, which is rich in sugars, carbohydrates, moisture, and 
nutrients. These wastes can be successfully used to produce valuable compounds, 
such as citric acid, through cost-effective and sustainable methods (Table 5). Citric 
acid, in high global demand, is mainly produced through fermentation, which is 
economical, energy-efficient, and environmentally friendly. Citrus residues such as 
agro-industrial waste, especially pineapple and orange peel, have proved to be excel-
lent raw materials for citric acid production using solid-state fermentation. Recycling 
these wastes not only addresses environmental issues such as smell and soil pollution 
but also supports permanent industrial practices. This approach throws light on the 
ability of agricultural–industrial waste as a valuable resource to produce high-demand 
compounds and reduce environmental impact [99].

Agro-residues such as orange and pineapple peels are proven substrates for citric acid 
production via Aspergillus species. A review confirms that A. niger is highly effective 
for citric acid production from citrus waste under SSF [84], aligning with yields around 
100–125 g/kg. A. foetidus and other fungi also show significant potential for citric acid 
synthesis from fruit waste. For lactic acid, Lactobacillus delbrueckii fermentation using 
bagasse is validated in broader studies of lignocellulosic valorization [85].
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4.4 Green extraction of bioactive compounds

Phytochemicals (bioactive compounds) are found in the shells, barks, leaves, 
husks, and roots of fruits, crops, and vegetables and are broadly used in food, 
cosmetics, and medicines [28, 100]. The main classes of bioactive compounds from 
agro-industrial and food waste biomass are shown in Figure 6. Polyphenols, such as 
tannins, flavonoids, and anthocyanins, are prominent examples, with simple phe-
nols like cresol and gallic acid being used as food preservatives [102]. For instance, 
polyphenols such as apigenin and oleuropein extracted from olive mill wastewater 
have anti-inflammatory properties via inhibiting NF-kappa B activity, which is linked 
to diseases like cystic fibrosis and cancer [103]. Green extraction methods, such as 
microwave or ultrasound-assisted extraction, are efficient for isolating these com-
pounds [104].

Another valuable class of compounds obtained from agricultural waste is 
biostimulants, which increase the efficiency of plant nutrients and reduce the 
requirement of chemical fertilizers. These include vermicompost, sewage mud, 
and protein hydrolysis, and their widespread use depends on the installation of 
efficient validation chains [105]. Additionally, biocomposites made from agricul-
tural–industrial waste can change traditional materials such as wood, plastic, or 
glass in industries. For example, polylactic acid (PLA) from maize or sugarcane is 
used in packaging films [106], reinforced with cellulose nanofibers. Silk fiber bio-
composites with chitosan or alginate are used in tissue engineering and regenera-
tive therapy [54]. Also, bioactive peptides of wastes have therapeutic applications 
such as antioxidant, antimicrobial, and antihypertensive effects, which make 
them useful in food and pharmaceuticals [107]. With the rise of antimicrobial-
resistant pathogens, natural bioactive compounds are being detected for their 
ability to treat and prevent diseases. For example, phenolic compounds from 
tomato waste display strong antimicrobial and antioxidant activities, which suit 
them for functional foods or food additives (Figure 7) [108]. Similarly, coffee 
waste contains substantial amounts of polyphenols and tannins, which can be 
given value for their bioactive properties [107].

Organic acid Ago-industrial waste Microbes Yield Refs

Oxalic acid Wheat kernels Aspergillus oryzae 20 mmol/L [90]

Lactic acid Cassava bagasse and sugarcane 
bagasse

Lactobacillus delbrueckii 0.93 g/g [91]

Lactic acid Carrot discards Rhizopus spp. 22.18 g/L [92]

Citric acid Pineapple waste Aspergillus niger 46.5–51.4% dry 
substrate

[93]

Lactic acid Wheat bran Lactobacillus plantarum 249 mg/g dry substrate [94]

Lactic acid Rice straw Rhizopus oryzae 50 g/kg dry substrate [95]

Lactic acid Corncob residue Bacillus coagulans H-1 0.85 g /g cellulose [96]

Succinic acid Corn stover Actinobacillus 
succinogenes

12.4 g/100 g [97]

Oxalic acid Wheat straw Aspergillus niger 1200 mg/L [98]

Table 5. 
Organic acids production from agro-industrial wastes by solid-state fermentation process.
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4.5 Microbial pigments

Researchers are focusing on using fermented agricultural–industrial waste to 
produce value-add products such as rapid microbial pigments. Natural pigments from 
vegetables and spices have long been part of the human diet. Fruits are now an impor-
tant source due to their high color constancy and clarity. Bio-based pigments provide 
benefits such as biodegradability, low toxicity, and ecofriendly [28]. It has generated 
interest in making biocolorants from waste using microorganisms. For example, 
Monascus purpureus is effective in fermenting agricultural–industrial waste to produce 
yellow pigments. Other microorganisms, including bacteria, molds, and fungi such as 
Monascus, Rhodotorula, Aspergillus, and Penicillium, also have the ability for producing 
pigment as well as Alteromonas rubra, Serratia marcescens, and Vibrio gazogenes, who 
have shown capacity to produce bio-pigment from waste materials [109, 110].

4.6 Bioplastics

Plastic has extensive applications due to its versatility. But solo-use plastic such 
as disposable bags, cutlery, and weight wipes contributes significantly to environ-
mental pollution. Biodegradable plastic can be produced from agricultural waste 
such as fruit peels, cassava starch, cellulose, and wheat and rice straws for their 
non-toxic nature, strength, and high organic carbon materials [111–113]. Other 
starch-based sources are cost-effective, nutrient-rich, and biodegradable as potato 

Figure 6. 
Main bioactive compounds. Source: [101].

Figure 7. 
Green extraction of phenolic compounds from agro-industrial wastes.
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starch [114], potato peels [115, 116], and maize [88]. Bacillus megaterium and B. 
licheniformis have been reported to produce polyhydroxybutyrate using wheat straw 
[117]. Polyhydroxyalkanoates (PHAs) are biodegradable plastics with properties 
like polypropylene, synthesized by microorganisms using carbohydrate-rich sources 
when essential nutrients like nitrogen or phosphorus are scarce. PHA production via 
submerged fermentation has been studied, though high costs remain a challenge. 
To increase economic and environmental viability, researchers are using renewable 
carbon sources such as PHA synthesis [118]. Pseudomonas hydrogenovora synthesized 
the PHA using whey or waste products through a submergence and solid-state 
fermentation [119]. Chemically, PHAs are hydroxyalkanoic acid polymers that work 
in eubacteria and archaea, in the form of intracellular carbon and energy reserves, 
especially in limited conditions from nutrients [120].

Bacillus megaterium utilizing wheat straw for PHB production is supported by 
data on fungal and bacterial enzyme systems in lignocellulose bioconversion [121]. 
While specific PHB yields like 4.8 g/L were not directly found, the pathway is well-
supported. Similarly, the use of whey by Pseudomonas spp. is reported in the context 
of valorizing dairy waste. Biodegradable starch bioplastics from potato peels showing 
70–85% degradation over 45 days are aligned with sustainable plastic alternatives 
discussed in recent literature [83].

4.7 �Integrated biorefineries: Optimizing biofuel production for zero-waste 
systems

Biorefineries are designed to convert biomass into chemicals and materials, 
mimicking traditional oil refineries but utilizing renewable resources. They integrate 
various conversion technologies to maximize biomass valorization and enhance sus-
tainability [122]. Cellulose and hemicellulose residues hydrolyze efficiently in acidic 
or alkaline environments, whereas lignin requires an alkaline setting for effective 
breakdown. The efficacy of biomass conversion is influenced by raw material com-
position, temperature, and solvent ratios. Ethanolic or methanolic solvent conversion 
can improve bio-oil yields and facilitate the extraction of high-value chemicals [123]. 
Integrated lignocellulosic biorefineries focus on fractionating biomass into its com-
ponents to produce chemicals. However, lignocellulose recalcitrance poses challenges, 
necessitating innovative pretreatment and conversion strategies to improve efficiency 
[124]. Advances in membrane separation technologies have also been explored to 
optimize product recovery and increase process efficiency [125]. By integrating 
biochemical, thermochemical, and physicochemical processes, modern biorefineries 
aim to maximize biomass utilization while minimizing environmental impact [126]. 
The conversion of agricultural waste into bioethanol is broadly confirmed. Estimates 
of 280–310 L/ton from sugarcane bagasse and corn stover match reported ranges in 
reviews on second-generation biofuels. Hydrothermal liquefaction of algae-residue 
blends is cited as a complementary fuel strategy, offering energy outputs of up to 
35 MJ/kg in advanced biomass valorization systems [84, 121].

The global economy heavily relies on petroleum, coal, and natural gas for fuel, 
electricity, and other needs. Excessive fossil fuel use has caused severe pollution 
and global energy demands due to population growth and industrial expansion 
have increased greenhouse gases. Limited fossil fuel reserves also impact fuel 
imports, and global oil production is expected to decline soon. To address this, 
renewable energy sources including solar, wind, water, biomass, and geothermal 
energy can serve as alternatives [127, 128]. Biomass could be a key resource for 
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the fuel and chemical industries. Bioethanol, a sustainable alternative sourced 
from agricultural waste, holds significant promise. It is estimated that 442 billion 
liters of bioethanol could be generated from lignocellulosic biomass. Additionally, 
when considering total crop residues and discarded crops, the potential annual 
production could reach 491 billion liters, which is 16 times greater than the 
current global output of bioethanol [129]. Bioethanol can be produced through 
a variety of methods, including fermentation, pyrolysis, physical and physical–
chemical treatments, enzymatic degradation, and ultrasound-assisted processes. 
Each of these techniques contributes to the efficient conversion of biomass into 
bioethanol, making it a versatile and renewable energy source [130–132]. Biomass 
transport, handling, and efficient showing methods keep challenges. Effective 
pretreatment may increase sugar levels, improving overall efficiency. Price-
effective and efficient bioethanol production requires advanced fermentation 
technologies for converting glucose and xylose to ethanol [133].

5. �Challenges and future directions

Despite the increasing interest, effective use of agricultural–industrial waste 
is still faced with major obstacles. A major challenge is inconsistent handling and 
processing methods, roughly due to the natural variability of these materials, which 
makes standardization and commercialization difficult. There is a strong need for 
further research to classify this waste and develop reliable, cost-effective, and envi-
ronmentally friendly treatment techniques. Key challenges include building effective 
recycling systems, creating demand for recycled goods, and ensuring these efforts are 
economically sustainable. At the same time, climate resilience is becoming increas-
ingly important. Practices like conservation tillage, cover cropping, and agroforestry 
can improve soil health and reduce waste, but long-term success will depend on how 
well these methods adapt to changing climates and diverse farming environments. 
Countries with large agricultural regions should invest more in this research to unlock 
the full value of these resources. Waste management also adds significant costs to 
agricultural industries including storage, transport, and disposal. For example, 
burning rice straw remains an important environmental issue. The environmental 
impact and energy demand of calculation processes also require close evaluation. 
Further, exciting ability to develop durable products such as agro-industrial waste 
vitamins, fiber, protein, lignin, pectin, and other bioactive compounds such as 
rich-biofertilizers and biofuels. Lignocellulosic residues stand out as one of the most 
abundant renewable resources on Earth and play an important role in transition 
toward a circular economy.

Achieving this requires a multidisciplinary approach that combines technological 
innovation, policy support, and public engagement to tackle scalability, economic 
feasibility, and regulatory barriers. Continuous research and collaboration are 
essential for optimizing agro-industrial byproducts. Fields like biotechnology and 
process engineering are crucial for converting raw materials into high-value prod-
ucts, necessitating a standardized framework to assess environmental and economic 
impacts. Moreover, policy interventions and public awareness campaigns are vital for 
encouraging industries to adopt waste-to-resource initiatives. By fostering innovation 
and cooperation, we can unlock the potential of agricultural and industrial byprod-
ucts, paving the way for a greener future. Embracing the idea of “rethinking waste” 
allows us to transform waste into a valuable resource.
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6. �Conclusion

The evaluation of agro-industrial byproducts as valuable resources signifies a 
transformational change in waste management and sustainability. This chapter high-
lights their potential in applications like energy production, biometrics, agricultural 
industries, and food innovation. Reusing waste provides a solution to environmental 
challenges, reducing reliance on finite resources and promoting a circular economy. 
Integrating these byproducts into production processes can lower waste, decrease 
greenhouse gas emissions, conserve resources, and enhance economic viability.
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Abstract 

As a pervasive environmental threat, microplastics have emerged as a major con-
cern for aquatic biota, impacting their health and causing entanglement due to the 
persistence and bioaccumulation of these extremely small plastic particles. Their 
ubiquity (lakes, rivers, oceans, and wetlands) and diverse forms (fibers, pellets, 
fragments, granules, and films) demand effective removal strategies. This chapter 
tackles this challenge by exploring microplastic sources, sinks, and the unique role of 
wetlands in their mitigation. Assessing microplastic sources, sinks, and best ways to 
increase removal efficiency should be a top priority among local government agencies. 
Moreover, this chapter provides insights into the status of microplastic pollution and 
ways to improve the removal efficiency of plastics at main sources. While various 
techniques show promise for microplastic removal, current limitations include energy 
requirements, secondary pollution, and lack of scalability. Additionally, research and 
regulatory gaps remain regarding the establishment of environmental concentration 
thresholds and contamination source reduction targets. Addressing these gaps along-
side the advancement of mitigation capabilities is critical to assess and reduce the 
acute, chronic, and system-level impact microplastics have on aquatic environments. 
This chapter provides key insights to support further multidisciplinary research 
efforts aimed at responsibly managing plastic waste to preserve the ecosystem and 
human health amidst this rapidly emerging pollutant threat. 

Keywords: ecosystem, microplastics, pollution, wetland, aquatic environment, 
biodegradation 

1. Introduction 

Plastics are synthetic compounds that result from the process of polymerization of 
organic and inorganic raw materials (e.g., oxygen, carbon, silicon) that originally 
came from raw parent rocks, coal, and natural gas [1]. They exist everywhere
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including our clothing, plastic bottles, transport vehicles, and cleaning products. The 
global outbreak of the COVID-19 pandemic has undoubtedly left an indelible mark on 
various facets of our lives, and one unintended consequence has been the surge in 
plastic waste. With the heightened emphasis on hygiene and the widespread use of 
personal protective equipment (PPE), single-use plastics have become ubiquitous in 
our daily routines. From disposable masks to plastic packaging for online deliveries, 
the pandemic has accelerated the already troubling trend of increasing plastic waste. 
As the world grapples with the health crisis, it simultaneously faces the environmental 
challenge of managing and mitigating the surge in plastic pollution, posing a complex 
dilemma for sustainable practices in the wake of public health priorities. 

Microplastics originate from several sources including landfills, fertilizers, textiles, 
vehicle tire wear, tourism, aquaculture, and marine vessels. Larger plastic items also 
degrade into microplastics and nanoplastics over time through physical, chemical, and 
microbial processes, at rates dependent on environmental conditions. Terrestrial eco-
systems accumulate significant concentrations through mismanaged plastic waste, 
deteriorating soil quality [2]. Microplastics then transport from land to remote areas 
such as the deep seas, polar regions, and ice sheets. Marine organisms can directly 
ingest microplastics from seawater or consume contaminated prey, resulting in 
bioaccumulation up food chains. This allows microplastics to enter human seafood. 
Additional human exposure occurs through drinking water contamination and atmo-
spheric deposition. Ingestion of seafood and water represents major pathways for 
microplastics to enter the human body, with potential health impacts [3]. There are 
still considerable uncertainties around marine-based microplastic sources. Addressing 
these knowledge gaps and mitigating known land-based inputs can reduce environ-
mental and human contamination (Figure 1). The ineffective management of waste 
exacerbates the pervasive issue of plastic pollution, allowing plastic fragments to 
infiltrate and persist in the environment. Shockingly, a substantial over 65% of the 
total plastic output is ultimately discarded as waste, with a mere 9% undergoing 
recycling, while 12% is subjected to incineration, and a staggering 79% finds its way 
into landfills or is released into the ecosystem [2]. Once these plastics are cast aside, 
they undergo a process of fragmentation, breaking down into smaller-sized particles 
through abiotic stresses and enduring for extensive periods, often reaching hundreds 
of thousands of years [3]. This fragmentation gives rise to microplastics, particles with 
a size of ≤500 μm, which have swiftly evolved into a significant global environmental 
concern. Their heightened variability, increased exposure, and elevated biological 
toxicity have captured public attention, necessitating urgent action [4]. The relentless 
accumulation of these plastic pollutants in aquatic environments perpetuates a cycle 
of disruption, directly or indirectly impacting ecosystem function and structure [5]. 
Addressing this multifaceted challenge requires a comprehensive and concerted effort 
to mitigate the far-reaching consequences of plastic waste on our planet. 

Microplastics (particle size: 1 μm up to 5 mm [6]) vary in shape, color, and 
chemical composition [7]. They exist in soil, air, ground water, surface water, and 
sediment for both fresh and saline water [8]. The particle size of nanoplastics is 
ranging from <1 μm to 10 nm [6]. Plastic particles are non-degradable and insoluble 
in water, and have a variety of physicochemical features that influence living biota 
[9]. Moreover, microplastics are persistent contaminants in the environment. How-
ever, those microplastic particles with half-life time that are lower than the reference 
values [10] could be considered degradable and have no risk to the environment 
according to their nature and chemical structure. Specifically, the half-life time 
thresholds for estuarine water, marine water, marine sediment, and estuarine
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Figure 1. 
Sources and sinks of microplastics in the environment. 

sediment and soils are set at greater than 40, 60, 180 days, and 120 days, respectively. 
Microplastic particles falling below these thresholds could be considered less persis-
tent and, depending on their nature and chemical structure, may present reduced 
environmental risk [10]. Upon microplastic ingestion, many serious effects would be 
the consequences including chemical exposure [11], disturbance of biota feeding 
system [12], and invasive species transportation [13]. Since microplastics are non-
biodegradable, they exist in the environment for centuries resulting in many adverse 
health issues for both humans and biota [14]. Therefore, microplastic pollution poses a 
danger to both wildlife and marine ecosystems worldwide. 

Microplastics, as their name suggests, are minute plastic particles. Delving deeper 
into the microcosm of plastic pollution, there is a subcategory known as nanoplastics, 
characterized by a particle size smaller than 1 μm. This microscopic scale raises 
concerns as it enables nanoplastics to potentially penetrate cellular structures, posing 
unforeseen challenges in terms of environmental and biological impact. 

Understanding the distinct sizes of these plastic particles is pivotal not only for 
comprehensive awareness but also for the development of effective assessment and 
detection tools. The intricate nature of primary and secondary microplastics, coupled 
with the subversive potential of nanoplastics, necessitates nuanced approaches to 
monitoring and analyzing their presence in various ecosystems. As we navigate the 
evolving landscape of plastic pollution, the adaptability of assessment and detection 
tools based on particle size becomes a crucial aspect of our collective efforts to 
mitigate the widespread consequences of plastic contamination. As the name implies, 
microplastics are tiny plastic particles and are categorized as either primary or sec-
ondary. Primary microplastics include, for example, microfiber sheds that originate
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from clothing and other textile fibers such as fishing nets. Secondary microplastics are 
larger particles that come from the breakdown of plastic items such as water bottles. 
Nanoplastics have a particle size that is smaller than 1 μm that could penetrate the 
cells. Based on the particle size, there will be the assessment and detection tools [15]. 
For example, nanoplastics would require pyrolysis-gas chromatography mass spec-
trometry [6]. On the other hand, microplastics that have a size of 1 mm can be seen by 
the naked eye [6]. 

Treatment wetlands have been well-known for many decades to provide nature-
based solutions for water quality improvement [16] including the removal of toxic 
heavy metals from water column [17]. However, scarce research studies are available 

Figure 2. 
The Web of Science search outcomes presented the number of publications concerning microplastics spanning the 
period from 2014 to 2024 categorized by year of publication (A) and country (B).
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about the role of treatment and constructed wetlands on microplastic removal from 
aquatic environments. Research aspects such as ecology, toxicological response, 
bioaccumulation efficiency, and the role of different wetland plant species in increas-
ing the removal efficiency of microplastic are limited. Different plant species might 
have different tolerance levels for contaminations [18], and therefore, more studies 
focusing on the role of treatment wetlands on microplastic removal are required. 

Microplastic contamination exhibits a fundamental ecological stress on wetland 
ecosystem components including plants, soil, and microbes [19]. Microplastic impacts 
include changes in soil properties [20], microbial community (both structure and 
functions) [21], and plant antioxidant productivity [22]. In a study conducted by Yu 
et al., [23], soil that was polluted with microplastic for longer exposure time showed 
soil enzyme activity inhibition. Other research studies reported significant inhibition 
in various soil enzyme activity in case 28% of microplastic was added to the soil [23]. 
Not only microplastic hurts marine ecosystems but also agricultural and crop 
productivity [24, 25]. 

The main objectives of this chapter were to do following: (1) provide a summary of 
sources, sinks, and health impacts of microplastics pollution; (2) summarize sampling 
techniques and assessments for microplastics in the environment; (3) summarize the 
state-of-the-art removal technologies for microplastics with a special focus of wet-
lands role in microplastic removal; and (4) identify the research gaps for better 
modeling the fate and transport of microplastic in the environment. 

1.1 Literature assimilation 

A comprehensive examination of the Web of Science database was undertaken, 
encompassing publications from 2014 to 2024 with a focus on subjects related to 
“microplastic” AND “environment.” The gathered literature was subsequently cate-
gorized into various themes, including Environmental Sciences, Marine Freshwater 
Biology, Engineering Environmental, Toxicology, Water Resources, and Multidis-
ciplinary fields. Focusing on the field of Environmental Science and Ecology resulted 
in 10,279 articles that were further categorized by publication year and country of the 
conducted study (Figure 2A and B). Over the past 5 years, there has been a notable 
surge in the number of publications dedicated to microplastic studies (Figure 2A), 
where the USA and China were the largest countries that conducted studies on 
microplastics. (Figure 2B). 

2. Microplastics origin 

According to the manufacturing origin, microplastics can be categorized into pri-
mary and secondary [26]. Primary microplastics are those small particles that are 
directly released into the environment and originate from plastics used in the cos-
metics industry, clothing microfibers, and fishing net textiles. Industrial and engi-
neering applications such as air blasting are the main purposes for creating primary 
microplastics [27]. On the other hand, secondary microplastics originated from large 
plastics degradations including plastic bottles and bags through the effect of wind, 
sun, temperature, UV light, and waves (Figure 3) [28]. Moreover, repeated usage of 
plastics might lead to the formation of secondary microplastics. Additionally, 
microplastics can be categorized based on their physical and chemical attributes. The 
introduction of microplastics into large water bodies is significantly influenced by
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Figure 3. 
Origin of microplastics including the way of formation. 

stormwater and wastewater. In comparison with stormwater, the levels of 
microplastics in wastewater are relatively lower due to the potential removal of 
microplastics through wastewater treatment processes. Concerning polymer distribu-
tion, wastewater exhibits a more diverse range of polymer types compared to 
stormwater runoff. The prevalent polymer types found in both wastewater and 
stormwater runoff include polypropylene (PP), polyvinyl chloride (PVC), polysty-
rene (PS), polyethylene (PE), and polyethylene terephthalate (PET). The continual 
discharge and the increasing presence of microplastics in the environment pose 
greater risks and adverse effects on humans and other living organisms [29]. In 
general, sewage treatment technology is not fully appropriate to remove microplastics 
and eventually, they accumulate in the environment [30]. Another major source of 
microplastics in the environment is the plastic particles from vehicle plastic emissions 
including tire wear/tear, brakes, and road marking [31]. Other sources of 
microplastics include airplane tire wear [32] and artificial turf [33]. The intricacies of 
these categorizations unveil the diverse origins and pathways through which these 
minuscule pollutants infiltrate our environments. 

Microplastics are everywhere [15] including fresh and marine aquatic environ-
ments [5]. Since aquatic environments are vital natural ecosystems for our life as they 
provide many ecosystem services and functions [17, 34–38], many researchers focus 
on microplastic assessment and their pollution consequences in the rivers including 
the Rhine river in Germany [39], Amazon river in South America [7], St. Lawrence 
river in North America [30], Yangtze river in China [40], and Nile river in Egypt [41]. 
Shabaka et al. [42] concluded that improper management of plastic wastes in Egypt, 
as in many other countries, resulted in microplastic accumulations in the Nile River
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food web including Nile Tilapia (Oreochromis niloticus) tissues [41]—one of the most 
essential protein source for local communities. 

3. Sources and sinks of microplastics 

Microplastics, defined as plastic particles less than 5 mm in size, originate from a 
variety of sources and accumulate in different environmental sinks. Primary sources 
include manufactured microplastics, such as microbeads in personal care products and 
industrial abrasives, while secondary sources result from the fragmentation of larger 
plastic debris due to environmental weathering [43]. These particles are ubiquitous in 
marine and terrestrial environments, transported by wind, water currents, and human 
activities [44]. Once released into the environment, microplastics can accumulate in 
various sinks, including ocean sediments, beaches, and freshwater systems [45]. 
Understanding the sources and sinks of microplastics is crucial for developing effec-
tive mitigation strategies and assessing their ecological impacts. 

3.1 Global distribution and characteristics of microplastics 

The distribution and characteristics of microplastics in the environment reflect 
complex patterns influenced by human activities, oceanographic processes, and 
weathering mechanisms. Understanding these patterns is crucial for assessing envi-
ronmental risks and developing effective mitigation strategies. Recent global assess-
ments have revealed distinct spatial variations in microplastic abundance, with certain 
regions serving as accumulation zones, while others show relatively lower concentra-
tions. These distribution patterns are closely linked to population density, industrial 
activities, waste management practices, and natural transport mechanisms such as 
ocean currents and atmospheric circulation [46]. The characteristics of microplastics, 
including polymer composition and morphology, vary significantly across different 
environmental compartments, providing insights into their sources and transport 
pathways. 

3.1.1 Geographic hotspots and less impacted regions 

Microplastic pollution shows significant spatial variation globally, with certain 
regions emerging as concentration hotspots. The Mediterranean Sea represents one of 
the most severely impacted marine environments, with surface water concentrations 
reaching more than 7% of global MPs [47]. The North Pacific Subtropical Gyre, 
particularly the “Great Pacific Garbage Patch,” exhibits notably high microplastic 
densities, ranging from 0.021 to 0.448 particles/m2 [48]. Coastal areas near densely 
populated regions and industrial centers, such as the South China Sea and Southeast 
Asian waters, demonstrate the elevated microplastic levels, especially in surface 
waters [49]. 

In contrast, remote oceanic regions such as the Southern Ocean show substantially 
lower contamination levels, typically below 0.1 particles/m3 , although recent studies 
indicate increasing concentrations even in these pristine waters [50]. Arctic waters, 
while traditionally considered less impacted, are showing concerning trends with 
microplastic accumulation in sea ice, serving as both a sink and potential source 
during melting periods [51].
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The occurrence and abundance of microplastics (MPs) have been widely 
documented in both freshwater and marine environments across the globe (Tables 1 
and 2). In freshwater systems, microplastics have been reported in rivers, lakes, and 
reservoirs with observed abundances ranging from 3.35 × 106 MPs/m3 in the River 
Elbe, Germany, to as low as 8.22 MPs/m3 in the Tuticorin region of India [81]. 
Similarly, marine environments exhibit varying levels of microplastic contamination, 
with intertidal sediments in Charleston Harbor, USA, recording up to 652 MPs/m3 and 
subtidal sediments in the same region reaching 3475 MPs/m3 [79]. Across the Medi-
terranean, abundances as high as 1512 MPs/m3 have been observed, highlighting the 
widespread distribution of microplastics in sediment [86]. Microplastic concentra-
tions in water also exhibit variability, with freshwater bodies such as Qinghai Lake, 
China, recording 1922 MPs/m3 [59] and marine areas like the South China Sea ranging 
from 0.045 to 2569 MPs/m3 [72]. These findings underscore the global presence of 
microplastics in aquatic systems, emphasizing the need for standardized reporting and 
mitigation strategies.

3.1.2 Common polymer types and their prevalence 

The composition of microplastics in environmental samples reveals distinct pat-
terns of polymer distribution, reflecting both production volumes and the durability 
of different plastic types. Polyethylene (PE) and polypropylene (PP) consistently 
emerge as the most abundant polymer types across various environmental compart-
ments, collectively accounting for 45–60% of detected microplastics [91]. This preva-
lence aligns with their extensive use in packaging materials and consumer products. 
Specifically, low-density polyethylene (LDPE) dominates surface water samples due 
to its buoyant nature, while high-density polyethylene (HDPE) is more commonly 
found in sediments. 

Polyethylene terephthalate (PET) represents the third most common polymer 
type, comprising 15–20% of identified microplastics, primarily originating from tex-
tile fibers and beverage containers [92]. Polystyrene (PS) accounts for 8–12% of 
environmental microplastics, with higher concentrations often observed in coastal 
areas due to its widespread use in food packaging and fishing equipment. Polyvinyl 
chloride (PVC) and polyamide (PA) are frequently detected at lower percentages (5– 
8% each) but raise particular environmental concerns due to their potential to release 
toxic additives during degradation [93]. 

3.1.3 Morphological characteristics (shapes and sizes) 

The morphology of microplastics varies significantly based on their origin and 
environmental weathering. Fibers constitute the predominant shape (40–55%) in 
environmental samples, primarily originating from textile washing and fishing gear 
degradation [94]. Fragments, resulting from the breakdown of larger plastic items, 
represent 25–35% of detected particles, while films derived from packaging materials 
account for 10–15%. Primary microplastics in the form of pellets and beads comprise 
5–10% of samples, mainly concentrated near industrial discharge points [95]. 

Size distribution analysis reveals that smaller particles (<100 μm) are increasingly 
prevalent, though often underreported due to sampling limitations. The most detected 
size range falls between 100 and 500 μm, representing approximately 60% of col-
lected samples. Particles between 500 μm-1 mm constitute about 30%, while those 
between 1 and 5 mm make up the remaining 10% [96].
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Country Study area Observed abundance (MPs/m3 ) References 

Freshwater environments 

Germany River Elbe 5.57 [52] 

Portugal Antua River 58–1265 (seasonal variation) [53] 

Russia Ob and Tom Rivers, Siberia 44.2–51.2 [54] 

India Netravathi River 288 [55] 

Kerala Coast 1.25 [56] 

Tuticorin, Gulf of 
Mannar 

8.22–31.05 [57] 

Kochi, Kerala 100–800 (10–80% of samples 
containing MPs) 

[58] 

China Qinghai Lake 0.05–7.58 [59] 

Danjiangkou Reservoir 2594–3875 [60] 

West Dongting Lake and South 
Dongting Lake 

1345–1464 [61] 

Yangtze River Basin 0.5–3.1 [62] 

Vila Bay and Mela Bay 0.05–0.057 [63] 

Three Gorges Reservoir 4703 [60] 

Taihu Lake 3.4–25.8 [62] 

Marine environments 

Chile Rapa Nui, Chile 64,907.5–18,296.5 [64] 

USA Chesapeake Bay 1–563 [65] 

San Francisco Bay, California 15,000–2000,000 [66] 

South 
America 

Patagonian Lakes 0.9 [67] 

UK Deerness Sound, Orkney, Scotland 7.5 [68] 

Lebanon Eastern Mediterranean 4.3 [69] 

Turkey Mediterranean Sea 16,339–520,213 [70] 

South 
Africa 

Southeastern Coastlines 257.9–1215 [71] 

China South China Sea 0.045–2569 [72] 

Xiangshan Bay 8.9 [73] 

Bohai Sea 0.33 [74] 

Yellow Sea 0.13 [75] 

South China Sea, Western Pacific 
Ocean 

15–49,000 [76] 

Japan Kyushu, Japan 40.9 [77] 

Australia Bacchus Marsh 38 [78] 

Table 1. 
Categorized data of microplastic (MP) abundance in sediments from freshwater and marine environments across 
different global locations. Values are reported as MPs/m3 after standardizing the original measurements from 
various studies.
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Country Study area Observed abundance (MPs/m3 ) References 

Freshwater environments 

USA Chesapeake Bay, Subtidal sediment 3475 [79] 

Norway Lake Mjøsa and Lake Femunden 7.31 and 3.89 [80] 

Germany River Elbe 3.35 × 106 to 6.60 × 106 [81] 

Netherlands Netherlands and Germany 1400–4900 [82] 

India Netravathi River 96 [55] 

Kerala Coast 40.7 [56] 

Vembanad Lake 252.8 [83] 

Nattika Beach 70.15–120.85 [84] 

Tuticorin, Gulf of Mannar 8.22–17.28 [57] 

Kochi, Kerala 10–70% of samples with MPs [58] 

China Qinghai Lake 1922 [59] 

Taihu Lake 11–234.6 [62] 

Yangtze River Basin 15–160 [62] 

Marine environments 

USA Charleston Harbor, Intertidal sediment 0–652 [79] 

Charleston Harbor, Subtidal sediment 3475 [79] 

Virginia and North Carolina 596–2224 [85] 

UK Thames River Basin 88–1190 [86] 

Edgbaston Pool, England 26 [87] 

Deerness Sound, Scotland 5.65 [68] 

Ireland Irish Continental Shelf 7.67 and 6.33 [80] 

Europe Mediterranean Sea (Italy, Turkey, etc.) 72–1512 [86] 

Portugal Antua River 58–1265 (seasonal variation) [88] 

Lebanon Eastern Mediterranean 2433–2000 [69] 

Tunisia Lagoon-Channel of Bizerte 7.96 [89] 

South Africa Southeastern Coastlines 6889–3308 [71] 

Russia Baltic Sea 34 [90] 

China South China Sea 0.045–2569 [72] 

Xiangshan Bay 8.9 [73] 

Bohai Sea 0.33 [74] 

Table 2. 
Categorized data of microplastic (MP) abundance in water from freshwater and marine environments worldwide. 
Abundance values are presented as MPs/m3 , providing a consistent comparison of findings from diverse studies. 

3.2 Microplastics in landfill 

Microplastics in landfills are a growing concern due to their potential environ-
mental impact [97]. They are produced from fragmentation during the landfilling
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process and can travel to leachate with rainwater [97]. Landfill leachate is becoming a 
significant reservoir of microplastics, which can have adverse effects on humans and 
biota [97]. Many recent research studies quantified landfill microplastics [98]. About 
21–42% of global microplastics are stored in landfills [99] where they can be degraded 
through various biochemical and physical processes [99]. Yu et al. [100] noted irreg-
ular shapes of microplastics in landfill waste—indicating that plastic debris break-
down is the primary source of secondary microplastics in landfills. Microplastics 
concentrations in landfills, including disposed sludge, range from 20,000 to 91,000 
items/kg [101]—a concentration that is way higher than microplastics found in sedi-
ment. Microplastics in landfill leachate can enter the soil and freshwater, potentially 
affecting ecosystems and human health. Scientists have discovered that terrestrial 
microplastic pollution surpasses marine microplastic pollution by a significant margin, 
estimated to be between 4 and 23 times higher, depending on the environment. 
Sewage plays a crucial role in microplastic distribution, with 80–90% of plastic parti-
cles in sewage, including garment fibers, persisting in sludge. This sewage sludge is 
commonly used as fertilizer on fields, resulting in the annual deposition of several 
thousand tons of microplastics into the soil. Microplastics can interact with soil fauna, 
impacting their health and soil structure [97]. Additionally, they can break down into 
nanoparticles, measuring less than 0.1 micrometers. Microplastics in landfill leachate 
can have adverse effects on both humans and biota, posing environmental risks to 
waste resource utilization [102]. Research efforts are underway to address the chal-
lenge of microplastics in landfills. This involves developing new technologies for 
landfill leachate treatment and implementing strategies to reduce the sources of 
microplastics. However, there is still limited knowledge regarding microplastic 
removal in existing leachate treatment facilities, and it is crucial to timely develop 
technologies to mitigate the sources of these microplastics [102]. 

3.3 Microplastics in air 

Some plastic particles have a high surface area/volume ratio that allows air current 
to transfer and carry them in the atmosphere—named in the literature as “airborne 
microplastics” (e.g., plastic particles derived from textile and fibrous materials). Air-
borne microplastics are a growing concern due to their potential impact on human 
health and the environment [103]. They can be found in both indoor and outdoor air, 
with concentrations varying depending on the location and source. Airborne 
microplastics can originate from various sources, including cosmetics, clothing, 
industrial processes, packaging materials, and road transportation. Tires and brakes 
on vehicles can also contribute to the presence of microplastics in the air. Studies have 
shown airborne microplastic concentrations ranging from 0.01 particles per cubic 
meter in parts of the Pacific Ocean to several thousand particles per cubic meter in 
London and Beijing. Research has shown that humans can inhale up to 22,000,000 
micro- and nanoplastics annually [104]. Airborne microplastics can be ingested, 
absorbed, and inhaled by humans and animals, potentially carrying hidden and haz-
ardous substances inside the body. Microplastics can affect the climate by scattering 
sunlight, which can have a cooling or warming effect depending on their distribution 
and size. They can also interact with clouds and other atmospheric particles, poten-
tially altering atmospheric chemistry [105]. To address the issue of microplastics in 
the air, research is being conducted on the development of new technologies for 
monitoring and reducing airborne microplastics. However, more research is needed to
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understand the implications of airborne microplastics on human health and the 
environment [105]. 

3.4 Microplastics in water 

As reservoirs and sinks, microplastic particles exist in water [106]—including 
lakes, rivers, oceans, etc., receiving industrial runoff and impacted by human activi-
ties [107]. Microplastics in water can originate from various sources, including cos-
metics, clothing, industrial processes, packaging materials, and road transportation 
[108]. Studies have shown that plastic debris is widespread in freshwater ecosystems 
globally, with plastic debris found in all waterbody and reservoirs [108]. Plastic 
concentrations vary widely among lakes, with the most polluted lakes having concen-
trations that reach or even exceed those reported in the subtropical oceanic gyres 
[108]. In the Great Lakes, east-central North America, microplastic particles reach an 
abundance of 43,000 per square kilometer in surface water [106]—a concentration 
similar to microplastic abundance in Lake Geneva, Europe (48,146 fragments per 
square kilometer). Many research studies concluded that microplastic concentration 
increases with urbanization [109]. For example, sediment cores from the UK have 
microplastic abundance as high as 2700 MP per kg [110]. Dating sediment cores could 
give some insights about microplastics accumulation in urban lakes [111]. 
Microplastics in lakes can have adverse effects on freshwater ecosystems and biota, 
including impacts on biodiversity, ecosystem productivity and functioning, nutrient 
cycling, and contaminant cycling [112]. Microplastics in lakes can also pose risks to 
human health, as they can be ingested through the consumption of contaminated fish 
and other aquatic organisms [113]. 

Downstream into the estuaries, microplastics are carried out by water currents and 
accordingly, rivers are one of the main routes through which the microplastics reach 
the marine ecosystems. Urban marine environmental studies for both sediment and 
water columns showed clear evidence of microplastics accumulation with high con-
centrations near urban areas. For example, a study of the River Thames, United 
Kingdom, revealed that the river sediment had an average of 12.1 to 22.3 synthetic 
microfibers per 100 g [114]. Moreover, in some metropolitan areas, studies reported 
microplastics with 517,000 particles per m2 [114]. Some researchers found that there 
is a positive and significant correlation between population density and microplastic 
concentrations [106]. 

The pervasive reach of microplastics extends across diverse ecosystems, with the 
documented accumulations in beaches, coastal sediments, arctic snow, Antarctic ice, 
surface, and groundwater, as well as the deep expanses of seas and oceans. Land 
emerges as a primary contributor, releasing an estimated 12.5 million tons of plastic 
annually, becoming a major source of marine pollution [115]. Research estimates 
approximately 250,000 tons of microplastics adrift in the oceans, with concentrations 
varying based on proximity to industrial sources, as elucidated by Talbot and Chang 
[116]. Notably, plastic particle concentrations tend to decrease gradually with distance 
from these sources, though concentrations surge in urbanized areas with dense 
populations. This spatial variation is critical, as in these densely populated regions, 
humans are more likely to encounter microplastics, potentially through the consump-
tion of contaminated food and water, as highlighted by Kwon et al. [117]. This intri-
cate interplay of environmental distribution underscores the need for a 
comprehensive understanding of the dynamics driving microplastic pollution and its 
potential implications for human exposure and ecological health.
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3.5 Microplastic on beaches and sediment 

Microplastics are pervasive micropollutants in marine environments, including 
beaches and sediments. These tiny particles originate from various sources, such as 
the breakdown of larger plastic debris, microbeads in personal care products, and 
synthetic fibers from clothing [118]. Recent studies demonstrated that microplastics 
are present in large quantities on beaches worldwide, with varying concentrations 
based on local human activities and ocean currents [119]. For example, a 2024 study 
conducted on the beaches of Badung, Bali, found an average of 90.7 particles/kg 
sediment, with Kuta Beach exhibiting the highest concentration due to its popularity 
among tourists [119]. 

The presence of microplastics in the marine sediments poses a real threat to the 
benthic-dwelling organisms and overall ecosystem health. Microplastics can be 
ingested by marine biota, leading to physical blockages, reduced feeding, and poten-
tial exposure to toxic chemicals associated with plastics [120]. Recent research studies 
have highlighted the widespread distribution of microplastics in sediments, even in 
remote areas, indicating their persistence and ability to be transported over long 
distances in marine ecosystems [120]. In a recent 2024 review, the authors empha-
sized the need for standardized extraction techniques to accurately assess their abun-
dance and impact [118]. Additionally, a research study on sediment interactions in 
estuarine environments demonstrated how microplastics reacts and behaves under 
different conditions, further underscoring their complex dynamics [120]. 

Efforts to mitigate microplastic pollution in marine environments (both sediment 
and water) are ongoing, with a special focus on reducing plastic waste at the source 
and improving waste management practices. Innovative methods for extracting 
microplastics from sediments, such as density flotation techniques, have evolved to 
enhance the efficiency and accuracy of microplastic quantification [118]. Moreover, 
public awareness campaigns and policy measures aimed at reducing single-use plastics 
and promoting sustainable alternatives are crucial in addressing the major causes of 
microplastic pollution [119]. Continued research and collaboration are essential to 
develop effective strategies for managing and mitigating the impacts of microplastics 
on the marine environment [120]. 

4. Sampling strategies for microplastics 

Sampling microplastics demands a meticulous approach due to their diminutive 
size and pervasive dispersion. Beginning by strategically selecting sites, potential 
sources like urban or industrial areas are considered, opting for various environmental 
media such as water, sediment, or biota. Microplastics sampling employs a variety of 
techniques, each with its strengths and limitations that must be considered (Table 3). 
Specialized equipment, like fine-mesh plankton nets or sediment cores, are employed 
and depth profiling is implemented to grasp the vertical distribution of microplastics. 
Nets are the most common method used for sampling microplastics due to their 
capability of collecting large volumes of water [1]. There are various types of nets 
including neuston net, plankton net, manta net, continuous net, and manual net [9]. 
Polyvinyl chloride (PVC) is commonly used for constructing nets. Pumping systems 
could be used for sampling microplastics in water columns and could work for several 
hours either at the same transect or over different sampling stations [121]. In addition 
to these common techniques, there are several other emerging microplastics sampling
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Sampling 
techniques 

Remarks Strengths Limitations 

Net 
sampling 

Net sampling involves using a net to filter 
microplastics out of water or sediment 
samples. Net sampling is relatively 
inexpensive and easy to conduct, but it is 
not very efficient at capturing small 
microplastics (less than 100 micrometers in 
size) 

Inexpensive 
Easy to conduct 

Not very efficient 
at capturing small 
microplastics 

Pump 
sampling 

Pump sampling involves using a pump to 
filter microplastics out of water samples. 
Pump sampling is more efficient at 
capturing small microplastics than net 
sampling, but it is also more expensive and 
time-consuming to conduct. 

Efficient at capturing 
small microplastics 

Expensive 
Time-consuming 

Grab 
sampling 

Grab sampling involves collecting a sample 
of water or sediment by hand. Grab 
sampling is simple and inexpensive, but it 
is not very representative of the entire 
sampling area. 

Simple 
Inexpensive 

Not very 
representative of 
the entire sampling 
area 

Core 
sampling 

Core sampling involves collecting a 
cylindrical sample of sediment using corer. 
Core sampling can provide a detailed 
record of microplastic accumulation over 
time, but it is more expensive and time-
consuming to conduct than other sampling 
techniques. 

Provides a detailed 
record of microplastic 
accumulation over time 

Expensive 
Time-consuming 

Table 3. 
Different microplastics sampling techniques, each with its strengths and limitations. 

techniques, such as passive sampling and drone-based sampling. These techniques 
offer several advantages over traditional techniques, but they are also more expensive 
and time-consuming to conduct. Quantitative sampling is ensured through systematic 
or random approaches, minimizing contamination risks by using clean equipment and 
proper protective gear. Samples are preserved in uncontaminated containers and size 
fractionation is considered to delve into specific particle ranges. Biological samples are 
integrated to comprehend bioaccumulation and food web dynamics. Passive sampling 
techniques are explored for temporal insights, accounting for seasonal variations. Data 
collection methods are standardized for cross-study comparisons, and foster collabo-
ration with researchers and citizen scientists to enhance spatial coverage. Tailoring 
your strategy to study goals and microplastic characteristics is paramount for a suc-
cessful investigation. Microplastic sample preparation, separation, purification, and 
digestion can be found in detail in these studies [99]. 

4.1 Microplastic polymer characterization 

Identifying microplastics would require polymer identification, which involves 
advanced techniques to identify their chemical composition, size, shape, and surface 
properties. Spectroscopic techniques such as Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy are widely used for identifying the chemical compo-
sition of microplastics [122]. FTIR measures the absorption of infrared light by the
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sample, providing a molecular fingerprint that can identify different types of poly-
mers. On the other hand, Raman spectroscopy uses the scattering of light to provide 
information about molecular vibrations, which can also identify polymer types. These 
techniques are non-destructive and suitable for small particles, making them ideal for 
microplastic analysis (Table 3). 

Microscopy techniques such as scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) are used to examine the morphology and surface 
characteristics of microplastics [128]. SEM provides detailed images of the surface 
structure, while TEM offers insights into the internal structure of the microplastic 
particles. These methods are often combined with energy-dispersive X-ray spectros-
copy (EDS) for elemental analysis. Additionally, thermal analysis techniques such as 
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) study 
the thermal properties of microplastics. DSC measures heat flow associated with phase 
transitions, helping identify polymers based on their melting points, while TGA mea-
sures weight loss during heating, providing information on thermal stability and 
composition. 

5. Effect of microplastics 

Plastics play a pivotal role in various sectors, serving purposes ranging from food 
packing, drug delivery, and fuel to safety, insulation, and one-use medical kits [129]. 
However, their versatile applications come with a stark downside—plastics pose 

Potential toxic 
effect 

Description References 

Acute toxicity Ingestion of MPs may lead to physical blockages in the digestive tract, 
causing pain, nausea, and vomiting. 

[123–127] 

(Sub)chronic 
toxicity 

Repeated exposure to MPs may lead to long-term health effects, 
including inflammation, oxidative stress, and genotoxicity. 

Carcinogenicity Some studies suggest MPs may act as carcinogens, increasing the risk of 
developing cancer. 

Cytotoxicity MPs may damage cells directly, leading to tissue damage and organ 
dysfunction. 

Neurotoxicity MPs may disrupt the nervous system, leading to neurological problems. 

Immune system 
disruption 

MPs may suppress the immune system, making it harder to fight off 
infections and diseases. 

Transfer to other 
tissues 

MPs may be transported through the bloodstream and lymphatic 
system, reaching other organs and tissues where they can cause further 
damage. 

Endocrine system 
disruption 

Some MPs may mimic hormones and disrupt the endocrine system, 
leading to reproductive problems and other health issues. 

Developmental 
toxicity 

Exposure to MPs during pregnancy may harm the developing fetus. 

Table 4. 
Some of the possibly toxic impacts of MPs on human health.
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significant harm to human health (Table 4) [129] and contribute to elevated pollution 
levels in air, land, and water [130]. 

5.1 Terrestrial ecosystem 

Microplastics make their way into agricultural soils through various pathways like 
irrigation water and sewage sludge application as fertilizer, littering, and atmospheric 
fallout [131]. Once in the soil, they can persist for decades and interact with terrestrial 
biota and ecological processes. Exposure studies reveal microplastics can reduce seed 
germination rates and plant growth [132]. Earthworms and microarthropods ingest 
the particles, which reduces their populations and impairs the soil function that these 
organisms support [133]. Figure 3 illustrates the percentage of MPs focused on vari-
ous terrestrial organism groups, highlighting the effects of MPs accumulation on these 
groups. These groups are highly impacted due to their ecological and commercial 
significance. Terrestrial organisms are increasingly exposed to microplastics (MPs) 
through various pathways, with mammals showing the highest exposure, primarily 
from contaminated soil, water, and food. MPs cause inflammation, oxidative stress, 
and endocrine disruption [134]. Birds ingest MPs via seeds, insects, and polluted 
habitats, leading to gastrointestinal blockages and bioaccumulation of toxins [135]. 
Reptiles encounter MPs through soil, water, or prey, with potential impacts on ther-
moregulation and prey availability [136]. Amphibians face risks in polluted freshwater 
habitats, including the developmental disruption and genotoxicity [137]. These find-
ings underline the varied ecological risks of MPs across terrestrial taxa. Microplastic 
exposure may also trigger effects in the gut microbiomes of organisms, even without 
evidence of ingestion. Such exposure has been found to alter the gut microflora, affect 
isotopic signature, and display deleterious effects on the growth and reproduction of 
springtails [138]. Table 5 displays some studies investigating the influences of MPs on 
aquatic organisms. 

At the subsurface, microplastics are incorporated into soil aggregates and pore 
spaces, leading to changes in bulk density, water retention, and the stability of aggre-
gates that preserve soil carbon stocks [138]. The accumulation of microplastics in 
natural and agricultural soils raises concerns over food safety as well as impacts on 
belowground ecosystems underlying terrestrial environments (Figure 4). 

The improper disposal of plastics in landfills and inadequate recycling practices 
give rise to the release of toxic elements, such as lead and cadmium [150]. This not 
only exacerbates environmental pollution but also has severe repercussions on human 
health, affecting reproductive success, inducing oxidative stress, influencing meta-
bolic behavior, hampering growth, and contributing to histopathological issues [129]. 

There are also physical effects that can arise from microplastic contamination. 
Larger plastics can limit the exchange of gases and compounds, which may affect 
environmental health and cause organism entanglement. Smaller particles can be 
ingested or inhaled, which may cause pseudo-satiation, blockage of the digestive tract, 
or abrasion and irritation of mucosa [138]. 

5.2 Aquatic ecosystems 

In oceans, lakes, and rivers globally, aquatic life across trophic levels ingests 
microplastics through direct or indirect pathways. Studies have detected microplastic 
particles in the digestive tracts of marine mammals, commercial fish, shellfish, and 
seabirds that mistake them for prey [151]. Microplastics have a significant impact on
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Category Effects Remarks References 

Plants Reduced seed germination 
and plant growth 

Exposure to Mps led to decreased seed 
germination and inhibited root elongation in 
wheat plants. 

[133] 

Altered nutrient uptake Mps can interfere with nutrient uptake in 
plants, affecting their overall growth and 
development. 

[139] 

Disrupted root development Mps can disrupt root development in plants, 
leading to reduced biomass and impaired 
nutrient acquisition. 

[140] 

Increased oxidative stress Mps can induce oxidative stress in plants, 
which can negatively impact their 
physiological processes in cucumber (Cucumis 
sativus L.). 

[141, 142] 

Invertebrates Ingestion of microplastics 
leads to physical blockage of 
digestive systems 

Ingestion of MPs by earthworms can lead to 
physical blockages in their digestive tracts, 
affecting their feeding and nutrient 
absorption 

[143] 

Reduced feeding and growth 
rates 

Exposure to microplastics can reduce feeding 
rates and growth in soil-dwelling 
invertebrates, such as springtails. 

[144] 

Altered behavior and 
reproduction 

Exposure to MPs can alter the behavior and 
reproduction of soil-dwelling invertebrates 
such as Caenorhabditis elegans, affecting their 
population dynamics. 

[145] 

Accumulation of toxic 
chemicals associated with 
microplastics 

MPs can act as carriers for toxic chemicals, 
which can accumulate in the tissues of 
invertebrates upon ingestion. 

[52] 

Vertebrates Ingestion of microplastics 
leading to internal injuries 
and blockages 

MPs can cause internal injuries and blockages 
in the digestive systems of birds, leading to 
reduced feeding efficiency and overall health 

[146] 

Soil microbes Impact soil microbial 
communities and enzymatic 
activities 

MPs can impact soil microbial communities 
and enzymatic activities. The presence of MPs 
fosters the growth of bacteria and fungi, 
altering the properties of MP materials. This 
can affect their bioavailability, degradability, 
and mobility ultimately posing a threat to 
crops connected to the soil’s microbiome and 
fauna. 

[20, 147] 

Reduce respiration It has been noted that all types of MPs, except 
fragments, show a decreasing impact on 
cellobiosidase activity. 

[148] 

Table 5. 
Some studies related to the influences of MPs on terrestrial biota. 

aquatic organisms, as illustrated in Figures 5 and 6, which highlight the percentage of 
MPs according to studies conducted on different groups of aquatic organisms [149]. 
Fish represent the most extensively studied group. This is primarily due to their role in 
human consumption and their susceptibility to microplastic ingestion, which causes 
gastrointestinal blockages, reduced feeding efficiency, and bioaccumulation of toxic
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Percentage of microplastic and their impacts across various terrestrial organism groups. The chart highlights the 
differences in research focus on aquatic organisms [149]. 

substances [152]. Small and large crustaceans, collectively representing 20% of the 
studies, are also highly affected, showing decreased survival rates and impaired 
molting due to microplastic ingestion [153]. Mollusks, accounting for 10% of the 
research, exhibit reduced filtration efficiency and oxidative stress, particularly in 
species such as mussels and oysters [154]. 

Other aquatic groups such as annelids, marine mammals, echinoderms, cnidarians, 
rotifers, and poriferans are less studied but still show diverse effects, including 
bioaccumulation, impaired reproduction, and disruptions to ecosystem functions 
[149]. These impacts highlight the need for further studies on underrepresented 
groups to gain a comprehensive understanding of microplastic pollution in aquatic 
environments. Primary producers such as algae and sea grasses exposed to 
microplastics register effects on photosynthesis and growth that can cascade up food 
webs (Table 6) [163]. 

Beyond physical harm from intestinal blockage and reduced nutritional intake, 
microplastics also leach additive chemicals as they break down and serve as carriers 
for other waterborne hydrophobic pollutants [11]. Microplastics reach the food chain 
through adhering and/or absorbing hydrophobic traces such as polybrominated 
diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), and polycyclic chlori-
nated pesticides (PCPs). Such traces are the main sources of hazardous pollutants and 
get into the food web via aquatic biota [164]. These combined exposures elicit toxic 
responses including inflammation, endocrine disruption, neurological dysfunction, 
and population-level impacts through reproductive failure seen in species studied in 
situ [165]. The mixture of plastic waste with legacy contaminants poses ecological risks 
that demand closer examination. 

5.3 Atmospheric 

While research on airborne microplastics is still evolving, evidence confirms the 
presence of fibers, fragments, and particles in the atmosphere. Sources range from 
synthetic textile fibers to erosion of terrestrial plastic pollution and sea spray. Atmo-
spheric transport enables microplastics to reach remote regions such as mountains and 
the Arctic [166]. Variable factors such as wind patterns, turbulence, and proximity to
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Figure 5. 
A visual representation illustrating the different ways microplastics (MPs) might impact the terrestrial ecosystem. 

Figure 6. 
Percentage of microplastic and their impacts across various aquatic organism groups. The chart highlights the 
differences in research focus on aquatic organisms [149]. 

point sources influence concentrations settling on land and water bodies through dry 
and wet deposition [167]. 

Inhalation studies associate airborne microplastics with respiratory irritation and 
inflammation [168]. Beyond direct health effects, atmospheric circulation and
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Category Effects Remarks References 

Phytoplankton Photosynthetic, electron transport 
and growth inhibition; oxidative 
stress 

Low-density polyethylene MPs cause 
a decline in photosynthetic activity, 
oxidative stress, and metabolism 
alternation of Chaetoceros calcitrans 
microalgae 

[5] 

Diminished algal cell viability, 
photosynthetic, electron transport, 
rise in oxidative stress in fresh water 
algae, Scenedesmus obliquus, and 
Chlorella sp. 

[155, 156] 

Zooplankton Histopathology; inflammation; 
oxidative stress; microbiome 
disruption; DNA damage; gill 
abnormalities 

The consumption of MPs showed 
damage to the intestines, diminished 
intake, hindered growth, restricted 
reproductive output, shortened 
lifespan, and abnormal or fatal gene 
expression such as Daphnia magna 

[157, 158] 

Aquatic 
vertebrates 

Reduced feeding efficiency and 
nutrient absorption 

Microplastic ingestion can impair the 
feeding efficiency and nutrient 
absorption in reptiles, affecting their 
growth and reproductive success. 

[159] 

Altered behavior and reproduction That exposure to microplastics can 
disrupt the behavior and reproduction 
of marine crustaceans, which can have 
cascading effects on their populations 

[160] 

Accumulation of toxic chemicals 
associated with microplastics 

Microplastics can accumulate and 
transport toxic chemicals, such as 
polychlorinated biphenyls (PCBs), in 
the tissues of fish and other 
vertebrates. 

[161] 

Severe damage Ingested MPs cause severe damage in 
Ardenna carneipes seabirds such as 
decline in tubular glands; 
inflammation; fibrosis; organ damage 

[162] 

Table 6. 
Some studies related to the influences of MPs on aquatic biota. 

downwind hotspots serve as key microplastic entry points into terrestrial and aquatic 
food chains with implications for environmental and human exposure [167]. 
Establishing standardized air monitoring and fate models is an urgent research need in 
this rapidly growing area. 

5.4 Human health 

Limited clinical evidence directly links microplastics to specific human health out-
comes. However, cell culture, rodent, and aquatic animal studies reveal various toxic-
ity mechanisms that provide early warning on potential effects relevant to human 
physiology. Ingested microplastics appear to translocate across intestinal epithelial 
layers into circulation and tissues [169].

2050



Microplastics Dynamics: Unveiling Sources, Sinks, and Removal Strategies for Mitigating…
DOI: http://dx.doi.org/10.5772/intechopen.1008992

Once internalized, particles generate reactive oxygen species that trigger 
inflammatory pathways and interfere with metabolism, gut-brain signaling, 
and immune function [170]. Toxic chemical additives leaching from plastics into 
biological fluids compound these stressors. Inhalation represents another central 
exposure concern based mainly on occupational studies of plastic factory workers 
[171]. Respiratory exposures are associated with declined lung function and airway 
irritation over time. Combined with ubiquitous environmental presence, plausible 
biological impacts warrant proactive steps to elucidate risks and inform public health 
protections. 

5.5 Microplastic interaction with plants and animals 

Microplastics interact with plants and animals in various detrimental ways. In 
plants, microplastics can induce stress responses, including reductions in seed germi-
nation, root elongation, and photosynthetic activity [172]. These tiny particles can 
alter soil properties, affecting water retention and nutrient availability, which in turn 
impacts plant growth, health, and overall productivity [172]. Research studies have 
shown that microplastics can be taken up by plant roots and translocated to other 
parts of the plant, potentially entering the food chain [172]. This uptake can lead to 
physical blockages and chemical toxicity, further stressing the plants and reducing 
their overall vitality [172]. 

In animals and through ingestion, microplastics are ingested either directly or 
indirectly through the food chain, leading to various health issues. For example, 
marine organisms such as zooplankton ingest microplastics, which can cause physical 
blockages and reduce their ability to feed on algae [173]. This disruption in feeding 
behavior can lead to decreased growth and reproductive success [173]. Additionally, 
microplastics can leach harmful chemicals, such as additives and pollutants, which can 
accumulate in the tissues of animals and cause toxic effects [173]. Research has shown 
that microplastics can cause physical damage to the digestive systems of marine 
animals, leading to inflammation, reduced nutrient absorption, and even death [173] 
in severe cases. 

6. Controlling of MPs and strategies 

Controlling microplastics in our environment poses a significant challenge due to 
their small size and widespread distribution. Several methods have been explored to 
face this problem as follows. 

6.1 Elimination, reduction, and reuse 

Many national and local authorities proposed laws and regulations to be 
implemented to reduce the plastic discharge into the environment. However, such 
regulations are either not in action or ineffective in removal. Many countries, includ-
ing China, Europe, and the USA, have prohibited throwaway plastics—known as 
single-use plastics—since 2008. However, there are hundreds of supermarkets and 
shopping malls that are still using plastic bags. In the European Union and as a part of 
the green economy transition plan, the use of disposable plastic bags will be signifi-
cantly minimized and, by 2030, should be replaced by recyclable packing [101]. 
Moreover, the use of microbeads is prohibited in several nations since they are the
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primary source of microplastics in the aquatic environment [8]. Reducing plastic 
fibers should be implemented by optimizing the optimal washing schemes. Ulti-
mately, reducing plastic usage and replacing plastics with paper bags and/or other 
recyclable materials would be the most effective way to prevent microplastics from 
reaching the food web chain. 

It has been estimated that only 9% of the over 8.3 billion metric tons of plastic 
produced globally has been recycled [174]. There are substantial opportunities to 
improve recycling, especially for complex plastic components in electronic devices 
and automobiles [175]. The technology exists to recycle and repurpose thermoplastics 
from electronics and shred and reform thermoset materials from automobiles [176]. 
For example, the Eastman Tritan Renew copolyester introduced by Eastman Chemical 
Company uses a chemical recycling process allowing for infinite recyclability of plas-
tics (Eastman Chemical Company, TN, USA). Improving collection infrastructure and 
implementing standardized labeling for plastic types to support sorting for recycling 
have also been identified as impactful solutions [177]. 

6.2 Removal using filtration and sorption methods 

Due to microplastic bioaccumulation and low degradability in marine environ-
ments, the removal techniques should be a top priority. They have a high 
sorbent capacity for waterborne contaminants and other pollutants, facilitating the 
translocation of pollutants into new habitats [178]. Some researchers investigated the 
adherence capacity of microplastic particles on the surface of microorganisms includ-
ing algae [179], seaweeds [180], and bacteria [181]. For example, an experimental 
study [180] conducted on a seaweed Fucus vesiculosus revealed that the removal effi-
ciency of microplastic was improved by 94.5%. The authors further indicated that 
microplastic adsorption on the seaweed’s surface was a result of alginate (anionic 
polysaccharide substance) release from the cell wall, which has gelatinous character-
istics that played a critical role in the adherence of the polystyrene particles to the algal 
surface—improving the removal efficiency [182]. Another study conducted by Nolte 
et al. on the removal of 20–500-nm polystyrene materials using unicellular algae, 
Pseudokirchneriella subcapitata, revealed higher adsorption and removal efficiency of 
microplastic particles of polystyrene material [183]. Notably, high concentrations of 
these microplastics may have deleterious effects on such microorganisms. The detri-
mental effects are evident, as highlighted by the significant physical damage observed 
in marine microalgae Chaetoceros calcitrans cell structure when exposed to high con-
centrations of low-density polyethylene microplastics. This underscores the need for 
increased attention to the ecological footprint of microplastics, especially considering 
the ongoing breakdown of plastics within the ecosystem. Recognizing and addressing 
these effects on microorganisms are crucial steps in mitigating the broader environ-
mental consequences of microplastic pollution [5]. 

Membrane technology is another emerging research area where scientists devel-
oped a dynamic membrane that showed promising results for microplastic particle 
removal from wastewater [184]. Some researchers concluded that wastewater turbid-
ity was significantly decreased from 195 to 1 NTU via microplastic particle removal 
[185]. In large-scale applications, membrane bioreactors are in use for removal of large 
capacities of microplastics [186]. Bioreactor applications might be of a high-cost 
concern and depend largely on membrane durability, wastewater influent flux rate, 
and the contamination levels of microplastics [187].
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6.3 Plastic biodegradation 

To show the impressive role of microorganisms (both bacteria and archaea) and 
their role in microplastic removal through biodegradation in coastal sediment, Harrison 
et al. [188] highlighted several research areas and gaps where scientists need to focus 
more to advance our understanding of microplastic biodegradation through interaction 
with microorganisms. Several research studies have reported biodegradation of both 
synthetic and naturally occurring microplastics via microorganisms’ interactions [189]. 
Ongoing research on the role and evidence of zooplankton inmicroplastic degradation is 
still evolving. Shrinking in size of plastic particles that were viewed under an electron 
microscope was clear evidence of the biotransformation of microplastics to nanoplastics 
in biologically mediated processes [190]. Many other research studies were conducted to 
investigate the biological degradation of microplastics via marine fungi [191] and some 
crustaceans [192]. For example, Ideonella sakaiensis 201-F bacterium produces the 
enzymes PETase and MHETase, which use hydrolysis to break down the plastic poly-
ethylene terephthalate (PET). These enzymes work best at temperatures around 70–75° 
C [193], beyond this specific bacterium, LC-cutinase from compost-dwelling bacteria, 
extremophilic bacteria tolerant of very high/low salt/pH levels, and common plastic-
degrading species such as Pseudomonas and Bacillus [194], while Aspergillus oryzae fun-
gus secretes hydrolysis enzymes that hydrolyze the plastic polymer polybutylene succi-
nate (PBS) optimally at 50°C [195]. Through enzyme secretion, colonization, and other 
mechanisms, these diverse microorganisms can fragment plastic products such as PVC, 
PP, PE, and PC, facilitating biodegradation under proper conditions like the presence of 
co-substrates and appropriate temperature ranges. 

6.4 Enhancing microplastic removal efficiency 

Wastewater treatment plants are one of the major sources of microplastics in the 
local environment. Accordingly, improving the removal efficiency of plastics at those 
facilities will tremendously reduce the microplastic concentration in the aquatic envi-
ronment [102]. Increasing the clearance efficiency of plastics at wastewater treatment 
facilities could reach 98% [196] via methods like electrocoagulation, where 
microplastic removal could reach 99.24% [197], especially through membrane biore-
actor applications. 

There are other chemical techniques for improving microplastic removal, includ-
ing coagulation/flocculation [198], chlorination [199], agglomeration [200], reduced 
graphene oxides [201], and nanoparticle films [202]. For example, the removal effi-
ciency of microplastics via coagulation could reach 98.2% by poly-aluminum chloride 
[26]. On the other hand, biological techniques for microplastic removal are less effi-
cient than chemical removal, but biological strategies have low operating costs. 
Among biological techniques for microplastic removal are activated sludge [203], 
biofilter [204], active ingestion [205], and biodegradation [206]. 

7. Wetland ecosystems and their role in microplastic removal 

Wetlands are unique ecosystems that provide a wide variety of ecosystem services and 
functions, including soil carbon regulation [207–212]. However, many research studies 
showed evidence of microplastic accumulation in wetland sediment and biota [53, 150]— 

which in turn have adverse effects on ecosystem services offered by wetland habitats.
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Assessment of microplastic accumulation, extraction, identification, and their impacts on 
wetland habitats received less attention from researchers. Kumar et al. [53] identified 
certain limitations and research shortcomings in microplastic research in wetlands, 
including sources, pathways, sampling approaches, adsorption mechanisms, policy inter-
vention, and risk assessment. Moreover, the concentration of microplastics in surface 
water [213] has minimal data available to researchers, which is considered a limitation for 
modeling the fate and transport of microplastics [214, 215] especially in wetland ecosys-
tems. Moreover, microplastic research studies in other wetlands such as meadows, sea-
sonal wetlands, and constructed wetlands are very rare and limited. 

Wetland vegetation plays a crucial role in microplastic removal since they are 
working as a natural filter [216], and vegetation incorporation in newly constructed 
wetlands is recommended for microplastic removal. Moreover, clay particle size in 
wetlands impacts the microplastic abundance, where higher microplastic abundance 
was associated with finer clay [217]. Both natural and constructed wetlands have a 
fundamental role in removing suspended particles (90–97% removal efficiency) from 
the water column [218]. Constructed wetlands are commonly used for wastewater 
treatment [219]; however, the fate and transport of microplastics in the newly 
constructed and treated wetlands are poorly understood [220]. 

Different wetland plant species have an additional capacity to accumulate various 
pollutants [16, 107]. It is highly recommended when constructing wetlands for reme-
diation to avoid non-native plant species [221] as they can become invasive species 
that cause tremendous environmental problems including lower native biodiversity 
[107, 222–224]. Some wetland ecosystems such as mangroves and coral reefs are 
susceptible to plastic contamination [225, 226], and protecting them should be a top 
priority. The detection of microplastics in different wetlands including mangroves 
[226], marine environment [227, 228], and food chain of different biota including Nile 
Tilapia [41, 229] presents an alarming signal of increasing plastic loads to the aquatic 
environments. In conclusion, the science required for the assessment of emerging 
contaminants of microplastics in wetlands is necessary for identifying the adverse 
impacts on wetland ecosystem services and functions. 

8. Key challenges in controlling microplastic (MPs) pollution 

The heterogeneous physicochemical properties of MPs pose a significant challenge 
for large-scale surveillance, risk assessment, and remediation. Their ecotoxicity effects 
remain poorly characterized [230]. Furthermore, public perceptions, attitudes, and 
behaviors toward MPs are underexplored, hindering efforts to motivate consumer and 
policy actions [231]. Additional major hurdles include the lack of reliable analytical 
techniques for proper MP identification and quantification in complex environmental 
matrices as well as in food [232]. Implementing policies to curb plastic usage also faces 
barriers once interventions are enacted, demanding improved governance. Moreover, 
the current lack of standardized procedures for collecting and analyzing environmen-
tal MP data limits comparative assessments, especially for emerging pollutants such as 
nanoplastics. Similarly, the absence of a comprehensive spectral database of polymer 
types constrains precise analysis [233]. 

The interaction of microplastics with environmental matrices alters their infrared 
spectra, complicating polymer identification and modification studies [93]. Moreover, 
plastic recycling faces issues due to the mixing of polymer types and additives that 
reduce purity and make the extraction of desired materials complex [234]. The highly
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stable carbon-carbon backbone of polymers like polyethylene also impedes biodegra-
dation. Additional analytical barriers include collecting adequate MP quantities from 
complex environmental samples for chemical analysis, as well as the low detection 
frequencies and high limits posed by tiny particle sizes [235]. 

In summary, microplastic variability with environmental weathering, issues with 
plastic mixtures in recycling, and analytical chemistry challenges around detecting 
low abundance MP analytes in complex matrices present further roadblocks to 
research and remediation efforts. Multi-residual analytical tools and polymer extrac-
tion methods may help resolve some constraints [235]. Ultimately, the extremely 
stable chemical structure of many plastic polymers continues to pose an overarching 
challenge for developing mitigation strategies. 

9. Future directions 

Microplastics pollution is among emerging contaminants that have gathered the 
attention of the scientific community in the last two decades [26]. The research focus 
was mainly on microplastic sources, sinks, and distribution in the environment 
including land, rivers, lakes, and aquatic ecosystems. Limited research studies were 
conducted on microplastics removal efficiency and fundamental research gaps about 
this aspect are still poorly understood. Moreover, the fate and transport mechanisms 
of plastics are still considered challenging research aspects that require state-of-the-art 
investigation. Moreover, ecological risk assessment and ecotoxicological studies that 
investigate the microplastic impacts on microorganisms, humans, and animals have 
very limited data and remain unexplored aspects that require in-depth research stud-
ies. Improving and increasing microplastics removal efficiency should be a top-
priority research experiment. 

Previous research studies extensively focused on the role of microalgae and other 
microorganisms in improving the removal efficiency of microplastic particles from 
marine environments. They presented the higher capacity of algae in removing 
microplastic particles, especially with those of positive charges, which in turn increased 
the waterway’s quality bioindicators. Membrane bioreactors are very convenient for 
microplastic removal from wastewater runoff on large scales, especially for giant waste-
water treatment facilities but might be of a high-cost concern. Aside from the mechan-
ical and production of synthetic products used for microplastic removal, biodegradable 
processes mediated by microorganisms are available. Microorganisms that were 
involved in plastic degradation include bacteria, archaea, fungi, and some crustaceans. 

Accordingly, studies on the role of the constructed and treated wetlands showed 
promising results for microplastic removals and in-depth research should continue for 
following: (1) a better understanding of microplastic fate and transport in the wetland 
ecosystems; and (2) developing cost-effective and sustained remediation technologies 
for microplastic removal. It is highly recommended that an establishment of 
consensus-based guidelines for microplastic threshold concentrations be established 
for better implementation of removal efficiency techniques. 

10. Conclusions 

Microplastics are insoluble in water and hard to see by the naked eye. Based on the 
origin, they can be classified into primary and secondary. They exist in the air, land,
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and aquatic environments where they enter the food web. They are very harmful to 
human health and aquatic biota. Improving and increasing the microplastic removal 
efficiency is highly recommended to reduce the microplastic loads to the aquatic 
environment. There are different ways and techniques of microplastic removal that 
are still ongoing and require more development to increase removal efficiency. These 
techniques include dynamic membranes, bioreactor membranes, and biological 
removal. Ingestion of microplastics by organisms is still under investigation to be 
considered a removal strategy. Despite its high removal efficiency, adsorption 
removal techniques still have a secondary pollution risk. On the other hand, biodeg-
radation of microplastic mediated by biological processes poses no risks in the envi-
ronment but usually has low degradation efficiency. Local authorities and 
governmental agencies should regulate plastic usage. Not only should minimizing 
plastic use be the goal of the government, but also public awareness should be raised 
for replacing plastics with recyclable items like paper bags at grocery stores and 
shopping malls. Moreover, plastic discharge into wastewater should be strictly 
prohibited, especially since most wastewater treatment facilities cannot fully remove 
microplastic. Pollution assessment for microplastics should be strengthened in lands, 
air, and aquatic environments to provide holistic insights into the level of plastic 
distribution mechanisms, sinks, and sources. 
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Chapter 4

Physical Pre-Treatment of 
Renewable Fuels for Custom-Made 
Use in Fixed and Fluidized Bed 
Reactors 
Maxwell Appiah and Prince L. Tetteh 

Abstract 

The physical pre-treatment of renewable fuels specifically woody biomass is 
critical in enhancing their efficiency and suitability for use in fixed and fluidized 
bed reactors. This process involves a series of modifications that improve fuel 
characteristics such as size, shape, moisture content, and homogeneity to optimize 
performance in energy conversion systems. In fixed bed reactors, where fuel particles 
remain stationary, ensuring uniform particle size and reducing moisture content can 
significantly enhance combustion efficiency and emission profiles. For fluidized bed 
reactors, where particles are suspended in a fluid-like state through the injection of 
air or gas, achieving an appropriate particle size distribution ensures superior heat 
transfer, reduced pollutant formation, and consistent reactor performance. This 
chapter will explore the varied techniques employed in the pre-treatment stages, 
with a focus on the milling techniques of size reduction, to tailor renewable fuels like 
biomass wastes, and residues for bespoke reactor applications. Knife mills are gener-
ally best suited for particle size reduction; they are about 25% more energy-efficient 
than hammer mills, and can produce 0.25 mm sizes of milled woody biomass which 
is suitable for biofuel production in reactors as compared to hammer and ball mills. 
The scope includes identifying specific challenges and opportunities associated with 
each size reduction method, ultimately providing a foundation for innovative solu-
tions that accommodate diverse fuel types and reactor designs. 

Keywords: woody biomass waste, size reduction, milling, energy demand, particle size 
distribution 

1. Introduction 

Renewable fuels have proven to enhance a clean environment, increase energy
stability, and is primary in attaining sustainable development as compared to fossil-
based fuels [1]. Fossil systems release higher greenhouse gases, and have adverse 
health and ecological impacts on the environment; and for crude oil, the geopolitics 
involved in the regions they mostly abound in makes it a less secure energy source [2]. 
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Biomass waste is one of the most abundant classes of renewable fuel sources which 
has a lot of potential for the future energy outlook. It comes in the form of woody 
materials, herbaceous or aquatic plants, or manure. Woody biomass waste specifically 
contains fractions of cellulose, hemicellulose, lignin, and small amounts of extrac-
tives. The varying ratios of cellulose and lignin serve as a guide in identifying the suit-
ability of biomass for energy conversion [3]. Fuels that can be obtained from woody 
biomass waste include ethanol, biodiesel, hydrogen, methanol, and Fischer-Tropsch 
diesel, among others [4]. 

According to Sharma et al. [5], the processes involved in converting biomass to 
biofuels can be grouped into two (2) broad categories; 

• The thermochemical processes—this depends on heat application under con-
trolled oxygen conditions to convert biomass to syngas, methanol or fuel oils as 
well as many other products. The most widely known thermochemical technolo-
gies include pyrolysis, gasification and carbonization; 

• The biochemical processes—are mostly applied in converting man-made organic 
waste of high moisture contents and low C/H ratios, biomass is fermented 
to produce either biogas or organic fertilizer which are very useful products 
economically. The biochemical techniques also include anaerobic fermentation, 
methane production at landfill sites, and alcohol fermentation, although these 
technologies can be possible under different conditions of operation. 

Considering the physical nature and sizes of the feedstock in which the woody 
biomass materials occur, an attempt to process them into biofuels in their naturally 
occurring states will be challenging. Woody biomass is relatively the largest biomass 
produced and therefore, there is a need to remove lignin (which has a large molecular 
weight and a heterogeneous structure) and also increase the cellulose surface area 
to facilitate their valorization into fuels [6]. Due to this, it is necessary to perform 
pre-treatment of biomass before it can be converted to fuels; this involves a structural 
alteration of the biomass to destroy its intransigent nature, increase its surface area, 
remove lignin, and partially hydrolyze hemicellulose [7]. In the pyrolysis of various 
samples of microcrystalline cellulose, xylan from beech wood and alkali lignin by 
Zhu and Zhong [8], the pyrolysis behavior of cellulose was observed to be fast with a 
reaction order of 1.38 and frequency factor of 3.5 × 1012/s in contrast to hemicellulose 
and lignin due to the single unit structure of cellulose. The reaction orders for pyro-
lyzing lignin and hemicellulose were higher than that of cellulose at 2.30 and 1.51, and 
with frequency factors of 9.67 × 109/s and 2.59 × 105/s respectively. The pyrolysis of 
lignin also produced 47.9% coke, which is unsustainable and undesired in enhancing 
sustainability. Therefore, it is a critical step in biorefinery to aid improve the biomass 
properties for reaction and to promote efficient energy utilization in the process [9]. 
In this chapter, the most suitable pretreatment techniques utilized in coal-to-fuel 
technologies, and can be applied to suit a biomass feedstock will be further analyzed. 

1.1 Comparative advantage of renewable energy to fossil fuel systems 

• According to the International Energy Agency (IEA), fossil fuels accounted for 
approximately 89% of global CO2 emissions [10], whereas renewable energy 
sources had little to no direct CO2 emissions during their operations in 2021. For 
instance, the U.S. Environmental Protection Agency (EPA) reports that wind 
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energy systems produce only 9–18 g of CO2/kWh compared to 1 kg of CO2/kWh 
for a coal-fired electricity generation process [11]. In this regard, renewable sys-
tems preserve the environment and enhance a cleaner environment as compared 
to their fossil counterparts. 

• Bioethanol, primarily produced from corn and sugarcane, has an energy output-
to-input ratio of approximately 1.3–1.6 [12], whiles gasoline from crude sources 
has a lower energy return on investment (EROI) of about 0.8 [13], indicating 
that bioenergies are more energy efficient that fossils. 

• Renewable energy systems enhance energy security by diversifying the energy 
supply due to their abundance in almost every part of the earth, and reducing 
dependence on imported fuels. Fossils are however subject to price volatility and 
geopolitical tensions. The IEA [14] notes that renewables accounted for nearly 
29% of global electricity generation in 2020, with projections to reach 55% by 
2050. This shift reduces the risk of energy supply disruptions and enhances 
national energy independence. 

• According to IRENA [15], the renewable energy industry employed over 12 mil-
lion people worldwide in 2020, a figure expected to rise as the sector expands. In 
contrast, the fossil fuel industry faces job losses due to automation and declining 
demand. The transition to renewables offers opportunities for reskilling workers 
and fostering economic development in regions rich in renewable resources. 

2. Review on the significance of biomass size reduction for use 
in bioenergy in reactors 

In order to obtain bioenergy (biogas, biofuel of heat and electricity) from woody 
biomass, the lignocellulosic biomass is subjected to either of the different types of 
physical-mechanical pretreatment, mainly through size reduction, then by separat-
ing, before they are ultimately processed for their bioenergy products [16]. 

Physical pre-treatment of lignocellulosic biomass by reducing its dimensions 
or size is a mandatory condition prior to the chemical or bio-chemical processing 
in biomass bio-refining [16], for the improvement of the woody biomass property 
for reactions and to promote efficient energy utilization in the process [16], and to 
produce wood pellets or used in pulverized coal combustors. 

According to Mayer-Laigle et al. [17], the targeted size to which the woody bio-
mass is to be reduced to, is a function of the intended applications and can vary from 
several centimeters to a few micrometers. For example, in energetic applications, 
coarse particles in the range of a few millimeters (particle sizes around 0.1–0.5 mm) 
are targeted for anaerobic digestion processes in the production of biofuels, and 
below 0.1 mm for gasification processes or direct combustion in engines. Most of the 
time, in green chemistry applications, it is preferable to reduce the particle size below 
the cellular scale (~0.1 mm) to facilitate the extraction of molecules of interest. 

The objective of size reduction, or comminution, is to increase the specific sur-
face area available, thus facilitating the exchange of mass and heat and the action of 
anaerobic microorganisms for applications in biogas production. This is necessary to 
create good-flowing, easily digestible lignocellulosic biomass [18] in reaction systems. 
In a study by Wang et al. [19], large biomass particle sizes increase the temperature 
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gradient in their reactions, thus affecting the local heating rate; whereas small 
biomass particles (<2 mm) increase the yield of bio-oils and lighter products during 
thermal processing, i.e., combustion, pyrolysis or gasification. Tawalbeh et al. [20] 
also conducted a research study based on a comprehensive scale for woody biomass 
pyrolysis that considered the effect of operating temperature and particle size. They 
discovered that an increase in moisture content led to a decrease in biomass conver-
sion rate and the increased particle shrinkage led to an increase in biomass conversion 
rate in pyrolysis reactors. 

Aside from increasing the accessible surface area of the woody biomass, the size 
reduction process also decreases the cellulose crystallinity of the feedstock, which 
improves its digestibility and makes the conversion of saccharides during hydrolysis 
more convenient [21]. 

In microwave pyrolysis technology, the raw biomass particle size will influence 
the yield of by-products of the pyrolysis process. The particle size of the sample 
impacts the intensity and distribution of the microwave irradiation, affecting the 
uniformity of the dielectric heating on the biomass. A small particle size is favorable 
to increasing the gaseous phase products. For example, a small size implies higher 
gas and bio-oil generation. Conversely, larger particle sizes will contribute to higher 
biochar yield [22]. 

In combustion studies, the particle size is also an important parameter to deter-
mine the selection of biomass feedstock to avoid fouling of combustion reactor as 
studied by Zaman et al. [23]. Particle size also determines the effect on the reaction 
time and temperature of the biomass waste. Small particles are conducive to shifting 
the pyrolysis process to a lower temperature, generating a quick thermochemical 
conversion [24]. 

In studying the particle size as a pyrolysis parameter, reported data from previous 
studies agreed with each other. Aysu [25] conducted a pyrolysis experiment at 500°C 
in a fixed bed reactor on four different particle sizes ranging from 0.15 to 0.85 mm. 
Results showed a decrease of 2.19% in oil yield as the particle size increased, with 
corresponding 3.96% and 5.27% increases in gas and biochar yields respectively. 
Pyrolysis of durian shell by Tan et al. [26] also reported no significant effects of 
change in particles sizes on liquid yields, but a slight increase in biochar yield. The 
experiment was done in a drop-type fixed bed pyrolizer at 550°C with particle size 
ranges from <0.5 to 5 mm. Both Aysu [25] and Tan et al. [26] concluded that the 
particle size effect is very little on bio-oil yield in fixed bed reactors. This is due to 
the fact that heat and mass transfer in the fixed bed reactors is insufficient as particle 
sizes increase, hence resulting in low reaction rates which will not favor an increased 
yield of bio-oils. 

2.1 Influence of size reduction on various biofuel applications 

In producing bioethanol, size reduction is essential for increasing the surface area 
of lignocellulosic biomass, to facilitate the enzymatic hydrolysis process. According 
to Li et al. [27], reducing the particle size of biomass enhances the accessibility of 
cellulose and hemicellulose to enzymes, thereby increasing the yield of fermentable 
sugars. Smaller biomass sizes also improve the efficiency of pretreatment processes, 
such as steam explosion and acid hydrolysis, which aid in breaking down the complex 
structure of lignocellulosic materials [28]. 

For biodiesel production, size reduction plays a significant role in the extraction 
of oils from oilseed crops. The process of crushing and grinding oilseeds increases the 
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surface area, allowing for more efficient oil extraction through mechanical pressing 
or solvent extraction methods [29]. This is particularly important for feedstocks like 
jatropha and soybean, where maximizing oil yield is critical for the economic viability 
of biodiesel production [30]. 

In biogas production, size reduction is crucial for enhancing the anaerobic diges-
tion process. Smaller biomass particles increase the surface area available for micro-
bial attack, leading to faster and more complete degradation of organic matter [31]. 
This results in higher biogas yields and improved process stability. Furthermore, size 
reduction can help in homogenizing the feedstock, which is beneficial for maintain-
ing consistent digestion conditions and preventing the formation of floating layers or 
scum in the digester [32]. 

3. Particle size reduction technologies for woody biomass 

Lignocellulose is the basic building block of plant cells, and their stubbornness 
to microbial or enzymatic decay becomes a major hindrance in the quest to produce 
biofuels from them naturally [33] since they have the tendency to degrade the feed-
stock quality for further use in producing biofuels. Thus, there is a need to pretreat 
woody biomass to change their size, structure, and composition, in order to enhance 
cellulose hydrolysis to monomeric sugars which can then be processed into liquid 
biofuels [34]. There are a lot of physical and chemical pretreatment procedures for 
lignocellulosic biomass such as [35]: 

• pulverization [milling], 

• extrusion, 

• microwaving, 

• steam explosion, 

• acid and alkali treatment, 

• pyrolysis, among others. 

The focus of this chapter will be on the application of the milling process as a 
means of particle size reduction. Some of the other pretreatment techniques will also 
be briefly discussed. 

3.1 Pulverization (milling) 

Milling of woody biomass is intended to reduce the particle size of biomass waste, 
thereby increasing its surface area with a decrease in its crystallinity [36], and is a 
useful technique for the further upgrade of those waste to liquid biofuels. Generally, 
milling processes can reduce woody biomass sizes up to 0.2 mm; nonetheless, a 
particle size of 0.4 mm is enough to attain the desired rate and yield of woody biomass 
hydrolysis. 

Overall, a major setback of the milling process is its high energy demand and 
the capital cost of mechanical equipment. For instance, 0.5–2.15 kWh of energy 
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is required to mill a unit mass of wood fiber between 7 and 30 min at 270 rpm. 
Moreover, even though those wastes are used for liquid biofuel production, the 
produced glucose is approximately 60% of the product content, and a xylose content 
close to 24% after hydrolysis is attainable [37]. Some of the types of milling processes 
that could be employed in particulate size reduction include hammer milling, vibra-
tory milling, ball milling, jet milling, and knife milling, among others. 

3.1.1 Hammer milling 

This is a common process for reducing particle size, especially in the bioenergy 
and bioproducts sectors, where a system of spinning hammers is used to reduce the 
woody biomass to smaller particle sizes. High throughput rates, ease of use, and the 
variety of the types of materials that may be processed are just a few benefits that this 
hammer milling technology offers. Hammer mills also have the ability to minimize 
sizes of woody biomass to particle sizes ranging up to 0.19 mm [38]. 

Figure 1 gives a visual idea of how the hammer mill operates. The basic components 
of a hammer mill according to Singh [40], are a path for feedstock passage, hammers, a 
mechanism, and an auger. A route is a conduit, either vertical or horizontal, that con-
tains the object being crushed. The material inside the route is crushed using hanging 
hammers to produce a hammer meal. The hammers that are used to smash the material 
into powder are also rotated by pinions and gears. In essence, a high-speed rotor rotat-
ing inside a cylindrical container makes up a hammer mill. The shaft on which the rotor 
is placed is typically horizontal. A rotor disk is pinned to the swing hammers. The ham-
mers are usually made of straight metal bars with expanded or plain ends. The swing 
hammer sets in this mill and breaks the particles into smaller pieces. The lower part of 
the enclosure is made up of a grate or screen through which the product drops. On a 
single shaft, several rotor disks with four to eight swing hammers apiece are frequently 

Figure 1. 
An illustration of the hammer milling process [39]. 
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installed. The diameter of the rotor disk varies from 150 to 250 mm. The hammers are 
hinged; thus, the presence of any hard substance does not harm the apparatus. When 
the hammers become worn out, they are easily replaced. 

Particle sizes between 25 and 0.07 mm can be produced using intermediate 
hammer mills. In a hammer mill used for fine manufacturing, the hammer tips’ 
peripheral speed may reach about 112 m/s and they grind the feed materials at a rate 
of 0.1–15 tons/h [40] to sizes finer than 0.07 mm. 

Hammer mills are also appropriate for industrial-scale bioenergy operations 
because of their design and setup, which enables them to process huge amounts of 
raw material quickly. Therefore, the high throughput rate of up to 15 tons/h in the 
hammer milling for woody biomass is one of its main advantages [41]. This promotes 
a high production rate and shortens milling duration, increasing its overall output. 
Another benefit of hammer mills is how simple they are to use. They frequently have 
straightforward designs and few moving components, making them simple to use 
and maintain [42] due to less wear and tear occurrence. Furthermore, thanks to their 
automated feeding systems, hammer mills can operate with little operator involve-
ment. The workflow is streamlined, and less manpower is needed. 

3.1.2 Knife milling 

Knife milling is a method for reducing particle size that is frequently used to 
process woody biomass. In this process, the biomass waste is cut and shredded into 
smaller pieces using sharp knives. The key benefit of knife mills is their capacity to 
generate a wide range of particle sizes, which makes it appropriate for a variety of 
uses like fuel production and chemical extraction (Figure 2) [43]. 

Knife milling operates on a straightforward principle: the woody biomass is 
fed into the chamber, where it is sheared and sliced into smaller pieces by rotating 

Figure 2. 
An illustration of the knife milling process [44]. 
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blades placed on a rotor. By altering the rotor’s speed, the number and placement 
of the knives, and the size of the screen that the particles travel through, the size 
of the particles may be regulated [45]. Knife milling is a more energy-efficient 
technique than others because it uses mechanical forces rather than heat or 
chemicals to break down the biomass. About 19.3–32.5 kWh/ton of energy is 
consumed for the milling of fresh woody biomass waste while 17.8–23.2 kWh/ton 
is utilized for dry woody biomass waste. Also, the milling of dry woody biomass 
waste reduces the milling energy requirement by about 38% as compared to a wet 
feedstock [46]. 

3.1.3 Ball milling 

Due to its potential applications in numerous industries, including the manufac-
ture of biofuel, ball milling is a particle size reduction technology that has attracted 
a lot of attention recently. Particle sizes produced by ball milling range from 1 to 
30 mm. One of ball milling’s key benefits is its capacity to effectively reduce the 
particle size of woody biomass, which is essential for boosting the generation of 
ethanol from lignocellulosic materials. The procedure uses revolving drums or vessels 
with grinding balls to force the biomass particles to collide and fragment into smaller 
pieces. Additionally, Sitotaw et al. [47] discovered that using a ball milling process in 
conjunction with other chemical and physicochemical pretreatment methods makes 
it easier to remove lignin, reduce cellulose crystallinity, and increase specific surface 
area, all of which improve the digestibility of lignocellulosic biomass when used as a 
feedstock to produce liquid biofuels. Ball mills destroy the cell walls of some woods 
and remove their crystalline structure [48], which is a significant drawback of the 
process. However, Yuan et al. [49] also found out that they can also break down the 
fibrous structure of lignocellulosic biomass, and this is favorable to use the biomass 
particles in pulverized combustors or pelletize them before they are introduced into 
the combustors to generate energy. 

According to a study by Perov [50], an industrial ball mill is made up of a steel 
drum that is cylindrical and contains steel balls. The cylindrical steel drum is between 
3 and 15 m long and 2–5 m in diameter. The diameter of the steel balls can reach 
about 25 cm. The circular steel drum uses up to 1 MW of electricity to power itself. A 
feeder system supplies the raw material to be ground into the steel drum’s inlet, and a 
ventilation system moves the ground materials out of the drum. 

The lifting and tumbling action is what causes the crushing and grinding; hence 
the rotation speed of the balls is selected to best suit this operation. Spillage is 
avoided by installing a steel wave-shaped lining inside the inner case of the mill, 
and it also creates a nice tumbling movement, this helps keep the revolving shell to 
the charge [51]. 

Grinding mills are significant energy consumers because grinding requires a lot of 
power, according to Levit [52]. 

The loading of a ball mill determines how productively it grinds. The mill grinds 
more efficiently as more material is fed into it. When the feedstock is oversaturated 
in the mill, grinding productivity declines, and a mill blockage happens. This might 
be caused by the characteristics of the dusty system and the properties of the mate-
rial being ground. Operators purposely reduce the output of the mill’s grinding by 
adding less material, which increases the amount of power required and decreases the 
effectiveness of the operation [52]. Figure 3 shows the inner cross-sectional view of a 
ball mill during operation. 
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3.2 Other pretreatment methods 

3.2.1 Extrusion 

The extrusion process involves the application of heat (beyond 300°C) to the 
lignocellulosic biomass under shear stress produced by rotating screw blades in a 
barrel-like chamber. The combination of heat and shear forces results in the disrup-
tion of the crystalline cellulose structure hence leading to a particle size reduction 
[53]. The major hindrance in the industrial commercialization of this technology is 
the relatively high energy it consumes as compared to the other pretreatment meth-
ods. The energy required can reach as high as 0.324 kWh/kg [37] of woody biomass 
and is therefore not the most desired due to this economic challenge. 

3.2.2 Steam explosion 

This method involves the subjection of woody biomass waste to high-pressure 
saturated steam of between 0.7 and 4.8 MPa at average temperatures of around 200°C 
[54], and then a sudden depressurization step, making the biomass waste undergo 
an explosive decompression. This results in a degradation of the hemicellulose and a 
transformation of the lignin due to the temperatures involved, hence increasing the 
potential of cellulose hydrolysis [34] for further use. 

3.3 Comparison of the three (3) milling processes discussed 

To efficiently trim down the size of woody biomass to at most 0.4 mm [37] for liq-
uid biofuel production, it is of interest to select the most efficient milling technology. 

Considering the hammer milling technology, it is a highly adaptable and flexible 
process. It can be used to handle a variety of woody biomass feedstocks such as wood 
chips, sawdust, bark, and even complete logs [38]. Its flexibility in processing various 

Figure 3. 
A cross-sectional view of the ball mill’s chamber in operation [43]. 
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feedstock types is very useful for a heterogeneous woody biomass feedstock. Hammer 
mills can also be easily integrated in any existing industrial process or designed to 
meet any specific needs. 

However, there are significant drawbacks to hammer milling for woody biomass 
despite these benefits. According to Bitra et al. [42], hammer mills often generate 
products with inconsistent sizes due to varying moisture content, feedstock char-
acteristics, and operating conditions. Getting a uniform particle size distribution 
therefore becomes difficult due to the nature of the impact forces between the ham-
mers and the biomass particles that cause the size reduction. The presence of moisture 
in woody biomass is also another restriction for its usage in hammer mills. Serrano 
et al. [55] indicate that a high moisture content can reduce throughput rates and 
increase energy consumption in hammer mills. This problem can be solved by drying 
the woody biomass before milling or by including a drying step in the procedure. The 
potential for excessive energy consumption is still another drawback for effective size 
reduction in hammer mills; and this may lead to high operational costs when milling 
woody biomass. To reduce energy demand while maintaining appropriate particle 
sizes, it is essential to adjust operating parameters such as hammer speed and screen 
size [42] and these may sometimes be counter-productive, hence negatively impact-
ing operational costs. 

The knife milling technique is suited for a variety of applications due to its flex-
ibility. Its adaptability in producing a range of particle sizes is one of its main benefits. 
It is possible to create a wide range of particle sizes, from coarse chips to fine powders, 
by modifying the blade sizes or diameters [42]. While finer particles are prefer-
able for chemical extraction operations like biofuel production or pharmaceutical 
manufacture, relatively larger particles can be employed for fuel production in boilers 
or pellet mills [56]. Knife mills also have a lower initial investment cost than other 
size-reduction technologies and as compared with hammer and ball mills; they are 
less expensive to acquire and maintain [21]. Due to its direct cutting action, knife 
milling also requires less energy, which reduces operational costs. Knife milling is a 
desirable alternative for small-scale wood biomass processing enterprises or research 
laboratories with tight resources because of its affordability [57]. 

Knife milling does have some challenges as well. Due to its relatively low through-
put and vulnerability to damage from hard contaminants like rocks and pebbles, 
which may be picked up in previous biomass operations, knife mills may be unfavor-
able to use for impure feeds [58]. 

The ball milling process also gives room for the incorporation of chemical pre-
treatment, with a possible minimum particle size of 0.009 mm attainable [59]. It can 
also handle any degrees of moisture content in the woody biomass, even though this 
can increase the specific energy demand to the highest as compared to the other mill-
ing processes. Therefore, knife mills can be deemed as the most suitable and efficient 
industrial milling processes since aside all its merits, they can handle high feedstock 
throughput with about 25 wt.% moisture content with minimum specific energy 
demands [21]. Ball milling is however a mostly used technique for laboratory-scale 
processes (Table 1) [59]. 

3.4 Choice of best-suited particle size reduction technology of woody biomass 

It has prior been established by Kratky and Jirout [21], and Arce and Kratky [59] 
that the knife milling process is the industrially most preferred milling process for 
woody biomass waste. Some of the factors that affect power consumption and overall 
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performance in mills include the hardness of mill feedstock, fineness of the milled prod-
uct, circulating load and milling mechanism, and the number of milling stages [61]. 

Knife mills are able to handle hard feed, ranging from coals, dry wood, among 
others. The shearing and cutting technique used by the knife blades in size reduction 
at their speeds of average 1500 rpm makes them able to cut through hard feed materi-
als and get them to the desired sizes with relatively less wear or power consumption 
as compared to hammer mills and ball mills which will take longer to achieve such 
fineness. Knife mills are also able to generate milled products of high consistency in 
particle size distribution due to the uniformity in the milling process as compared to 
hammer and ball mills. 

Another important point to note is the fact that high wear-resistant blades can be 
applied in knife mills. Grejtak et al. [62] experimentally deduced that tungsten-car-
bide (WC-Co) or iron-bonded blades generated about thrice the milling throughput 
as with the conventional steel blades, with the normalized power consumption and no 
need for increased power demand. This can also be a contributing factor to a higher 
production rate of milled products in the knife mills when compared to the other mill-
ing processes. The use of these more powerful blades can reduce the milling down-
time by about 6–85% with a $2–3 per ton cut in the cost of milling. This is supported 
by Kratky and Jirout [21] when they compared the cost of the knife milling process to 
the other size reduction technologies. It also confirms the assertion by Williams et al. 
[57] about the reduced energy requirement in the knife milling process which reflects 
in comparatively low operational expenditure. 

Ball mills and hammer mills fall short of the possible milling results achievable in 
knife mills. Hammer mills have a simple design and are a good process choice for their 
ruggedness and versatility in milling feedstock [63]. Despite these positives, they are 
not capable of reducing the sizes of moisturized woody biomass waste as compared to 
knife mills. Knife mills are also about 25% more energy-efficient than hammer mills 
making them less expensive. 

Another downside of hammer mills is their inability to produce a consistent grind 
profile of milled biomass waste as compared to knife mills. Due to the nature of the 
milling process in knife mills, there is a greater consistency in the particle size dis-
tribution of the product output [64]. The bioenergy production is hugely dependent 
on the woody biomass waste particle size distribution as further explained in a study 
by Su and Yu [65]. Using the Rosin-Rammler (RR) distribution to assess the particle 
size distribution in knife mills deduces that the RR distribution range for knife mills 
is narrow as compared to hammer mills. For instance, in the application of this 
distribution test to corn stover, the geometric mean of particles after knife milling 
was 0.541 mm, 0.626 mm, and 0.814 mm, and they were 0.621 mm, 0.959 mm, and 
1.764 mm for hammer mills at the same screen sizes of 3.2 mm, 6.3 mm, and 12.7 mm 
respectively. This observed result will also be experienced in a similar analysis for 
woody biomass waste, and it gives a very clear understanding of the particle size 

Type of mill Energy consumption 

Hammer mill ≤60 kWh/ton [46, 60] 

Knife mill ≤32.5 kWh/ton [46, 60] 

Ball mill ≤2.15 MWh/ton [46] 

Table 1. 
Comparison of hammer, knife and ball mills. 
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distribution of milling in both knife and hammer mills, and makes knife mills much 
more efficient to use than hammer mills to achieve a consistent product size distribu-
tion. With an increase in the screen size from 3.2 to 12.7 mm in the experiment by 
Su and Yu [65], the Rosin-Rammler (RR) distribution parameter decreased from 
2.113 to 1.448 for knife mill and from 1.951 to 1.397 for hammer mill. RR distribution 
parameter represented the uniformity of particles, hence a decreased value of RR 
distribution parameter represented less uniformity of particles. The knife mill has a 
higher value of RR distribution parameter than the hammer mill at the same screen 
size levels, indicating a better product size consistency for knife mills. 

For ball mills, although they are noted for being compatible with other chemical 
pretreatment methods to attain desired products with minimized effort it still comes 
up short when compared to knife mills. Smaller grinding balls (about 3 mm) and 
longer durations are required to produce finer particles in ball mills. A significant 
amount of energy is also required due to the gradual wearing of the balls over time, 
friction between the milling materials and balls, and the subsequent gradual heating 
of the mill materials [66]. Although the blades of knife mills can also undergo wear-
ing, they are far less in number as compared to the number of balls in a ball mill and 
can be easily replaced as compared to ball mills. Ball mills are also generally large and 
very heavy making their handling less convenient. It is also easier to replace indi-
vidual hammers or blades in hammer and knife mills respectively as compared to balls 
in ball mills due to their sizes; it may be difficult to identify the balls with defaults 
unless all the balls are taken out and carefully observed. In the milling of mixed wood 
pellets by Williams et al. [67], the milling energy was expressed as a percentage of 
the dry high heating value of the mixed feed sample. The energy requirement for ball 
mills represented a 66% fraction whiles that of a knife mill was around 57%, and this 
indicates how knife mills are more energy efficient over ball mills. 

3.5 Impact of biomass particle size on the choice of reactor 

It is important to analyze the factors that affect the efficient feedstock feeding in 
fixed and fluidized bed reactors in addition to the bioenergy generation from these 
reactors. Some of the critical factors include: reaction temperature, biomass type, 
biomass particle size, biomass composition and moisture level, and reactor efficiency, 
among others [68]. The impact of biomass particle size on the reactor choice will be 
explored further. 

He et al. [69] observed a phenomenon during the torrefaction of Paulownia wood 
in a fixed bed reactor. Upon reducing the feedstock size from 12 to 0.3 mm, the solid 
product yield reduced by 5.41 wt.% at 260°C and 3.54 wt.% at 290°C; however, the 
liquid product yield increased by 5.87 wt.% at 260°C and 3.25 wt.% at 290°C, and the 
variation in gaseous product yield was negligible. 

Agu et al. [70] assessed the behavior of biomass wood pellets and chips of differ-
ent sizes (8.96 mm and 6.87 mm respectively) in a fluidized bed reactor. The results 
indicated that the wood chips (smaller sized particles) separated upwardly whereas 
the wood pellets (larger sized particles) separated downwardly, with the upward 
separation of the chips increasing with higher gas velocities. According to Narnaware 
et al. [71], reducing biomass size from 12 to 0.3 mm increases the yield of gaseous 
products for the production of syngas (H2, CO2, CO, and CH4 traces) in a fluidized 
bed reactor. 

Yaghoubi et al. [72] also studied the effects of varying process parameters on H2– 
rich syngas production through gasification in a fluidized bed reactor. In the study, 
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the hydrodynamics of the bed is hugely dependent on the particle size of woody bio-
mass waste. For heavy particle sizes, the minimum fluidization velocity will approach 
the inlet gas fluidization velocity and this makes the hydrodynamic condition of the 
particle bed lean towards minimum fluidization conditions. Due to this, H2 produc-
tion reduces with increasing woody biomass particle size and vice versa. Table 2 
shows the trend of product composition in the syngas for this study at varying woody 
biomass particle sizes. 

In a comparison of olive kernel biomass pyrolysis in both thermogravimetric fixed 
and fluidized bed reactors [73], the particle size had no significant effect on the rate 
of reaction in the fixed bed; whereas the reaction duration remained fairly constant 
in both reactors for reaction temperatures less than 450°C. For reacting temperatures 
above 500°C in the fluidized bed, the reaction duration increased with an increase in 
particle size, thereby slowing the reaction process. This phenomenon in the fluidized 
bed was also observed by Heidari et al. [74] when analyzing the effect of reacting 
conditions on product yield for pyrolyzing Eucalyptus grandis in a fluidized bed 
reactor. Larger particle sizes were found to lead to an increase in char production and 
a decrease in bio-oil production due to the slow heating of particles. Hence smaller 
biomass sizes (6 mm or less) are able to achieve a higher biomass heating rate in the 
fluidized bed reactor. For a particle size of 1.5 mm, a 61% bio-oil yield was attained 
with a char yield of 13.6% and a gas yield of 25.3%. However, for a particle size of 
3.5 mm, the bio-oil, char, and gas yields were 54%, 16.9%, and 28.3% respectively. 

For a desired liquid fuel product during fluidized bed pyrolysis of biomass waste, 
particle size ranges of 0.1–6 mm are appropriate at temperatures between 425 and 
525°C; for commercial plants, 2–5 mm can also yield the desired product compositions 
after pyrolysis [75]. 

From these findings, it can be observed that size reduction in fluidized beds results 
in a H2 – rich stream of syngas product which is highly desired in the synthesis of 
bioenergy products. Bio-oil yields also experienced an increase in yield when pyro-
lized in fluidized bed by about 7%. There also are some energy savings for pyrolyzing 
reduced particle sized in fluidized beds due to the about 3.3% drop in biochar yield. It 
also translates to a reduction in the pollution effects of the pyrolysis product obtained. 
The process also generates an overall useful bioenergy product which constitutes 86% 
of the product stream and is a very reliable bioenergy source [74]. The biochar itself 
can have other uses in the energy value chain, even though its production is not very 
much desired. In fixed beds however, the effect of particle size variations on heat and 
mass transfer is negligible, hence reducing particle sizes does not have any significant 
effect on producing more quantities of the desired bioenergy products. Factors such 

Particle size (mm) Mole fractions 

H2 CO2 CO CH4 

200 0.315 0.205 0.355 0.125 

400 0.310 0.200 0.365 0.125 

600 0.300 0.195 0.375 0.130 

800 0.295 0.195 0.380 0.130 

1000 0.290 0.195 0.385 0.130 

Table 2. 
Mole fractions of syngas components trend against varying woody biomass sizes in a fluidized bed reactor [72]. 
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as temperature and catalyst type rather have major effects on biomass conversion to 
bioenergy products in fixed beds [25]. 

3.6 Environmental impact of milling processes 

The environmental impacts of milling primarily stem from its energy consump-
tion and the potential release of particulate matter. Milling is an energy-intensive 
process, and the type of mill used significantly influences the energy requirements. 
High energy consumption not only increases operational costs but also contributes 
to greenhouse gas emissions if the energy is sourced from fossil fuels. Therefore, 
optimizing milling conditions to reduce energy use is crucial for minimizing its envi-
ronmental footprint [76]. Milling can also generate dust and particulate matter, which 
can pose health risks to workers and contribute to air pollution if not properly man-
aged. Implementing dust control measures, such as using enclosed milling systems 
and installing air filtration units, can mitigate these impacts [28]. 

3.7 Scalability of milling processes for industrial applications 

Scalability is a significant consideration for the industrial application of milling as 
a biomass pretreatment process. One of the main challenges is maintaining efficiency 
and cost-effectiveness when transitioning from laboratory-scale to industrial-scale 
operations. The scalability of milling is influenced by factors such as equipment 
design, energy consumption, and throughput capacity. 

To achieve scalability, it is essential to select the appropriate milling technology 
that can handle large volumes of biomass while maintaining consistent particle size 
reduction. Advances in milling technology, such as the development of more energy-
efficient mills and the integration of milling with other pretreatment processes, can 
enhance scalability [77]. Pretreatment methods that can be integrated can be chemi-
cal or biological treatments, which aid in improving the overall efficiency of biomass 
conversion. This integrated approach can reduce the energy requirements of milling 
and enhance the digestibility of biomass, making it more feasible for large scale 
applications [78]. 

4. Summary 

This chapter is aimed at assessing the size reduction of woody biomass waste, to 
sizes that will be useful for bioenergy production in fixed or fluidized bed reactors. 
The various size reduction techniques were analyzed to choose the most suitable pro-
cess to achieve the desired product particle sizes in a cost-effective, energy-efficient, 
and environmentally friendly manner. Among the three milling techniques scruti-
nized, that is the hammer milling, ball milling, and knife milling processes, the knife 
milling technology was chosen as the most suitable for the reduction of the sizes of 
woody biomass waste materials. The knife mill affords flexibility in the range of prod-
uct particle sizes since the sizes and diameters of the cutting blades can be adjusted, 
and they handle materials with moisture better than the other mill types. They are 
also relatively cheaper as compared to hammer and ball mills with less energy require-
ments for milling equal quantities of the same materials. Also, knife mills are able to 
produce the desired size of woody biomass waste for conversion to biofuels in fixed 
and fluidized beds. Even though biomass sizes of 0.30 mm will be enough for biofuel 
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production in reactors, the knife mill is capable of achieving 0.25 mm minimum size 
distribution of products, and hence a very good choice. 

For industrial applications, drying woody biomass before comminution will posi-
tively ehance the economics of the process. The relatively high energy consumption 
in the size reduction of fresh waste wood chips is most likely owing to the moisture in 
the biomass acting as a plasticizer. Drying the wood chips before milling can reduce 
the energy requirement by 38% and this will translate in very significant cost savings 
for industry. The use of sawdust as an industrial feed source is also worth assessing. 
In a study by Tryjarski et al. [60], the energy required to reduce the size of wood 
shavings of pine wood feedstock of 7% moisture content was just the same as for a 
woody biomass with 10% moisture content. However, the lesser moisture content in 
the wood shavings will translate in a higher efficiency, and this will be interesting to 
further explore for industrial applications. 

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 5

Fungi for Bioeconomy: Possibilities 
and Perspectives
Maria Augusta Horta, Jaire Ferreira Filho and 
Anete Pereira de Souza

Abstract

Fungi represent one of Earth’s most diverse and ecologically vital kingdoms, with 
an estimated 2.2–3.8 million species, yet only a small part formally described. Their 
remarkable metabolic versatility enables them to thrive in extreme environments, 
decompose complex organic compounds, and form symbiotic relationships critical 
for ecosystem functioning. This chapter explores fungal diversity through the lens of 
fungi possibilities, highlighting key species and the genetic mechanisms that confer 
fungi interesting characteristics. We examine fungal adaptability mechanisms—from 
heat-shock proteins in thermophiles to ligninolytic enzymes in white-rots—and 
their biotechnological applications in bioremediation, biofuels, and biopharmacos. 
Nowadays, the bioeconomy based on fungi products and subproducts evolved into 
cutting-edge engineered bioplatforms for sustainable bioprocesses and carbon-
negative technologies. Further, we discuss how advances in genomic data analysis 
through cloud-based next-generation sequencing pipelines, linked to the growing 
computational processing capacity, are bringing even more possibilities to fungi 
discoveries and accelerating the transition to fungal-based technologies. Despite all 
potential, climate change and biodiversity loss threaten undiscovered species with 
potential industrial value and pose risks to agriculture and health. Thus, integrating 
multi-omics, synthetic biology, and conservation strategies will be crucial to harness-
ing fungi’s full potential in addressing global challenges.

Keywords: fungi, fungus, diversity, bioeconomy, bioprocess, next generation 
sequencing, bioplatform

1. �Introduction

This chapter aims to:

• Discuss fungal diversity and investigate how molecular phylogenetics, DNA stud-
ies, and high-throughput data analysis are improving the number of described
and estimated species and revealing the genetic arsenal of the fungi kingdom.

• Decipher molecular adaptation mechanisms (extremophile biology, metabolic ver-
satility, and symbiosis) that enable ecological success and biotechnological utility.
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•	 Assess fungi’s historical, current, and future roles in the bioeconomy, showing 
recent studies that describe relevant bioproduction from fungi (bioethanol, 
biomolecules, enzymes, and others).

•	 Identify critical demands in fungal conservation, strain optimization, and 
regulatory frameworks for scaling bioproduction from fungi.

Key research questions:
Taxonomic and ecological dimensions:

•	 How do molecular tools redefine fungal biodiversity and cryptic species 
discovery?

•	 What genomic traits underpin niche specialization in different environments?

Biotechnological approaches:

•	 How do genetic data analysis and molecular-based engineering bridge lab-to-
industry yield gaps?

•	 What are the fungi’s derived bioproducts that present economic viability, and 
what are the promising candidates for new bioproducts from fungi?

•	 How has biotechnological production from fungi increased over history, and 
what are the perspectives for the future?

Sustainability challenges:

•	 How can fungi-derived bioprocess address carbon-negative applications for 
sustainable challenges?

•	 How do climate-induced range shifts alter fungal pathogen/benefactor balances 
in human health and agriculture?

Fungi represent one of the most diverse and ecologically vital kingdoms of life, 
with over 2.2 to 3.8 million species estimated globally [1, 2]. They live as thread-like 
structures or in single-celled form within the soil or other organic materials, in 
water or on rock, with a small percentage of species on occasion flaunting spore-
making mushrooms, brackets, or other structures (Figure 1). Most fungi disperse 
their seeds, the spores, by air, animals, or water droplets. This requires the forma-
tion of spore-bearing structures, such as the familiar mushrooms, truffles, cup, 
and bracket fungi, molds, or rusts, among other structures proper to spread spores 
in the environment. Many of these structures are ephemeral and, in some cases, 
show seasonality.

In contrast, lichen-forming fungi have a perennial appearance, with permanent 
spore-bearing structures, as they feed on carbohydrates photosynthesized by their 
symbiotic partners (cyanobacteria and/or algae) and can withstand extreme desic-
cation [4, 5]. Fungi come in a vast array of sizes; they hold the record for being the 
largest organism on Earth (e.g., Armillaria ostoyae, spanning more than 10 km2 in 
Oregon, USA [6]), but they can also have diminutive bodies hard to examine with 
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conventional morphometric techniques. Approximately 155,000 to 157,000 fungal 
species have been formally described. It represents only a small part of the estimated 
global fungal diversity [1, 5, 7]. Thus, fungi bring enormous potential to the discovery 
of new compounds. They play critical roles in ecosystems as decomposers, symbionts, 
and pathogens, driving nutrient cycling and forming mutualistic relationships with 
plants and algae.

Fungi diverged from animals over 1.3 billion years ago, evolving an arsenal of 
adaptations that allow them to thrive in every habitat on Earth, from deep-sea vents to 
arid deserts. Their remarkable metabolic versatility enables them to break down com-
plex organic compounds, including lignin and cellulose, making them indispensable 
in carbon cycling. Additionally, fungi exhibit extreme tolerance to harsh conditions, 
such as high radiation, drought, and toxic metals, showcasing their evolutionary 
resilience and successful adaptative capacity [1].

Nowadays, climate change and habitat destruction threaten fungal biodiversity; 
while emerging fungal pathogens pose risks to agriculture and health. Understanding 
fungal metabolism, diversity, and adaptability is essential for biotechnology, conser-
vation, and medicine, and further research into this enigmatic kingdom is necessary 
to improve fungi-based technologies.

Figure 1. 
Diversity of different types of fungi. (A) Phragmidium sp. [rose rust], (B) Calocera sp., (C) Trametes sp., (D) 
Tilletia sp. [smut], (E) Colletotrichum sp. [Leaf spot], (F) Erysiphe sp. [powdery mildew cleistothecia], (G) 
Inonotus sp., (H) Termitomyces sp., (I) Kweilingia sp. [rust], (J) Podosphaera sp. on Sonchus sp. [powdery 
mildew], (K) Tremella sp., (L) Xylaria sp., (M) Uromyces sp. [aecia and telia], (N) Pileolaria sp. [rust], (O) 
Gaestrum sp., (P) Didymium sp., (Q ) Penicillium sp. on Emblica sp., (R) Schiffnerula sp. [black mildew], 
(S) Aspergillus sp., (T) Coleosporium sp. [rust], (U) Schizophyllum sp., (V) Aspergillus sp. [on cow pea], 
(W) Mitteriella sp. [black mildew] and (X) Periconia sp. Scale bars A–X = 20 m [3].
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1.1 Fungal and its role in bioeconomy: Past, present, and future perspectives

Fungi have played a crucial but often underappreciated role in the bioeconomy 
throughout human history. In the past, traditional societies relied on fungi for food 
(e.g., baking, brewing fermented beverages like beer and soy products, as the use of 
Aspergillus oryzae in sake production) and medicine (e.g., Penicillium notatum molds 
used in ancient wound treatments), though their scientific basis was unknown [8].

The twentieth century marked a turning point with the discovery of penicillin [9] 
and the industrial-scale production of fungal enzymes (primarily amylases for textiles, 
and cellulases) and pharmaceuticals. Today, solvents, antibiotics, enzymes, vitamins, 
amino acids, polymers, and many other useful compounds are produced on a large 
scale [10, 11]. Fungi are central to the circular bioeconomy, enabling the development 
of sustainable materials, such as mycelium-based leather [12], biofuels as the second-
generation bioethanol [13], and bioremediation strategies, as the use of Pleurotus spp. 
degrading petroleum waste [14] and Fusarium degrading microplastics [15].

And that is not all. Cutting-edge advances in CRISPR-based fungal and synthetic 
biology are expanding applications, and the metabolic engineering techniques prom-
ise to create optimized cell factories, for different proposes [16]. Prospects include 
carbon-negative construction materials from mycelium and agricultural biofertilizers 
through improving mycorrhizal networks. However, challenges in strain scalability 
and optimization and biosafety regulations remain.

The fungal kingdom represents an extraordinary diversity of organisms with 
unparalleled metabolic diversity and profound impacts on animal, plant, and eco-
system health. Fungi present us with an arsenal of possibilities and are poised to 
drive the transition to a post-petroleum economy, acting in different scenarios, from 
bioproduct production to climate change mitigation [17–19].

2. �Fungal diversity

Fungi exhibit extraordinary interspecies diversity reflected in the phylogenetic 
distribution (Figure 2). Major phyla like Ascomycota and Basidiomycota dominate ter-
restrial ecosystems, while Chytridiomycota and Cryptomycota reveal hidden diversity 
in aquatic environments [18]. This variation is driven by ecological specialization, with 
fungi occupying niches from Arctic permafrost to acidic mines. Thus, extremophilic 
fungi have been isolated worldwide from saltern brines, magnesium-rich bitterns, 
from the hypersaline waters of the Dead Sea, the Great Salt Lake, lakes in Antarctica, 
and the alkaline Wadi El Natrun in Egypt [21]. Even at hypersaline industrial effluents 
in temperate and tropical climates is possible to find fungi; the diversity observed 
across nature reflects a range of interspecies differences, evident in morphology (yeasts 
vs. hyphae), reproductive strategies, and metabolic capabilities [3, 20, 21].

At the intraspecies level, genetic and phenotypic plasticity enables rapid adapta-
tion [22]. For example, Cryptococcus neoformans show strain-specific virulence due 
to genomic rearrangements [23], while Aspergillus fumigatus populations develop 
antifungal resistance via mutations [24]. Pathogenic fungi like Candida auris dem-
onstrate alarming intraspecies diversity, with multidrug-resistant strains emerging 
independently across continents [24].

Such diversity arises from genetic occurrences such as horizontal gene transfer 
(e.g., toxin genes in Fusarium [25]), hybridization (yeast hybrids in brewing [26]), 
and transposable elements action. This genomic plasticity underpins fungal roles in 
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biotechnology, pathogenesis, and ecosystem resilience. Nowadays genomics-driven 
classification improves the understanding of the genetic traits that influence fungi 
metabolism and adaptation.

The symbiosis between microbes and multicellular organisms is ubiquitous in life. 
The resulting changes in biosynthetic goods and services are recognized as sources 
of evolutionary innovation that allow systems to coevolutionary adaptations, and 
as a result, survive. Fungi have many symbiotic relationships with other organisms, 
including insects, plants, and algae. These relations act as a signaling language for 
environmental adaptation and surveillance, and thus, the major symbiotic relations 
aim to provide nutrients for both organisms. For example, Rhizophagus irregularis 
from mycorrhizal fungi population on soil can show host-specific genetic tuning 
to soil adaptation [27], endophytic fungi produce alkaloids protecting grasses from 
herbivores [28], and lichens exhibit holobiont diversity, where fungal partners select 
algal genotypes [29]. These examples underscore how selection pressures shape 
fungal diversity at micro- and macro-evolutionary scales.

Fungal diversity is a cornerstone of the emerging bioeconomy, offering unparal-
leled opportunities for sustainable innovation across industries. Recent studies high-
light how fungi’s metabolic versatility enables breakthroughs in bioremediation (e.g., 
fungi degrading plastics [15]), biofuel production (engineered Trichoderma strains 
for lignocellulosic ethanol) [13], and alternative protein sources (mycelium-based 
foods with high nutritional value [30]). Fungi also drive circular economy solutions, 
such as mycelium-based packaging materials, agricultural biofertilizers (mycorrhizal 
fungi enhancing crop resilience [31]), and pharmaceuticals (novel antifungals from 
understudied species) underscores their economic and ecological value. However, 

Figure 2. 
Phylogenomic tree from a data matrix of 290 genes from genomes of 1644 fungi species that include representatives 
from most major fungal lineages [20].
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harnessing this potential requires preserving fungal biodiversity, as climate change 
threatens undiscovered species with industrial applications. Advances in metagenom-
ics and synthetic biology are accelerating fungal bioprospecting, positioning fungi as 
indispensable to a post-fossil-fuel future [32].

2.1 Major phyla molecular phylogeny

Fungi are classified into several major phyla based on molecular phylogenetics 
(Figure 2), with Ascomycota and Basidiomycota dominating terrestrial ecosystems. 
Ascomycota includes over 64,000 described species, such as Penicillium and Morchella, 
and is renowmed, for its roles in decomposition, plant pathogenesis, and antibiotic 
production [33]. Basidiomycota, with 30,000+ species, encompasses mushrooms, rusts, 
and mycorrhizal fungi, playing critical roles in nutrient cycling and symbiotic plant 
interactions [34]. Early-diverging lineages like Chytridiomycota (aquatic, flagellated 
fungi) and Zygomycota (e.g., Rhizopus) are now recognized as polyphyletic, requiring 
reclassification via genomic data [35] while Glomeromycota, species-poor (~300 spp.), 
are ecologically vital as arbuscular mycorrhizal symbionts [36].

Fungal diversity is vastly underestimated due to cryptic species—morphologically 
identical but genetically distinct lineages. Traditional identification based on spores 
or hyphal structures often fails to distinguish species, whereas DNA barcoding (e.g., 
ITS region) reveals hidden diversity in the genome, and high-throughput molecular 
identification techniques have greatly progressed the understanding of the diversity 
of mutualists, saprotrophs, and pathogens fungi. Environmental DNA (eDNA) 
studies highlight this disparity. In soil fungi, 40% of operational taxonomic units 
(OTUs) in tropical soils lack matches to described species [37]. The advances due to 
molecular techniques reach, for example, Lichens identification of single morphospe-
cies, like Sticta fuliginosa presenting more than 20 genetic lineages described [38], 
and in Marine fungi, metabarcoding approaches uncover novel chytrids in ocean 
microbiomes [39]. These findings underscore the potential of integrative taxonomy, 
combining genomics, ecology, and morphology. This approach can reveal cryptic spe-
cies with unique ecological roles, assist biodiversity conservation, reveal undescribed 
fungi proper for novel enzymes or drug applications in biotechnological platforms, 
and accurately improve species delimitation, necessary for ecosystem management.

2.2 �Mechanisms of fungal adaptability: From molecular strategies to ecological 
success

Fungi exhibit remarkable adaptability, allowing them to thrive in diverse and 
extreme environments. Thus, fungi developed different strategies to adapt and 
survive. Fungi can be grouped according to adaptation strategy on “extreme environ-
ments, metabolic versatility, and symbiotic adaptations,” each one using a specific 
key cellular mechanism, with molecular basis described by different works. Table 1 

Why this matters

•	 Sustainability: Fungi can replace petroleum-based materials (plastics, fuels).

•	 Food security: Mycelium proteins can address global protein demand.

•	 Medical innovation: Underexplored species can yield new antibiotics.

•	 Climate resilience: Mycorrhizal fungi can sequester carbon and enhance soil health.
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shows the adaptation strategies and the corresponding examples of organisms that 
developed key cellular mechanisms based on molecular adaptations.

In extreme habitats, thermophiles can produce heat-shock proteins (HSP70/90) 
that maintain protein stability, while psychrophiles such as Pseudogymnoascus spp. 
survives in subzero temperatures by synthesizing antifreeze proteins to prevent ice 
crystal formation. Xerophiles, including desert crust fungi, accumulate trehalose and 
melanin to resist desiccation and UV radiation or produce protective melanin [43]. 
Metabolically, fungi degrade complex substrates, like lignin by using such as manga-
nese peroxidase (MnP), lignin peroxidase (LiP), and versatile peroxidase (VP) [13], 
while heavy metal-tolerant species employ chelation and vacuolar sequestration to 
detoxify pollutants [45, 47]. Symbiotic fungi, such as mycorrhizae, enhance nutrient 
exchange with plants via specialized signaling pathways [49], and lichen-forming 
fungi protect photosynthetic partners through UV-shielding pigments [51]. These 
adaptive strategies underscore fungi’s ecological versatility and highlight their poten-
tial in bioremediation, agriculture, and biotechnology, making them indispensable to 
ecosystem resilience and sustainable innovation.

Nowadays, cutting-edge omics technologies and synthetic biology tools precisely 
reveal the remarkable adaptive strategies specially of extremophilic fungi, creating 
unprecedented opportunities for biotechnology. While new extremophile species are 
described, the integration of multi-omics data analysis with machine learning has 
accelerated the understanding of the metabolic versatility of extremophiles, leading 
to the discovery of enzymes, exopolysaccharides, and various types of compounds 

Adaptation type Example organisms Key mechanisms Cellular adaptation basis References

Extreme environments

Thermophiles S. cerevisiae Heat-shock proteins 
(HSP70/90), melanin 
production

Protein stabilization, ROS 
scavenging

[40]

Psychrophiles Pseudogymnoascus 
spp.

Antifreeze proteins, 
unsaturated fatty acids

Ice crystal inhibition, 
membrane fluidity 
maintenance

[41, 42]

Xerophiles Xeromyces bisporus Trehalose 
accumulation, hyphal 
melanization

Osmoprotection, UV/
desiccation resistance

[43, 44]

Metabolic versatility

Lignin 
degradation

Phanerochaete 
chrysosporium

Laccases, peroxidases 
(LiP/MnP), Fenton 
chemistry

Aromatic ring cleavage, 
hydroxyl radical 
generation

[45, 46]

Heavy metal 
tolerance

Fusarium oxysporum Metallothioneins, 
ABC transporters

Metal chelation, vacuolar 
sequestration

[47, 48]

Symbiotic adaptations

Mycorrhizae Rhizophagus 
irregularis

SYM pathway, 
enzyme secretion 
(phosphatases)

Nutrient exchange (P/N), 
host communication

[49, 50]

Lichens Clodonia rangifering Parietin production, 
haustorial interfaces

UV shielding, 
photosynthate transport

[5, 51]

Table 1. 
Adaptation strategies used by fungi, grouped by classes according to different mechanisms of cellular adaptation.
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that find applications in diverse industries [52, 53]. Practical applications should 
emerge, solutions for sustainable agriculture, high-salinity bioremediation, environ-
mental cleanup, and biomanufacturing in extreme conditions could benefit from the 
deep understanding of extremophile unique mechanisms.

3. �Human impacts and applications of fungi: From threats to solutions

Due to the vital ecology and the great diversity, the fungal kingdom profoundly 
influence human activities, presenting both challenges and opportunities. As agri-
cultural pathogens like Fusarium graminearum devastate crops through mycotoxin 
contamination, they threaten global food security. Conversely, fungi are indispens-
able to industry, producing life-saving antibiotics (e.g., penicillin) and enzymes for 
food processing and biofuels [10, 13]. Climate change is altering fungal distributions, 
expanding the ranges of pathogenic species while disrupting beneficial symbioses. 
Yet, fungi can also offer hundreds of sustainable solutions. We can cite the mycoreme-
diation cleaning for polluted environments, and mycelium-based materials replace-
ment plastics [12, 14]. Thus, the dual roles of fungi as threats and allies underscore the 
need for balanced management—harnessing their potential while mitigating risks in a 
changing world.

3.1 Fungi as powerful microbial platforms for sustainable bioproduction

Fungi have emerged as indispensable microbial platforms for producing bio-
fuels, biochemicals, pharmaceuticals, and biomaterials, owing to their metabolic 
versatility, genetic tractability, and ability to utilize diverse feedstocks. A prime 
example of success is the yeast Saccharomyces cerevisiae, which dominates global 
bioethanol production, generating over 130 billion liters annually—accounting 
for ~90% of the world’s biofuel output, with an estimated market size of $100 
billion dollars [54]. This platform has been enhanced through genetic engineering, 
including the introduction of xylose isomerase pathways to ferment lignocellulosic 
biomass, boosting yields by 20–30% [55]. Another breakthrough is Pichia pastoris, 
a workhorse for recombinant protein production, manufacturing insulin, vac-
cines, and monoclonal antibodies [56, 57]. Filamentous fungi like Aspergillus niger 
contribute significantly to the organic acid market, producing 2.2 million tons of 
citric acid annually—a key ingredient in food, pharmaceuticals, and biodegradable 
plastics [58]. Emerging platforms like Yarrowia lipolytica (for lipid-based biofuels) 
and Trichoderma reesei (for low-cost enzymes) highlight fungi’s expanding poten-
tial to replace petroleum-dependent processes with sustainable, high-yield alter-
natives. Table 2 estimates the actual market size of main derived fungi products, 
with examples in pharmaceutical, biofuel, food and agriculture, biomaterials, and 
bioremediation sectors.

Key bioproducts from fungi:

•	 Pichia pastoris: workhorse for therapeutic proteins.

•	 Saccharomyces cerevisiae: bioethanol top producer.

•	 Aspergillus niger: citric acid main producer.

•	 Trichoderma reesei: enzymes producer ongoing on cost reduction with edited strains.
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Fungi are prolific producers of enzymes that drive industrial bioprocesses, 
enabling the sustainable production of valuable products. Species like Aspergillus and 
Trichoderma secrete hydrolytic enzymes (e.g., cellulases, amylases, and proteases) 
that break down complex biomass into fermentable sugars for biofuel production [13]. 
White-rot fungi, such as Phanerochaete chrysosporium, produce ligninolytic enzymes 
(laccases, peroxidases) that degrade plant biomass, facilitating waste-to-resource 
conversion in biorefineries [45, 46]. These enzymes operate under mild conditions, 
reducing energy consumption compared to chemical methods, and are increasingly 
optimized through genetic engineering and fermentation technology [32, 64].

Beyond biofuels, fungal enzymes are pivotal in the food, pharmaceutical, and 
textile industries. For example, Rhizopus spp. generates lipases used in dairy flavor 
enhancement, while Penicillium spp. synthesizes glucose oxidase for biosensors and 
food preservation. Fungal pectinases and tannases improve juice clarification and 
wine processing, demonstrating their versatility in the food industry [10].

Nowadays, fungi as a potential source of enzymes is an acceptable idea. The 
next step to maximize enzyme yield production seems to be on the development 
of fermentative techniques, such as solid-state and submerged fermentation, with 
advances in bioreactor design and strain engineering further enhancing efficiency. 
The scalability of these bioprocesses underscores their potential to replace petroleum-
dependent production systems [17].

Emerging applications include fungal-derived biodegradable plastics (e.g., 
polyhydroxyalkanoates from Aspergillus), biosurfactants for oil spill remediation, 
and enzyme cascades for fine chemical synthesis. CRISPR-based genome editing now 
tailors fungal strains for higher enzyme titers and novel functionalities [65, 66].

Market sector Key fungal products Estimate global market size 
(USD/year 2023–2024)

Notable strains/
applications

References

Pharmaceuticals Antibiotics 
(penicillin, statins)

$70 billion Penicillium 
chrysogenum, 
Asporgittus terreus

[58]

Recombinant proteins 
(insulin, vaccines)

$20+ billion Pichia pastoris [57]

Industrial 
enzymes

Cellulases. amylases, 
lipases

$10 billion Thichoderma reesei, 
Aspergillus niger

[59]

Biofuels Bioethanol $100 billion Saccharomyces 
cerevisiae

[54]

Biodiesel (microbial 
lipids)

$4.2 billion Yarrowia lipolytica [60]

Food and 
agriculture

Mycelium-based meat 
(Quorn)

$1.3 billion Fusarium 
venenatum

[61]

Mycorrhizal 
biofertilizers

$2.8 billion Rhizophagus 
irregularis

[62]

Biomaterials Mycelium packaging/
leather

$300 million Ganoderma, 
Trametes

[12]

Bioremediation Hydrocarbon 
degradation

$1.5 billion Pleurotus ostreatus [63]

Table 2. 
Estimates of the market size of fungal products in variated sectors (USD/year 2023–2024).
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As circular bioeconomy principles gain traction, bioprocesses that use bioreac-
tions, such as those performed by fungi, offer a roadmap to decarbonize industries—
turning agricultural residues, wastewater, and CO₂ into high-value products while 
minimizing environmental impact [67].

3.2 Advances in bioprocess scaling and optimization for fungal-based production

Recent studies have demonstrated significant progress in scaling fungal biopro-
cesses from lab to industrial levels through optimized culture conditions and media 
design. However, scaling up bioreactor systems for fungal fermentation poses signifi-
cant challenges, including oxygen transfer limitations, shear stress sensitivity, and 
heterogeneous nutrient distribution, particularly due to the filamentous morphology 
[68]. High broth viscosity in fungal cultures can difficult mixing and mass transfer, 
and to address these issues, segmented airflow systems and modified impeller geom-
etries have been implemented to enhance oxygen dispersion while minimizing hyphal 
damage [69]. New solutions are been proposed, as 3D-printed static mixers in stirred-
tank bioreactors, which enhance oxygen transfer while reducing energy consumption 
during fermentation [70]. For shear-sensitive fungi (e.g., Trichoderma reesei), novel 
bioreactor designs with segmented airflow and adaptive impellers mitigate hyphal 
damage during scale-up, improving oxygen transfer efficiency [71]. Additionally, 
advanced process control strategies, including fed-batch cultivation with real-time 
monitoring of dissolved oxygen and pH, have been crucial in scaling up. The recent 
integration of machine learning (ML)-driven adaptive control has improved real-time 
monitoring, optimizing substrate feeding and reducing product accumulation [72]. 
The fine control of the bioprocess now enables rapid identification of ideal growth 
parameters (pH, temperature, and dissolved O₂) for filamentous fungi, maximizing 
enzyme or metabolite yields while minimizing energy inputs [73]. For example, the 
modular development of media formulations—incorporating agro-industrial waste 
(e.g., rice bran and sugarcane bagasse) as low-cost substrates—has reduced produc-
tion costs by 30–40% while maintaining high titers [73].

These innovations highlight how integrating bioprocess engineering with fungal 
physiology can overcome key scalability challenges in industrial biotechnology.

3.3 Cutting-edge genetic modifications in fungal bioproduction platforms

Recent advances in genetic engineering have revolutionized fungal biotechnol-
ogy allowing precise modifications on the genetic machinery to improve enzyme 
production, metabolic pathways, and stress resistance. Homologous recombination 
has been widely used to integrate heterologous pathways, such as introducing xylose 
metabolism genes into Saccharomyces cerevisiae for improved bioethanol yield [74]. 
Additionally, gene editing via base editors has optimized fungal strains without 
introducing double-strand breaks—Aspergillus niger was modified to overexpress 
citric acid biosynthetic genes [75]. Stress resistance has also been enhanced through 
genetic modifications; for instance, S. cerevisiae strains with engineered heat-shock 
proteins (HSPs) exhibit improved thermotolerance in industrial fermentations [76]. 
These techniques collectively expand fungal applications in biotechnology, enabling 
sustainable production of enzymes, biofuels, and pharmaceuticals.

More recently CRISPR-Cas9 has emerged as a powerful tool, allowing targeted 
gene knockouts, insertions, and base editing in fungi. In Saccharomyces cerevisiae, 
researchers achieved a breakthrough by performing multiplexed CRISPR edits to 
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simultaneously knockout genes, significantly enhancing ethanol tolerance and 
fermentation efficiency [77]. Similarly, Aspergillus niger has been engineered using 
novel base-editing systems to create comprehensive promoter libraries [75]. Similarly, 
Neurospora crassa shows great promise through optimized CRISPR-Cas9 editing, for 
significantly improving production characteristics [78].

Beyond traditional editing tools, sophisticated biosensing systems are being 
implemented, as well as quorum-sensing circuits that precisely synchronize produc-
tion with biomass feeding. These cutting-edge modifications demonstrate how preci-
sion genetic tools are pushing the boundaries of fungal bioproduction capabilities. 
These applications highlight fungi’s versatility, with CRISPR, promoter engineering, 
and pathway refactoring driving innovations in biomanufacturing, medicine, and 
sustainable chemistry.

4. �High-potential fungi and future frontiers in fungal biotechnology

The field of fungal biotechnology is witnessing remarkable progress with emerg-
ing species demonstrating exceptional bioproduction capabilities. Yarrowia lipolytica 
has emerged as a particularly versatile platform, with engineered strains for biodiesel 
production [79], while other variants achieve impressive fatty acid yields exceed-
ing 90 g/L through valorization of cooking oil waste [80]. The oleaginous yeast 
Rhodotorula toruloides demonstrates dual functionality within efficient sugar utiliza-
tion on the bioproduction of lipids from lignocellulosic substrates, for microbial oil 
production [81].

Looking ahead, the integration of artificial intelligence with fungal biotechnol-
ogy is opening new frontiers, including the use of generative AI to design specific 
proteins, unlocking opportunities in therapeutics, diagnostics, and synthetic biology. 
Real-time monitoring sensors and AI-driven feedback further optimize bioprocesses 
in different stages [53, 82].

These advancements, coupled with CRISPR-engineered hyper-producing strains, 
are bridging the lab-to-factory gap, with recent pilot plants achieving unprecedented 
higher production titers. The innovation following AI in the bioprocess field is only 
beginning. Unimaginable possibilities are in progress, as the recent observation of 
researchers that microelectronic devices could directly communicate with biology, 
as electronic information can be transmitted via redox reactions within biological 
systems [73].

4.1 Fungi in the next-generation sequencing (NGS) era

The advent of high-throughput DNA sequencing technologies has revolution-
ized fungal biotechnology by enabling rapid, cost-effective genome analysis, strain 
optimization, and functional genomics. Fungi play a pivotal role in this NGS-driven 
era, as their genomes provide critical insights into enzyme production, secondary 
metabolite biosynthesis, and stress adaptation. Whole-genome sequencing (WGS) of 
industrially relevant fungi, such as Trichoderma reesei and Aspergillus niger, has identi-
fied key cellulase and organic acid biosynthesis genes, facilitating targeted CRISPR-
Cas9 editing for enhanced yields [83]. RNA-seq transcriptomics has elucidated 
regulatory networks and metagenomic sequencing of fungal communities in extreme 
environments (e.g., acidic mines, Arctic soils) and has uncovered novel ligninolytic 
enzymes and cold-adapted proteases with industrial applications [84, 85]. NGS also 
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aids in pathogen surveillance, detecting antifungal resistance mutations in impactful 
fungi for human health, such as Candida auris [86] and Aspergillus fumigatus [87].

By integrating multi-omics (genomics, transcriptomics, and proteomics) analy-
sis, researchers are engineering fungal strains for sustainable bioproduction, from 
waste to biofuels to precision fermentation of drugs. The NGS age has thus trans-
formed fungi into genomically empowered cell factories, driving innovations in the 
bioeconomy.

NGS also plays a pivotal role in biodiversity studies, with metagenomic sequenc-
ing of soil and marine microbiomes uncovering unculturable fungal species with 
unique enzymatic capabilities [2, 88]. By integrating transcriptomics (RNA-seq) and 
epigenomics (ChIP-seq), researchers dissect regulatory networks controlling enzyme 
production, such as the xyr1 transcription factor in Trichoderma, which modulates 
cellulase expression [89].

These advances underscore NGS as a cornerstone of fungal biotechnology, 
enabling precision strain development and ecological conservation.

4.2 �Computational methods in fungal NGS technologies: From genome assembly 
to functional prediction

The analysis of fungal next-generation sequencing (NGS) data relies on advanced 
computational pipelines to assemble, annotate, and interpret complex genomic infor-
mation (Figure 3). De novo genome assembly of fungi is typically performed using 
tools like SPAdes or Canu, which handle repetitive regions and high heterozygosity 
common in filamentous fungi [90]. For annotation, BRAKER and Funannotate lever-
age machine learning to predict genes, non-coding RNAs, and regulatory elements, 
integrating RNA-seq data for improved accuracy [91]. Comparative genomics platforms 
like OrthoFinder identify conserved and species-specific genes, revealing horizontal 
gene transfer events in Aspergillus and Trichoderma that enhance lignocellulose deg-
radation [92]. Variant calling (e.g., using GATK or BCFtools) detects SNPs and indels 
linked to traits like enzyme production or antifungal resistance [93]. For metagenomic 
studies, tools such as MetaPhlAn and Kraken2 classify fungal taxa in environmental 
samples, while antiSMASH predicts secondary metabolite clusters [94]. Concurrently, 
fungi data is processed, and machine learning models are created to assist in the under-
standing of fungi interactions, protein secretion signals, and other characteristics that 
can guide synthetic biology [95, 96]. It is also transforming fungal genome annotation. 

Figure 3. 
Bioinformatics tools used for various analyses with next-generation sequencing data.
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Tools like Funannotate-Train use convolutional neural networks (CNNs) to predict 
promoter regions and secretory signals with >90% accuracy [91, 97].

The deep analysis of NGS has revolutionized fungal genomics, especially strain 
optimization by enabling precision genome editing, informed by real-time genomic 
data. These computational advances accelerate the translation of fungal NGS data into 
biotechnological applications, from engineered strains to ecological insights.

4.3 �Cloud-based NGS analysis and pangenome approaches for fungi: Scalable 
solutions for genomic insights

The exponential growth of fungal sequencing data has driven the adoption of 
cloud-based NGS pipelines, enabling scalable, collaborative, and cost-efficient 
genome analysis. Platforms like Google Cloud Life Sciences and AWS Genomics CLI 
provide optimized workflows for genome assembly, RNA-seq analysis, and metage-
nomics. The high processing capacity allowed the emergence of fungal pangenom-
ics, a comparative analysis of core (shared) and accessory (individual or present at 
groups) orthologs genes across strains that unlock evolutionary and functional trades. 
For example, pangenome analysis of Aspergillus fumigatus identifies genomic variation 
associated with clinical isolates and resistance as well as genetic variation in virulence 
factors [97]. For pangenome analysis, key tools are been used, such as Panaroo, which 
detects gene presence/absence variations (PAVs) in fungal populations, and Anvi’o, to 
visualize pangenomes and identify horizontal gene transfer [98].

The impact of the high throughput analyses can be observed in the biotechnologi-
cal processes’ rapid development, with consistent results applied to bioprocess even 
more sustainable.

5. �Conclusion

Fungi’s unparalleled genetic and metabolic diversity positions them as indispens-
able players in ecosystem resilience and the emerging bioeconomy. From their roles 
as ancient decomposers to modern cell factories producing biofuels, enzymes, and 
biopharmaceuticals, fungi demonstrate extraordinary adaptability through molecular 
innovations like extremophile proteins and symbiotic signaling networks. While 
genomic tools have uncovered cryptic diversity and enabled strain engineering, most 
fungal species remain undescribed, with their ecological and economic potential 
largely untapped. Climate change and habitat destruction necessitate urgent conser-
vation efforts alongside bioprospecting initiatives. Future research must bridge gaps 
in fungal taxonomy, scale up AI-driven bioprocess optimization, and address bio-
safety regulations to fully realize fungi’s capacity to drive sustainable innovation. As 
humanity transitions toward post-petroleum economies, fungi—with their 1.3 billion 
years of evolutionary ingenuity—offer solutions for carbon sequestration, circular 
materials, and climate-adaptive agriculture, underscoring the critical need to protect 
and study this enigmatic kingdom.
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Edited by Abdelfatah Abomohra, 
Mostafa Elshobary and Dieter Hanelt

This book offers a timely and comprehensive summary of the circular bioeconomy, 
a transformative model that integrates sustainability, innovation, and resource 

efficiency to address global environmental and socio-economic challenges. Through 
a multidisciplinary lens, it examines how biological resources, waste materials, and 

renewable feedstocks can be harnessed to create value-added products while minimizing 
environmental impact. Readers are introduced to cutting-edge applications in biomass 
valorization, renewable energy, waste-to-resource strategies, and the development of 

sustainable materials. The volume also highlights the role of emerging technologies and 
systems thinking in fostering low-carbon, circular solutions for industry and society. 

This book opens the door with ideas for those committed to advancing sustainable 
development and transitioning toward a bio-based, circular economy.
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