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Over recent decades, most plastic materials processed by incorporating some fillers 
in it. In this regard, many researchers have continued to close attention towards the 
study of various fillers and their effects on the advanced polymeric material. Similarly, 
these fillers and additives incorporate within the polymer matrix to meet various 
applications and to enhance its mechanical properties, strength, durability, etc. The 
trends have been significantly arise to the use of waste material as filler owing to 
its advanced properties in plastic material, ease of availability, and its low cost. In 
general, fly ash (FA) is a waste by-product generated from most thermal power plants 
and contains varieties of different elemental particles. It is utilized as filler material 
in a variety of polymeric materials to make sports equipment/devices, household 
products, construction industries, and in many other engineering applications. Hence, 
this section particularly focused on fly ash filler and its composites preparation using 
different polymer matrix.
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documentation of indigenous knowledge through the ideology for syntheses of 
green polymers. The economic importance of polymers includes the study of the 
relationship between people and polymers. The chapter offers a systematic approach 
to study the variety of materials. It intersects many fields including the need for 
green polymer chemistry, environmentally friendly methods for syntheses of green 
polymers, biodegradable polymers, recycling of polymers, and many more topics. 
This study aims to provide an updated survey of the green synthesised polymers in 
order to obtain recyclable materials for various industrial and indoor applications. 
A number of barriers that hinder the adoption of newer technology have also been 
discussed. All of these areas are experiencing an increase in research activity with 
the development of new tools and technologies. Examples are given of recent 
developments in green polymer chemistry.
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Green or sustainable chemistry is now recognised as an important scientific subject, 
and research in this area has led to the creation of cleaner and safer chemical processes, 
with many new advances occurring each year. Researchers are very interested in 
unconventional or alternative solvents for chemical synthesis. Chemical solvents 
make up around 80% of all chemical compounds utilised in a variety of essential 
chemical processes, notably in the chemical industry. Unfortunately, many of these 
solvents are volatile organic compounds (VOCs) produced from petrochemicals, 
which pose a variety of health and environmental hazards. In this chapter, different 
environmentally benign solvent alternatives have been discussed based on their 
green matrix in chemical processes.
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Petroleum-based plastics may not be sustainable in the long run as crude oil will 
get scarce. Hence, it is imperative to find alternative sources of material from which 
plastics can be prepared. Starch, found abundantly in raw banana peel, which is a well-
known kitchen waste, can be used to prepare biodegradable plastics. The preparation 
and some of its properties including its biodegradability have been studied here. 
A homemade DIY bioplastic sample has been prepared and its biodegradability 
tested. The world today is suffering an unprecedented menace of plastic pollution. 
The ubiquitous presence of plastic has sent alarm bells all across the globe. So 
bioplastics may be the solution.
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Incessant use of plastics in the past decades has been a serious issue of environmental 
concern. The aim of this study is to examine the current status of the bioplastic 
research field by identifying the key publications or scientific productions, the 
most productive researchers in terms of publications and citations, latest hotspots 
(keywords), the countries with the most active research, collaborations between 
the countries, highly cited journals, highly contributing organizations, and co-cited 
references with their cluster analysis. This chapter considers whole literature study 
of bioplastics (i.e., documents published from 1894 to 2021). One thousand eight 
hundred sixty-three documents were identified using the Scopus database. The 
largest number of papers published were during the year 2020 with 308 records. 
Bibliometric analysis shows author “Guerrero, A.” was the highly productive author 
and USA was the most productive region of the world. The Journal of Polymers and 
the Environment was the most common outlet for publication.

Chapter 8
Magnetic Nanoparticles for Environmental Management..................................174

Mustafa Akgün, Ardahan University, Turkey

Magnetic nanoparticles are an emerging technique that has attracted attention in 
recent years in nanotechnology, biomedical, electronics, environmental science, 
and engineering applications. Nanoparticles have optical, electrical, catalytic, 
and thermal properties with their supermagnetic properties, large surface area, 
and biocompatibility. The major benefit of using nanoparticles is that due to their 
size, they can be accurately oriented and can be targeted and interacted with a 
specific biological entity or marker. In addition, it is easy to separate the magnetic 
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property from the aqueous solution with the application of an external magnetic 
field. From an environmental perspective, MNPs have been used as catalysts in 
the purification of whey; removal of heavy toxic metals such as Arsenic (As), 
Lead (Pb), and toxic pollutants such as Fluoride (F) from contaminated water; and 
photocatalytic degradation of dyes and pollutants in water. In this study, types of 
magnetic nanoparticles, synthesis methods, properties, and environmental science 
and engineering applications are included.

Chapter 9
An Overview to Green Nanotechnology for Environmental Issues....................190

Naveen Kumar Chourasia, Government College, Bichhua, India

Environmental pollution is a serious issue that has a negative impact on human 
health. The situation is exacerbated by the gradual development of industrialization 
and urbanization. The removal of toxins from the environment is characterized as 
environmental remediation. Environmental remediation refers to all of the approaches 
used to lessen the risks of pollution in the environment. Nanotechnology has the 
potential to significantly reduce existing environmental issues. Green nanotechnology 
is the science and technology for developing nanoparticles using environmentally 
benign approaches. Green nanotechnology makes use of nature’s biological qualities 
(through a variety of activities). Another area where nanotechnology can play a 
critical role is in environmental remediation because the properties of nanoparticles 
can be designed by designing their size and shape. Due to their huge surface area 
and, as a result, strong reactivity, nanoparticles perform significantly better than 
bulk materials for environmental remediation.

Chapter 10
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Lawsonia inermis L. (family Lythraceae), often known as henna, is a dye-producing 
plant cultivated in various parts of the world for cosmetic purposes. Since time 
immemorial, leaf powder made from this little tree has been used to beautify skin, 
hair, fingernails, leather, silk, and wool. The plant’s leaf, which contains an active dye 
(red orange pigment), lawsone, is widely employed in cosmetic and pharmaceutical 
industries (2-hydroxy-1,4 naphthoquinone). Lawsone, an essential secondary 
metabolite, accumulates in the plant’s aerial parts, with the highest concentration 
of 1.0–1.4% in the young leaf petiole. Analgesic, hypoglycemic, hepatoprotective, 
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immune stimulant, anti-inflammatory, antibacterial, anti-dermatophytic, protein 
glycation inhibition, anti-sickling, antioxidant, anti-fertility, tuberculostatic, wound 
healing, anticomplimentary, and anticancer properties have all been reported for the 
plant. Henna is currently recognised as a valuable source of unique natural ingredients 
for the creation of medications and commercial products for a variety of ailments.
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Foreword

Green chemistry is the development of chemical products and processes that limit the 
usage of hazardous compounds and their creation. It also includes the development 
and marketing of economically viable industrial processes that lessen the risk to 
human health and the environment. the importance of chemistry in everyday life and 
explains the societal benefits of expanding the use of green chemistry. It contains 
an update from the field’s frontiers.

This book is an essay on green chemistry and uses a straight forwarded approach 
to providing a broad but thorough overview of the subject, beginning with traditional 
green chemistry topics and moving on to less commonly covered topics such as 
chemistry of longer wear and population, as well as environmental chemistry. Topics 
like these highlight the importance of chemistry in everyday life and demonstrate 
the tangible benefits that increased green chemistry use can provide to society.

Practice in Green Chemistry brings together the hands-on experience of an 
interdisciplinary team from academia and industry to offer a unique perspective on 
the practicality of implementing green chemistry concepts in support of a worldwide 
push toward a more sustainable future. This book will appeal to industrial chemists, 
chemical engineers, students, teachers, researchers and anyone interested in learning 
more about green chemistry. It is primarily intended for use by students and lecturers, 
but it will also appeal to anybody interested in learning more about green chemistry.

For environmental sustainability, it is critical to educate the next generation 
of chemists on green chemistry challenges such as waste minimization and clean 
synthesis, and hence, following research trends in the field of Green Chemistry is 
critical for directing future research. Green chemistry professionals from around the 
world provide chapters with experience teaching at various academic levels, providing 
a cohesive overview of possible approaches to incorporating green chemistry into 
existing curricula.

Nitin Nema
Vedica College of B Pharmacy, India

xiv
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Preface

AN OVERVIEW OF THE SUBJECT MATTER

Green chemistry is the design of chemical products and processes that reduce or 
eliminate the use or generation of hazardous substances. Green chemistry applies 
across the life cycle of a chemical product, including its design, manufacture, use, 
and ultimate disposal. Green chemistry is also known as sustainable chemistry.

Green chemistry is the key to sustainable development, as it will direct the 
scientific community to the more persuasive and innovative solutions for the existing 
problems and will present opportunities for new processes and safer products in an 
economically competitive manner.

The main objective of green chemistry is to redefine and modify the manufacturing 
processes and products in order to decrease hazards to human health. This would 
be achieved by making better use of available resources for the development of a 
chemical process, as well as it will aim to reduce waste generated in any preparation 
or handling of chemicals.

Green chemistry’s 12 principles that demonstrates the breadth of the concept 
of green chemistry:

1. 	 Prevent waste: Design chemical syntheses to prevent waste. Leave no waste 
to treat or clean up.

2. 	 Maximize atom economy: Design syntheses so that the final product contains 
the maximum proportion of the starting materials. Waste few or no atoms.

3. 	 Design less hazardous chemical syntheses: Design syntheses to use and 
generate substances with little or no toxicity to either humans or the environment.

4. 	 Design safer chemicals and products: Design chemical products that are 
fully effective yet have little or no toxicity.

5. 	 Use safer solvents and reaction conditions: Avoid using solvents, separation 
agents, or other auxiliary chemicals. If you must use these chemicals, use safer 
ones.

xv
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6. 	 Increase energy efficiency: Run chemical reactions at room temperature and 
pressure whenever possible.

7. 	 Use renewable feedstocks: Use starting materials (also known as feedstocks) 
that are renewable rather than depletable. The source of renewable feedstocks 
is often agricultural products or the wastes of other processes; the source of 
depletable feedstocks is often fossil fuels (petroleum, natural gas, or coal) or 
mining operations.

8. 	 Avoid chemical derivatives: Avoid using blocking or protecting groups or 
any temporary modifications if possible. Derivatives use additional reagents 
and generate waste.

9. 	 Use catalysts, not stoichiometric reagents: Minimize waste by using catalytic 
reactions. Catalysts are effective in small amounts and can carry out a single 
reaction many times. They are preferable to stoichiometric reagents, which 
are used in excess and carry out a reaction only once.

10. 	 Design chemicals and products to degrade after use: Design chemical 
products to break down to innocuous substances after use so that they do not 
accumulate in the environment.

11. 	 Analyze in real time to prevent pollution: Include in-process, real-time 
monitoring and control during syntheses to minimize or eliminate the formation 
of byproducts.

12. 	 Minimize the potential for accidents: Design chemicals and their physical 
forms (solid, liquid, or gas) to minimize the potential for chemical accidents 
including explosions, fires, and releases to the environment.

A DESCRIPTION OF WHERE THIS TOPIC 
FITS IN THE WORLD TODAY

Governments and scientific communities throughout the world recognize that the 
practice of green chemistry and engineering not only leads to a cleaner and more 
sustainable earth, but also is economically beneficial with many positive social 
impacts. These benefits encourage businesses and governments to support the 
development of sustainable products and processes. The United States, desiring to 
reward and celebrate significant achievements in Green Chemistry, has given out 
an annual award since 1996, the Presidential Green Chemistry Challenge Award.

xvi
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BENEFITS OF GREEN CHEMISTRY TO 
THE WHOLE WORLD TODAY

Human Health

•	 Cleaner air: Less release of hazardous chemicals to air leading to less damage 
to lungs

•	 Cleaner water: less release of hazardous chemical wastes to water leading to 
cleaner drinking and recreational water

•	 Increased safety for workers in the chemical industry; less use of toxic 
materials; less personal protective equipment required; less potential for 
accidents (e.g., fires or explosions)

•	 Safer consumer products of all types: new, safer products will become 
available for purchase; some products (e.g., drugs) will be made with less 
waste; some products (i.e., pesticides, cleaning products) will be replacements 
for less safe products

•	 Safer food: elimination of persistent toxic chemicals that can enter the food 
chain; safer pesticides that are toxic only to specific pests and degrade rapidly 
after use

•	 Less exposure to such toxic chemicals as endocrine disruptors

Environment

•	 Many chemicals end up in the environment by intentional release during 
use (e.g., pesticides), by unintended releases (including emissions during 
manufacturing), or by disposal. Green chemicals either degrade to innocuous 
products or are recovered for further use

•	 Plants and animals suffer less harm from toxic chemicals in the environment
•	 Lower potential for global warming, ozone depletion, and smog formation
•	 Less chemical disruption of ecosystems
•	 Less use of landfills, especially hazardous waste landfills

Economy and Business

•	 Higher yields for chemical reactions, consuming smaller amounts of feedstock 
to obtain the same amount of product

•	 Fewer synthetic steps, often allowing faster manufacturing of products, 
increasing plant capacity, and saving energy and water

•	 Reduced waste, eliminating costly remediation, hazardous waste disposal, 
and end-of-the-pipe treatments

xvii
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•	 Allow replacement of a purchased feedstock by a waste product
•	 Better performance so that less product is needed to achieve the same function
•	 Reduced use of petroleum products, slowing their depletion and avoiding 

their hazards and price fluctuations
•	 Reduced manufacturing plant size or footprint through increased throughput
•	 Increased consumer sales by earning and displaying a safer-product label 

(e.g., Safer Choice labeling)
•	 Improved competitiveness of chemical manufacturers and their customers

A DESCRIPTION OF THE TARGET AUDIENCE

The book would be very much appropriate for Students pursuing chemistry at 
school, undergraduate and postgraduate course. Also, Business personals relying 
on chemical-based industries would need to understand the potential of green 
chemistry in the environment. Environmentalists and other laypersons should also 
need to know about green chemistry.

It is open for all academic, teaching, and industry professionals, including 
environmental scientists and law and policy makers, who constitute the green chemistry 
community. Articles, perspective and feature articles, reports on recent innovations, 
as well as educational resources from those working in related disciplines across 
chemistry, chemical engineering, political science, jurisprudence, and economics 
are also welcomed.

IMPORTANCE OF EACH CHAPTER

Chapter 1: Effective Utilization of Thermal Power Plant 
Waste Fly Ash for Value Addition of Plastic Products – 
A Conceptual Use of Fly Ash in Polymeric Materials

Over recent decades, most plastic materials processed by incorporating some fillers 
in it. In this regard, many researchers have continued to close attention towards the 
study of various fillers and their effects on the advanced polymeric material. Similarly, 
these fillers and additives incorporate within the polymer matrix to meet various 
applications and to enhance its mechanical properties, strength, durability, etc. The 
trends have been significantly arise to the use of waste material as filler owing to 
its advanced properties in plastic material, ease of availability, and its low cost. In 
general, fly ash (FA) is a waste by-product generated from most thermal power plants 
and contains varieties of different elemental particles. It is utilized as filler material 

xviii
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in a variety of polymeric materials to make sports equipment/devices, household 
products, construction industries, and in many other engineering applications. Hence, 
this section particularly focused on fly ash filler and its composites preparation 
using different polymer matrix.

Chapter 2: HyLaw or Hydrogen Law – A Regulation 
for Removal of Legal Barriers to the Deployment 
of Fuel Cells and Hydrogen Applications

In recent years, hydrogen technology has been at the forefront of environmental 
discussions to meet increasingly tough climate protection goals and particularly low 
emissions targets in the transportation sector. Like any major change, a transition 
to hydrogen energy faced challenges in many countries, which caused several 
problems in the growth of the hydrogen share of the total energy supply portfolio. In 
2018 Hydrogen Law (Hylaw) was introduced, which stands for Hydrogen Law and 
removing the legal barriers to the deployment of fuel cells and hydrogen applications. 
It is a flagship project aimed at boosting the market uptake of hydrogen and fuel 
cell technologies providing market developers with a clear view of the applicable 
regulations while calling policymakers’ attention to legal barriers to be removed. 
This chapter is aimed to introduce a consistent framework for the Hylaw regulations 
and make it a clear and precise statement as an interconnection between law and 
energy management policies.

Chapter 3: Evaluating Wastes as Low-Cost Substrate 
for Use in Microbial Citric Acid Production – Evaluating 
Wastes for Use in Citric Acid Production

With the increasing population, developing technology, and industry, the importance 
given to waste control/effective assessment studies continue with increasing 
momentum. The use of wastes in the production of biotechnological products is 
preferred due to its advantages in reducing environmental pollution, preventing 
nutrient and biomass losses, recycling and decreasing costs. Citric acid (CA) is an 
intermediate product formed by the oxidation of carbohydrates to carbon dioxide 
in the Krebs cycle. This organic acid is used in many industrial areas such as 
pharmaceuticals and cosmetics. It is also an important organic acid in the food 
industry and is used as an acidifier, a stabilizer, an antioxidant, a flavor enhancer, 
and a preservative. Today, CA production is produced by microorganisms through 
fermentation. In addition, some wastes, such as molasses, glycerol, whey, olive mill 
wastewater, and various fruit wastes can be evaluated for use in the production of 
CA. This study reviewed the microbial production of CA using various wastes and 
some factors affecting the production.

xix
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Chapter 4: Green Polymer Chemistry and Bio-Based Plastic

The overview briefly surveys the practice of green chemistry in polymer science. The 
conservation and sustainable utilization of polymer is achieved through documentation 
of indigenous knowledge through the ideology of green syntheses polymers. The 
economic importance of polymers includes the study of the relationship between 
people and polymer. The chapter offers a systematic approach to the wide variety 
of materials in polymerization. It intersects many fields including the need for 
green polymer chemistry, environmentally friendly methods for syntheses green 
polymer, biodegradable polymer, recycling of polymers and many more topics. This 
study aims to provide an updated survey of the main green synthesised polymers in 
order to obtain recyclable materials for various industrial and indoor applications. 
a number of barriers that hinder the adoption of newer technology have also been 
discussed. All of these areas are experiencing an increase in research activity 
with the development of new tools and technologies .example are given of recent 
development in green polymer chemistry.

Chapter 5: Green Solvents for Sustainable Organic Synthesis

Green or sustainable chemistry is now recognised as an important scientific subject, 
and research in this area has led to the creation of cleaner and safer chemical processes, 
with many new advances occurring each year. Researchers are very interested in 
unconventional or alternative solvents for chemical synthesis. Chemical solvents 
make up around 80% of all chemical compounds utilised in a variety of essential 
chemical processes, notably in the chemical industry. Unfortunately, many of these 
solvents are volatile organic compounds (VOCs) produced from petrochemicals, 
which pose a variety of health and environmental hazards. In this chapter, different 
environmentally benign solvent alternatives have been discussed based on their 
green matrix in chemical processes.

Chapter 6: Recycled Raw Banana Peels for Bioplastics

Petroleum-based plastics may not be sustainable in the long run as crude oil will 
get scarce. Hence, it is imperative to find alternative sources of material from 
which plastics can be prepared. Starch, found abundantly in raw banana peel which 
is a well-known kitchen waste can be used to prepare biodegradable plastics. The 
preparation and some of its properties including its biodegradability have been 
attempted to study here. A homemade DIY bioplastic sample has been prepared and 

xx
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its biodegradability tested. The world today is suffering an unprecedented menace of 
plastic pollution. The ubiquitous presence of plastic has sent alarm bells all across 
the globe. So bioplastics may be the solution to it is tested.

Chapter 7: Scientometric Evaluation and Visual Analytics 
of the Scientific Literature Production on Bioplastics

Incessant use of plastics in the past decades has been a serious issue of environmental 
concern. The aim of this study is to examine the current status of bioplastic research 
field by identifying the key publications or scientific productions, the most productive 
researchers in terms of publications and citations, latest hotspots (keywords), the 
countries with the most active research, collaborations between the countries, highly 
cited journals, highly contributing organizations and co-cited references with their 
cluster analysis. This paper considers whole literature study of bioplastics i.e., 
documents published from 1894 to 2021. 1863 documents were identified using the 
Scopus database. Highest number of papers published were during the year 2020 
with 308 records. Bibliometric analysis shows author “Guerrero, A” was the highly 
productive author and USA was the most productive region of the world. The Journal 
of Polymers and the Environment was the most common outlet for publication.

Chapter 8: Magnetic Nanoparticles for 
Environmental Management

Magnetic nanoparticles is an emerging technique that has attracted attention in 
recent years in nanotechnology, biomedical, electronics, environmental science 
and engineering applications. Nanoparticles have optical, electrical, catalytic and 
thermal properties with their supermagnetic properties, large surface area and 
biocompatibility. The major benefit of using nanoparticles is that due to their 
size, they can be accurately oriented and can be targeted and interacted with a 
specific biological entity or marker. In addition, it is easy to separate the magnetic 
property from the aqueous solution with the application of an external magnetic 
field. From an environmental perspective, MNPs have been used as catalysts in 
the purification of whey, removal of heavy toxic metals such as Arsenic (As), 
Lead (Pb) and toxic pollutants such as Fluoride (F) from contaminated water, and 
photocatalytic degradation of dyes and pollutants in water. In this study, types of 
magnetic nanoparticles, synthesis methods, properties and environmental science 
and engineering applications are included.

xxi
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Chapter 9: An Overview to Green Nanotechnology 
for Environmental Issues

Environmental pollution is a serious issue that has a negative impact on human 
health. The situation is exacerbated by the gradual development of industrialization 
and urbanization. The removal of toxins from the environment is characterized as 
environmental remediation. Environmental remediation refers to all of the approaches 
used to lessen the risks of pollution in the environment. Nanotechnology has the 
potential to significantly reduce existing environmental issues. Green nanotechnology 
is the science and technology for developing nanoparticles using environmentally 
benign approaches. Green nanotechnology makes use of nature’s biological qualities 
(through a variety of activities). Another area where nanotechnology can play a 
critical role is in environmental remediation because the properties of nanoparticles 
can be designed by designing their size and shape. Due to their huge surface area 
and, as a result, strong reactivity, nanoparticles perform significantly better than 
bulk materials for environmental remediation.

Chapter 10: Crop Improvement Technology 
with Lawsonia inermis

Lawsonia inermis L. (family Lythraceae), often known as henna, is a dye-producing 
plant cultivated in various parts of the world for cosmetic purposes. Since time 
immemorial, leaf powder made from this little tree has been used to beautify skin, 
hair, fingernails, leather, silk, and wool. The plant’s leaf, which contains an active dye 
(red orange pigment), lawsone, is widely employed in cosmetic and pharmaceutical 
industries (2-hydroxy-1,4 naphthoquinone). Lawsone, an essential secondary 
metabolite, accumulates in the plant’s aerial parts, with the highest concentration of 
1.0–1.4 percent in the young leaf petiole. Analgesic, hypoglycemic, hepatoprotective, 
immune stimulant, anti-inflammatory, antibacterial, anti-dermatophytic, protein 
glycation inhibition, anti-sickling, antioxidant, anti-fertility, tuberculostatic, wound 
healing, anticomplimentary, and anticancer properties have all been reported for the 
plant. Henna is currently recognised as a valuable source of unique natural ingredients 
for the creation of medications and commercial products for a variety of ailments.

xxii
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CONCLUSION

Green chemistry, which was established about two decades ago, has attracted much 
attention. It reflects the efforts of academia and industry to address the challenges 
related to sustainable development of the chemical industry, and continuous progress is 
being made, both in academia and industry. Briefly, green chemistry is the utilization 
of a set of principles to reduce or eliminate the use or generation of hazardous 
substances in the design, manufacture and applications of chemical products. Green 
chemistry is a multidisciplinary field and covers areas such as synthesis, solvents, 
catalysis, raw materials, products, and efficient processes.
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Effective Utilization of Thermal Power Plant Waste Fly Ash for Value Addition of Plastic Products

INTRODUCTION

Fly ash is the residue formed during coal combustion known by the names such as 
coal ash and pulverized flue ash. It is generally have light tan in colour and has a 
fine particulate structure along with its not having virtual odour and is considered 
as industrial waste pollution. In recent years about million tonnes of coal is burnt 
to produce electricity so that a huge amount of fly ash is being generated which 
possesses environmental pollution and many other serious issues as mention in Figure 
1. Moreover, India generates about 120 to 150 million tons of fly ash from burning 
coal in approximately 120 thermal power plants than any other country (Akhtar & 
Tarannum, 2018). It is also forecasted that the global fly ash market will be expected 
valued will be USD 11.0 billion by the end of 2024 (Globe News Wire, 2018). The 
major market for fly ash is within Asia pacific region including countries such as 
China, Japan, India, South Korea, and rest of the Asia pacific region.

The coal is major source for energy generation and being available abundantly 
worldwide. During energy production, the coal is used to burn and during combustion 
some volatile material as well as carbon also burn off. In meantime the coal impurities 
such as quartz, clays, feldspar etc. are hugely fused and stayed in suspension form. 
Thereafter, these fused particles are getting passed using flue gas. At the end these 
flue gas approaches to low temperature, these fused substances cause to coagulate 
and form spherical particles. So, these coagulated spherical form of particles called as 
“Fly ash”. Similarly, the remaining matter are going to agglomerate as well as settle 

ABSTRACT

Over recent decades, most plastic materials processed by incorporating some fillers 
in it.  In this regard, many researchers have continued to close attention towards 
the study of various fillers and their effects on the advanced polymeric material. 
Similarly, these fillers and additives incorporate within the polymer matrix to meet 
various applications and to enhance its mechanical properties, strength, durability, 
etc.  The trends have been significantly arise to the use of waste material as filler 
owing to its advanced properties in plastic material, ease of availability, and its low 
cost.  In general, fly ash (FA) is a waste by-product generated from most thermal 
power plants and contains varieties of different elemental particles. It is utilized 
as filler material in a variety of polymeric materials to make sports equipment/
devices, household products, construction industries, and in many other engineering 
applications. Hence, this section particularly focused on fly ash filler and its 
composites preparation using different polymer matrix..
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down at the bottom of the furnace are referred as “Bottom ash”. It is also expected 
that fly ash market will reach US$ 64,761.9 Mn by 2022 which was US$ 39,548.1 
Mn in 2015. The growing rate of this fly ash market is reported at a CAGR of 7.3% 
during the period of 2016-2022 (forecasted period) (Surabhi, 2017).

The another report marked the global fly ash market sized was valued at USD 
8.54 billion in 2019 and expected to reach USD 13.33 billion by 2027, (with 
5.83%CAGR) as illustrated in Figure 2. The report is basically analysed including 
both type of fly ash (Class F & Class C) within the study period 2016-2026. The 
most of the report indicates that there is rise in the fly ash market by > 4% CAGR. A 
very large amounts of this particles is formed by different thermal power plants, and 
their disposal generates major environmental challenges (Fly ash market size, 2020).

However, such generated waste fly ash is mainly composed of SiO2 with low-
lying contents of Al2O3, Na2O, Fe2O3, K2O, CaO, MgO, SO3, etc. Accordingly, fly 
ash categorized as class-F as well as class-C type depends upon the percentage of 
calcium and silicon present in it. In a current situation, such waste fly ash finds 
utilization in most of the applications such as in brick manufacturing, road, and 
building construction, cementing industries, mineral filler, structural fills, road 
base/sub-base, soil modification, and others (Attarde et al., 2014). Nowadays, fly 
ash finds a place in plastic industries due to its desired properties of the final plastic 
products after the incorporation of fly ash in it. Similarly, fly ash having a low cost, 
ease of availability causes rising popularity in plastic industries.

Figure 1. The most important issues to be analyzed from the generated waste fly ash
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It is well known that the metal is getting replaced by plastics material due to its 
lightweight, corrosion resistance, heat-insulating material, and sometimes provides 
strength that is equivalent to the metal (Andrady & Neal, 2009). Majority of plastic 
materials required high strength to weight ratio and hence, to overcome this drawback 
many filler material incorporate within polymer matrix results in improvement in 
the strength of material. However, sometimes fly ash shows an excellent property 
when incorporated in the polymer matrix. The filler consumption causes to lower 
in consumption of costlier polymer matrix and also help to alternate the overall 
composite properties (Shubham & Tiwari, 2013). For this reason, polymer industries 
search for a low-cost and lightweight material that shows excellent properties with 
better processability. Therefore, fly ash waste is the better alternatives with its 
cheaper cost and ease of availability.

FLY ASH GENERATION AND ITS PHYSICAL PROPERTIES

The fly ash physically occurs as very fine particles that having minute average 
diameter, and that has high surface area and light texture. On considering chemical 
nature of fly ash is considered as amorphous and mixture of Ferro-alluminosilicate 
minerals. These both chemical and physical appearance of fly ash depends upon 
the type of coal used, the method of combustion adopted, set temperature during 
combustion as well as collection method. Fly ash is the form of ash generated during 
the separation of flue gas of a power station burning pulverized coal. It is precipitated 
as a fine particulate material from the stack of gases by the combustion of solid fuels 
such as coal in an industrial furnace (Swanepoel & Strydom, 2002). Generally, the 
amount of fly ash is >70% of the entire amount of coal ash produced within power 

Figure 2. Fly ash market report (Fly ash market-growth, n.d.)
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plants only. In general, fly ash can be found in its fineness and globular particles 
form. The average particle size of fly ash generally lying ranging in the size of <1 
to 100 μm (Rossow, 2003). Some of the globular, solid spheres in shape, and some 
in hollow cenosphere. The present spherical/globular particles improve the fluidity 
and workability whenever used with other material.

COMPOSITION BASED CLASSIFICATION OF FLY ASH

The fly ash is primarily composed of various elements such as SiO2 with low 
contents Al2O3, Na2O, Fe2O3, K2O, MgO, etc., and is listed in Figure 3 and Figure 
4. Accordingly, the classification of fly ash can be done broadly on its present 
composition. In the current situation, there are two types of fly ash waste is procured 
from most of the thermal power plants. Based on its chemical composition the fly 
ash is classified as either Type- C or Type-F fly ash as seen in earlier section. The 
first type i.e. Type ‘C’ fly ash which referred to a high quantity of calcium (lime) 
present in it. Whereas, in Type ‘F’ fly ash low in calcium less than 10%, and consists 
of more than 60% of silane (SiO2) content (Federal Highway Administration, 
2017; Rossow, 2003). Class C fly ash is another category for fly ash and has high 
cementing abilities as formed by burning of sub-bituminous coal. The presence of 
lime content (24%) in class C fly ash in large amount. Similarly, Class (F) type fly 
ash are generated from the combustion of bituminous as well as anthracite coals. 
This Class (F) type fly ash have less than 10% lime content.

Figure 3. Classification of fly ash based on its composition
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The chemical and mineral constituents determine the colour of fly ash (Figure 3). 
As the iron content increased in fly ash gives brownish colour whereas the gray and 
black colour of fly ash depends upon the existence of unburned carbon content in 
it. Usually, the diameter of fly ash is less than 53µ. From several studies, it is found 
that the consistency of fly ash is floury and some are also found in fine granular 
texture. The fine texture of fly ash indicates the low water permeability because of 
its maximum dry density capacity. However, the bulk density of fly ash is low so, 
it can be a considered as superior material for manufacturing lightweight building 
blocks. But, fly ash particles results in increasing the potential of dust generation 
and creates problems during the transportation as well as storage of dry fly ash.

EFFECT OF WASTE FLY ASH ON THE 
ENVIRONMENT AND HUMAN HEALTH

The utilization of fly ash gives some environmental benefits, especially this fly ash 
waste in many applications such as in concrete, no need to dispose into landfills 
which ultimately conserve other materials and natural resources. Fly ash is dumped 
into landfills, lakes, rivers, and ponds. Since it is small in size and light in weight so 
that it can easily emit into the air by loading or unloading and transport and wind. 
In the air, it remains as fugitive dust. It can pollute the environment and threatens 
human health if it is discharged directly into the atmosphere from the power plant 
chimneys without any further treatment of filtration. There is also the presence of 
many other toxic elements in fly ash such as arsenic, mercury, Pb (lead), uranium, 
carcinogenic chromium (VI) compound, molybdenum (Mo), nickel (Ni), boron, Cd 
(cadmium), Cu (copper), and others. This results in various respiratory diseases like 
asthma, bronchitis, and lung cancer due to long-term inhalation of fly ash (Herndon 

Figure 4. Different compounds present in class-C and class-F type fly ash
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& Whiteside, 2017; Valavanidis et al., 2008). The particles of fly ash can also move 
to the heart and increase the risks of cardiac arrest. They travel to the brain via the 
nerves of the nose and cause neurological diseases.

A significant amount of silica is present within fly ash in both form like crystalline 
and amorphous forms (Singh & Subramaniam, 2018). The presence of silica element 
in waste fly ash is also considered as a human carcinogen. Crystalline silica can be 
respirable and lodges in the lungs. This causes scarring of lung tissue leads to fatal 
lung disease like silicosis (Golsby, 2015). Fly ash can also create pollution in lakes, 
rivers, and streams as well as it also increases the alkalinity of the soil and ultimately 
affects the pH level. Similarly, whenever it is disposed into large earthen dams it 
can cause many waterborne diseases. The present metals in fly ash can accumulate 
with lakes, rivers, and ponds which is highly toxic to water living organisms. The 
metal traces present in fly ash not only cause damage to the health of aquatic animals 
but also affects those who eat them. Immune suppression, reproductive failure, and 
acute poisoning will be caused by drinking the water containing the particles of fly 
ash (Vengosh et al., 2019).

Therefore, to overcome and to reduce the environmental damage as well as 
human health concern, there is a necessity to create a fly ash processing facility to 
utilize this material in any other form of applications. The fly ash filled polymer 
composites has economic and commercial importance. On considering its fruitful 
advantages and improvement in the properties of plastic products the fly ash could 
be utilized effectively as partial replacement of many other fillers.

CRITERIA AND SOLUTION FOR INTERFACIAL 
INTERACTION OF SILICA/POLYMER MATRIX

The important criteria for the improvement in the mechanical strength of polymer 
products is formation of proper interfacial interaction between fly ash particles and 
polymer matrix. There is chances lowering the mechanical properties of plastic 
products if there is weak or absence of interfacial interaction between the polymer 
matrix and fly ash filler (Sharma & Mahanwar, 2010). As in the fly ash, consists of 
different inorganic elements. Among them, the silica particles play a crucial role in 
interfacial interaction within the polymer matrix. In which the interaction mechanisms 
can occur through hydrogen bonding. And also, these interfacial interaction network 
shows an additional functional group of silica. The interaction process of a hydroxyl 
group in a silica molecule causes hydrogen bonding with the functional group of 
the polymer matrix. X. Y. Zhuang et al., also predicts in their study that there is a 
hydrogen bonding between -OH together with poly (phenylene oxide) functional 
group (Zhuang et al., 2016). Such silica in fly ash having a hydroxyl group also 
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called hydrophilic silica that simply reacts to polymer matrix through the bonding 
process. The interfacial-interaction of silica particles with polymer matrix through 
the hydrogen bonding is represented in Figure 5.

Based on the interfacial interaction mechanism, the fly ash particles are most 
widely used with several polymers and represent their marginal properties. Sometimes 
many researchers and industrialist also add some other additives to improve the 
interfacial interaction mechanism in between filler particles and polymer matrix. 
Among them, vegetable oil also has been used to create an excellent compatibility 
between polymer matrix and fly ash particles (Saumya et al., 2016). The surface 
modification of filler particles plays a crucial role in making filler more compatible 
with polymer matrix.

As per Y. F. Fen et al., there is lack of improvement in the strength of polymer 
composite as there is lower interfacial bonding between the untreated fly ash the 
polymer. In this regards, it is necessary to provide proper surface modification to 
fly ash particles using either surfactants or by proper coupling agent that leads to 
improvement in interfacial bonding with polymer (Yang et al., 2006). Similarly, S. 
Bonda et al., and O. K. Gohatre et. al., also reported that the surface treatment of fly 
ash particles using bis (3-triethoxysilylpropyl) tetrasulfane (Si69) i.e. silane coupling 
agent improved the interfacial bonding in between the polymer matrix and fly ash 
particles. This improvement in interfacial adhesion observed in improvement in 

Figure 5. An interfacial-interaction within the fly ash particles surface together 
with the polymer matrix
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their mechanical properties (Bonda et al., 2012; Gohatre et al., 2021). Also, the use 
of titanate based coupling agent (LICA 38) modified fly ash within the matrix not 
only improve the interfacial bonding between fly ash particles and the matrix but 
also enhancement in the mechanical and thermal properties of prepared polymer/
fly ash composites (Kulkarni & Mahanwar, 2016).

There are some reported coupling agent such as titanate (Parvaiz et al., 2011), 
silane (Atikler et al., 2006; Chand et al., 2010; Das et al., 2010; Goh et al., 2016) 
and surfactant (lauryl sulfate- SLS, stearic acid) (Kamal et al., 2012; Wang et al., 
2011; Yao et al., 2013) that results in the better filler-matrix physical bonding with 
an improvement in mechanical, thermal and many other properties.

DEVELOPMENT OF POLYMERIC BASED 
COMPOSITES USING FLY ASH FILLER

In the current scenario, various researchers have been considering the beneficial use 
of fly ash with a polymer matrix, whereas the disposal of fly ash causes environmental 
pollution. Fly ash consists of several beads of different sizes ranging from 0.1 to 
200µm. These beads can be used as fillers in many polymer composites as seen 
earlier section. There are many other studies shows, where the fly ash is generally 
applied in various polymers such as Polyvinyl chloride (PVC) (Khoshnoud & Abu‐
Zahra, 2019; Sushma & Kumar, 2014), High density polyethylene (HDPE) (), Epoxy 
(Kulkarni & Kishore, 2002) Polypropylene (PP) (Nath et al., 2009; Satapathy et al., 
2011; Sengupta et al., 2011) Acryloniltrile butadiene styrene (ABS) (Kulkarni et 
al., 2014), Polyether ether ketone (PEEK) (Parvaiz et al., 2011) for the improvement 
in the properties of the same. Some of the instances regarding the effects of fly ash 
on different polymeric materials have been described as below.

Polypropylene/Fly Ash (PP/FA) Composites

Polypropylene (PP) is another type of thermoplastic consist tough and flexible 
properties and being widely used in variety of applications such as stationery 
products, household containers, some automotive components etc. This is because of 
its low price and ease of availability. Similarly PP can recycled and hence it has less 
impact on the environment. The study of PP/fly ash based composites exhibits good 
properties with low cost on the incorporation of fly ash in an appropriate amount 
within a polymer matrix. As we know the PP polymer shows ductile nature as used 
in its virgin stage. However, when the fly ash filler loading increases to PP polymer 
that reaches its material stiffness, more brittle and behaves like weaker material. 
This phenomenon of lack in properties is due to less interfacial interaction between 
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fly ash PP. In some studies the PP composites using silane treatment containing 
amine and a vinyl-based functional group which produces changes in high strength 
as well as more stiffness to that of non-silane modified fly ash-based composites. In 
general, the coupling agent used as a surface modification for the fly ash particles 
increases the more interfacial interaction within the polymer matrix. The hardness 
value of composites also depends upon the interaction within the filler and matrix.

As per SEM analysis performed for PP/fly ash composite by K.Y. Wong and R.W 
Truss was observed from surface analysis that the bonding between the modified 
fly ash with polymer matrix is higher in comparison to the composites prepared by 
untreated fly ash particles (Wong & Truss, 1994). The PP/fly ash based composite 
has been intensively studied by J. Gummadi et al., and suggested that fly ash is 
good filler material for polypropylene matrix. From the PP/fly ash composite study 
it is also indicate that there is drastic change the properties of composites as fly 
ash particles variation occurred. (Gummadi et al., 2012). For instance, M. Ajorloo 
et al., suggested a feasible study of recycled PP and fly ash particles formulation 
for automotive parts. The formulation consist of recycled polypropylene, fly ash, 
rubber and some compatibilizer for better bonding achievement within polymer 
matrix and filler particles. From the recycling study, it was positively examined that 
the composite consist 20-40 wt.% of recycled PP, some mechanical properties can 
achieved which meets the requirement0 of some auto parts. (Ajorloo et al., 2021). In 
a PP/fly ash composite study performed by I. Kastiawan concluded that the smaller 
particle size of fly ash greatly influenced the strength and flexural properties of the 
composites. (Gummadi et al., 2012; Kastiawan et al., 2020). This improvement in 
the strength, hardness and tensile strength of composites caused by the perfectly 
distributed fly ash particles within the polymer matrix (Mishra & Shimpi, 2005; 
Saleh & Mustafa, 2011).

High-Density Polyethylene/Fly Ash (HDPE/FA) Composites

In the current situation, well-known commodity polymer i.e. polyethylene grouped 
material HDPE is most widely used in a domestic application. The previous study 
made by N. T. Chinh et al. mentioned in their study that there is a difference in 
the chemical and structural nature of HDPE and fly ash. However, this structural 
difference creates phase separation as well as incompatibility in between the HDPE/
fly ash. Therefore there is a necessity to make fly ash surface-modified so that it 
will impart compatibility with HDPE polymer matrix (Chinh et al., 2016). Similarly, 
S. Baglari also reported that there is an effective enhancement in thermal stability 
of HDPE/fly ash composites, as the fly ash filler is embedded within the HDPE 
polymer matrix. Such HDPE/fly ash composites-based material can also be used 
in the electronic packaging application where the heat dissipation creates a big 
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problem (Baglari et al., 2011). I. Ahmad et al., also notified that the strength of the 
HDPE/fly ash composites can also be increased by using finer particle size of fly 
ash. The ductile properties also retain to some extend as the less than 3 μm particle 
size fly ash used within the HDPE matrix (Ahmad & Mahanwar, 2010). However, 
the loading capacity of fly ash within polymer matrix was also successfully studied 
and make some utilized into building materials such as lumber and roof shakes. The 
study made on loading up with 50-80% of fly ash within recycled polyethylene to 
make some special purpose building materials. By compounding of 50% of fly ash 
adds the stiffness and ultimately reduce the cost. Though the injection molded car 
trim also made by compounding of 15-30% of fly ash within polymer matrix (PT 
Online, n.d.).

Poly (Vinyl Chloride)/Fly Ash (PVC/FA) Composites

Poly (vinyl chloride) PVC is second most thermoplastic material commonly used 
in various applications such as pipe, sheet and cable/wire sheathing due to its 
advantageous properties. PVC can be used in its flexible as well as rigid form as it 
depends upon the presence and absence of plasticizer in it respectively. The plasticizer 
added to PVC, it is known as flexible or plasticized poly (vinyl chloride) (PPVC) and 
whenever plasticizer not added to PVC, called as un-plasticized poly(vinyl chloride) 
(UPVC). It is nowadays growing research topic for many researchers and industrialist 
because of its excellent fire retardency as well as low cost with chemically stable 
nature (Eaves, 2004; Rabinovitch et al., 1997; Thomas et al., 2004). However, apart 
from its fire and flame resistant properties, it has excellent water resistant property 
and has been used widely for making raincoats and shower curtains (Sushma & 
Kumar, 2014). The observation made by P. Khosnoud et al., on interfacial interaction 
between rigid-PVC/FA and concluded that it improved the mechanical properties of 
the composites. Such improvement in the mechanical properties of the composites 
by incorporating fly ash particles up to a certain ratio. Similarly, the observation 
made on the composites, reveals that the particle size of silicon dioxide and calcium 
carbonate within a polymer matrix plays a vital role in improving the properties of the 
composites. The composites prepared with the incorporation of smaller particles had 
higher surface area so they showed better mechanical and viscoelastic performance 
and microstructural properties. Since larger particles fly ash contains iron oxide 
so the composites reinforced with larger particles were stiffer than composites 
incorporated with smaller particles (Khoshnoud & Abu‐Zahra, 2019). From B. 
Pukanszky’s study, it was investigated that the composites with smaller particles 
had lower adhesion factors and higher interfacial parameters. Higher concentration 
(Si) was consistent on an interface because –OH groups significantly enhanced the 
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interfacial adhesion and introduced good adhesion of fly ash with the PVC matrix 
(Pukánszky & Móczó, 2004).

Similarly, the incorporation of fly ash within waste PVC recovered from waste 
electrical wires and cables insulation has been studied by O. K. Gohatre et al. 
Generally, during waste wire and cable insulation manufacturing process, plasticizer 
is added to make it more flexible as well as for ease of application. Therefore, by 
considering the readily available plasticizer within waste PVC insulation will create 
additional benefits to proper wetting of fly ash within the same. From the study it 
has been observed that incorporation of fly ash without modification will achieved 
the mechanical properties of waste polymer matrix up to some extent. Whereas, 
there is drastic change with improvement in the same properties in very attractive 
manner as silane treated fly ash loaded within polymer matrix (Gohatre et al., 2020; 
Gohatre et al., 2021). The same study of fly ash added PVC composites has been 
recently suggested by many authors (Kumar et al., 2019; Van der Merwe et al., 2014; 
Xue et al., 2021; Zhou et al., 2012). Apart from, use of fly ash within flexible PVC, 
the addition of fly ash fillers will also influences the mechanical properties of rigid 
PVC/fly ash composites. There are many researcher apart A. W. Nugroho et al., have 
studied the impact and tensile strength of PVC/fly ash composites. The composites 
shows promising properties with improved strength and rigidity of composites 
with proper loading of fly ash filler. It was concluded that, the rigidity of polymer 
composites has been achieved due to well dispersed and excellent interaction surface 
area of fly ash filler within rigid PVC (Nugroho et al., 2020).

Acrylonitrile Butadiene Styrene (ABS)/ Fly Ash Composites

Acrylonitrile butadiene styrene (ABS) is a thermoplastic and consist of two phases i.e. 
one is amorphous phase like styrene acrylonitrile (SAN) copolymer and another phase 
with rubber content of polybutadiene. ABS is generally used in many engineering 
application due to its excellent mechanical and dimensional properties. However it 
is having some of its restriction in properties such as weak UV resistant and flame 
resistant property (Ez‐Zahraoui et al., 2021). Therefore, whenever ABS is used in 
electrical and equipment product will add some amount of flame retardant (FR) 
additives to overcome this problem. Similarly, on considering the negative impact 
on environment of these flame retardant based ABS material after its end of life, 
many researchers have focusing to alter this additives with fly ash fillers to overcome 
this problem. The author Y. Xuan et al., also focused on ABS/FA based composite 
especially for three dimensional (3D) printing used to make prototype model of 
craft. From the study it is indicated that the use of surface modified (silane treated) 
fly ash within ABS matrix improves its melt flow rate as well as tensile strength but 
there is down in its impact strength (Xuan et al., 2019). There are very few research 
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has been made study on ABS/fly ash composite till now. The author, S. Bonda et 
al. briefly studied the viscoelastic, thermo-mechanical, and behavior of fly ash 
incorporated ABS composites. To construct these composites ABS as a polymer 
matrix, fly ash as filler were used. The Bis(3-triethoxysilylpropyl) tetrasulfane and 
also called (Si69) was used for the surface modification of fly ash. Fly ash was 
undergone various treatments like surface treatment, chemical treatment, thermal 
treatment, and hybrid treatment.

The two different types of composites were prepared using treated and untreated 
fly ash polymer matrix such as ABS. From the tensile test result, it was observed that 
the composites showed improvement in tensile strength by 1.3 times greater with 
the untreated fly ash loading. As the untreated fly ash particles were incompatible 
with the matrix so the tensile strength reduced with the fly ash loading from 10 
to 50wt%. Fly ash is a spherically shaped particle with a low aspect ratio and has 
little friction with the polymer chains. Therefore, it contributes to the reduction in 
properties. However, it was also noticed that, as the treated fly ash incorporated 
into the polymer matrix, the composites showed optimum thermal stability (Bonda 
et al., 2012).

Epoxy/ Fly Ash Composites

Epoxy polymer is widely used in various engineering applications because of its 
excellent heat resistant, chemical resistant, moisture resistant and it good adhesion 
to many substrates. Therefore, in order to improve its additional properties and with 
lowering the cost, fly ash filler introduce. It is also considered as the properties of fly 
ash filled epoxy composites affects by the characteristics of the fillers size, shape and 
volume fraction. T. Chaowasakoo and N. Sombatsompop studied the effect of fly ash 
on epoxy polymer matrix (Chaowasakoo & Sombatsompop, 2007). The basic inorganic 
content in fly ash that have high specific surface area, active functional groups as 
well as a balanced dispersion of fly ash particles makes it nano-sized additives in 
epoxy resin to improve mechanical and thermal properties of epoxy/fly ash based 
composites. It is observed from the study, the effective amount of silane coupling 
agent can used for getting better results in mechanical properties. Otherwise, beyond 
the ratio, there is remarkable reduction in the mechanical properties of prepared 
composites. It is also expected that thermoset based hydrophobic epoxy material 
with hydrophilic nature fly ash filler shows somewhat poor interfacial bonding. 
Therefore, the surface modified fly ash generally used within polymer matrix to 
get extraordinary properties of prepared composites. It is also observed that silane 
coupling agent causes adhesion between thermoset matrix and fly ash particles 
(Guhanathan et al., 2001; Şen & Nugay, 2000). Also, epoxy is generally cure by 
using mostly hardener with other fillers. For instance, J. Yin et al., also mentioned 
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in their study that when FA particles added to epoxy resin, that greatly affects the 
curing characteristics of epoxy resin (Yin et al., 2020). It is likely to be mentioned 
here that the improvement in the resistance to degradation (acidic or basic) condition 
can also achieved in fly ash filler filled epoxy resin as that of unfilled epoxy resin. 
The presence of void and density of composites is minimized with increase in fly 
ash filler content in epoxy resin (Nagendiran et al., 2016).

FEASIBLE APPLICATION OF POLYMER AND FLY 
ASH FILLER BASED COMPOSITES MATERIAL

The fly ash mixed polymer products are most widely used in our daily routine. Some 
useful products such as plastic crates, some municipality dust bins, boxes. The fly 
ash has been used with different types of thermoplastic. The schematic representation 
of the proper mixing of fly ash and polymer matrix is as shown in Figure 6. During 
fly ash incorporation the size and shape of fly ash particles mostly consider. The 
size and shape of fly ash particles determine the physical properties of the respective 
polymer matrix. It has been also observed that such inorganic-based filler causes poor 
interfacial interaction and adhesion with a polymer matrix. However, to overcome 
such poor adhesion of fly ash within a polymer matrix, the fly ash is mostly surface 
modified or treated with some silane-based coupling agent. This coupling agent 
created a bridging effect within that fly ash surface to that polymer matrix by 
providing proper interfacial interaction within them. The proper fly ash to polymer 
matrix determined the accurate mixing and interfacial interaction of polymer matrix 
with fly ash filler. There is a decrease in melt viscosity with more brittle properties 
as the concentration of fly ash filler increases within the polymer matrix (Pardo et 
al., 2010). The fly ash incorporated polymer composites have better physical and 
mechanical properties. So it can be used in various construction industries. As fly 
ash is already a scrap material so its cost is very less. So that it can be easier to be 
utilized fillers in the manufacturing of tiles floorings in the different polymeric 
sectors. Products made from fly ash incorporated polymer composites will be more 
strain resistant and more durable.

Similarly, the current craze of utilization of fly ash within polymer matrix 
increase nowadays to manufacturing tiles. Tiles manufacturing using waste fly ash 
considered as cost-effective as compared to clay tiles and also helps to irrigable 
topsoil. Accordingly, plastic products should show promising properties as per 
the demand or necessity. In such case, many of the plastic product manufacturing 
industries use additives and fillers in plastic products to take advantage of plastic 
product. In such cases many costly and some hazardous material used as fillers and 
additives in plastic which ultimately creates a negative impact on the environment as 
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this plastic products gets outdated. So, the waste fly ash material is the best option 
for such costs as well as hazardous fillers. Many of the polymer researchers get 
attention towards the use of fly ash.

However, the incorporation of fly ash waste as filler provides a promisable 
improvement in the mechanical properties of polymer material. The enhancement 
in mechanical properties such as tensile strength and modulus of plastic products 
gets enhanced by using the proper incorporation of fly ash within a polymer matrix.

ADVANTAGES AND DISADVANTAGES OF UTILIZATION 
OF FLY ASH WITHIN POLYMER MATRIX

On considering the properties of fly ash, is much similar to the calcium carbonate 
with significant difference whenever it is used in polymer matrix. Fly ash consist 
of fine powder of small balls without any sharp edges those are present in calcium 
carbonate. However, fly ash is less dense on comparing calcium carbonate and thus 
it is usually replace by fly ash. These fine sphere particles provides stiffness to the 
plastic material but at same time increased the stiffness when excess in quantity. 
Similarly, it is also found that during processing these fly ash spheres are acts as 
ball bearing and starts improvement in the throughput.

Also, on considering advantages of fly ash usage, it is also having some drawback. 
The colour is the major drawback of fly ash whenever used in plastic products. The 
fly ash found in dirty gray and tan in colour whereas, CaCO3 is much brighter white 

Figure 6. Current use of fly ash in plastic industries to get desired properties products
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in colour than fly ash. Consequently, the availability of fly ash is not in proper particle 
size and can make cost twice when it is refined and also there is presence of some 
undesirable residues such as unburned carbon causes absorption of oil and resin.

CONCLUSION

On considering an increasing demand for energy all around the world, it looks that 
coal-based electricity generation will increase in tremendous manner in upcoming 
years. This improvement in electricity generation will increase in developing countries. 
Thus by keeping in view the issues generated by fly ash as well as for proper disposal. 
Although the fly ash material has several advantages over its some disadvantages 
and can be used due to its improvement in mechanical properties as it is utilised 
in various polymers as filler material. Such improvement in several properties of 
prepared plastic products makes its use in different applications. Fly ash can also 
play an important role as raw material for different plastics applications. Such waste 
fly ash can be used according to its particle size and with a chemical treatment to 
achieved desired properties of the final composite material. In the view of positive 
side of waste fly ash whenever used within a polymer matrix that ultimately increases 
the fly ash utilization and also reduces the consumption of many mineral resources 
as well as reduce the cost of the finished products.
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ABSTRACT

In recent years, hydrogen technology has been at the forefront of environmental 
discussions to meet increasingly tough climate protection goals and particularly low 
emissions targets in the transportation sector. Like any major change, a transition to 
hydrogen energy faced challenges in many countries, which caused several problems 
in the growth of the hydrogen share of the total energy supply portfolio. In 2018, 
Hydrogen Law (Hylaw) was introduced, which removes the legal barriers to the 
deployment of fuel cells and hydrogen applications. It is a flagship project aimed 
at boosting the market uptake of hydrogen and fuel cell technologies providing 
market developers with a clear view of the applicable regulations while calling 
policymakers’ attention to legal barriers to be removed. This chapter introduces a 
consistent framework for the Hylaw regulations that makes is a clear and precise 
statement and an interconnection between law and energy management policies.
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INTRODUCTION

A consensus is fast emerging that hydrogen will play a key role as an energy vector 
and a pillar in the ongoing energy transition. It promises to accelerate transformative 
changes across many sectors, most notably energy and transport. This chapter draws 
together some of the most experienced global energy experts’ insight to provide a 
timely and insightful perspective on how hydrogen projects may proceed and the 
sector develops worldwide (Abánades et al., 2013; Abbasi & Abbasi, 2011).

Energy lawyers are accustomed to the emergence of new technologies(Ajanovic, 
2008; Alazemi & Andrews, 2015). Nevertheless, each emergent technology’s unique 
characteristics need to be respected. It would be complacent to think that hydrogen 
can be treated like natural gas or other energy sources for legal and regulatory 
frameworks, investment cases, financing structures, operational requirements, revenue 
stream arrangements, and the panoply of other elements that need to be considered 
to formulate an effective commercialization model (Andress et al., 2009; Arnason 
& Sigfusson, 2000).

The term “hydrogen economy” is not new, but the role that hydrogen can, and 
is expected, to play in the economies of many of the jurisdictions covered in this 
chapter demonstrates the revitalized ambitions of this subsector. But this chapter 
also highlights the fact that progress is not equal in all places. An emerging suite of 
technologies and an immature web of policy and regulatory frameworks in some 
jurisdictions are developing quickly into a supportive system ready to welcome 
private sector investment in other countries. What is clear is that the promise of 
hydrogen developments and uses is rapidly evolving as governments and market 
players are waking up to its benefits and potential. With many countries committing 
to having major low-carbon hydrogen projects underway by 2030 and committing 
to achieving net-zero targets, investors have to take a truly global perspective on 
the sector (Baker, 1980; Balat, 2008). This chapter sets out the ease (or otherwise) 
of developing hydrogen projects across the jurisdictions covered – highlighting the 
status of hydrogen developments in each country; considering the market prospects 
and opportunities ahead that are key for our clients who are seeking to enter or 
expand in this sector; what challenges need to be overcome to reach national and 
international goals and how the national and international specific legislation and 
regulations in each jurisdiction facilitate this growing sector (Ball & Weeda, 2015).

Environmental Policy

Supranational policies and frameworks helpfully chapter the longer-term direction 
and developments at national levels. In this case, the supranational commitment is 
made through the Paris Agreement by 189 countries, representing 97% of global 
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emissions (Barclay, 2006). All of the countries covered in this chapter are signatories 
to the Paris Agreement (albeit the US has notified the United Nations of its intention 
to withdraw from the Paris Agreement). The Paris Agreement is one of the most 
ambitious international agreements within the United National Framework Convention 
on Climate Change (“UNFCC”) (Bargigli et al., 2004). It commits signatories to 
respond to the threat of climate change by keeping any global temperature rise this 
century to well below 2 degrees Celsius above pre-industrial levels, and better still, 
to pursue efforts to limit the temperature increase to 1.5 degrees Celsius above those 
levels. Since then, several countries have adopted legally binding targets to reach 
“net-zero” in their greenhouse gas emissions by 2050(Beghi, 1983). Alongside 
national governments, similar commitments are being made by major businesses 
and investors, who are also seeking to decarbonize their products and processes 
(Bertel et al., 2004).

The countries covered in this chapter have or are in the process of creating legal 
frameworks to support their vision. For many, this vision includes hydrogen playing 
a key role in achieving their Paris Agreement climate change ambitions and net-zero 
targets in several sectors, notably transportation, heating, and industry (Bhandari 
et al., 2014).

Figure 1. Framework of hydrogen law (HyLaw) (adopted from cms law)
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DIFFERENT LEGAL REGIMES FOR 
DIFFERENT “TYPES” OF HYDROGEN

From investors’ perspective in the sector, it is important to recognize that hydrogen 
is classified according to its production while the molecules are indistinguishable. 
References to the following colors are for hydrogen produced in turn: “grey” from 
methane gas, “black” from coal, or “brown” from lignite. Around 95% of the 
world’s hydrogen is grey or brown, 76% from natural gas, and 23% from coal(Bose 
& Malbrunot, 2007). “Blue” hydrogen is produced using methane gas with carbon 
capture and storage technology. This type of hydrogen is seen as carbon neutral but 
not strictly renewable. “Green” hydrogen is produced through electrolysis, which is 
the process of splitting up water (H2O) into hydrogen and oxygen, using renewable 
energy (for example, wind or solar energy). Several other “colors” of hydrogen 
are less relevant from an investor’s perspective and are not covered in this chapter 
(Chiesa et al., 2005; Cipriani et al., 2014; Cigolotti et al., 2018).

It is understood that a move away from grey hydrogen will be necessary to meet 
the decarbonization targets many countries have set out. However, blue hydrogen’s 
attraction comes from the scale of production that it offers and the ability to use 
carbon capture storage technologies to prevent carbon dioxide emissions into the 
atmosphere. Many of the jurisdictions covered in this chapter focus on the advancement 
of green and blue hydrogen(Cohce et al., 2010).

Table 1. Hydrogen regulation type

Green Hydrogen Blue Hydrogen

Green hydrogen is typically made through electrolysis 
- which in its simplest terms requires an electrolyzer 
to break down water (H2O) into hydrogen and water 
using renewable sources such as wind, solar and hydro 
to generate the electricity used for the process (Cox & 
Williamson, 1997).

Blue hydrogen is seen by many as an enabler in the 
commercial development of low-carbon hydrogen 
projects. Its success depends on the role of carbon 
capture usage and storage (CCUS), which suits some 
countries (such as the UK, Netherlands, Norway, and 
parts of the US) better than others that do not already 
have storage infrastructure exploit.

An example is the Austrian Hydrogen mobility AG, 
which announced green hydrogen produced from wood 
gasification at previously unattainable production and 
energy efficiency.

Several hydrogen plus CCUS projects and business 
models are under consideration and covered in the 
chapter. For example, the UK specifically develops 
business models for hydrogen and CCUS projects over 
the coming years(Dalebrook et al., 2013).

While many on-station projects are being developed; 
as a result, just 2% of global hydrogen production is 
currently produced by electrolysis. However, green 
hydrogen is perceived as the ultimate goal, and there are 
new national and supranational policies emerging that 
promote the use of electrolyzers (Iordache et al., 2018).

The UK is not alone in having spotted the blue hydrogen 
opportunity. In the Netherlands, led by a consortium 
comprising state-owned companies, the Porthos project 
focuses on capturing CO2 within Rotterdam’s port 
from existing hydrogen production facilities to produce 
large-scale blue hydrogen and reduce emissions 2030. 
The captured CO2 will be transported and stored in a 
depleted gas field in the North Sea(Kreutz et al., 2005).
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The taxonomy may seem a geeky subject, but classification and legal precision 
are crucial. In particular, the lack of harmonization and classification is a common 
complaint whether from financial institutions, developers, or investors seeking to 
understand and compare opportunities in the sector. There are some developments in 
this area. For example, the EU Taxonomy 3, published in March 2020, considers what 
should be treated as “low carbon” or “renewable.” In this case, for the manufacture 
of hydrogen, hydrogen is considered renewable where (Kohl, 2018):

•	 The level of direct CO2 emissions from the manufacturing of hydrogen is 5.8 
tCO2e/t;

•	 Electricity use for hydrogen produced by electrolysis is at or lower than 58 
MWh/t; and

•	 The average carbon intensity of the electricity produced for hydrogen 
manufacturing is at or below 100 gCO2e/kWh.

In practice, investors, developers, financiers, and advisors seeking to invest in 
renewable hydrogen projects should note that this narrows the options to “green” 
and “blue” hydrogen.”

Legal System in Transportation

Hydrogen has the potential to play a significant role in the transportation sector. The 
International Energy Agency (“IEA”) estimates while batteries are seen as a viable 
technology for passenger vehicles, as seen through the uptake of electric vehicles 
(“EV”) globally, hydrogen-based mobility is a complimentary option. Hydrogen can 
be applied in various sectors such as local public passenger transport, heavy-duty 
road transport, commercial vehicles, marine, rail, and even aviation. The chapter 
has highlighted several jurisdictions (notably Korea and Japan) where fuel cell 
technology (“FCEV”) shows significant prospects for use in road and rail transport 
(McCarty et al., 2018).

This raises several legal issues for companies seeking to enter the hydrogen 
mobility sector. Despite the first hydrogen refueling station installed over ten years 
ago, only a few of the countries we surveyed have specific hydrogen refueling 
legislation. In this uneven landscape, while in Germany, Denmark, the UK, and the 
Netherlands, authorities can look to existing rules. Several different authorities may 
need to develop the legal and regulatory framework for hydrogen in other countries. 
Further, it is more difficult to navigate the permitting and regulatory regimes without 
existing rules, with the process slowed down if the authorities are less familiar with 
the issues (Movahedian et al., 2021).
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The opportunity to educate, create and harmonize some standards may be afforded 
by focusing on hydrogen buses’ roll-out. Many of the countries we surveyed focus on 
public transport as the key area for using hydrogen in the mobility sector. The UK 
has already seen the roll-out of zero-emission hydrogen buses and has committed to 
introducing 3,000 buses by 2024. Similarly, Japan is aiming to have 1,200 fuel-cell 
buses on the road by 2030. More than decarbonization purposes, hydrogen-fuelled 
public transport is gaining popularity due to the added benefits of improving local 
air quality and bringing public health benefits (Norouzi, 2021a).

Given that contracting for public transport and associated infrastructure often 
involves a governmental authority as the counterparty (whether for the land rights, 
the leases of the transport, etc.), buses could be the catalyst for the administrative 
knowledge build-up processes. With internments are For example, if state funding 
is available to encourage individuals to purchase hydrogen-fuelled vehicles, state 
aid and procurement issues will need to be carefully considered and managed. 
Assuming this can be done purposefully and effectively, hydrogen fuel transport 
could mirror the rapid uptake seen in EVs in some countries. Though our experts 
agree that significant changes to the existing practices would be needed in these 
areas at an earlier stage of development, hydrogen technologies could also be used 
in shipping and aviation (Norouzi et al., 2021).

Legal System in Industry

Unsurprisingly the chapter underscores the significant hydrogen demand in industrial 
processes. The IEA estimates that the total global demand for hydrogen will be 
around 40 million tonnes per year over the coming decade(Norouzi & Ataei, 2021a). 
This includes using hydrogen in various industrial processes, including oil refining, 
ammonia production, and steel production. The hydrogen used in these industries 
is generally “grey,” As such, there is a large opportunity to decarbonize this sector 
by transitioning to blue or green hydrogen. One such example is the HyNet project 
in North West England, which proposes to develop a hydrogen cluster in which ten 
large industrial sites would be converted to use 100% green hydrogen (Norouzi & 
Ataei, 2021b).

The challenge with adapting and retrofitting existing infrastructure to produce low 
carbon hydrogen is not without its challenges. As with much else in this developing 
sector, first-of-its-kind projects act as pathfinders in the administrative, permitting, 
and regulatory processes. The time and complexity are a burden that needs to be 
addressed to facilitate further developments and attract outside investments and 
financings. As it is already used in the manufacturing process, there are fewer 
novel technical barriers to consider. Nonetheless, based on current technology, 
the production cost is inevitably higher, which, combined with the economic and 
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regulatory challenges that require thorough understanding and review, are delaying 
unlocking a sector suited for this transformation(Norouzi, 2021b).

Legal System in Heating

Several countries have identified hydrogen as part of their plan for decarbonizing 
heating. In the UK, for example, the gas network provides natural gas to over 
80% of residential homes and commercial buildings for heating(Norouzi, 2021c). 
Decarbonizing this network could be paramount to achieving net-zero aims. Countries 
like Portugal, Germany, and France, have initiated pilot projects to test hydrogen 
blending into the gas grid. Some, such as the Netherlands, intended to eliminate 
natural gas use in the built environment by 2050 (Pandev et al., 2017). Several 
demonstration projects currently test the blending of up to 20% of hydrogen into the 
existing gas grid from a technical and engineering perspective. What is less clear is 
how the technical and safety tests about the limitations of hydrogen blending link 
with the current legal frameworks. At present, while there is a harmonized legal 
regime for ownership and operation of the gas networks (though the EU Third 
Package Directive), the legislation’s design is firmly centered around methane gas 
and gas quality standard (based on calorific value; Wobbe Index) (Schitea et al., 
2018). However, blending hydrogen changes the calorific value of gas carried in 
the grid. The existing ways of regulating gas transmission, the payment terms for 
the various entities involved, and questions of gas quality standards impacted by 
blending and deblending hydrogen into/out of the grid require further consideration. 
As identified in our chapter, in several jurisdictions, the gas transmission rules 
were drafted into law decades ago, well before the opportunities for heating with 
hydrogen, let alone having a 100% hydrogen gas network, were contemplated. If the 
ambition is to enhance the prospects of using hydrogen networks for heating, further 
work and studies are needed to link the safety and technical integrity requirements 
in all parts of the heating chain, including the end-user interface, with the current 
regulatory frameworks. The final picture is also likely to be hugely dependent on 
the country, and region specifics may vary according to their seasonality of demand 
and available infrastructure levels (Pandev, 2017).

DISCUSSION

Lack of administrative practice and guidance adds to the costs and complexity of 
authorizations; while some jurisdictions, such as Austria, South Korea, and Japan are 
centralizing the permitting processes and simplifying the requirements on operators 
seeking to develop hydrogen projects, in many other jurisdictions, the complexities in 
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the permitting regimes are yet to be addressed. As we have seen with other emerging 
technologies, the lack of past projects for guidance can result in inconsistencies in 
the responsible authorities’ approach and lead to complex, protracted discussions 
before authorities can interpret the existing rules and grant the necessary permits 
(Chiesa et al., 2005). The investors’ burden to engage stakeholders in the process 
is thus extended to capacity building of the public and the competent authorities, 
which adds to the cost and time involved in developing hydrogen projects (Chiesa 
et al., 2005; Cipriani et al., 2014; Cigolotti et al., 2018).

Faster deployment can facilitate a reduction in costs; Following on from the 
above, a key challenge in the hydrogen market today is cost and the need to create 
a sufficiently large marketplace to achieve economies of scale. While electrolysis 
using electricity from renewable energy sources may be the more environmentally 
sustainable method of producing hydrogen, it can currently be two to three times 
more expensive than hydrogen produced with natural gas or fossil fuels (without 
CCUS). As we have learned from other new technologies, costs fall when enough 
projects can form a critical investment mass (Kohl, 2018). National policies are 
key for attracting more projects to be developed and thus driving down costs. 
Recognizing this, the European Commission published an ambitious strategy 
in July 2020. This seeks critical mass investment to make hydrogen more cost-
effective. Today, estimated costs for fossil-based hydrogen are around 1.5 EUR/kg 
for the EU, fossil-based hydrogen with carbon capture and storage around 2 €/kg, 
and renewable hydrogen 2.5-5.5 EUR/kg. The strategy notes that carbon prices in 
the range of EUR 55-90 per tonne of CO2 would be needed to make fossil-based 
hydrogen with carbon capture competitive with fossil-based hydrogen today. The 
costs of renewable hydrogen are going down, however. For example, by nearly 60% 
in the last ten years, electrolyzer costs have already been reduced and are expected 
to halve in 2030 compared to today’s economies of scale. Electrolyzer costs are 
predicted to decline from €900/kW to €450/KW or less in the period after 2030 and 
€180/kW after 2040 (Iordache et al., 2018).

In the absence of a facilitative legislative framework and the need for reform, 
reflective of the nascent yet developing array of hydrogen technologies, legislative 
frameworks have not always caught up with development ambitions. Another key 
challenge in this chapter is the lack of a clear legal and regulatory framework for 
hydrogen. The majority of countries rely on their existing gas regulations to regulate 
hydrogen (Abánades, 2013). Due to the different nature and use of hydrogen, these 
frameworks are not always appropriate, and market players would benefit from 
introducing a clear regulatory framework to encourage the development of a hydrogen 
economy. From a lack of clear legislation, the counterbalance is not suited to new 
ways of working. However, most hydrogen is produced and consumed on the same 
site or transported short distances by road or pipeline (Abánades, 2013; Abbasi 
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& Abbasi, 2011), for transporting hydrogen over longer distances is restricted. 
The flammable characteristics of hydrogen require extreme care when handling 
(and transporting it). Hydrogen is a colorless, odorless, and flammable gas, and 
its large-scale use has commonly been perceived as risky because of how easily it 
may leak and ignite in relatively low temperatures. Much of how hydrogen storage 
and transport is treated has developed over time from industrial uses of hydrogen. 
Therefore, the understanding of hydrogen as a fuel source by relevant stakeholders 
and authorities is important in deciding whether to authorize the activity in these 
newer contexts.

The European Hydrogen Economy

Several countries have adopted national hydrogen strategies, but the EU has set out a 
transnational hydrogen strategy applicable across all member states, many of which 
are covered in the chapter. The long-awaited Hydrogen Strategy for a Climate-Neutral 
Europe (the “Strategy”) sets out the EU-wide vision for various decarbonizing sectors 
across Europe. The strategy estimates that hydrogen is expected to provide at least 
13% of the final energy mix by 2050 in Europe. This Europe-wide strategy is expected 
to encourage a hydrogen economy’s development across Europe, following several 
European national hydrogen strategies. On the back of this EU-wide framework, 
some other jurisdictions explored in this chapter await the pending publication of a 
roadmap or strategy for implementing hydrogen in their countries. These strategies 
will help set a clear path for accelerating a hydrogen economy’s deployment in the 
respective countries (Ball & Weeda, 2015). As we have seen in other sectors (e.g., 
renewables), the EU-wide direction can stimulate the national legislative systems 
to create a further local policy and thus investors greater certainty in venturing into 
this sector. This is the expectation for countries, such as Poland, where the Polish 
Ministry of Climate intends to publish the Polish Hydrogen Strategy setting out its 
vision for developing hydrogen in Poland (Norouzi, 2021c).

Market Prospects of Hydrogen

Several ambitious hydrogen strategies are being released worldwide, sending signals 
to investors regarding such countries’ openness to developing hydrogen projects and 
stimulating public awareness and acceptance. In countries where we have seen new 
technologies like hydrogen take off, the strategies need to be supported by capital 
availability. At present, while projects may fall below the capital requirements of 
large banks and institutional investors, many of the projects rely on public support 
measures and government-level financing initiatives that encourage the uptake of 
hydrogen. For example, the French Government intends to include support measures 
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for hydrogen projects in the French economic recovery plan presented in Autumn 
2020. The Minister of Economics has indicated a possible investment increase of 
up to several billion euros in hydrogen (Norouzi, 2021b). In early 2020 the UK 
government announced a £90 million fund to tackle emissions from homes and 
heavy industry. £70 million of this includes funding for two of Europe’s first-ever 
large-scale, low-carbon hydrogen production plants: on the River Mersey and in 
Aberdeen, and developing technology to harness offshore wind the Grimsby coast 
to power electrolysis and produce hydrogen. With state-sponsored support, it is 
important to consider the state aid requirements to achieve the right balance of 
support and retain value to consumers. Further, given that state entities and local 
authorities manage many public grants, appropriate public procurement steps are key 
to success. Indeed, navigating the pathway of successfully bidding for, securing, and 
maintaining government support and funding has been identified as a key challenge 
by many countries listed in this chapter(Dalebrook, 2013).

CONCLUSION

The last 12 months have seen a flurry of announcements and plans being published. A 
plethora of hydrogen applications is poised to emerge to help businesses decarbonize 
a range of sectors and unlock new market opportunities. Beyond the energy, transport, 
and heating opportunities, countries are looking to low-carbon hydrogen to improve 
air quality in cities, produce local jobs, improve energy security, and provide much-
needed grid stability services to offset some of the issues associated with increased 
levels intermittent generation. Hydrogen is a platform that spans several industries 
and legal disciplines, being an energy vector. As energy lawyers working across 
the globe, we know that the reasons why a given hydrogen project will succeed in 
a given location will be uniquely dependent on the most important factors in that 
scenario: clean air or backup power. The demand for hydrogen has grown more than 
threefold since 1975 and continues to rise. While this is almost entirely supplied 
from fossil fuels at present, the R&D and demonstration efforts are finding and 
refining yet more ways of producing low-carbon hydrogen that can help decarbonize 
a range of sectors. For example, during 2019, the fuel cell electric vehicle market 
almost doubled due to expansion in Japan and China. The same trajectory is true for 
other modes of transport: passenger vehicles, heavy-duty vehicles, public transport, 
and even railways. Beyond transport, the grey hydrogen demand in the industry 
presents a significant opportunity to decarbonize this sector. The pipeline networks 
used by blending different hydrogen levels into the gas networks that were not used 
on-site. These are just some of the examples our experts highlight in this chapter. 
From Saudi Arabia to Japan to California, the range of legal frameworks, business 
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and financing models, operational requirements, and many other factors are being 
tested as we write. Hydrogen has an important and increasing role in the global, 
national and local economies. It remains to be seen which countries will lead the 
way in uncovering the promise of the hydrogen opportunity. From our experience, 
countries that support commercially sound business cases and establish enabling 
regulatory frameworks to support the development of this technology are the likely 
early winners in this race.

Further, as the costs of electrolysis decrease and a symbiotic relationship 
developed between renewables and hydrogen production and offtake, new business 
models will emerge, and new products will be created. The consensus across the 
chapter’s contributors is that hydrogen will play a key role as an energy vector and a 
core pillar in the energy transition we are experiencing. This may be the beginning.
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KEY TERMS AND DEFINITIONS

Hydrogen Economy: The hydrogen economy is an envisioned future in which 
hydrogen is used as a fuel for heat and hydrogen vehicles, for energy storage, and 
for long distance transport of energy. In order to phase out fossil fuels and limit 
global warming, hydrogen can be created from water using intermittent renewal 
sources such as wind and solar, and its combustion only releases water vapor to the 
atmosphere. Hydrogen is a powerful fuel, and a frequent component in rocket fuel, 
but numerous technical challenges prevent the creation of a large-scale hydrogen 
economy. These include the difficulty of developing long-term storage, pipelines 
and engine equipment; a relative lack of off-the-shelf engine technology that can 
currently run safely on hydrogen; safety concerns due to the high reactivity of 
hydrogen fuel with environmental oxygen in the air; the expense of producing it 
by electrolysis; and a lack of efficient photochemical water splitting technology. 
Hydrogen can also be the fuel in a fuel cell, which produces electricity with high 
efficiency in a process which is the reverse of the electrolysis of water. The hydrogen 
economy is nevertheless slowly developing as a small part of the low-carbon economy. 
As of 2019, hydrogen is mainly used as an industrial feedstock, primarily for the 
production of ammonia and methanol, and in petroleum refining. Although initially 
hydrogen gas was thought not to occur naturally in convenient reservoirs, it is now 
demonstrated that this is not the case; a hydrogen system is currently being exploited 
in the region of Bourakebougou, Mali, producing electricity for the surrounding 
villages. More discoveries of naturally occurring hydrogen in continental, on-shore 
geological environments have been made in recent years and open the way to the 
novel field of natural or native hydrogen, supporting energy transition efforts. As of 
2019, almost all (95%) of the world’s 70 million tons of hydrogen consumed yearly 
in industrial processing are produced by steam methane reforming (SMR) that also 
releases the greenhouse gas carbon dioxide. A possible less-polluting alternative 
is the newer technology methane pyrolysis, though SMR with carbon capture also 
has much reduced carbon emissions. Small amounts of hydrogen (5%) are produced 
by the dedicated production of hydrogen from water, usually as a byproduct of the 
process of generating chlorine from seawater. As of 2018 there is not enough cheap 
clean electricity (renewable and nuclear) for this hydrogen to become a significant 
part of the low-carbon economy, and carbon dioxide is a by-product of the SMR 
process, but it can be captured and stored. As a more cost-effective alternative to 
hydrogen economy mainly the methanol economy is discussed.

Hydrogen Production: Hydrogen production is the family of industrial methods 
for generating hydrogen gas. As of 2020, the majority of hydrogen (∼95%) is 
produced from fossil fuels by steam reforming of natural gas, partial oxidation of 
methane, and coal gasification. Other methods of hydrogen production include 
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biomass gasification, no CO2 emissions methane pyrolysis, and electrolysis of 
water. The latter processes, methane pyrolysis as well as water electrolysis can be 
done directly with any source of electricity, such as solar power. The production of 
hydrogen plays a key role in any industrialized society, since hydrogen is required 
for many essential chemical processes. In 2020, roughly 87 million tons of hydrogen 
was produced worldwide for various uses, such as oil refining, and in the production 
of ammonia (through the Haber process) and methanol (through reduction of carbon 
monoxide), and also as a fuel in transportation. The hydrogen generation market 
was expected to be valued at US$115.25 billion in 2017.

Hydrogen Safety: Hydrogen has one of the widest explosive/ignition mix range 
with air of all the gases with few exceptions such as acetylene, silane, and ethylene 
oxide. This means that whatever the mix proportion between air and hydrogen, when 
ignited in an enclosed space a hydrogen leak will most likely lead to an explosion, 
not a mere flame. This makes the use of hydrogen particularly dangerous in enclosed 
areas such as tunnels or underground parking. Pure hydrogen-oxygen flames burn 
in the ultraviolet color range and are nearly invisible to the naked eye, so a flame 
detector is needed to detect if a hydrogen leak is burning. Like natural gas, hydrogen 
is odorless and leaks cannot be detected by smell. This is the reason odorant chemical 
is injected into the natural gas to deliver the rotten-egg odor. Hydrogen codes and 
standards are codes and standards for hydrogen fuel cell vehicles, stationary fuel cell 
applications and portable fuel cell applications. There are codes and standards for the 
safe handling and storage of hydrogen, for example the standard for the installation 
of stationary fuel cell power systems from the National Fire Protection Association. 
Codes and standards have repeatedly been identified as a major institutional barrier 
to deploying hydrogen technologies and developing a hydrogen economy. As of 
2019 international standards are needed for the transport, storage and traceability of 
environmental impact. One of the measures on the roadmap is to implement higher 
safety standards like early leak detection with hydrogen sensors. The Canadian 
Hydrogen Safety Program concluded that hydrogen fueling is as safe as, or safer 
than, compressed natural gas (CNG) fueling. The European Commission has funded 
the first higher educational program in the world in hydrogen safety engineering 
at the University of Ulster. It is expected that the general public will be able to use 
hydrogen technologies in everyday life with at least the same level of safety and 
comfort as with today’s fossil fuels.

Hydrogen Storage: Hydrogen storage is a term used for any of several methods 
for storing hydrogen for later use. These methods encompass mechanical approaches 
such as high pressures and low temperatures, or chemical compounds that release H2 
upon demand. While large amounts of hydrogen is produced, it is mostly consumed 
at the site of production, notably for the synthesis of ammonia. For many years 
hydrogen has been stored as compressed gas or cryogenic liquid, and transported as 
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such in cylinders, tubes, and cryogenic tanks for use in industry or as propellant in 
space programs. Interest in using hydrogen for on-board storage of energy in zero-
emissions vehicles is motivating the development of new methods of storage, more 
adapted to this new application. The overarching challenge is the very low boiling 
point of H2: it boils around 20.268 K (−252.882 °C or −423.188 °F). Achieving 
such low temperatures requires significant energy.

Hydrogen Technologies: Hydrogen technologies are technologies that relate 
to the production and use of hydrogen. Hydrogen technologies are applicable for 
many uses. Some hydrogen technologies are carbon neutral and could have a role 
in preventing climate change and a possible future hydrogen economy. Hydrogen 
is a chemical widely used in various applications including ammonia production, 
oil refining and energy. Hydrogen is not a primary energy source, because it is not 
naturally occurring as a fuel. It is, however, widely regarded as an ideal energy 
storage medium, due to the ease with which electric power can convert water into 
its hydrogen and oxygen components through electrolysis and can be converted back 
to electrical power using a fuel cell. There are a wide number of different types of 
fuel and electrolysis cells. The potential environmental impact depends primarily 
on the methods used to generate the hydrogen fuel.

Hylaw: HyLaw stands for Hydrogen Law and removal of legal barriers to the 
deployment of fuel cells and hydrogen applications. It is a flagship project aimed at 
boosting the market uptake of hydrogen and fuel cell technologies providing market 
developers with a clear view of the applicable regulations whilst calling the attention of 
policy makers on legal barriers to be removed. The project brings together 23 partners 
from Austria, Belgium, Bulgaria, Denmark, Finland, France, Germany, Hungary, 
Italy, Latvia, Norway, Poland, Romania, Spain, Sweden, Portugal, the Netherlands 
and United Kingdom and is coordinated by Hydrogen Europe. The HyLaw partners 
will first identify the legislation and regulations relevant to fuel cell and hydrogen 
applications and legal barriers to their commercialisation. They will then provide 
public authorities with country specific benchmarks and recommendations on how to 
remove these barriers. HyLaw main outputs will be – • An online and publicly available 
database compiling legal and administrative processes applicable to hydrogen and fuel 
cell technologies in 18 countries across Europe; • National policy chapters describing 
each legal and administrative process, highlighting best practices, legal barriers and 
providing policy recommendations; • A pan-European policy chapter targeted towards 
European decision makers; • National and European workshops for dissemination of 
the findings and convincing public authorities to remove barriers. – HyLaw started 
in January 2017 and will run until December 2018. The database will be maintained 
by Hydrogen Europe for minimum three years after the end of the project. 
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Public Perception of Hydrogen: Public understanding of hydrogen will have a 
tremendous impact on current as well as future policy initiatives for vehicle as well 
as portable and stationary applications. Numerous studies have been performed to 
analyze the public’s current perception and understanding of hydrogen. Most energy 
producing technologies have an attached combination of positive and negative stigmas 
and means of understanding by the general public. For example, individuals who are 
aware of the environmental effects of a possible nuclear meltdown may deem nuclear 
power as a negative entity. On the contrary, individuals who are aware of the quantities 
of carbon emissions being reduced by using one less fossil fuel driven power plant 
may find nuclear power as a positive entity. A combination of scientific understanding 
with common associated social themes anchored by pre-existing knowledge will 
have a significant impact on the future hydrogen policy. Many studies have been 
carried out on the topic of Hydrogen Public Perception and degree of acceptance. The 
Institute for Social, Cultural and Public Policy Research at the University of Salford, 
evaluated a variety of survey based studies and performed a critical analysis of these 
selected findings. The article emphasizes that public perception is largely formed on 
an overall uneducated or misinformed hydrogen knowledge base. Dr. Miriam Ricci 
states within the article that “Providing factual information on the whole hydrogen 
chain, not just applications, and the implications it might have on the lives of citizens 
it may have is a necessary first step.” This conclusion reached by many other scholars 
has been implemented in current US Hydrogen Policy through the appropriations 
of hydrogen demonstration and public outreach funding described in section 808 
of the Energy Policy Act of 2005. Another concern presented by the Institute for 
Social, Cultural and Public Policy Research at the University of Salford is that of 
public distrust of government regulatory committees. In a free-association based 
survey carried out by Fionnguala Sherry-Brennan of the Manchester Architecture 
Research Centre (MARC) at the University of Manchester, residents from Unst, 
Shetland, home of a wind-hydrogen electricity system, were asked to describe words 
that came to mind when thinking about hydrogen. The survey concluded that details 
regarding the properties of hydrogen were largely unknown with 9.1 percent of the 
study population associating the word “hydrogen” with “bomb” and 0.6 percent of 
the study population associating it with the word “safe.” However, there were few 
safety concerns regarding the use of hydrogen on the island. Concerning a possible 
hydrogen economy there are safety concerns that need to be addressed, some of 
which have informed current policy and regulations regarding refueling stations and 
hydrogen production stations as mentioned earlier in this article.
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United States Hydrogen Policy: The principle of a fuel cell was discovered by 
Christian Friedrich Schönbein in 1838, and the first fuel cell was constructed by Sir 
William Robert Grove in 1839. The fuel cells made at this time were most similar to 
today’s phosphoric acid fuel cells. Most hydrogen fuel cells today are of the proton 
exchange membrane (PEM) type. A PEM converts the chemical energy released 
during the electrochemical reaction of hydrogen and oxygen into electrical energy. 
The Energy Policy Act of 1992 was the first national legislation that called for 
large-scale hydrogen research. A five-year program was conducted that investigated 
the production of hydrogen from renewable energy sources and the feasibility of 
existing natural gas pipelines to carry hydrogen. It also called for the research into 
hydrogen storage systems for electric vehicles and the development of fuel cells 
suitable to power an electric motor vehicle.
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ABSTRACT

With the increasing population, developing technology, and industry, the importance 
given to waste control/effective assessment studies continue with increasing 
momentum. The use of wastes in the production of biotechnological products is 
preferred due to its advantages in reducing environmental pollution, preventing 
nutrient and biomass losses, recycling, and decreasing costs. Citric acid (CA) 
is an intermediate product formed by the oxidation of carbohydrates to carbon 
dioxide in the Krebs cycle. This organic acid is used in many industrial areas such 
as pharmaceuticals and cosmetics. It is also an important organic acid in the food 
industry and is used as an acidifier, a stabilizer, an antioxidant, a flavor enhancer, 
and a preservative. Today, CA production is produced by microorganisms through 
fermentation. In addition, some wastes, such as molasses, glycerol, whey, olive mill 
wastewater, and various fruit wastes can be evaluated for use in the production of 
CA. This study reviewed the microbial production of CA using various wastes and 
some factors affecting the production.
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INTRODUCTION

Using fermentable substrates as a carbon source is one of the most interesting 
topics and challenges in biotechnology. For this purpose, it is important to provide 
low-cost and easily available raw materials (Monrroy et al., 2019). Microbial-based 
organic acid production, rather than chemical production, can reduce environmental 
concerns. This progress in production accelerates efficient and environmentally 
friendly fermentation (Sharma et al., 2021). It is of great interest to make the 
biotechnological CA production more economical and sustainable through its 
use of cheap renewable carbon sources such as agricultural industrial wastes and 
their by-products. These substrates, which are suitable for the production of CA, 
are rich in carbohydrate and other vital nutrients (Dhillon et al., 2013). The use of 
food wastes as a substrate in CA production helps to create an effective recycling 
process to increase the added value (Nayak & Bhushan, 2019). Because, one of 
the recent problems in this industry has been the inability to make enough profit in 
CA production due to high raw material and energy costs. Waste generated during 
food processing accounts for 39% of the total food waste in European Union (EU) 
countries. However, these wastes can adversely affect human health and the ecosystem 
by creating significant environmental problems such as greenhouse gas emissions, 
and water and soil pollution. CA is mainly produced by Aspergillus niger using 
submerged fermentation (SmF) but the solid-state fermentation (SSF) technique 
attracts considerable attention due to its advantages. Using a similar environment 
to the microorganism’s natural environment, low bacterial contamination risk 
under low substrate moisture and reduced liquid phase, reduction to the volumes 
of waste material and liquid effluents, operation in non-sterile conditions, simple 
fermentation facilities and lower energy consumption of SSF are considered to be 
advantageous over SmF (Roukas & Kotzekidou, 2020). SSF has gained importance 
in recent years as an alternative method for CA production to use agro-industrial 
wastes (Dhillon et al., 2011a). On the other hand, moisture content, substrate particle 
sizes, nutrient sources, incubation temperature, pH, and inoculum level are very 
effective in the growth of microorganisms and the formation of the final product 
(Ali et al., 2016). It is also emphasized that optimizing the medium composition 
is effective in improving CA production by A. niger and Yarrowia lipolytica (Hu 
et al., 2019). Finally, nutrient-rich biomass turns into a suitable substrate for the 
growth of microorganisms for industrial processes when the suitable conditions are 
provided. The objective of this study is to compile the wastes used as substrate in 
the production of CA from the past to present, together with the factors affecting 
the production, to shed light on future studies.
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BACKGROUND

An Overview of CA

CA (2-hydroxypropane-1,2,3-tricarboxylic acid/C6H8O7.H2O) is a weak organic acid, 
first isolated by Scheele (1784). CA is colorless and easily soluble in water. It is 
solid at room temperature and its melting point is 153°C. With a molecular weight 
of 210.14 g/mol, CA involves three functional carboxylic acid groups in its structure 
and therefore has three different pKa values: 3.13, 4.76 and 6.39 (Behera, 2020). The 
Krebs cycle is the central oxidative pathway through which carbohydrates, lipids, 
and proteins are catabolized in aerobic microorganisms and tissues. It is also an 
important source of intermediates for numerous anabolic pathways leading to the 
biosynthesis of various biomolecules (Stenesh, 1998). CA, a primary metabolite, is 
produced in the Krebs cycle by the reaction of pyruvate with acetyl-CoA (Mehyar et 
al., 2005). CA is the most used and industrially produced organic acid of microbial 
origin (Cavallo et al., 2017) which demand will never end. Many microorganisms, 
including bacteria and fungi, are used in CA production (Hesham et al., 2020).

Recently, usage of CA has been researched for new areas such as components 
in biodegradable packaging, due to its cross-linking capacity, disinfectant agents, 
extracting agents, fruit preservative components, and environmental remediation. 
CA is an important organic acid that is low cost, environmentally friendly, and 
classified as GRAS (Generally Recognized as Safe) status by the FDA (Food and 
Drug Administration), so it has a wide area and growing rate of use. It should not be 
forgotten that if it is used as a food additive, it must have a purity of 99.5% (Mores et 
al., 2020). CA is used mainly in the food, pharmaceutical, and cosmetic industries. 
Its use in the food industry (70%) is due to some functional properties, such as a 
pleasant acidic taste and high solubility in water (Nayak & Bhushan, 2019). While 
it is possible to synthesize CA chemically, chemical synthesis has gradually been 
abandoned due to the success of microbial fermentation (Soccol et al., 2006).

It has been reported that the largest producer of CA is China. Additionally, CA 
production was estimated to be around 2 million tons in 2020 (Fickers et al., 2020). 
It has been thought that the global CA market will be 3.2 billion dollars by 2023, 
reaching a Compound Annual Growth Rate (CAGR) of 5.1% (Behera et al., 2021). 
It has also been stated that growth potential of over 5.24% is expected until 2025 
(Mores et al., 2020).

Biosynthesis of CA

Yarrowia lipolytica is used in the production of CA with its GRAS status, high 
productivity, wide range of substrate assimilation, possibility to use renewable 
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substrates or by-products from other processes and high tolerance to metal ions and 
salt solutions. It has the ability to grow at low and high pH (4 to 8) and over a wide 
temperature range (18 to 32°C) (da Silva et al., 2020). Although Y. lipolytica stands 
out among the yeasts used in CA production, the biggest disadvantage in production 
using this strain is considered to be the formation of isocitric acid (ICA), which is 
a by-product (Fickers et al., 2020). Y. lipolytica and several Candida species can 
provide high organic acid production ranging from 180 to 250 g/L. The production of 
these organic acids from low-cost and renewable carbon sources (such as plant oils, 
fats, glycerol, ethanol, molasses, alkanes, glucose, and starch hydrolysates, etc.) is a 
good strategy. Care should be taken to limit growth by limiting the nitrogen source, 
thiamine, phosphorus, sulfur, and magnesium components while implementing this 
strategy. Nitrogen restriction in particular triggers CA and ICA secretion. The amount 
of ICA formed as an undesirable by-product in yeast production varies according to 
the strain, substrate, and cultivation conditions used (Holz et al., 2009). It has been 
stated that the cost of the culture medium comprises approximately 50 to 80% of 
the total production cost. For this reason, it is emphasized that the use of low-cost 
substrates in production and the utilization of agricultural, industrial, and forestry 
wastes will provide both sustainable and economic production (Cavallo et al., 2020). 
For this purpose, SmF and SSF can be used in CA production by yeasts. Figure 1 
shows the schematized version of the SSF.

Commercially, CA is only produced by A. niger in SmF technique using beet/
cane molasses, sucrose, or glucose syrup. However, for maximum production rates 
generally high initial sugar concentrations (140-220 g/L) are required (Dhillon et al., 
2013). The points that need attention in the production of CA by A. niger include 
high substrate concentration, limited nitrogen concentration, a certain amount of 
trace elements, a high concentration of dissolved oxygen and a low pH level (Sharma 
et al., 2021). Keeping the pH value at 2 is required for CA production. Adequate 
adjustment of carbon, nitrogen and phosphorus sources is important for microbial 
growth. Aeration and oxygen supply have a positive effect by increasing the CA 
production efficiency and shortening the fermentation time (Nayak & Bhushan, 2019). 
CA is mainly produced by A. niger strains using molasses; however, the disadvantage 
of this method is that molasses needs to be treated with ferrocyanide to remove trace 
elements harmful to A. niger. But, this method is ecologically problematic, and 
complex (Kamzolova et al., 2015). Maltose, mannose, galactose, fructose, sucrose, 
and glucose are among the substrates used for the growth of A. niger. Additionally, 
glucose and sucrose have been noted to give the best results for both growth and CA 
production when used at concentrations from 10 to 14%. Fungal fermentations can 
be carried out using surface fermentation (SF), SmF and SSF. Among these, 80% 
of CA production is obtained by SmF (Amato et al., 2020). Excessive accumulation 
of CA in certain microorganisms, such as A. niger, is due to faulty operations in the 
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TCA cycle. It is stated that the formation of CA is entirely at the enzymatic level. 
Therefore, trace elements are part of the cofactors, and their control is important 
for enzyme activity (Angumeenal & Venkappayya, 2013). Since citrate is one of 
the inhibitors of glycolysis, the ability of A. niger to produce excessive citrate by an 
active glycolytic pathway has attracted much attention (Papagianni, 2007).

Wastes Used for the Production of CA

Apple Pomace and Apple Pomace Sludge

Apple pomace (AP), which constitutes approximately 25-30% of the total processed 
biomass, is formed as a solid waste generated after milling and pressing in apple 
processing plants (Hijosa-Valsero et al., 2017). AP can be used in the production of 
some value-added products such as some enzymes, organic acids, protein-enriched 

Figure 1. SSF for the production of biotechnological products (Sristava et al., 2019)
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feeds, edible mushrooms, ethanol, aroma compounds, natural antioxidants, and edible 
fibers (Vendruscolo et al., 2008). The fact that it contains 12.3% fermentable sugar 
and is rich in carbohydrates (85%) is important in terms of choosing it as a substrate. 
The water-soluble components of this waste consist of mono oligosaccharide and 
polysaccharide whereas water-insoluble components consist of pectic substances, 
hemicelluloses, and cellulose. Unfortunately, most of the AP cannot be utilized 
and is dumped on the land. Since AP is not suitable for SmF due to its physical 
nature, it needs to be diluted, but this process has not been found efficient for CA 
production. For this reason, research has also been carried out on the production of 
CA in SSF using AP (Kumar et al., 2010). The apple processing industries generate 
thousands of tons of AP and AP sludge each year worldwide. AP is rarely used 
as a feed ingredient or as compost. The apple processing industries suffer from 
transportation costs for waste treatment and disposal to landfills. Therefore, it is 
beneficial to produce CA by A. niger from rich organic wastes such as AP or AP 
sludge which can be preferred as a substrate (Dhillon et al., 2011a). Although AP 
is generally used as cattle feed, only a part of it can be evaluated due to the rapid 
spoilage of wet pomace (Shalini & Gupta, 2010).

When published literature was examined, it was seen that AP is one of the most 
studied wastes for CA production. Hang & Woodams (1984) reported that yield 
was calculated to be 88% based on sugar consumed by A. niger NRRL 567 in the 
presence of 4% methanol in the AP medium after 5 days of fermentation. In another 
study using the same producer strain, yields varied from 77 to 88%, based on the 
sugar consumed depending on the pomace varieties (Hang & Woodams, 1986). 
Differently, a packed-bed bioreactor was designed for SSF and the process was 
optimized by the Taguchi statistical method. For CA production by A. niger BC1, 
the optimum parameters were determined to be an aeration rate of 0.8 L/min, a bed 
height of 10 cm, a particle size of 0.6 to 2.33 mm, and a moisture content of 78% 
(w/w). Under these conditions, 124 g CA was obtained from 1 kg of dry AP with a 
yield of 80% based on the total sugar (Shojaosadati & Babaeipour, 2002). Similarly, 
Kumar et al. (2010) recorded that A. niger van Tieghem MTCC 281 produced 4.6 g 
CA per 100 g of AP in the presence of 4% methanol in 5 days at 30°C. Dhillon et al. 
(2011a) evaluated the AP with the addition of rice husks in the fermentation medium. 
Production was also optimized using the response surface methodology (RSM) in 
terms of the moisture content and methanol/ethanol concentration. As a result, the 
maximum CA productions as 342.41 g/kg and 248.42 g/kg of dry substrate were 
obtained by A. niger NRRL 567. In another study, CA production was realized by 
A. niger NRRL 567 using AP ultrafiltration sludge. Production was optimized with 
RSM based on the total suspended solids and ethanol/methanol concentrations. They 
found that the highest CA concentration was 44.9 g/100 g dry substrate optimum 
conditions (Dhillon et al., 2011b).
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Banana Waste

Bananas are one of the most abundant fruits in tropical countries. It is also an organic 
waste that is rich in carbohydrates and other nutrients (Karthikeyan & Sivakumar, 
2010). Banana peel (BP) is around 40% of the whole banana. Generally, BP has 
been used as a raw material for compost and animal feed, biodegradable film, and 
fertilizer. Since the BP contains carbon and nitrogen sources necessary for microbial 
metabolism, its evaluation via fermentation has been shown as an alternative way 
(Chysirichote, 2020).

Sassi et al. (1991) used banana extract for the CA production by A. niger B60. 
In a study on ethidium bromide treated A. niger EB-3 mutant, 67.72 g/L CA was 
synthesized in 72 h using banana stalks as the support material in SSF (Javed et 
al., 2010). Karthikeyan & Sivakumar (2010) revealed the optimal conditions for 
CA production by A. niger using BP as a substrate. Kareem & Rahman (2013) 
reached a CA yield of 82 g/kg dry weight by A.niger UABN 210 in the presence 
of methanol (1%, v/v) and copper ions (10 ppm) in the medium after 96 h. Abbas 
et al. (2016) studied CA production by A. niger and determined the optimum 
conditions as use of 20% BP, 5% of inoculum level, addition of 0.1% KH2PO4 and 
0.25% NH4NO3 in the medium, and 8 days of fermentation. Sidauruk et al. (2019) 
increased CA concentration by adding 5% sucrose to the medium which contained 
15% BP. Chysirichote (2020) proposed an alternative method to evaluate BP for CA 
production of A. niger ATCC 16888. The optimum initial pH value and aeration rate 
were determined to be a pH of 5.0 and 1.0 vvm, by applying SSF in a 250 mL flask 
and a 2 L glass column, respectively. However, due to the rising temperature during 
fermentation, the production in the packed bed bioreactor decreased compared to the 
production in the glass column. To solve this problem, a new system was developed 
and a cooling air jacket built into the bioreactor allowed increased CA production. 
Under these conditions, CA yield was reported to be 124 mg/g of the dry substrate.

Brewery Waste

It was seen that the use of brewery waste in the production of CA has been investigated 
in the past, but not in any recent comprehensive studies. In the first study, spent 
grain liquor (SGL) was supplied from the spent grain recovery process in a brewing 
plant and lager tank sediment (LTS) was gained after wort fermentation and lagering 
of beer. SGL and LTS were selected as substrates for the production of CA by A. 
niger ATCC 9142. Eventually, 19 g/L and 11.5 g/L of CA were calculated for SGL 
and LTS, respectively (Roukas & Kotzekidou, 1986). In their other study in 1987, 
they investigated the effects of some trace elements, sodium monofluoroacetate, 
and methanol on CA production by A. niger ATCC 9142 using SGL. After 14 days 
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of fermentation, it was found that the addition of 51 ppb Mn2+, 5 ppb Fe3+, 75 ppb 
Zn2+, and 4% (v/v) methanol in the production medium caused an increase in CA 
yields to 4.9, 1.9, 10.9, and 16.8% respectively. It was also determined that the 
addition of sodium monofluoroacetate in concentrations 0.5 to 100 ppm resulted in 
decreases in CA yield varying between 1 and 70%. In another research using SGL, 
the effects of additional nitrogen sources, KH2PO4, and methanol on CA production 
by A. foetidus were investigated (formerly A. niger NRRL 337). Finally, additional 
nitrogen sources increased mycelial growth and sugar consumption, affecting the 
CA production negatively. While the addition of KH2PO4 had minör effect on the 
production and mycelial growth, methanol addition (2-4%) markedly increased the 
production (Hang et al., 1977). The reason for this is due to the shift of production 
towards cell growth because CA occurs in the exponential growth phase and starts 
to accumulate after the nitrogen in the environment is depleted (Yalcin et al., 2010). 
Also, it has been reported that lower alcohols such as methanol, ethanol, n-propanol, 
isopropanol, or methyl acetate neutralized the negative effect of the metals in CA 
production when used at about 1 to 5% (Soccol et al., 2006).

Celery by-Product

Only one study was found in which celery by-product (CBP) was evaluated. In 
that study, to increase the CA production capacity of the domestic Y. lipolytica 57, 
a mutation study was carried out with both UV (ultra violet) and ethyl methane 
sulfonate. Eventually, it was found that the chemical mutagenesis was more effective. 
After that, a maximum of 50.1 g/L of CA was synthesized by the selected mutant 
Y. lipolytica K-168 in a synthetic medium. This result provided a yield increase 
of 57% compared to the production capacity of the domestic strain. Then, the CA 
production was carried out in another fermentation medium containing CBP. It was 
indicated that the addition of glucose at different concentrations strongly affected 
the production, and the highest concentration of CA was 15.78 g/L with the addition 
of 100 g/L of glucose (Yalcin, 2012).

Coffee Husk

Coffee husk (CH) and coffee pulp (CP) can be used for the production of value-
added compounds and the bioremediation of waste materials. When used in SSF, 
CH acts as solid support for microbial growth. CH and CP contain carbohydrates, 
lipids, proteins, and polyphenols. The extraction of bioactive compounds such as 
pigments, production of absorbents, enzymes and ethanol, and biomethanation are 
among the processes in which CH is used as a raw material. CH and CP contain 
approximately 50 to 85% total carbohydrates, 14 to 24% reducing sugars, 4 to 12% 
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protein, 0.5 to 3% lipids, 3 to 10% minerals, 1 to 9% tannins, and 1% caffeine (g/100 g 
of dry weight). The composition of CHs and CPs varies with processing method, 
storage conditions, species, and geographic distribution of coffee plants (Kumar et 
al., 2018). CH causes disposal problems and environmental pollution. The use of 
CH as fertilizer leads to the loss of valuable biomass. In addition, its use as a fuel 
is inefficient due to its low calorific value. Therefore, the evaluation of CH for CA 
production is of interest (Shankaranand & Lonsane, 1994). It was recorded that CH 
was found to result in higher CA production than wheat bran, rice bran, and de-oiled 
rice bran (Pandey et al., 2000).

The CH was moistened with a 0.075 M of NaOH solution as a pretreatment, in 
a research conducted by Shankaranand & Lonsane (1994). The medium was then 
sterilized and inoculated with A. niger CFTRI 30. When iron, copper, and zinc were 
added to the fermentation medium at 1.0, 0.2, and 0.1 ppm levels, respectively, the 
CA yield increased by 17%. As a result, 1.5 g CA/10 g of dry CH was produced with 
a conversion rate of 82% compared to the sugar consumed (in 72 h). Moreover, it was 
found that adding (NH4)2SO4, cellulase, hemicellulase, pectinase, and amylase to the 
fermentation medium did not increase production. In another study, as a pretreatment, 
crude CH was washed with deionized water, filtered, dried at 80°C, and then ground 
into powder. Finally, cellulosic and lignocellulosic residues were sieved at a 0.5 mm 
pore size to increase the surface area and improve substrate solubility. The addition 
of methanol (3% v/w) in the medium supplemented with trace elements (Fe2+, Cu2+, 
and Zn2+) gave the best results for CA production by A. niger RCNM 17. Finally, 
187.54 g CA/kg dry CH was achieved after 72 h resulting in 78.14% and 83.36% 
conversion rate depending on the initial sugar concentration present in the CH and 
sugar consumed during fermentation, respectively (Ramachandra et al., 2013).

Cotton Waste

Kiel et al. (1981) investigated the possible use of CW for CA production by A. 
niger ATCC 9142. It was seen that CA was not produced when CW was used as 
the sole carbon source. Moreover, in two-stage fermentations, CA production was 
maximized when mycelium obtained from surface cultures in the CW medium were 
transferred to sucrose-containing media compared to being transferred directly to 
sucrose-containing media. As a result, it was revealed that CW can be used to save 
sucrose and increase production efficiency.

Glycerol-Containing Waste

Biodiesel production can be carried out using various vegetable oils and animal 
fats. This technology consists of hydrolysis of the oil triglycerides, and methylation 
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with the formation of methylated fatty acids, which are just used only as biodiesel. 
The main waste from biodiesel production is glycerol, which is generated more 
than 1 kg per 10 kg of biodiesel (Rymowicz et al., 2010). Biodiesel waste contains 
approximately 80% glycerol, oil residue, free fatty acids, sodium, and potassium 
salts, and water (Kamzolova et al., 2011). It is economically more convenient to 
use crude glycerol as a carbon source without purification. However, depending on 
the biodiesel production process and the rapeseed used, crude glycerol can contain 
various impurities in amounts that may lead to the inhibition of microorganisms 
such as methanol, catalysts, sodium and potassium salts, heavy metals, and soaps 
(Rywińska et al., 2009). Biotechnological productions such as 1,3-propanediol, 
hydrogen, propanoic acid, trehalose, single cell oil, n-butanol, glyceric acid, CA, 
ethanol, polyunsaturated fatty acids, biopolymers offer a very suitable opportunity 
to evaluate crude glycerol (Sarris et al., 2019).

Rymowicz et al. (2006) obtained 124.5 g/L of CA by acetate-negative mutant 
Y. lipolytica 1.31 using 200 g/L raw glycerol. Under these conditions, yield and 
productivity were calculated as 0.62 g/g and 0.88 g/L h respectively. Rywińska et al. 
(2009) compared the possibility of using pure and crude glycerol in the production 
of CA with acetate-negative mutants. They produced 139 g/L of CA by Y. lipolytica 
Wratislavia AWG7 in a medium containing 200 g/L pure glycerol in fed-batch 
fermentation after 120 h. However, 131.5 g/L of CA was produced by the same strain 
from crude glycerol. Rymowicz et al. (2010) studied for CA production by Y. lipolytica 
A-101-1.22 in glycerol-containing waste (GCW) medium and found the fermentation 
time over 100 h was pointless. To prolong this biosynthesis time, the cell recycles 
and the repeated batch regimes were applied. Repeated batch culture remained stable 
for over 1000 h and with 30% feed, every 3 days gave the best results (124.2 g/L 
of CA with a yield of 0.77 g/g and a productivity of 0.85 g/L h). Kamzolova et al. 
(2011) selected the mutant Y. lipolytica N15, which had the highest acid production 
in nitrogen-limited medium, among the yeast strains whose acid-formation abilities 
were examined. Under optimum conditions, 98 g/L of CA was produced in the 
fermenter which contained pure glycerol while 71 g/L of CA was produced in GCW. 
One of the important findings was that the volumetric productivity and productivity 
of the obtained results could compete with the data obtained from the production 
by A. niger with molasses. Thus it was stated that the current process could gain 
an industrial scale. In addition, technical grade sodium citrate (a substitute for safe 
phosphate-free detergents) was produced by Y. lipolytica VKM Y-2373 from GCW. 
In the results from the batch experiments, citrate was actively produced for 144 h 
and then decreased, possibly due to inhibition of the enzymes responsible for citrate 
formation. They extended the production process up to 500 h with the repeated batch 
cultivation and produced 79-82 g/L of citrate. Another important step and output of 
the study was the comparison of the traditional CA production by A. niger with the 
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current method. In this sense, it should be noted that pretreatment of molasses with 
ferrocyanide is an ecologically harmful and longer process, while production by Y. 
lipolytica is shorter and ecologically safe (Kamzolova et al., 2015). Ferreira et al. 
(2016) studied in a lab-scale stirred tank bioreactor to investigate the effect of oxygen 
mass transfer rate (kLa) for CA production by Y. lipolytica W29 (ATCC 20460) from 
crude glycerol. kLa was defined as a function of operating conditions (stirring speed 
and specific airflow rate) and cellular density. It was determined that the increase 
of initial kLa from 7 h-1 to 55 h-1 caused an approximately 8-fold increase in the 
CA concentration while the concentration of ICA decreased. Controlled dissolved 
oxygen conditions in production were also examined and it was determined that 
production was positively affected with dissolved oxygen up to 60% of saturation. 
According to this method, the simplicity of kLa provided an advantage and was an 
effective parameter in production by Y. lipolytica from crude glycerol. It was also 
proposed an empirical correlation to estimate the kLa value. Surprisingly, it was 
investigated for the first time to produce organic acids from crude glycerol at pH 3 
in the recent study. Y. lipolytica AJD pADUTGut1/2 was used as a producer strain. 
The characteristic of this strain is that it over-expresses glycerol kinase (GUT1) and 
glycerol-3-phosphate dehydrogenase (GUT2), which are two genes encoding the 
enzymes involved in the assimilation of glycerol. As a result, the maximum CA/
ICA ratio was determined as 75.9 g/L after 144 h of fermentation. However, ICA 
reached a fairly high level (42.5 g/L) in the study. For this reason, it was thought 
that the created process could also be used for ICA production (Rzechonek et al., 
2019). On the contrary, in the production of CA by yeast, the pH value is usually 
greater than 5 (Zhang et al., 2019; Sayın Börekçi, 2020).

Kiwifruit Peel

With the development of the kiwi processing industry, the amount of kiwifruit peels 
(KP) increased, which causes economic and environmental problems. Since kiwifruit 
is a rich source of antioxidants including phenols, it is stated that maximum benefit 
will be obtained if they are preferred to be used in the production of polyphenols 
(Guo et al., 2018). KP is a waste that represents 10 to 16% of the weight of the 
original fruit during nectar extraction or slicing from the fruit. In a study using this 
waste, 100 g of CA/kg of KP was produced by A. niger NRRL 567 in a medium 
containing 2% methanol after 4 days of fermentation (Hang et al., 1987).

Molasses

Although molasses is a by-product of the sugar industry, it can be used as a carbon 
source in the production of biotechnological products such as enzymes, organic 
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acids, pigments, and polysaccharides (Özdal & Kurbanoğlu, 2019). Molasses 
generally consist of 30-35% sucrose, 10-25% fructose and glucose, 2-3% non-sugar 
compounds, minerals and about 45-55% of total fermentable sugars. Molasses is 
used as an ingredient in the bakery industry also as an animal feed additive and 
as a fermentation feedstock (Jamir et al., 2021). Evaluation of molasses for CA 
production is advantageous as it can minimize environmental problems that may 
arise from other fermentation processes and chemical production (Almakki et al., 
2009). However, some studies have proved that beet molasses generally give higher 
yields than cane molasses. This situation may be due to the relatively high content 
of trace elements such as magnesium, zinc, manganese, calcium, and iron in cane 
molasses (Show et al., 2015).

Iqbal et al. (2015) reported that 14.17 g/L of CA was obtained by A. niger GCB-117 
from sugarcane molasses containing 150 g/L sugar. Jianlong et al. (2000) developed 
a new method using beet molasses for CA production. For this purpose, an anion-
exchange resin-packed-column was connected to a fermenter for the separation of 
CA from fermentation broth. Consequently, this method increased the CA yield 
compared to the conventional batch system. Pazouki et al. (2000) investigated the 
effects of the substrate type and concentration, as well as the addition of methanol 
on the CA production by A. niger NCIM 548 and C. lipolytica NCIM 3472. Finally, 
the best result was 12 g/L for A. niger NCIM 548 when 60 g/L molasses was used in 
the fermentation medium with methanol addition. Additionally, 8.4 g/L of CA was 
produced by C. lipolytica NCIM 3472 when methanol was not added to the medium 
which contained 100 g/L of glucose. Kim et al. (2015) added 50 mg of invertase 
(300 to 500 Units/mg) to 1 L of molasses at 55°C, for 2 h. After this step, the sugar 
content was reduced to 18% (the initial sugar content was 52 to 56%). Then, the 
yield of CA was maximized up to 91 g/L in the medium prepared (at a C/N ratio 
of 40/1, a phosphate addition of 1.0 g/L, and a Fe2+ ion concentration of less than 
50 mg/L). Under the optimum conditions, 18.5 g/L ICA was formed as a by-product. 
In another study, the pH value of the molasses containing 200 g/L total sugar was 
adjusted to 5.5 and the solution was heated at 90°C for 15 min. To facilitate the 
precipitation of heavy metals, the hot liquid treated with 0.1 g/L of K4Fe(CN)6 was 
kept at room temperature for 24 h and then centrifuged. To further increase CA 
production, A. niger MO-25 isolate was mutated using ethidium bromide and the 
resulting mutants were examined for their CA production capacity in the presence 
of molasses-peptone for 168 h. The mutant EB-12 strain produced 46.3 g/L of CA, 
while the parent strain produced only 31.08 g/L of CA. After the producer strain 
selection, an examination of how some supplements might affect CA production 
was carried out. Consequently, the use of 4 g/L of chicken feather peptone (CFP) 
together with molasses gave the best results. One of the important results here was 
that the highest production of CA was achieved with CFP compared to commercial 
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peptones. The addition of KH2PO4 (0.15 g/L) to the fermentation medium also 
supported CA production. CFP was shown to be promising as a source of organic 
nitrogen and mineral salt, with very good results. CFP are formed as bio-organic 
waste in poultry processing plants. Millions of tons of CFPs are produced annually 
in the world, and these feathers cause environmental problems as they are discarded 
as waste and degrade very slowly. CFPs make up 10% of the total chicken weight, 
are composed of over 90% protein composed of keratin, a valuable source of amino 
acids. Keratin wastes must be hydrolyzed with acid or enzymatic hydrolysis to be 
used by microorganisms (Özdal & Kurbanoğlu, 2019).

Okara (Soy-Residue)

Okara is formed as a by-product during the production of soy milk and tofu. It 
causes disposal problems; therefore, the use of microbial fermentation to enable 
recycling is of interest. It has been evaluated in the production of riboflavin, lipase, 
fructofuranosidase, and single-cell proteins. In a study in which Okara, a cellulosic 
by-product, was evaluated using a medium prepared with (NH4)2SO4 addition, after 
11 days of fermentation, the maximum CA was determined to be 5.10 g of CA/100 g 
of dry solids (Khare et al., 1995).

Olive Mill Wastewater

Olive mill wastewater (OMW) is an important liquid residue produced during the 
manufacture of olive oil, which is difficult to treat due to its high phenolic content. 
This waste causes environmental pollution due to the phenolic substances it contains, 
as well as the high concentrations of sugars, tannins, pigments, and emulsified oil 
(Papanikolaou et al., 2008). The composition of OMW varies according to the 
variety of olive used, the technology, and the conditions used to the extraction of the 
oil. In this waste, biological oxygen demand and chemical oxygen demand values 
are 200 to 400 times higher than municipal sewage (Sarris et al., 2011). Due to the 
anticarcinogenic and therapeutic effects of phenolic compounds found in OMW, 
a recently developed technology allows them to be separated and used in various 
fields. Besides that, OMW, without removing phenolic compounds, can be used as 
a substrate by many microorganisms for obtaining value-added substances such as 
microbial mass, exo-polysaccharides, enzymes, ethanol, CA, and microbial lipids. 
This waste is returned to the environment without any treatment. Phenolic substances 
in OMW are also responsible for the toxic effect and dark color (Sarris et al., 2017). 
OMW contains various carbon sources, organic compounds, and minerals. It is an 
important point that only a few microorganisms can use this waste as a substrate 
(Dourou et al., 2016).
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Papanikolaou et al. (2008) filtered and centrifuged OMW before use. Glucose 
was added to the OMW because this waste did not contain sufficient sugar, and 
additional sugar was required for the production of CA. Production was carried 
out in shake flasks and the pH value was kept between 5.0 to 6.0 under aseptic 
conditions. At the end of the fermentation, 28.9 g/L of CA was obtained by Y. 
lipolytica ACA-DC 50109 (initial glucose concentration of OMW was 65 g/L). 
Similarly, Sarris et al. (2011) grew Y. lipolytica ACA-YC 5033 in OMW+ 35 g/L 
glucose, and 18.9 g/L of CA was produced after 144 h in shake flasks. However, 
Sarris et al. (2017) reported that 52 g/L of CA was achieved with the same strain by 
increasing the concentration of added glucose to 80 g/L and the fermentation time 
to 384 h. Dourou et al. (2016) enriched OMW with 50 g/L of glycerol and found 
that 30.3 g/L of CA was produced by Y. lipolytica LGAM S(7). In another study, 
Spanish type olive processing wastewater was mixed with white grape pomace (1:1, 
w/w) for CA production by A. niger B60. The process was also optimized in terms 
of some parameters. After this step, production was scaled-up to a 5 L flask. Under 
the most favorable conditions, 83 g/L of CA and a yield of 0.54 g/g were calculated 
after 15 days of fermentation using sugar-enriched wastewater by adding sucrose 
(100 g/L) and NH4NO3 (1.1 g/L) (Papadaki & Mantzouridou, 2019).

Orange Peel

Annual citrus production exceeds 120 million tons in tropical and subtropical regions. 
Approximately 40-60% of the fruit is thrown away as waste and these wastes cause 
bad odor and land, air and water pollution. These wastes contain about 75-85% 
moisture and most of them are dried to be converted into cattle feed pellets, which 
require high energy consumption. The drying process causes the release of large 
amounts of volatile organic compounds, sulfur dioxide, nitrogen oxides, methanol, 
formaldehyde, carbon dioxide, and other potentially hazardous air pollutants from 
the decomposition of organic compounds (Mahato et al., 2021). Orange peel 
(OP) consists of soluble sugars, fiber, protein, ashes, and fat. OP contains high 
concentrations of sugar and it causes mold growth that requires intervention due to 
the danger of uncontrolled production of greenhouse gases (Koutinas et al., 2015). 
There are many biotechnological application areas of OP such as producing animal 
feed, fertilizers, essential oils, pectin, ethanol, methane, single-cell proteins, and 
macerating enzymes and pectin-lyase (Hamdy, 2013). Along with these applications, 
this waste is also used in the production of CA.

In the first study, press liquor from the dewatering of OP was selected for CA 
production of A. niger NRRL 599. The best results were obtained with a pH from 
5.0 to 6.2 in the presence of 40 mL/kg of methanol in the fermentation medium. 
Furthermore, thermal pretreatment of the press liquor caused an increase in production 
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(Aravantinos-Zafiris et al., 1994). In another study, OP was subjected to autohydrolysis 
as a pretreatment. The positive effect of methanol was also investigated and 9.2 g/L 
of CA was synthesized by A. niger CECT 2090 after 3 days (Rivas et al., 2008). 
Torrado et al. (2011) examined SmF and SSF fermentation in their study using OP 
and reported that SSF gave better results and a higher yield because there was no 
need for additional nutrients or pretreatment except sterilization. Hamdy (2013) 
reached 640 g/kg OP of CA by A. niger van Tieg 1867 after 72 h in shake flasks. It 
can be stated that the advantages of autohydrolysis are that it limits the corrosion 
problem, does not form sludge, and is more affordable for capital and operating 
costs (Hijosa-Valsero et al., 2017).

Pineapple Waste

Pineapple waste (PW) mainly contains cellulose and starch. This waste can be used 
as a substrate for bromelain, vinegar, wine, food/feed yeast, and alcohol (Femi-Ola et 
al., 2009). Pineapple peel constitutes 10% (w/w) of the fruit weight and the disposal 
of this waste is important due to economic and environmental concerns (Kareem et 
al., 2010). PW contains a high concentration of biodegradable organic material and 
suspended solids; moreover, it has a high biological oxygen requirement (Abdullah 
& Mat, 2008). PW is used as animal feed, or unfortunately, sometimes it cannot 
be used and is thrown into the soil. At the same time, it has been emphasized that 
this waste may be a suitable substrate for CA production in SSF, as it is rich in 
carbohydrates and some other nutrients (Imandi et al., 2008). The fact that pineapple 
is a perennial plant allows it to be used in the production of CA as a sustainable raw 
material and provides a means to reduce costs (Ayeni et al., 2019).

Tran et al. (1995) showed that PW was a better substrate for CA production 
by A. foetidus ACM 3996 compared to apple pomace, wheat bran, and rice bran. 
The highest CA was reported as 16.1 g per 100 g dried PW in the presence of 3% 
methanol in the medium. Tran et al. (1998) achieved a yield of 19.4 g CA per 100 
g dry fermented PW by A. niger ACM 4992. Optimum conditions for the process 
have been found as 65% (w/w) initial moisture content, 3% (v/w) methanol, 30°C, 
pH 3.4, particle size 2 mm, and 5 ppm Fe2+. Another output of the study was the 
comparison of the production in shake flasks, tray, and rotary drum bioreactors, 
and the best results were achieved in shake flasks. Kumar et al. (2003) evaluated the 
potential use of pineapple, mixed fruit, and maosmi waste for the production of CA 
by A. niger DS 1. As an interesting finding in the study, for CA production, a moisture 
level of 60% was suitable in the absence of methanol whereas a moisture level of 
70% was found effective in the presence of methanol. Also, the stimulating effect 
of methanol on CA production was more effective at high moisture levels. After 8 
days of fermentation, the highest CA yields of 54.2%, 46.5%, and 50% were obtained 
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from pineapple, mixed fruit and maosmi residues, respectively. Imandi et al. (2008) 
carried out an optimization study using Plackett-Burman design for CA production 
by Y. lipolytica NCIM 3589. The optimum conditions were determined to be yeast 
extract 0.34 (%w/w), moisture content of the substrate 70.71 (%), KH2PO4 0.64 
(%w/w) and Na2HPO4 0.69 (%w/w). Under optimum conditions, CA concentration 
was 202.35 g/kg ds (g CA produced/kg of dried PW as the substrate). In another SSF 
study carried out by A. niger KS-7, the effects of different concentrations of glucose, 
sucrose, NH4NO3, and (NH4)3PO4 on CA production were investigated separately. 
After 5 days, the best results were found in a medium containing 15% (w/v) sucrose, 
0.25% (w/v) NH4NO3 and 2% (v/v) methanol. Under these conditions, the yield was 
determined to be more than 90% based on the sugar consumed (Kareem et al., 2010).

Pomegranate Peel

Although it varies depending on the cultivar, pomegranate peel (PP) constitutes an 
important part of the fruit weight such as 49-55%. Interestingly, this waste has a 
stronger biological activity than its pulp, but unfortunately, like many other wastes, 
it is often used as animal feed and therefore most of it is thrown away and poses an 
environmental problem due to its moisture content (Magangana et al., 2020). PP 
is a rich source of phenolic compounds such as tannins and flavonoids. Due to its 
antioxidant properties, PP extract is preferred in food recipes, animal feedstocks, 
cosmetics, tinctures, and certain therapeutic formulas. This waste is used to obtain 
industrially important value-added products such as dietary fibers, color pigments, 
dyes, medicinal components, and bioactive compounds. The modified form is used 
as solvent extraction and heavy metal absorber, while the dried form serves as a 
substrate for the production of certain enzymes, biogas, and single-celled proteins 
(Saleem et al., 2020).

Though PP is used in many fields, only two studies were found in which this waste 
was evaluated for its suitability for CA production. In one of them, CA production was 
realized by A. niger B60 with dried and non-dried PPs under non-aseptic conditions. 
The maximum concentration of CA was calculated after 8 days of fermentation 
using undried samples was 306.8 g/kg dry peel. In this production, temperature 
was adjusted to 25°C, the moisture content to 75%, and the initial pH value to 8.0. 
Moreover, the addition of 3% (w/w) methanol to the medium containing dried and 
non-dried PP wastes significantly increased the concentration of CA in both cases 
(Roukas & Kotzekidou, 2020). When these results were evaluated, it was thought 
that PP is a very promising waste for CA production and studies can continue.
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Ram Horn

Kurbanoğlu & Kurbanoğlu (2003) hydrolyzed ram horn (RH) by treatment with 
H2SO4 and created the RH hydrolysate. Then, it was reported that the most suitable 
concentration of RH hydrolysate for SmF with A. niger NRRL 330 was 8% and this 
process increased the production approximately 26% compared to the control medium. 
In another SmF study conducted using the same strain, the same pretreatments on RH 
were carried out. Compared to the control sample, RH addition to the fermentation 
medium at a rate of 4% increased the yield. Also, the residual sugar concentration 
was reduced and mycelial growth was stimulated. It has been accordingly suggested 
that RH can be considered a suitable mineral and amino acid supplement for CA 
production. Precautions should be taken for the disposal of ram horn (RH), known 
as fibrous protein, which occurs in slaughterhouses (in amounts of up to tons) every 
year. This waste can be also converted into biomass, protein concentrate, or amino 
acids using proteases produced from some microorganisms (Kurbanoğlu, 2004).

Some Other Lignocellulosic Wastes

Lignocellulosic biomass such as rice straw, corn stover, and wheat straw are preferred 
for the production of biofuels and some biochemical products due to its abundance 
and availability. Studies on the use of these agricultural wastes for the production 
of CA especially by A. niger have been continuing (Hu et al., 2019). Cellulose is 
the most abundant carbohydrate derived from the photosynthesis of plants and one 
of the most common renewable biological resources. Today, significant amounts 
of cellulose are left in agricultural lands to be burned and cause environmental 
concerns. It is known that Y. lipolytica is unable to utilize cellulosic materials due 
to the deficiency of cellulase activity (Liu et al., 2015a). Corn steep liquor (CSL), 
which is a by-product of the corn steeping process, is a substance rich in amino 
acids, vitamins, and polypeptides. CSL contains approximately 1 mg/kg of biotin. 
In the production of CA, the use of CSL replaces peptone or yeast extract as an 
alternative organic nitrogen and vitamin source, adding an extra economic dimension 
to the production. It has been reported to date that this substance can be used in the 
production of various organic acids or other products (Liu et al., 2015b). Corn cobs 
(CC)/corn husks (CHs) formed as a result of processing sweet corn is a waste that 
can be used as animal feed and can also be sent back to the field for land application 
(Hang & Woodams, 2000; 2001).

Hang & Woodams (1998) produced CA (250 g/kg of dry matter CC) by A. 
niger NRRL 2001 with more than 50% overall yield. In another study, CHs was 
evaluated for CA production by the same strain. As a pretreatment, CHs were diluted 
with 0.5 mol/L of NaOH. After this step, the mixture was acidified to pH 5.0 with 
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concentrated HCl and autoclaved. Furthermore, after inoculation, a commercial apple 
juice processing enzyme preparation and methanol were added to the fermentation 
medium. After 120 h of fermentation, the CA yield was calculated to be 259 g/kg of 
dry matter of CHs (Hang & Woodams, 2000). In the study by the same researchers 
in 2001 with CC, the most appropriate substrate concentration was determined to 
be 5 g/100 mL, the fermentation time was 72 h, and the enzyme concentration was 
1 mL/100mL. The highest CA yield was calculated to be 603.5 g/kg of dry matter 
(Hang & Woodams, 2001).

Sugarcane and Cassava Bagasse

Sugarcane bagasse (SB) is a renewable material, one of the largest cellulosic agro-
industrial by-products. Electricity generation, pulp, and paper production and some 
products such as alcohol, alkaloids, mushrooms, protein-enriched animal feed 
(single-cell protein), enzymes, and biofuel are among the production processes 
that use bagasse (Parameswaran, 2009). SB contains approximately 46 to 52% w/w 
water and 43 to 52% fiber (including cellulose 50%, hemicellulose 25% and lignin 
25%). Since thousands of tons of bagasses are discarded every year, this pollutes the 
environment. This waste is also used in the production of biotechnological products 
with high added value. SB benefits as substrate and/or carrier in SSF processes 
(Khosravi-Darani & Zoghi, 2008).

The first report on the potential use of sugarcane-pressmud in CA production 
was presented by Shankaranand & Lonsane (1993). They explored that K4Fe(CN)6 
treatment enhanced the conversion yield and shortened the fermentation time by 
24 h. Maximum CA yield was calculated by A. niger CFTRI 30 after 120 h in a 
ferrocyanide-treated medium which initially contained 12.5% (w/w) effective sugar 
and 0.1% (w/w) NH4NO3. On the other side, cassava bagasse (CB) was found to 
be a better substrate than a vegetable sponge and SB (Kolicheski et al., 1997). 
Vandenberghe et al. (2000) defined the best substrate as CB, when compared to 
SB and coffee husk. At the end of the production, 88 g/kg dry matter of CA was 
obtained. Khosravi-Darani & Zoghi (2008) compared acid, alkali, and urea treatments 
to determine the most suitable pretreatment for SB used in CA production. As a 
result, it was concluded that the most effective method was urea pretreatment. 
Accordingly, 137.6 g/kg dry SB and CA yield of 96% based on sugar consumed 
was obtained. Yadegary et al. (2012) compared the CA production with untreated 
or pre-treated SB. It was found that the highest results were calculated from the 
samples treated with alkaline followed by acid, compared to the control sample. 
Gasiorek (2018) studied sugar beet pulp in a horizontal rotating drum bioreactor 
for CA production. Approximately 150 g per kg substrate dry matter CA yield was 
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found under the determined optimum conditions. Moreover, the optimum conditions 
did not stimulate the formation of biomass.

Waste Cooking Oil

A significant problem for catering services is the issue of waste cooking oil (WCO). 
The main constituent of this waste is triacylglycerols that are involved in microbial 
metabolism by the action of lipases, which are extracellular lipolytic enzymes. 
Lipases hydrolyze triacylglycerols to form glycerol and related fatty acids, and the 
hydrolyzate can be used to synthesize CA and free fatty acid in mitochondria and 
cytoplasm of Y. lipolytica in turn (Liu et al., 2015c). WCOs are no longer reutilized 
because the fatty acids have already oxidized. It has been reported that the 500 million 
tons of waste produced every year can be used for the production of erythritol and 
CA by Y. lipolytica (Liu et al., 2018).

In the first study, Y. lipolytica SWJ-1b synthesized 30.3 g/L of CA after 336 h 
in a fermenter containing 80 g/L of WCO in the fermentation medium. The ICA, 
and biomass concentrations were calculated to be 6.9, and 6.1 g/L, respectively. 
When the WCO concentration was increased from 120 to 140 g/L, a decrease in the 
concentration of CA and an increase in the concentration of ICA were detected. In 
this study, the effects on CA production of some substances added to the medium 
in different amounts were examined separately. As a conclusion, the highest CA 
concentrations were achieved when 0.2 g/L of (NH4)2SO4 and 1.0 g/L magnesium 
were added to the fermentation medium and no KH2PO4 was added (Liu et al., 
2015c). Liu et al. (2018) evaluated WCO again for CA production about how 
initial NaCl concentration affected the production. They found that the highest CA 
concentration was obtained when 20 g/L of NaCl was used. Moreover, the synergistic 
effect of osmotic pressure and pH level was also investigated, and the best results 
were detected as 0.75 osmol/L and a pH of 6.0.

Wastewater Generated by CA Production

Since the wastewater generated by the production of CA is also a problem, a 
process has been developed in one study to reuse and evaluate this wastewater in 
the production of CA. In that study, environments with tap water and fermentation 
process water were compared in terms of CA production. The CA wastewater was first 
treated using anaerobic digestion. Anaerobic digestion effluent was then subjected 
to ultrafiltration and nanofiltration processes to eliminate the inhibitory effects of 
Na+ and Mg2+ concentrations. Finally, it was proven that the anaerobic digestion 
effluent could compare with the tap water. The creation of this process has benefited 
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the submerged fermentation industry for wastewater management, recycling, and 
ultimately a cleaner production process (Zhang et al., 2017).

Whey

Whey, the liquid resulting from the precipitation and removal of milk casein during 
cheese making, is the most abundant pollutant in dairy wastewater, representing 
85 to 95% of milk volume (Zotta et al., 2020). Whey is a waste that is generated in 
large quantities as a by-product of cheese production (Yalcin et al., 2009). Lactose 
is important as an usable carbohydrate, accounting for 4.9% of the weight of whey 
(Mehyar et al., 2005). Additionally, disposal of whey causes serious environmental 
problems (El-Samragy et al., 1996).

Abou-Zeid et al. (1983) researched the usage of date seed hydrolysate and whey 
combination for CA production by C. lipolytica. Then, 25 g/L of glucose and 2 g/L 
of (NH4)2SO4 were added to the medium and CA concentration was increased to 
45 g/L. Also, El-Holi & Al-Delaimy (2003) added in fermentation medium to glucose, 
fructose, galactose, and sucrose to enhance CA production. Finally, they produced 
106.5 g/L of CA in whey containing 15% sucrose. Similarly, Roobini & Gnanavel 
(2018) also found that the highest CA concentration by A.niger ATCC 9642 after 20 
days of fermentation was determined in whey contained 15% sucrose. In addition, 
Mehyar et al. (2005) created a medium which contained 20% molasses in cheese 
whey and obtained 32.4 g/L of CA by A. niger ATCC 6275. The addition of methanol 
and tricalcium phosphate in the same medium caused a significant increase in CA 
production. In this case, the CA concentrations were 38.4 and 42.4 g/L, respectively. 
In conclusion, it was thought that this study was important as it simultaneously 
evaluated the use of two wastes for CA production. Yalcin et al. (2009) did not apply 
any pretreatment to whey. On the other hand, only glucose (100 g/L) and fructose 
(150 g/L) were added to stimulate CA production. The pH value of whey was adjusted 
to 5.2 with CaCO3, then sterilized at 121°C for 15 minutes. After sterilization, Y. 
lipolytica 57 (domestic strain) and Y. lipolytica NBRC 1658 were inoculated into 
production medium. The highest CA concentrations obtained by domestic strain 
with the addition of fructose and glucose were 49.23 g/L and 42.31 g/L respectively. 
Since high nitrogen concentrations may adversely affect CA production, Aslan et al. 
(2016) heated the whey at 90°C for 15 minutes and removed the whey proteins by 
filtration and centrifugation, thus reducing the nitrogen concentration and obtaining 
a fermentation medium with a high C:N ratio. Whey prepared in this way contained 
43.6 g/L of total sugar and 3.1 g/L of protein. Y. lipolytica (B9) (a domestic strain that 
can assimilate lactose) was selected as a producer microorganism and sodium alginate 
was used as the entrapping agent for cell immobilization. Optimum conditions were 
determined to be temperature of 20°C, a pH of 5.5, 20 g/L of additional lactose, 2% 
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of sodium alginate, 150 beads/100 mL, and incubation time of 120 h. Under these 
conditions, the CA concentration and CA:ICA ratio were calculated to be 33.3 g/L and 
6.79 g/L, respectively, in non-sterile partly deproteinized cheese whey. Interestingly, 
immobilized cells were reused in three continuous reaction cycles without any 
reduction in the maximum CA concentration. Additionally, supplemental lactose 
increased CA production up to 20 g/L, but additional nitrogen and phosphorus 
sources caused a sustained decrease. It was also stated that the combination of low 
pH and temperature was a good barrier factor in preventing contamination, and it 
was important to use the cold-adapted lactose positive Y. lipolytica strain for the 
first time in non-sterile conditions.

FUTURE RESEARCH DIRECTIONS

It is a great idea to obtain a sustainable process with the use of agro-industrial 
residues to minimize environmental problems. With the need to meet the increasing 
CA demands and overcome the challenges posed by current pollution, it is thought 
that industrialists and researchers need to evaluate wastes as a substrate and optimize 
the process variables in CA production. In addition, it is important that increasing 
the production capacity of the strains to be used in CA production by genetic 
manipulations (mutant strains, gene transfer, etc.) is also very effective. Finally, it 
was concluded that implementation of one or more of these is strategic steps to be 
taken to make production more efficient and economical.

CONCLUSION

One of the biggest advantages of biotechnological studies to the industry is 
considered to be waste recycling. Agricultural wastes are abundant, inexpensive, 
and renewable resources for the sustainable production of value-added biochemicals 
such as bioethanol, organic acids, food additives, and enzymes. Similarly, as can be 
seen from the literature review in the present study, high yields can be obtained for 
CA production by A. niger and Y. lipolytica, when some agricultural and industrial 
wastes are evaluated as substrates. CA is an important organic acid used in many 
industrial fields, especially pharmaceuticals, cosmetics, and food, with an increasing 
market share. Most of the CA production in the world is produced by microbial 
fermentation and the importance given to the studies where wastes are evaluated 
as potential substrates continue.
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KEY TERMS AND DEFINITIONS

Autohydrolysis: A technique that involves the use of hot water or steam as a 
reagent to break down a lignocellulosic biomass.

Biomass: The total quantity or weight of living organisms.
Bioremediation: Waste management technique that to remove toxic waste from 

polluted environment by certain microorganisms.
Compound Annual Growth Rate: Annual growth of investments over a specific 

period of time.
FDA: The Food and Drug Administration that is responsible for protecting the 

public health.
Tofu: Product prepared by coagulating soy milk.
Volumetric Productivity: Product produced per unit volume of fermentation 

medium per unit time.

 EBSCOhost - printed on 2/13/2023 1:22 AM via . All use subject to https://www.ebsco.com/terms-of-use



Copyright © 2022, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  4

77

DOI: 10.4018/978-1-7998-9851-1.ch004

ABSTRACT

The overview briefly surveys the practice of green chemistry in polymer science. 
The conservation and sustainable utilization of polymers is achieved through 
documentation of indigenous knowledge through the ideology for syntheses of 
green polymers. The economic importance of polymers includes the study of the 
relationship between people and polymers. The chapter offers a systematic approach 
to study the variety of materials. It intersects many fields including the need for 
green polymer chemistry, environmentally friendly methods for syntheses of green 
polymers, biodegradable polymers, recycling of polymers, and many more topics. 
This study aims to provide an updated survey of the green synthesised polymers in 
order to obtain recyclable materials for various industrial and indoor applications. 
A number of barriers that hinder the adoption of newer technology have also been 
discussed. All of these areas are experiencing an increase in research activity 
with the development of new tools and technologies. Examples are given of recent 
developments in green polymer chemistry.
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INTRODUCTION

Green chemistry is the development of chemical products and processes that decrease 
or eliminate the usage of hazardous chemicals. The term “sustainability” refers to 
growth that fulfills current demands without jeopardizing future generations’ ability 
to satisfy their own. These ideas have gained attraction in recent years and have 
become major study subjects. Several books and review papers on toxicity reduction 
in polymers have been published in recent years (Mat lack et al, 2021), and there is 
growing interest in green chemistry. Many recent symposia on this issue have been 
held at national ACS meetings, demonstrating this.

Polymer is the only substance on the planet that is both highly appreciated for its 
use and widely reviled. We have conflicting, contradictory, and vacillating sentiments 
regarding polymers, and we’ve never determined whether they’re good, terrible, or 
ugly. Their newness is possibly one of the reasons behind their ambivalence. The 
fast expansion of polymer manufacture was a twentieth-century phenomenon, and 
anything less than a century old is considered new in historical terms. Polymers are 
newbies among materials, and we haven’t had enough time to form opinions about 
them. It would be unintelligent not to give polymers due attention because of their 
obvious use. They are frequently not only less expensive than other materials, but 
they often offer better characteristics. Their cheap cost has life-saving implications, 
such as in drought-prone parts of Africa, where lightweight plastic water pails 
have replaced clay and stone containers, allowing people to bring water in even 
from remote wells during acute water scarcity. Polymers are also well-suited to the 
modern information-age applications of cell phones, bank cards, and laptops. Even 
when it comes to basic comfort, no one can disagree that polymers are remarkable 
performers (Stevens et al, 2002).

Modern polymer technology has green routes. Polymers have an important 
part in both natural and man-made technologies as structural and multifunctional 
macromolecular materials that are extremely adaptable and diverse. Polymers 
ensure a good quality of life and act as pacemakers for contemporary technology, 
thus modern life would be impossible without them.

In a green economy, reduced demand for resources and energy, as well as waste 
minimization, prevention of pollution and dangers, reduction of greenhouse gas 
emissions, optimization of industrial processes, and effective waste recycling are 
all critical. These components are essential to sustainable chemistry, often known 
as green chemistry, which was coined in the 1990s. Biomaterials and biotechnology 
are not synonymous with “green” in this sense. In fact, many existing polymers 
and polymerization processes meet the demands of green chemistry. Polyolefins 
are well-known examples of effective sustainable materials like polyethylene and 
polypropylene, which account for almost half of worldwide polymer output. Polymers 
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have become key components of nearly any consumer product that satisfies human 
society’s diverse demands. (Andrade et al, 2003)

Most polymers have unique property combinations that no other class of materials 
can match.

•	 Lightweight
•	 Excellent corrosion resistance
•	 Reasonable cost
•	 High flexibility in terms of characteristics and applications

During the twentieth century, a wide range of synthetic polymers became 
commercially available. Petrochemistry, which first appeared in the 1950s, has a 
strong technological foundation. The use of oil and gas as fossil raw resources in the 
chemical industry and polymer synthesis has considerably increased cost-effectiveness 
and simplified macromolecular material manufacturing. Since then, the polymer has 
been defined by its appealing mix of low cost, ease of production, and innovation.

The decline in the use of less competitive natural polymers, which account for less 
than 1% of today’s polymer production of 300 million tons per year, was attributed 
to the rise of low-cost synthetic polymers with far superior properties, produced in 
high energy and resource-efficient polymerization processes. We are witnessing a 
renaissance of renewable polymers and a strong push toward the creation of bio-
based macromolecular materials at the dawn of the twenty-first century.

Is polymer’s future going to be green? There are a number of causes for this 
paradigm change and the anticipated transition from petrochemistry to bio-economy. 
In theory, there are three main renewable polymer techniques that can be used in a 
green economy. Bio-refining of biomass and chemical conversion of carbon dioxide 
are used in the approach to create synthetic crude oil and green monomers for 
extremely resource and energy-efficient polymer manufacturing processes without 
imperiling existing recycling technologies.

The following are some of the most important green polymer production principles: 
(Umlaut et al, 2012)

•	 Production method that is clean and lean.
•	 High levels of safety.
•	 No auxiliary chemicals are used.
•	 By reducing toxicity.
•	 Materials manufacture and applications have high energy efficiency.

As a result, polymer wastes became an important source of raw materials and 
energy. Polymers are designed to be stiff, soft, rubbery, conducting or insulating, 
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optically transparent or opaque, permeable or impermeable, stable or (bio)degradable 
in today’s highly efficient industrial polymerization processes. Food and medical 
packaging materials are two prominent examples of polymer uses and lightweight 
engineering. (Stevens et al, 2002)

WHY NEED GREEN POLYMERIZATION METHODS?

Polymer materials have almost permeated every area of the national economy and 
people’s lives since the synthesis of the first synthetic polymer in the 1970s, due to 
their wide variety, great performance, reasonable price, and a range of other useful 
uses. The utilization of polymer materials has grown to the point that worldwide 
output is anticipated to surpass 500 million metric tons by 2050 (Sardon and Dove et 
al, 2018). Because of their stability and long durability, discarded synthetic polymeric 
materials such as common plastic materials tend to collect in the environment rather 
than disintegrate.

Dumping in landfills and incineration are the primary methods of solid waste 
disposal for plastic products (Duan et al, 2019). These techniques, however, are 
not environmentally sustainable since landfills pollute groundwater and waste 
materials are burned, releasing harmful gases into the atmosphere (Khatoon et al, 
2019). Furthermore, following their end-of-life, recovery, and recycling of plastic 

Figure 1. White pollution presentation a) entire planet, b) plastic wastes on mountain 
range and forest, c) wider use of agro - based mulch and polymer waste, d) ocean 
life, plastic trapping, (Westminster City Council | Commercial Waste Services, 2020)
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materials has not kept pace with current use, resulting in massive buildup over time, 
compounding the disposal problem and contributing to the environmental burden. 
Only thirteen percent of all plastic is presently recycled, according to reports twelve 
percent by mechanical means and one percent by monomer recycling. The great 
bulk of forty percent plastic trash ends up in landfills, twenty-five percent is burned, 
and the remaining twenty-two percent ends up in unorganized dumps or is rejected 
in recycling (Degnan et al, 2019).

As a result, one of the hotspots in academia should be creating a large number 
of practical civil biodegradable polymer materials, as well as engineering novel 
catalysts or polymerization techniques to lower the application cost of biodegradable 
polymeric materials. Consumers, after all, are rarely ready to pay extra for a product 
that is both natural and biodegradable. Richard A. Gross addressed it. A biodegradable 
polymer is one with a high molecular weight that can be broken down by micro-
organisms and enzymes to lower molecular weight components. Polyester Poly-
caprolactone and Poly-lactase acid, amide-containing polymer, polyurethane, and 
almost every natural macromolecule have hetero atoms in the polymer backbone 
that are vulnerable to hydrolytic cleavage of ester groups (-COO-), amide bonds 
(-CONH-), and ether bonds (-O-). Aliphatic polyesters and related copolymers are 
important biodegradable materials. These polymers have the potential to be useful 
as a biodegradable packaging material as well as in other fields such as medicine, 
pharmacology, and agriculture (Sun et al, 2018). In the following part, we’ll go 
through how polyester is used. It has been observed that Aliphatic Polyesters may 
be hydrolyzed to produce an oligomer and then a monomer (Sriyapai and Sashiwa 
et al, 2017). The crystallinity, porosity, and pH of the solution all influence the rate 
of deterioration. Low crystallinity and excessive porosity both speed up the rate of 
deterioration.

Natural macromolecules, as the name indicates, are macromolecules that may be 
taken directly from nature and generated by living organisms. The most researched 
natural materials include natural rubber, lignin, and polysaccharides. Cellulose, 
Chitin, Chitosan, Amylose, Sodium Alginate, and other polysaccharides are examples 
of natural macromolecules. Others In addition to the above important polyesters 
and polysaccharides, there are other types of biodegradable polymers, such as 
biodegradable polyurethane (Peng et al, 2014 & Howard et al 2002), amide-containing 
polymer polypeptide (Hayashi et al, 2002), proteins (Tosta et al 2019) and so on.

To date, poly (vinyl alcohol) is the only biodegradable polymer containing solely 
carbon atoms in the polymer backbone (Scott et al, 2002), and it is now utilized in 
the textiles, paper, and packaging sectors as paper coatings, adhesives, and films. 
However, as a managed end-of-life cycle alternative in regulated industrial compost 
facilities, the feature of biodegradability may be beneficially employed for managing 
plastic waste coming notably from certain industries such as food packaging. 
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Packaging is one of the most important industries for both consuming plastics and 
producing trash (Agarwal et al, 2020).

BIODEGRADABLE POLYMERS PRESENT 
OPPORTUNITY AND CHALLENGES:

Polyolefins (polyethylene and polypropylene) and polyethylene-terephthalate are the 
most common polymers found as Micro-Plastics in the environment (Li et al, 2019). 
These high-molecular-mass polymers with an extremely stable carbon-carbon or 
C-heteroatom backbone survive in the environment for tens of thousands of years. 
Therefore, biodegradable polymers are very often discussed as one of the solutions 
to the present plastic pollution issues by substituting Micro-Plastics creating 
polyolefins in general or for a few specific applications of polymers intended for 
use in the natural environment.

Based on recent and previous studies, the use of biodegradable polymers looks 
to be extremely promising; nevertheless, numerous factors of environmental 
sustainability, structure-property interactions, and biodegradation in the complex 
natural environment must be considered. To understand the function of biodegradable 
polymers in the context of Micro-Plastics, the current situation, and future directions, 
it is necessary to first revisit some of the fundamentals of biodegradation (Eskander 
et al, 2017 & Tokiwa et al, 2009).

The first stage is fragmentation, which involves breaking down a high molar 
mass macromolecular chain into oligomers with polar functional chain ends and 
monomers without losing particular polymer characteristics like molar mass and 
strength. This step can take place due to hydrolysis, oxidation, or any other means, 
depending on the chemical structure of the polymer backbone and the environment 
in which the polymer is being disposed and used.

In the second step, oligomers with polar chain ends and monomers are mineralized 
by micro-organisms forming ultimately carbon dioxide, methane, water, and biomass. 
The product changes depending on the amount of oxygen available. Several review 
studies exist that describe the biodegradation process in detail (Chandra et al, 1998 
& Lucas et al, 2008). One type of biodegradable polymer is aliphatic polyesters 
having readily hydrolyzable ester units in the chain. A copolymer of terephthalic 
acid, butanediol, and adipic acid (poly-butylenes adipate-co-butylenes terephthalate) 
is an example of latter copolymers. Semi-crystalline are poly-caprolactone, poly-
lactide, poly-glycolide.

Their copolymers, and particular polyesters generated by bacteria: poly-hydroxy-
alkanoates are some examples of aliphatic biodegradable polyesters described in the 
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literature (Shah et al, 1998). A variety of processes can contribute to the initial phase 
of biodegradation in the natural surroundings, speeding up the total decomposition.

ENVIRONMENT FRIENDLY METHOD’S 
FOR POLYMERS SYNTHESIS:

1. 	 Polymer from carbon dioxide:

Carbon dioxide is a greenhouse gas that exists in large quantities in the air. Before 
it is dissolved into the oceans, the typical lifespan of a CO2 molecule is estimated 
to be on the order of decades (Revelle et al, 1957). Carbon dioxide is a desirable 
feedstock for the chemical industry since it is a naturally occurring, plentiful, low-
cost, nonflammable, and renewable chemical component (Darensbourg et al, 2007 
& Eberhardt et al, 2002). Carbon dioxide may be recovered in huge quantities via 
power plant carbon capture, fossil fuel combustion, and steam reforming to create 
hydrogen from water and coal. Carbon dioxide must be activated with energy before 
it can be used in industry. Carbon dioxide is reacted with energy-rich strained rings, 
such as oxidants, to generate cyclic carbonates in industrially feasible methods. The 
present technology, as well as future approaches, have been briefly outlined.

Here are some important methods to synthesize polymers by CO2:

a. 	 Copolymerization of CO2 and Epoxides:

Inoue and coworkers used organ metallic catalysts to effectively copolymerize CO2 
with epoxides in 1969 (Kindermann et al, 2017). By alternating copolymerization 
of CO2 with propylene oxide, they were able to make high molecular weight 
polycarbonates.

Figure 2. Synthesis of poly-cyclohexene carbonate from cyclohexene oxide 
(Darensbourg, 1995)
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b. 	 Copolymerization of CO2 and Alkynes:

The carbon-carbon triple bonds are used as the key components in the 
copolymerization of CO2 with alkynes. This is a one-of-a-kind method for producing 
poly-alkanoates with a high molecular weight average (MW 31,400). The reactions 
were carried out at a relatively low temperature (80°C for 12 hours). An industrially 
feasible process would be both efficient and resilient, resulting in a high yield of 
the end product. By continually adding alkyl-di-halide in the presence of catalyst 
and CO2, the produced telechelic polymer may be utilized to manufacture high 
molecular weight functional polymers. (Wang et al. 2020)

c. 	 Copolymerization of CO2 and Olefins:

The copolymerization of CO2 with olefins has piqued attention; nevertheless, it is 
e endothermic propagation phase, and homo-polymerization of olefins has occurred 
in many instances owing to reaction failure. Furthermore, the synthesized lactones 
were polymerized in the presence of 1,1-azobis cyclohexane-1-carbonitrile and zinc 
chloride, resulting in the formation of terpolymers (CO2, butadiene or isoprene) 
and (CO2, butadiene or 1,3-pentadiene) with molecular weights 5,500 and 16,000, 
respectively, and yields of the product are 46 and 35 percent. (Nakano et al. 2014)

Figure 3. Polymerization reaction of dienes, alkyl halide and CO2 in presence of 
Ag2WO4 and Cs2CO3 (Wang. 2020)

Figure 4. Copolymerization of CO2 with butadiene by radical polymerization 
(Tamura, 2016)
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d. 	 Copolymerization of CO2 and Diols:

This method involves direct copolymerization. By taking into account traditional 
polycarbonate manufacturing techniques which typically involve significant costs or 
dangerous chemicals. In the presence of condensing agents, CO2 was reacted with 
p- and m-xylene glycols to produce poly-xylem carbonate (Tamura et al. 2016).

e. 	 Poly-Methacrylates from CO2:

Under moderate circumstances, it is feasible to make five-member cyclic carbonates 
by reacting CO2 with epoxides. However, the many steps necessary to convert CO2 
make these reactions inefficient. Using CO2 is generally made in a two-step reaction 
that necessitates an extra purification step as well as a long reaction time.

f. 	 Bioderived Epoxides from CO2:

Although another limonene oxide, which is structurally similar to cyclohexane 
oxide and has a cheap cost, is common. Under moderate circumstances, Byrne et al. 
reported the alternating copolymerization of limonene oxide and CO2 to produce 
polycarbonates (Byrne et al, 2004). Di-iminate zinc acetate was used as a catalyst 
for copolymerization. (Saini et al. 2017)

Figure 5. Synthesis of poly-gycidyl methacrylate from CO2 (Ochiai, 2008)
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2. 	 Microwave-Assisted Single-Step Synthesis:

The microwave-assisted synthesis of organic molecules has piqued curiosity since 
its discovery. When compared to typical synthetic techniques, direct activation of 
the reagents saves a significant amount of time and produces significantly greater 
yields. In the realm of organic synthesis, these benefits are currently being exploited 
more often (Da Silva et al, 2007 & Geresh et al, 2004). Because it may increase 
the functional characteristics of natural polysaccharides, graft copolymerization of 
natural polysaccharides is becoming a valuable resource for producing new materials 
(Singh et al, 2007 & Masuhiro et al, 2005).

The grafted polymers are often made by the traditional redox grafting method 
(Nayak & Tripathi et al, 2001), microwave irradiation (Masuhiro et al, 2005 & 
Singh et al, 2004), gamma-ray irradiation (Wang et al, 2008), or electron beam 
irradiation (Vahdat et al, 2007). Furthermore, the percentage grafting in microwave 
irradiation-based synthesis is dependent on the reaction parameters, namely monomer 
concentration, power, and irradiation duration, the last two are electronically regulated, 
assuring excellent repeatability. The main benefit is that it allows for virtually 
immediate uniform heating of materials in a controlled manner (Deshayes et al, 
1999 & Wiesbrock et al, 2004). Concerns about the environment and a sustainable 
eco-friendly approach to the creation of materials for high technology have led 
to the development of improved flocculants for wastewater treatment based on 
modified polysaccharides (Poly-acrylamide) based flocculants, on the other hand, 
are extremely efficient at very low dosages, fragile, and cheap, and are commonly 
employed in wastewater and industrial effluent treatment. Brown algae cell walls 
are used to extract it. It’s widely used in the food industry as an emulsifier and 

Figure 6. Poly(limonene) dicarbonate from cis/trans limonene oxide (Saini, 2017)
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to improve viscosity. It is also used in the production of dental impressions and 
indigestion pills. Reactive dye printing, which is utilized in the textile sector, is an 
important use of sodium alginate.

Synthesis

The graft copolymer is synthesized via a “microwave initiated” technique (Sodium 
Alginate-g-Poly-acrylamide) Microwave irradiation was utilized to create free-radical 
sites on the polysaccharide backbone in this technique. The reaction vessel and 
its contents were eventually cooled and left undisturbed for 24 hours to finish the 
grafting reactions once the microwave irradiation for the desired amount of time was 
completed. The addition of a saturated HQ solution brought the reaction to a halt. 
The gel-like material that had remained in the reaction vessel had now been dumped 
into an excess of acetone. The grafted polymer precipitate was collected and dried 
in a hot air oven. It was crushed and sieved after that. The suggested mechanism for 
graft copolymer production utilizing microwave irradiation is shown in [Scheme 6].

According to the results of the aforementioned experiments, various grades 
of Sodium Alginate-g-Polyacrylamide may be produced utilizing just microwave 
irradiation. A number of physicochemical characterization approaches have been 

Figure 7. Schematic representation for the synthesis of SAG-g-PAM from SAG using 
microwave irradiation (Sen, 2010)
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used to confirm that Poly-acrylamide has been grafted onto the Sodium Alginate 
backbone in the synthesized graft copolymers, indicating that Poly-acrylamide has 
been grafted onto the Sodium Alginate backbone. Furthermore, the created material 
has the potential to be used as a flocculent.

3. 	 Green Polymers Using Nature’s Catalyst:

Enzymes are nature’s catalysts that are designed to accelerate specific reactions 
taking place in the cell and its immediate surroundings. For example, lipases catalyze 
the hydrolysis of triglycerides into fatty acids and glycerol’s in vivo (Scheme 
7). Enzymes, on the other hand, are known to catalyses a variety of synthetic 
transformations in organic solvents, in addition to their native, aqueous reaction 
media (Klibanov et al, 2001 & Wong et al, 1994).

In chemical processes such as trans-esterification, esterification, aminolysis, and 
Michael addition, lipases are the most commonly used enzymes (Santaniello et al, 
1993 & Fernandez et al, 2006). Because of its high stability and reactivity, Candida 
antarcticalipase B (Fig. 2) is an excellent catalyst for these conversions (Anderson 
et al, 1998). Although trans-esterification processes are reversible, when enolate 
esters are employed, they produce unstable enols as by-products, which tautomerize 
to yield the corresponding aldehydes or ketones. Because vinyl esters have less 
steric hindrance and hence greater reaction rates than isopropenyl esters, they are 
preferred (Faber et al, 1992).

Figure 8. Lipase Catalysis (Klibanov, 2001)
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4. 	 Enzymes in polymer chemistry:

The use of enzymes in polymer synthesis was thoroughly examined (Kobayashi 
et al, 2016 & Uyama et al, 2006). Poly-condensation, oxidative polymerization, 
and ring-opening polymerization are the most common examples. The following 
are some examples. Poly-condensation Polyesters can be made by poly-condensing 
hydroxyl-acids or their esters (O’Hagan et al, 1994) (A-B type condensation) and 
Di-carboxylic acids or their analogs with glycols using a lipase catalyst (Chaudry 
et al, 1995).

a. 	 Oxidative Polymerization:

Some oxidoreductases, such as peroxides and lactase, have been used to produce 
poly aromatic chemicals via oxidative polymerization of phenols and aniline 
derivatives (Feber et al, 2004). Horseradish peroxides are the most commonly 
utilized oxidoreductase in oxidative polymerizations. The enzyme’s active site is 
an iron-protoporphyrin complex (Scheme 8). The process includes the oxidation 
of Fe3 to an iron-oxo derivative at the cost of H2O2, followed by the extraction of 
an electron from an electron-rich substrate, such as phenol, to a substrate radical, a 
phenoxy radical (Scheme 8).

b. 	 Ring Opening Polymerization:

The production of polyesters via lipase-catalyzed ring-opening polymerization 
of lactones is frequent use of enzymes. for example, used lipase from Pseudomonas 
fluorescens to demonstrate ROP of a racemic combination of a-methyl-b-
propiolactone. The enzyme was stereoselective for the (S)-enantiomer, resulting in an 
(S)-enriched polymer (Uyama et al, 2006) (AA-BB type condensation) (Scheme 8)

5. 	 Production of Biodegradable Polymers from Agricultural Waste:

Biopolymers, biodegradable polymers, and polymers are made from agricultural 
waste such as fruit seeds, fruit peels, coconut shells, potato peels, orange tree pruning, 
wheat straw, corn starch, and rice husks, all of which are renewable sources. The 
goal is to determine if biopolymers, biodegradable polymers, and polymers derived 
from agricultural waste were totally biodegradable or only recyclable. Given that 
more than 400 million tonnes of trashes are created each year, the present rate of 
global plastic manufacturing is unsustainable. Furthermore, by 2050, the rate is 
predicted to grow fourfold, with a corresponding increase in agricultural plastic 
waste. Shade nets, mulching materials, and pesticide containers all contribute to 
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agricultural plastic trash. The lack of simple, scalable, and ecologically friendly 
recycling technologies had an impact on worldwide plastics waste recycling—only 
9% of plastics are recycled. Plastics pose a hazard to the environment that goes 
beyond the absence of appropriate recycling technologies; inadequate synthetic 
processes have hampered the development of environmentally acceptable polymer 
composites. Beyond the circular business model typology, the manufacturing of 
biodegradable polymers from agricultural waste can help to improve sustainability.

a. 	 Production of Biodegradable Polymers:

As illustrated in Figure 3, biodegradable polymers are a special type of polymer 
that is environmentally good (biocompatible and biodegradable). Depending on 
the intended products and accessible materials, the production method for these 
biopolymers is divided into four categories. Chemical synthesis techniques, 
bacterial synthesis methods, biopolymer blends, and renewable sources are the 
categories Bio-based polymers can be made from a variety of renewable sources. 
Plant-based precursors comprising lignocelluloses fibers have been used to make 
bio-based polymers. The recycling of agricultural waste through composting and 
the manufacturing of fertilizers boost global carbon emissions, according to data 
collected in Italy. Olive waste-based compost and anaerobic digester-based compost 
(AD), of instance, yielded 64 and 67 kg of CO2 equivalent per milligram, respectively.

Figure 9. Lipase-catalyzed polycondensation between bis(2,2,2-trichloroethyl) 
adipate and 1,4-butanediol (Linko, 1995)
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b. 	 Thermoplastic Starch-Based Polymers:

Starch is a polysaccharide that can be found in agro-waste from tubers, legumes, 
and cereals, and it’s an excellent carbon source for bio-based polymers (Nayak et 
al, 2016). Because of their efficient reinforcing characteristics, abundance, and 
adjustable properties, thermoplastic starch-based polymers are viable alternatives 
to petroleum-based polymers (Syafri et al, 2009). The inclusion of L-lactate and a 
catalyst is the initial step in the synthesis of starch-based polymers from Agro-wastes. 
Because they are flexible and light, these materials are important for the future of 
sustainable food packaging, according to current research (Suffo et al, 2020).

c. 	 Pineapple Peels and Tomato Pomace are used to Make Bio-Based Plastics:

The extraction of biopolymers from agricultural waste is used in the manufacturing 
of bio-based polymers from pineapple peel, which follows a conventional procedure. 
The first steps entail analyzing the chemical composition, particularly the C/N and 
C/P ratios, which are used to estimate polymer yields. Except for the melting poly-
condensation stage, the manufacture of bio-based polymers from tomato pomade 
is comparable to that of bio-based polymers from pineapple peels (Vega-castro et 
al, 2016).

d. 	 Production of Lactic Acid, PLA and PHA from Agro-Wastes:

Specific bacteria strains for fermentation and hydrolysis, as well as the availability 
of agro-waste as starting materials, impact the synthesis of lactic acid and poly-
lactic acid (Djukic-vukovic et al, 2019). Rhizopus, Pediococcus, and Streptococcus 
are among the fungus and bacteria strains used in industrial applications (Djukic-
vukovic et al, 2019). Because of the differences in the fermentation processes that 
lead to the formation of fermentable sugars like starch and cellulose, the availability 
of a diverse range of bacteria and fungus species has an influence on the material 
characteristics of the final product. Lactic acid is produced during the fermentation 
process, which is polymerized to generate PLA.

DEGRADATION

Biodegradable polymers are described as “polymers susceptible to breakdown 
by biological activity, with degradation accompanied by a decrease in mass” by 
the International Union of Pure and Applied Chemistry (IUPAC) (McNaught et 
al, 1997). Other definitions call for a biodegradable substance to be mineralized 
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during biodegradation into carbon dioxide, water, and biomass (standard CEN/TR 
15351:2006). So, first and foremost, we must define how “biodegradability” should 
be defined. Do we simply need to convert polymers into water-soluble chemicals 
to tackle the plastic waste of accumulating plastics in the environment, or do we 
require complete mineralization? Furthermore, the biodegradation time range is 
critical. According to the European Union’s newly released plastics policy, consistent 
criteria for identifying and labeling compostable and biodegradable plastics will be 
proposed to allow for correct sorting and avoid misleading environmental claims 
(European Union, 2018). Biodegradation of polymers may be broken down into 
four stages: i) biodeterioration, ii) depolymerization, iii) bioassimilation, and iv) 
mineralization (Lucas et al, 2008).

The development of a microbial biofilm leads to surface degradation, in which 
the polymeric substance is broken into smaller particles in the first phase. Polymer 
degradation is influenced by both abiotic and biotic causes in general. Plastics 
breakdown in the environment through four different mechanisms: B. Sethi works 
at K.L. Mehta D.N. College in Faridabad and studies photo-degradation, thermo-
oxidative degradation, hydrolytic degradation, and biodegradation. Natural plastic 
deterioration is understood to begin with photo-degradation because UV sunlight 
supplies the energy of activation needed to start the incorporation of oxygen atoms 
in the polymer. The activation energy necessary to start the incorporation of oxygen 
atoms into the plasma is activated by UV sunlight, leading to thermo-oxidative 
deterioration (Ojida et al, 2012011 & Tocháček et al, 2014). This causes the plastic 
to split into smaller and smaller parts until the polymer chains reach low molecular 
weight sufficiently to be metabolized by microbes (Ojeda et al, 2011). Either the 
carbon of the polymer chains is converted into carbon dioxide, or incorporated into bio-
molecules (Zhang et al, 2014). This whole process, however, is exceedingly sluggish 
to break down plastics entirely for 50 or more years (Müller et al, 2001). Polymeric 
products are destroyed by an enhanced bond cleavage process, dissemination of 
radicals, intermediate oxidation, and dispersion of end products through the depth of 
penetration. Heat, light, moisture mechanical loads contribute mainly to synergetic 
actions. Another place is the inner process of structural alterations (White et al, 1994 
& Searle et al, 2010). The level of cross-linking, the molecular size and tangling, 
the presence of the inorganic filler and sample history are key parameters that affect 
the diffusion via oxygen penetration and diffusion through the spread of degrading 
products (Raquez et al, 2011).
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RECYCLING

The environmental impact of plastic wastes has been recently put on the top of the 
agenda of each government’s politics. There are several approaches to tackle the 
problems associated with plastic trash. These are innovative process recycling design, 
which ensures even sophisticated packaging is properly recycled; development of 
new packaging materials that are more efficient in protecting products but still 
easy to recycle; and development of biologically degradable packing materials that 
satisfy all requirements of conventional materials; improvement of the collection 
process (Ragheb and Miller et al, 2018). Based on their optimal qualities, plastics 
are considerably higher than aluminum or other materials, such as corrosion 
resistance, low density, high strength, and easy-to-use design. For instance, 
density is a characteristic extremely significant as it provides information about 
the building’s inherent strength, as in the case of flax reinforcement, when PP and 
LDPE are the best (due to their low density) since they want to make as light as 
possible a composite. Glass transition temperature (Tg) is another essential feature 
for researching mechanical polymer characteristics since when they are refrozen 
below Tg, the flexibility of amorphous polymers is greatly diminished. There are no 
dimension changes or segmental movement in the polymer at these temperatures. In 
thermoplastic polymers, the mechanical characteristics of greatest tensile strength 
and tensile module are also significant (Krevelen et al, 2009, Park et al, 2002 & 
Nichols et al, 2001).

In the case of thermoplastic polymers, recycling and combustion are the common 
elements of recovery strategies. Some issues occur during incineration, including the 
generation of hazardous fumes and the residual ash including plum and cadmium. 
Recycling offers benefits such as environmental concerns reduction and material and 
energy saving (Mohammadzadeh et al, 2009, Favis et al, 2017 & Francis et al, 2001).

1. 	 Primary Recycling:

Due to their simplicity and cheap costs, the most prevalent technique is primary 
recycling. The reuse in its original structure is referred to in this procedure. The 
drawback of this technique is that the number of cycles for each material is limited 
(Hopewell et al, 2009 & Francis et al, 2016).

2. 	 Secondary Recycling or Mechanical Recycling:

Only thermoplastic polymers may be utilized in this procedure as they can be 
recast into finished goods. During the procedure, mechanical recycling does not 
entail a modification of the polymer. This process is represented by a physical 
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technique in which the plastic waste is sliced, shredded, or washed into granulates, 
flakes, or pellets of suitable production quality and then melt to produce the new 
product by extrusion.

3. 	 Feedstock or Chemical Recycling:

This technique can be used as a supplement to mechanical recycling. The process 
in which polymers are chemically transformed into monomers or partly polymers 
is specified for chemical recycling. The monomers produced can be utilized to 
recreate the original or a similar polymeric product for further polymerizations. 
This technique can convert plastic materials, starting with monomers, oligomers 
or combinations, into smaller molecules that may be utilized as feedstock material 
(Francis et al, 2017 & Olah et al, 2008).

4. 	 Energy Recovery or Quaternary Recycling:

This means the recovery of the energy component of the plastic. Incineration is 
the most effective means of reducing the amount of organic material that incorporates 
energy recovery. This technology is an excellent option since it produces substantial 
energy from polymers, but because of the health risk of hazardous chemicals, like 
the recycling of dioxins, is not ecologically acceptable.

CONCLUSION

The chapter ideology & methodology of Green polymer Chemistry review major 
research work based on ideology of green chemistry. In order to address the challenge 
of sustainability, the progress in green polymer chemistry during the previous decade 
must increase at an accelerated pace. The revolution of one day is supposed to become 
the next’s new orthodoxy. If the principles of Green Polymer Chemistry concept and 
technique are merely adopted as part of daily chemistry, then focus, emphasis, and 
monikers of green chemistry are no longer required. And when that day arrived, it 
is impossible to conceive the problems that polymer chemistry will face.

FUTURE ENHANCEMENT

Future problems for polymer chemistry are as varied as the scientific imagination 
and address the most fundamental questions of sustainability. It should come as no 
surprise that a number of these problems are being tackled for reasons ranging from 
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economic to scientific. Although numerous novel materials and synthesis techniques 
are announced each year, green polymer chemistry accounts for only a modest 
percentage of the total. The research obstacles in attaining green synthesis chemistry 
principles are plenty, and a thorough explanation of each would be impossible.

In the subject of polymer chemistry, the concept and practice of green polymer 
chemistry can be presented to the students at all levels on the basis of education. To 
effectively integrate green chemistry in their teachings and research, the educators 
require proper tools, knowledge, and skills.

The above discussion illustrates the information on the ideology & methodology 
of Green polymer Chemistry shows that further studies on the screening of polymer 
chemistry are essential to minimize polymer risks for the environment. Yet, if we 
strive to replace all commodity polymers with biodegradable alternatives in order to 
achieve a more sustainable future, we need to change the way we deal with polymers 
in general. Or quite simply put in “We can’t hope to achieve polymer’s promise for 
the 21st century if we stick with wasteful 20th-century habits of polymer production 
and consumption.
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ABSTRACT

Green or sustainable chemistry is now recognised as an important scientific subject, 
and research in this area has led to the creation of cleaner and safer chemical processes, 
with many new advances occurring each year. Researchers are very interested in 
unconventional or alternative solvents for chemical synthesis. Chemical solvents 
make up around 80% of all chemical compounds utilised in a variety of essential 
chemical processes, notably in the chemical industry. Unfortunately, many of these 
solvents are volatile organic compounds (VOCs) produced from petrochemicals, 
which pose a variety of health and environmental hazards. In this chapter, different 
environmentally benign solvent alternatives have been discussed based on their 
green matrix in chemical processes.
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Green Solvents for Sustainable Organic Synthesis

BACKGROUND

Green chemistry is one of the most tempting environmentally-conscious approaches 
in chemistry for sustainability, which entails 12 Principles as shown in Figure 1, 
for the design, synthesis, and applications of chemical products. Green Chemistry 
necessitates a paradigm shift from the conventional chemical process which mainly 
targets high product yield, to one that targets to minimize the toxic and/or hazardous 
substances during the development and manufacturing of the chemical products 
(Anastas & Warner, 1998).

The 12 Principles of Green Chemistry, expressly claim the use of “safer solvents 
and auxiliaries” for sustainable chemical processes. And who could argue with that? 
The replacement of conventional toxic and volatile solvents by sustainable solvents 
could improve chemical processes, reduce the economical cost and decrease the 
processing steps with a lower environmental impact, including their regeneration 
and recycle, process intensification, atom efficiency. Solvents have attracted a lot 
of attention in the context of sustainable or green chemistry. As a result, a plethora 
of scientific research articles dealing with “green solvents” or alternative solvents 
have been published (Anastas & Eghbali, 2010; Dolzhenko, 2021; Gómez-López 
et al., 2020; Häckl & Kunz, 2018; Jahangirian et al., 2017; Pacheco-Fernández & 
Pino, 2019; Savitskaya et al., 2021; Zimmerman et al., 2020). The present chapter 
highlights different environmentally benign solvent alternatives based on their green 
matrix in chemical processes.

INTRODUCTION

For any chemical reaction, the reaction vessel contains three important components 
viz reagents/catalysts, solvent systems and energy inputs. Each component of the 
reaction vessel, major or minor, affects the final yield of the reaction product. Though 
solvents do not take part directly in the reaction vessel but play a crucial role by 
providing a reaction medium to enable chemical reactions to occur more rapidly. 
The component of reaction & role of solvents in the chemical processes has been 
shown in Figure 2. Solvents play a role in the process by facilitating energy and 
mass transformations, modifying reactivity, forming a homogenous dispersion, and 
allowing solid deposition. It also helps in product separation and its purification. 
A good solvent also allows for thermodynamic and kinetic control of a desired 
chemical process (Lomba et al., 2011).
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Further solvents are the largest auxiliary waste in any reaction and estimated 
about 80% of the total mass of chemicals involved in chemical industries comprises 
solvents, with recovery efficiencies between 50–80%. The extravagant use of organic 
solvents in the chemical industries has emerged in an uncurbed rise in issues related 
to environmental pollution, and waste treatment. Every year, about 20 million tonnes 
of volatile organic solvents are discharged into the environment, the vast majority of 
which are used in chemical synthesis. Because of the high need for solvents in the 
manufacturing of complex chemicals and the conversion of raw materials into active 
medicinal components, the chemical and pharmaceutical industries generate substantial 
amounts of chemical waste roughly 85% solvent by mass (Wagare et al., 2021).

Figure 1. Principles of green chemistry
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Organic solvents had been associated with a multitude of environmental and 
health issues in past decades. The use of toxic, flammable, or environmentally 
damaging solvents appears unnecessary because these properties do not affect 
the function or progress of the system to which the solvent is applied. However, 
the negative consequences of solvent use are frequently linked to the beneficial 
properties of the solvent required for the application. The volatility of solvents 
allows for solvent recovery and purification via distillation, but it also produces 
unwanted air emissions and poses a risk of worker exposure (Uzma et al., 2008). 
The use of hazardous solvents is deleterious to organs, e.g. carbon tetrachloride 
and chloroform are hepatotoxic. The kidney failure occurs while glycol ethers and 
chlorinated solvents are used (Gupta, 2020; Hume & Ho, 2019). Likewise, amide 
solvents have the high polarity required to dissolve a wide range of substrates and 
speed up reactions (Buhler & Reed, 1990), but this functionality frequently implies 
reproductive toxicity. Hydrocarbon solvents, on the other end of the polarity scale, 
have the ability to dissolve oils in extractions and perform separations (Virot et al., 
2008), but they are also highly combustible, and their low water solubility (high 
logP) has been linked to bioaccumulation and aquatic toxicity (Tebby et al., 2011). 
Many conventional organic solvents are flammable, toxic, form smog and released 
hazardous waste (Yaseen et al., 2021).

Figure 2. Component of reaction and role of solvents (shown in box) in the chemical 
process
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The use of hazardous solvents such as benzene, dichloromethane, and chloroform, 
which were recognised as carcinogens as well as hepatotoxic, was usually restricted 
by the World Health Organization (WHO) and the International Agency for Research 
on Cancer (IARC) evaluation (Wagare et al., 2021). Because of their ozone-depleting 
effects, chlorofluorocarbons (CFCs) were also banned by the Montreal Protocol in 
1987 (Young et al., 2021). Since then, a considerable amount of research has been 
directed toward alternatives to chlorinated solvents in general.

Approaches to Minimize the Release/Use of Solvents

To reduce the use of harmful organic solvents and search for better substitute to them 
is the prime aim of green chemistry. The chemical industry views solvent selection 
as a key component in the overall sustainability profile of a manufacturing process. 
Following approaches are generally used to minimize the release of solvents and 
contaminated water from chemical industries into the ecosystem:

Solvent Reduction or Recycling

In chemical industries, by invoked “closed-loop systems” remarkable progress has 
been made in the direction of improve the ability to recycle the solvents. Solvent 
recovery is the operation of extracting beneficial materials from waste generated 
during the chemical manufacturing process. fractionation, azeotropic distillation, and 
extractive distillation are some methods of solvents recovery (Aboagye et al., 2021).

Reactions in a Dry Medium

Another attractive area in sustainable green technology could be shifting to solvent-
free processes in chemical synthesis (Avila-Ortiz & Juaristi, 2020). Neat reaction, 
atom economy, good yields, short reaction time and easy purification process are 
some characteristics of reactions in solvent-free conditions. The main attraction 
of these reactions is the minimization of by-products/waste by bypass the use of 
conventional volatile organic solvents. These reactions can be carried out by using 
a microwave, ultrasonic, ultraviolet, visible, infrared irradiation, grinding, and 
milling technology. Solvent-free systems include aldol condensations, sequential 
aldol and Michael additions, Stobbe condensations, O-silylation of alcohols with 
silyl chlorides, and clay-catalyzed synthesis of trans chalcones (Cintas et al., 2020).
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Limitations

•	 The isolation of products and the subsequent purification procedures 
often require column chromatography or at least filtration followed by 
recrystallization, involving necessarily the use of solvent.

•	 The possibility of producing “hotspots,” which can lead to runaway reactions 
and consequently the increased likelihood of unwanted side reactions. As a 
result, measuring the heat of reaction in solvent-free systems is critical, as is 
effective heat disposal. If extremely exothermic reactions are identified, that 
are otherwise suited to solventless conditions, the problem might be solved 
by improved reactor design (Loupy, 2004).

Alternative or Green Solvents

This chapter’s major focus is on the use of green or alternative solvents in chemical 
processes. over the last 15 years, novel solvent alternatives have picked up steam 
and have gradually started to replace traditional solvents. Water, fluorous solvents, 
ionic liquids, organic carbonates, carbon dioxide, and biosolvents are among them. In 
reality, these many solvents do not compete with one another, but rather complement 
one another, each with its own set of advantages and disadvantages (Cvjetko Bubalo 
et al., 2015; Pena-Pereira & Tobiszewski, 2017; Talele & Shahare, 2021).

How to Choose Sustainable Solvents?

Selection of an appropriate and sustainable solvent for a particular chemical reaction 
is crucial to attain the sustainability in process. Before selecting a solvent for a 
reaction, several factors should be considered such as

•	 The products and reagents should be chemically compatible.
•	 In conventional reactions, the solvent should dissolve the reactants in order 

to form a homogeneous media. In this case, the polarity or nonpolarity of 
solutes and solvents should be taken into account.

•	 The reaction temperature, as well as the melting and boiling points of 
solvents and reagents, should be taken into account (Jimenez-Gonzalez, 
2019; Sheldon, 2019).

•	 Several efforts have been made to establish guidelines for the selection 
of sustainable solvents. To assist chemists in selecting more sustainable 
solvents, a few pharmaceutical companies (such as GSK, AstraZeneca, Pfizer, 
and Sanofi) and institutions (such as the ACS Green Chemistry Institute 
Pharmaceutical Roundtable (GCI-PR) and Innovative Medicines Initiative 
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(IMI)), have devised data-rich solvent selection guides with visual cues 
(“traffic light” system) for quick shortlisting. There is no universal approach 
to select a particular solvent for a chemical process, but recognizing solvent 
properties along with environmental, safety, and health (ESH) characteristics 
have been used to identify sustainable solvent and their ranking (Capello et 
al., 2007; Clarke et al., 2018). For the sustainability of solvents, the twelve 
principles of green chemistry may be applied on solvent properties which 
represented in Figure 3. Furthermore, selection criterion for sustainability of 
solvent has been shown in Figure 4.

Figure 3 Solvent properties & the twelve principles of green chemistry
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In general, the use of safer solvents is the ‘low hanging branch’ for incorporating 
Green Chemistry Principles into conventional synthetic procedure because of the 
accessibility of several solvent screening manuals that have been published within 
the pharmaceutical sector and have been used as a basis for guiding the selection of 
safer solvent choices for chemical reactions, extractions, and purification process. 
Some important manuals are as follow:

•	 Pfizer solvent selection tool

This tool was developed with worker safety (acute and chronic toxicity) in 
mind, as well as process safety (flammability and reactivity) and environmental 
and regulatory consciousness. Solvents were classified as “preferred,” “useful,” or 
“undesirable” using this method (Byrne et al., 2016).

•	 GlaxoSmithKline (GSK) Solvent Selection Guide

The guide is accompanied by a table that identifies the issues of concern in the 
following categories: waste, impact on the environment, health impacts, flammability 
and explosion hazard, reactivity and stability, life-cycle score, and a legislation flag 
that includes the information to any regulatory restrictions. Solvents are classified 
into three types: “few concerns,” “some issues,” and “serious issues” (Byrne et al., 
2016).

•	 The Sanofi solvent selection guide

The inclusion of statutory categories makes the Sanofi solvent choice guide 
industrially applicable, with necessity taking precedence over any personal idea of 
what a green solvent is. The overall score and description of other issues make the 
tool useful for users in exploratory chemistry laboratories who are not immediately 
confronted with the regulatory limitations of solvent usage. Each category is 
evaluated on a scale of 1 to 10, with 10 being the most serious issue. The Unified 
version of general solvent selection guides for chemists has been summarized in 
Table 1(American Chemical Society Green Chemistry Institute., n.d.; Byrne et al., 
2016). Overall, most solvent selection guides come to similar conclusions, although 
there are minor deviations.
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•	 Innovative Medicines Initiative (IMI)-CHEM21 solvent selection guide

The Innovative Medicines Initiative (IMI)-CHEM21 public-private partnership is 
a European consortium comprises six pharmaceutical companies from the European 
Federation of Pharmaceutical Industries and Associations (EFPIA), ten universities 
and five small to medium enterprises. Based on a review of publicly accessible 
solvent selection guidelines, the CHEM21 solvent selection guide was developed. A 
set of Safety, Health, and Environment criteria, linked with the Global Harmonized 
System (GHS) and European standards, is proposed to rate less traditional solvents. 
A technique based on a basic combination of these factors provides a preliminary 
overall ranking of any solvent. This allows for a more straightforward assessment of 
the greenness of bio-derived solvents. A methodology was developed that allows for 
hazard-driven assessment of any solvent’s Safety, Health, and Environment, as well 
as an overall ranking into three categories by choice (recommended, problematic 
or hazardous). Because this model aligned well with the classical solvents, it may 
be used to perform a preliminary greenness evaluation of novel solvents (Clarke 
et al., 2018).

Figure 4. Selection criterion for sustainability of solvent
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Table 1. The Unified version of general solvent selection guides for chemists (Byrne 
et al., 2016)
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GREEN OR SUSTAINABLE SOLVENTS

According to green chemistry, the use of auxiliary materials such as solvents should 
be avoided whenever possible and it should be non hazardous. In terms of raw 
materials, many solvent resources are derived from fossil reserves such as petroleum, 
natural gas, or coal. The main issue with fossil resources is their non-renewability 
and rapidly diminishing availability (Lomba et al., 2011).

Green solvents are those that are made from renewable resources such as water, 
bio-solvents, and supercritical carbon dioxide. They can be used as alternatives to 
harmful traditional solvents. Ionic liquids, organic carbonates, and fluorous solvents 
are also classified as green solvents due to their unique properties, which are discussed 
further below. It should be noted that solvents has its own set of advantages and 
disadvantages, and they do not compete with one another, but rather complement 
one another.

Water

Water as a sustainable green solvent in organic synthesis has attracted attention in 
recent decades due to its innocuous nature, ample availability, low cost and tunable 
physicochemical properties. It also shows some alluring properties related with 
reactivity like peculiar selectivities, influences of hydrogen-bond network on reaction 
behaviour, adjustable pH values, application of biphasic reaction systems and the 
usage of salts for the salting-in or salting-out impact. The use of water as a solvent 
for organic reactions is one of the finest solutions to the problem of solvent toxicity 
and disposal. The chemistry in natural systems (biochemical reactions) is based on 
water. The use of water as a solvent for synthetic chemistry holds great promise for 
the future in terms of the cheaper and less hazardous production of chemicals (Filly 
et al., 2016; Hartonen & Riekkola, 2017).

Water as a solvent has several advantages, including ease of operation and high 
efficiency in many organic processes using water-soluble substrates, reagents, and 
renewable resources, such as carbohydrates, without the need for derivatizations. 
Many reactions that were previously thought to occur solely in organic solvents have 
been engineered to run in water over the last two decades. Since the seminal work 
on aqueous Diels-Alder reactions by Breslow (Breslow, 1991; Otto et al., 1996), 
there has been profound research activities in the development of organic reactions 
in aqueous medium such as catalytic hydrogenation and hydroformylation, metal-
mediated carbon-carbon bond formation, water-tolerant Lewis acid catalysis including 
solid acids, and transition metal-catalyzed carbon-carbon bond formations. These 
reactions enable the direct modification of water-soluble and renewable compounds 
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in water without the need for the protection-deprotection processes usually associated 
with traditional chemistry (Denmark & Wynn, 2001; Okuhara, 2002).

To simplify catalyst recycling and product isolation, development of high atom 
efficiency catalytic processes is an another potential opportunity for greener aqueous 
synthesis. The reactant and product should have no or very little water solubility 
in the ideal situation. As a consequence, simple phase separations may be used to 
isolate the product, and the catalyst can be easily recycled. As a result, the catalyst-
bearing aqueous solution may be recycled without discharge or regenerate it. Thus 
poor atom-efficiency activities that lead to the build up of undesirable materials 
in the solution can be avoided. Catalytic hydrogenations, hydroformylations, the 
Wacker oxidation, and certain polymerization processes are all successful examples 
in this category (Bényei & Joó, 1990; Cortes-Clerget et al., 2021).

Hence, it is certainly a valuable approach, but it should be kept in mind that 
water has also some disadvantages: its temperature-restricted range of liquid state 
and especially its significant heat capacity, which makes distillation processes are 
extremely energy-consuming. The same is true for pervaporation and reverse osmosis. 
All these techniques may be necessary when water must be separated from a non-
volatile reaction product or impurities. In these cases, the high energy consumption 
may lead to the choice of another solvent (Hauk et al., 2021).

Ionic Liquids (ILs)

The design and process of chemical synthesis have evolved away from traditional 
reaction conditions and toward more environmentally friendly alternatives. The 
use of ionic liquids (ILs) in organic synthesis is a smart step in the right direction 
Ionic liquids (ILs) are salts composed of discrete anions and cations with a melting 
point lower than the boiling point of water. Ionic liquids are also referred as neoteric 
solvents, designer solvents, ionic fluids, and molten salts (Malolan et al., 2021).

These ILs are made up of two ions that interact with one other via from a 
combination of Coulombic forces, π–π interactions, hydrogen bonds, and dispersion 
forces as shown in Figure 5 along with some frequently utilised cations and anions. 
They may dissolve both inorganic compounds due to their large organic cationic 
part and smaller inorganic anionic part. Changing anion−cation combinations of 
ionic liquids also changes their physicochemical properties, although this cannot 
be achieved in situ as with other tunable solvents. The suitable combination of 
cations and anions can produce desirable ILs, in which solubility, hydrophobicity, 
viscosity, density, as well as other characteristics can be fine-tuned to meet a specific 
purpose Liquid salts and inorganic salts can be combined to form multicomponent 
ILs or task specific ionic liquids or functionalized ionic liquids as shown in Figure 
6. The term functionalized ionic liquids really refers to an endeavour to capitalise 
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on ionic liquids’ potential “design” capability and transform them into true working 
systems rather than merely reaction medium. ILs are effectively non-volatile due to 
extremely high enthalpies of vaporization (ΔHvap). Columbic forces hold the ions 
in ILs together, resulting in a vapour pressure approaching zero above the liquid 
surface. As a result, during their transport, handling, and usage, ILs do not produce 
potentially harmful VOCs. Because ILs do not oxidise, they are non-flammable 
and nonexplosive. ILs can be kept for a long period without degradation. The ionic 
nature of ILs, increases the rate of the reaction (Ratti, 2014).

Application of ILs in Organic Synthesis

ILs have been widely used as solvents and catalysts in organic chemistry. These 
compounds often perform better compared with that of the conventional solvents 
and catalysts. The appropriate physiochemical characteristics aided in the usage of 
ILs in the inorganic, organic, and inorganic as well as biocatalytic reactions. The 
ILs functioned as alternative reaction media for the majority of reactions mainly 
associated with transition metal catalysis leading to better organic transformations. 
In figure 6 some prominent application has been shown.

Davis Jr. and Forrester (1999) (Xing et al., 2005), coining the term “task specific 
ionic liquid” for ILs in which a functional group is incorporated as part of the cation 
and/or anion structure as shown in Figure 5.

The covalent bonding of a functional group to a cation/anion or both of an ordinary 
ionic liquid in “task specific ionic liquid” gives it the ability to serve not only as 
a solvent but also as a reagent and/or catalyst in chemical processes. For example

Figure 5. Task specific ionic liquid and their physicochemical properties
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•	 Bronsted acidic ionic liquids containing sulphonic acid groups were utilised as 
solvents and/or catalysts in esterification and other acid-catalyzed processes 
(Xing et al., 2005).

•	 Ionic liquids with attached amines have the ability to extract carbon dioxide 
from gas streams (Bates et al., 2002).

•	 Ionic liquids with large aromatic head groups exhibit increased activity for 
aromatic extraction in aqueous biphasic solutions.

•	 In the production of ethoxybenzene, ionic liquids containing a tethered 
hydroxyl group (OH) were employed as a phase transfer catalyst (Feng et al., 
2007).

•	 Ionic liquids with metal ligating groups are used to remove metal ions from 
aqueous solutions (Ratti, 2014).

•	 Ionic liquids with carboxylate groups attached have been utilised as supports 
for “IL-phase” synthesis, a flexible extension of the solid phase synthesis 
idea (Ratti, 2014).

Limitation

Ionic liquids (ILs) are still getting popular due to their numerous favourable 
physicochemical characteristics. ILs have frequently been regarded as environmentally 
friendly solvents. However, environmental, health, and safety evaluations of ILs 
have revealed some concerns regarding their safety, and their greenness status is still 
unknown. Bystrzanowska, M et al conducted a detailed examination of more than 300 
commercially available ILs to clarify the situation regarding their greenness using 
multicriteria decision analysis, a method that allow to rate multiple choices based 
on important criteria. They included toxicity to various creatures, biodegradability, 
danger statements, and preventive procedures while handling them (Bystrzanowska 
et al., 2019).

Biosolvents

Bio-based solvents are generated from agricultural residues, as the name implies. 
The agricultural source of the biomass used to produce these solvents may be divided 
into four groups: (a) lignocellulosic; (b) sugar and starch; (c) protein and oil derived; 
and (d) other forestry and food residues. The solvents obtained from these categories 
can be further classified based on their functional groups as shown in Figure 8.
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Figure 6. Structure of ILs and their applications in organic synthesis

Figure 7. Biobased solvents
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Some important bio-solvents are as follows:

2-Methyl Tetrahydrofuran (2-MeTHF)

2-MeTHF was initially designed as a biofuel, but it is now exploited as a renewable 
alternative to THF. 2-MeTHF has a lower water solubility, greater stability, and lower 
volatility than THF. It can be synthesized from xylose and glucose, both of which 
are obtained from biomass via various feedstock intermediates such as levulinic 
acid and furfural. Despite being derived from renewable sources, the CHEM21 
selection criteria classify 2-MeTHF problematic as its high flammability (Alcantara 
& de Maria, 2018).

γ-Valerolactone (GVL)

Many outstanding characteristics of GVL make it a great candidate as a 
sustainable alternative to hazardous dipolar aprotic solvents such as acetonitrile, 
dimethylformamide (DMF), or N,N-dimethylacetamide (DMA). The polarity of GVL 
and other common polar solvents is quite comparable; for example, the observed 
GVL dielectric constant at 25°C is 36.47, whereas the dielectric values of DMF, 
NMP, CH3CN, and DMA are 36.7, 32.0, 37.5, and 37.8 respectively. It is made from 
cellulose by converting hydroxymethylfurfural to levulinic acid, or from hemicellulose 
by converting furfural to levulinic acid. GVL is a non-toxic liquid that is stable at 
room temperature. At the moment, GVL has just a few industrial uses. Due of high 
production costs, GVL has limited industrial uses at present (Oklu et al., 2019).

Cyrene

Cyrene (dihydrolevoglucosenone) is a bicyclic, chiral, seven-membered heterocyclic 
cycloalkanone that is a bio-based and completely biodegradable dipolar aprotic 
solvent. Cyrene is extraced from plantation radiata pine. It is utilized as a green 
solvent in many chemical processes. Cyrene is nontoxic, harmless, and a greener 
alternative than a toxic organic solvent such as Dimethlyformamide (DMF) and 
N-methyl-2-pyrrolidone (NMP) (Camp, 2018).

Glycerol

Glycerol, a natural polyol is the main co-product of the vegetable oil industry. The 
use of glycerol as a solvent or as a precursor for the synthesis of biomass-based 
solvents has recently emerged as a feasible and promising approach. Specially, 
intrinsic properties of glycerol, such as low toxicity, good biodegradability, low 
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vapor pressure, large availability and easy handling and storage, offer complementary 
advantages to the usual reported green solvents. The environmentally benign 
properties of glycerol, low price and the beneficial effect of glycerol on reaction rates 
and selectivity, it is not an exaggeration that glycerol is, no doubt, a qualified green 
solvent. The poor solubility of glycerol in common volatile organic solvents makes 
it an excellent solvent for extracting compounds from the glycerol phase. As with 
ionic liquids, the poor solubility of glycerol in supercritical CO2 (scCO2) provides 
new instruments for (1) performing catalysis in a low-cost, long-term medium and 
(2) selectively and cleanly recovering reaction products from glycerol. Remarkably, 
glycerol have combine advantages of water (low price, non toxicity) and ionic liquid 
(high boiling point, low solubility in scCO2), as solvent has resulted in few cases in 
an improved reactivity and/or selectivity, and also in an easier product separation 
and an improved catalyst recycling (Gu & Jérôme, 2010). Because glycerol is very 
viscous, it can cause problems in a many chemical processes.

Polyethylene Glycol Polymers

Polyethylene glycol polymers (PEGs) have also developed as a new class of 
environmentally friendly solvents. PEG and PEG-supported catalysis are alternate 
reaction media in green chemistry that are offering current innovation in the use of 
bio-based compounds. PEG and its aqueous solutions are regarded as outstanding 
solvent systems for a variety of other popular systems, including ionic liquids, 
glycerol, supercritical carbon dioxide, and micellar systems. PEG is a hydrophilic 
polymer that dissolves easily in water and various organic solvents such as toluene, 
dichloromethane, alcohol, and acetone, but not in aliphatic hydrocarbons such as 
hexane, cyclohexane, or diethyl ether. PEGs have been used. The main feature allows 
the recovery of PEGs by precipitation and filtration, which is extremely important 
in soluble polymer-supported chemistry. Polyethylene glycol polymers (PEGs) have 
been proved as eco-friendly reaction media as well as new route for the synthesis 
of important bioactive heterocyclic compound (Chen et al., 2005).

DEEP EUTECTIC SOLVENTS

Deep eutectic solvents (DES) are obtained by combining Lewis acids and bases. 
Because the melting temperatures of DES are lower than the melting points of the 
individual components, they are frequently produced by combining two solid reagents 
to generate a liquid. Different types of DES have been described, and most contain 
hydrogen-bond acceptors (HBAs) such as choline chloride and hydrogen-bond donors 
(HBDs) such as urea. These materials have the potential to be used as low-cost 
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“designer” solvents with a variety of customizable physicochemical features. DESs 
meet a variety of requirements to serve as a green medium, including availability, 
non-toxicity, biodegradability, recyclability, flammability, and low cost, among 
others DESs provide significant potential as charge transfer and reaction media 
for electrochemical energy storage and conversion, as well as a myriad of other 
applications (EESC). DES are excellent solvents for a variety of chemical processes, 
for example, extractions, catalysis, organic synthesis, and electro deposition.

DES may be produced from renewable components, including plant metabolites 
(such as Ammonium salts, sugars, and organic acids, are known as NADES (natural 
deep eutectic solvents). DES is often made by simply heating and stirring, combining 
two or more components without further purification steps. In comparison to ionic 
liquids, which require long, air-sensitive preparations, DES has been proposed as 
a preferable green solvent.

DES, like ionic liquids, has been proposed as an alternate solvent for improving 
the sustainability of various chemical processes. The extensive spectrum of 
bioderived components present in DES, as well as the widespread use of NADES, 
have greatly boosted the reputation of deep eutectics as environmental benign 
solvents. Furthermore, NADES’ biocompatibility has facilitated the development 
of several biotechnology and bioengineering applications. Studies on the use of 
DES in common organic processes such as aldol, cycloaddition, and catalysts for 
reactions have been reported.

The majority of the research indicated that DES and NADES had strong 
antibacterial and antifungal activities, which can be beneficial for some chemical 
processes, particularly in the biotechnology industry. The toxicity might be utilised as 
a deterrent advantage in comprehending biological metabolic processes as a possible 
anticancer agent. These solvents have a low toxicity, vapour pressures, excellent 
thermal stabilities, and a wide range of applications, making them particularly 
appealing as substitutes for conventional organic solvents However, there are certain 
issues for pollution of soil and water at the site of disposal (Hansen et al., 2020; 
Wu et al., 2021).

Supercritical Liquid

Supercritical fluids which have low tuneable densities varied between those of gas 
and liquid phases in critical conditions have been extensively studied for the past 
two decades to study their fundamental properties as solvents.

By changing the density of the fluid, their solvation power can be tailored. These 
SCFs are comparatively chemically inert, eco-friendly, low-cost and have critical 
point under ambient conditions.
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Supercritical water (scH2O) has been used as an industry-attractive approach 
for catalytic reactions in aqueous biphasic systems. Similarly, in the sense of 
green chemistry and catalytic applications in various mono and biphasic systems, 
supercritical carbon dioxide (scCO2) is an important reaction medium.

Supercritical liquids such as liquid CO2, which fulfils various characteristics of 
green mediums proved as a better substitute to organic solvents as shown in Figure 
8. Liquid CO2 offers a wide range of applications in the synthetic chemical process 
by inculcating both the properties of gases and liquids.

Supercritical fluids (SCFs) are approved green solvents in both chemical industry 
and academic research. SCFs inculcating both the properties of gases and liquids 
and exhibit liquid-like properties such as high density and simultaneously low 
viscosities and high diffusivities similar to the gas state. High diffusivities provides 
increased reaction rates, and the high solubility of gases makes them suitable media 
for reactions involving gaseous substrates.

Supercritical liquids can progress the reaction, which is difficult or nearly 
impossible to achieve by organic solvents. Physical properties of supercritical CO2 
are density:1 g/cm3, diffusion: below 10-5, the more praise property of supercritical 
CO2 is very low viscosity (10−2 g cm S) and negligible surface tension, it has more 
dissolving power toward many non-polar compounds, and it can dissolve into 
condensed phase drastically by reducing the viscosity and surface tension of the 
condense phase making processing highly viscous material easily. Moreover, it does 
not cause harm to ozone layer like chlorofluorocarbons which were used in synthesis 
of polymer. Supercritical CO2 is a right choice as a solvent for the processing of 

Figure 8. Phase diagram of carbon dioxide and its advantages at supercritical 
conditions (Soh & Lee, 2019)
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pharmaceuticals, biomolecule separation and heat-sensitive phenomenon because of 
its easily recoverable, low value of critical temperature. Various organic compounds 
soluble in supercritical CO2 such as amoxicillin, ketoprofen, piroxicam and nimesulide, 
isoniazid polynuclear aromatic hydrocarbons, cholesterol, some fat-soluble vitamins 
A, D, E, K phenols and pyrocatechols (Clarke et al., 2018; Deepthi & Sathi, 2021).

Limitation

The limited solvating power can efficiently be overcome using cosolvents and additives 
(and is often beneficial for solvent removal), although this may negate some of the 
aforementioned advantages. Nevertheless, the required high operating pressures 
resulting in potential operational safety risks, which also result in a relatively high 
energy demand of scCO2-based processes, pose a challenge to the feasibility for 
commercial operation of scCO2-based processes.

CONCLUSION

While environmentally conscious solvent design (making something renewable, 
biodegradable, or less toxic) is admirable, it generally necessitates costly extractions 
from feedstocks (creating waste) and, in many cases, a more complicated synthesis. 
If efficiency factors are not taken into account, this might result in a less sustainable 
solvent or process than the petrochemical option. The economic effect is typically 
a considerably more revealing indicator of solvent performance (at least from an 
LCA standpoint), and even if there is a gain in the environmental sustainability of 
the solvent once created, the solvent’s provenance must also be addressed.
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ABSTRACT

Petroleum-based plastics may not be sustainable in the long run as crude oil will 
get scarce. Hence, it is imperative to find alternative sources of material from which 
plastics can be prepared. Starch, found abundantly in raw banana peel, which 
is a well-known kitchen waste, can be used to prepare biodegradable plastics. 
The preparation and some of its properties including its biodegradability have 
been studied here. A homemade DIY bioplastic sample has been prepared and its 
biodegradability tested. The world today is suffering an unprecedented menace of 
plastic pollution. The ubiquitous presence of plastic has sent alarm bells all across 
the globe. So bioplastics may be the solution.
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INTRODUCTION

Petrochemical based plastics are used in many industries including the packaging 
industry because of their affordability, high-strength, lightweight, good barrier 
properties and easy preparation processes. The characteristics of high-strength 
combined with their hydro-phobic nature causes them to be non-biodegradable 
as natural microorganisms present in soil are unable to degrade them using their 
enzymes. The issue is aggravated by plastics having low surface area and high 
molecular weight. The yearly production of widely used petrochemical plastic can 
be more than 350 million tonnes. Their usage, especially of disposable plastic items 
is responsible for severe environmental damage. Greenhouse gases are emitted 
because of the production of petroleum-based plastics. Waste management options 
of plastic are not adequate. Increase in amounts of plastic have caused landfills to 
overflow and this problem of shrinking landfill space poses a threat to environment. 
The problem of disposal of plastics is faced by nations round the world and is a 
concern of global proportions. It affects nations across economies and sizes with 
enormous environmental ramifications. Their combustion leads to release of 
several pulmonary irritants. Plastic pollution can be carcinogenic to humans and it 
is known to cause disruption of thyroid hormone levels. Plastic packaging of food 
can contaminate foodstuff which will lead to adverse health impacts. Recycling 
rates of plastic is very low.9 Plastic fragments reaching the oceans are harmful to 
the marine ecosystem. If current trends on plastic pollution continues, there could 
be more plastic than fishes in oceans by 2050. Marine organisms can think of 
plastic waste as food and ingest them which can lead to injuries and suffocation. 
This can be harmful for humans too when they consume sea-food. Plastics which 
have a diameter of less than 5 mm are called microplastics and they are formed by 
macroplastics. They have been found in food, water, air, and even in Antarctica and 
in the Arctic. Also, with the depletion of fossil fuel reserves, it will be necessary to 
find alternatives of petroleum-based plastics. Sufficient amount of cheap crude oil 
which serves as a raw material for plastics will not be available on the future. With 
oil reserves depleting, it is becoming increasingly difficult and expensive to extract 
oil for plastic manufacturing. Substitutes of petroleum-based plastics must be looked 
at. Various biodegradable, eco-friendly and economically viable options that can 
replace plastic has come up in the last few years. Renewable biomass can be used 
to prepare biodegradable plastic. Bio-plastic can be starch-based, cellulose-based 
or protein-based. Bioplastic is a biodegradable material that come from renewable 
sources and can be used to reduce the problem of plastic waste that is suffocating 
the planet and polluting the environment. Bioplastics are used for disposable items, 
such as packaging, crockery, cutlery, pots, bowls, and straws. Few commercial 
applications exist for bioplastics. Starch is commonly used for preparation of bio-
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plastic. Starch is richly found in banana peels, a common household waste. Raw 
banana has more starch than ripe banana.8

Although a lot of study has been done on bio-plastics produced from ripe banana 
peels, not much has been done on those prepared from peels of raw banana. Raw 
bananas are consumed widely and their peels are discarded. This study aims to study 
bio-plastics prepared from raw banana peels.

The raw bananas used in this experiment were sources from a local market in 
Guwahati, Assam.

LITERATURE REVIEW

Kanoujiya and Khanna (2019), have explored the manufacturing of a biodegradable 
plastic sample and conducted its biodegradability testing. The bio-plastic was made 
using banana peels sourced from local markets. The sample was buried in soil 
and reduction in its weight was noted every seven days by exhuming it. The bio-
degradation of the specimen was calculated by the following formula:

Degradation percent = [(Initial Dry Weight – Final Dry Weight)/Final Dry Weight] 
x 100 	 (1)

The protein and carbohydrate content of the prepared bio-plastic was also estimated.
The paper mentions that the bio-plastic is biodegradable with a weight reduction 

of about 80% in 70 days. It was found that the bio-plastic was non-toxic. Bioplastics 
called drop-in bioplastics are chemically identical to their fossil-fuel counterpart 
but made from renewable resources. Thermoplastic starch represents the most 
widely used bioplastic, constituting about 50 percent of the bioplastics market. 
Cellulose bioplastics are mainly the cellulose esters, (including cellulose acetate 
and nitrocellulose) and their derivatives, including celluloid. Cellulose can become 
thermoplastic when extensively modified. An example of this is cellulose acetate, 
which is expensive and therefore rarely used for packaging. However, cellulosic 
fibers added to starches can improve mechanical properties, permeability to gas, 
and water resistance due to being less hydrophilic than starch

Abdullah et al (2019), explored the morphological characteristics, mechanical 
and physical characteristics and biodegradability of plastics prepared from starch 
of sweet potato. Starch and glycerol were mixed in different ratios and bio-plastics 
prepared from them were studied. It was seen that irrespective of starch to glycerol 
ratio, bio-plastics showed a characteristic yellow colour. It was observed that 
biodegradation was faster in specimens with higher concentration of starch.
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Jayachandra Yaradoddi et al (2016), has investigated biodegradability of samples 
of bio-plastic prepared from banana peels both untreated and treated with Sodium 
metabisulphite. Solubility of both kinds of samples in various solvents namely 
Ammonia, Acetic acid, Chloroform, Acetone, Methanol, Sulfuric acid, Orth 
phosphoric acid, Ethhy alcohol and water has been tested. It was observed that 
2 grams of bio-plastic which was treated with Sodium metabisulfite degraded in 
soil and 0.46 grams remained after a period of 13 days. Whereas only 0.04 grams 
remained out of the original quantity of 2 grams remained in case of bio-plastic not 
treated with Sodium metabisulfite.

Manimaran et al (2016), have produced a bio-plastic from banana peel starch 
and have performed biodegradability and elongation tests on it. The plastic sample 
did not produce characteristics of plastics but biodegraded rapidly in 6 days and 
completely biodegraded in 90 days. It was observed that the amount of glycerine 
used is an important factor in terms of biodegradability as increased amount of 
glycerine leads to slower biodegradability. The bio-plastic was stretched and it was 
found that it is stretchable. The bio-plastic was moulded into various shapes and it 
was concluded that it is mouldable.

N A Azieyanti et al (2020), compares the characteristics of banana starch based 
bio-plastics using two kinds of techniques. One technique encompasses usage of 
chemicals like Sodium Hydroxide and Hydrochloric acid; and glycerol as plasticizer. 
The other technique involves usage of natural-based materials like potato-starch and 
corn-starch; and glycerol as plasticizer.

Folino et al (2020), concludes that the appropriate environment for bio-plastics 
to degrade are aerobic and not anaerobic. This is because rapid degradation happens 
in aerobic conditions.

Rizwana Beevi et al (2020), have synthesized bio-plastic using banana peels and 
potato starch. Their solubility test and swelling tests have been carried out.

Sultan and Johari (2017), have studied films made of banana peels with varying 
concentrations of corn-starch added. Arikan and Bilgen (2019), compares the 
biodegradability and water absorption capacity of Potato peel bio-plastic(PPB) and 
commercial bio-plastic(CB) which was procured from an online retailer. Chandrana 
and Chandra (2021), have prepared a bio-plastic from banana peels and mention 
that it can sustain a weight of 2 kilograms Huzaisham and Marsi (2020), studies 
properties of banana peel and tapioca starch composite. A total of eight samples with 
weight of banana peel extract in them ranging from 5 to 40% of weight were studied. 
Arasaretnam S (2020), mentions possible usage of banana peel bio-plastic to purify 
wastewater since banana peel bio-plastic absorbs considerable amount of cationic 
heavy metal pollutants and cationic dye pollutants. The Royal Society of Chemistry 
portrays the nonexclusive cycle for the assembling of starch based bioplastics. This 
includes hydrolysis of the starch by utilizing a corrosive. Abdorreza et al (2011) 
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have depicted in their paper the physiological, warm and rheological properties of 
corrosive hydrolyzed starch. This paper shows that the amylose content increments at 
first yet consistent hydrolysis causes a reduction in the amylose content. This reality 
is additionally validated in the paper by Karntarat Wuttisela et al (2008). The amylose 
content is answerable for the plastic development in starch. Plasticizers are utilized to 
give adaptability and mouldability to the bioplastic tests. Thawien Bourtoom, of the 
Prince of Songkla University, Thailand, in his paper (2007) examines the impacts of 
the normal kinds of plasticizers utilized and their consequences for different properties 
like elasticity, stretching at break and water fume porousness of the bioplastic film. 
Utilizations of bioplastics, particularly in the bundling business have been examined 
in the paper by Nanou Peelman et al (2013) where biobased polymers utilized as a 
segment in (food) bundling materials is thought of, various methodologies for further 
developing obstruction properties of biobased bundling and porousness esteems and 
mechanical properties of multifaceted biobased plastics is additionally examined.
Recent trends indicate the biocompatible and biodegradable polyhydroxyalkanoates 
(PHAs) as alternatives to conventional plastics which has wide variety of thermal 
and mechanical characteristics (Khatami et al. 2021). PHAs are linear polyesters, 
produced by microbiological, enzymatic, or chemical processes, but their industrial 
production is still not cost-competitive (Medeiros Garcia Alcântara et al. 2020). 
Renewable and inexpensive carbon sources—such as macroalgae, peanut oil, crude 
glycerol, and whey—have been studied to reduce production costs (El-malek et al. 
2020). Innovative research proposed the production of PHAs by a three-step process 
consisting of CO2 reduction to acetate and butyrate by microbial electrosynthesis, 
extraction/concentration of acetate and butyrate, and PHAs production from volatile 
fatty acids. This process meets the demand to decrease CO2 emissions and convert 
a greenhouse gas to bioplastics (Pepè Sciarria et al. 2018).

A residual product of crude oil palm production is an empty fruit bunch, composed 
of cellulose, hemicellulose, and lignin. Having high cellulose content (36.67%), this 
abundant waste could be used to produce bioplastics (Isroi and Panji 2016; Isroi et 
al. 2017). Microcrystalline cellulose and glycerol were added to keratin from waste 
chicken feathers to produce biopolymeric films (Ramakrishnan et al. 2018; Sharma 
et al. 2018). Microcrystalline cellulose was a reinforcing additive in bioplastic 
production also from avocado seeds (Sartika et al. 2018), jackfruit seeds (Lubis et 
al. 2018), and cassava peels (Maulida and Tarigan 2016). Waste cassava peels were 
investigated in combination with kaffir lime essential oil for future applications in 
industry and medicine (Masruri et al. 2019).
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METHODOLOGY

The methodology consists of extraction of starch from raw banana peel, preparing 
bio-plastic from it, conducting its biodegradability test by soil burial method, studying 
its behaviour under water and preparing useful articles from it.

The peels of banana were removed using a stainless steel knife and cut into small 
sizes. The peels were them kept immersed in a solution of Sodium metabisulfite. 
The peels were then removed and boiled for 30 minutes in 800 mL of distilled water. 
After the boiling process, the water was decanted off and the peels were dried for 30 
minutes. The peels were then ground to a paste which was filtered to obtain banana 
peel starch.25 mL of banana peel starch was measured and 3 mL of acetic acid was 
added to it and stirred. After this, 3 mL of glycerol was added to it and stirred. The 
mixture was then spread on a dish and was sun-dried.

The sample was weighed and its weight noted. The sample was then buried in 
soil and removed every two days, gently cleaned and weighed again. The reduction 
in weight was noted.

The rate of biodegradation was measured using the formula mentioned in 
equation (1).

The bio-plastic was immersed in regular water, hot water, cold water and saltwater 
to study their impact on it. The bio-plastic can be moulded to prepare articles like 
cups and plates. The paste can be put in a mould and dried to make it usable.

Figure 1. Photograph showing Bio-plastic prepared from raw banana peel
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Figure 2. Bioplastics degrade in soil

Figure 3. Sequence of experiments done
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RESULTS AND DISCUSSION

Materials such as starch, cellulose, wood, sugar and biomass are used as a substitute 
for fossil fuel resources to produce bioplastics; this makes the production of bioplastics 
a more sustainable activity compared to conventional plastic production. Although 
bioplastics save more nonrenewable energy than conventional plastics and emit less 
GHG compared to conventional plastics, bioplastics also have negative environmental 
impacts such as eutrophication and acidification. So bioplastics are preferred .It was 
observed that the weight of the bio-plastic sample reduced from 15.57 grams to 1.54 
grams in a period of 19 days, by virtue of its biodegradability in soil.

Biodegradability is dependent on a lot of uncontrollable factors like soil 
composition, microorganisms present, temperature etc. From the data it can be seen 
that biodegradation rate remained high for the first five days and reduced thereafter.

It was observed that bio-plastic when exposed to hot water fragmented and small 
pieces were formed. Other samples did not show any immediate fragmentation. It 
was observed that the bio-plastic samples kept under water developed fungi in a 
matter of few days. This shows that the bio-plastic is consumable by microorganisms 
thriving under moisture and asserts the biodegradable nature of the bio-plastic.

The bio-plastic can me moulded into articles like bowls and tumblers which are 
biodegradable and disposable in nature.

Table 1. Reduction in weight and percentage degradation with time

Day Weight of sample(grams) % Degradation

1st 15.57 -

3rd 8.94 74.16

5th 5.96 50.00

7th 5.57 7.00

9th 5.19 7.32

11th 4.08 27.21

13th 3.30 23.64

15th 2.57 28.40

17th 2.17 18.43

19th 1.54 40.91
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Figure 4. Graph showing percentage of degradation of sample with the number of days

Figure 5. Graph showing reduction in weight of sample with number of days
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CONCLUSION AND SCOPE FOR FUTURE WORK

Use of Petroleum-based plastics is extremely taxing for the environment and is not 
sustainable. Hence, there is a need for biodegradable plastic today. Raw bananas 
are consumed at many places and their peel which is a waste product is rich in 
starch. Biodegradable plastic can be made from this banana peel. The bio-plastic 
produced here rapidly degrades in soil in the first five days, which is consistent with 
(Manimaran et al, 2016), where rapid degradation was observed for first six days. 
This indicates that bioplastic prepared from raw banana peel might be less taxing 
on our landfills. The bio-degradation in this case differs from the one observed in 
(Supriya Nandlal Kanoujiya and Shivani Kakkar Khanna, 2019). Here, percent bio-
degradation on the sample is not uniform whereas there the percent bio-degradation 
was seen to increase consistently. To further advance the appliance of bioplastic, 

Figure 6. Bio-plastic moulded to form disposable utensils
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it’s very necessary to manage carefully the waste disposal. Recycling appears the 
simplest solution from that time, for disposal of the bio-based product to maximise 
the environmental footprint also as reduce the renewable resources consumption. 
Recycling of a bioplastic results in an overall decrease of environmental impact which 
can related to the assembly and disposal of the bioplastic itself. it’s worth noting that 
thanks to the improper management and applications of bioplastics, the knowledge 
reported during this paper are often useful for the environmental reliability. PHA 
materials are the most resource to substitute conventional plastic use in most of the 
engineering applications fields. Nowadays, the PHA costs of production are too high, 
but further research on technology and sourcing can reduce manufacturing costs for 
a versatility and heterogeneity and strengthen the applications of bioplastic. Further 
the bio-plastic acts as a food for fungi under fresh and saltwater conditions which 
asserts its biodegradability. Since this bio-plastic is made with natural and non-
toxic ingredients, it can be used as Do-it-yourself (DIY) disposable utensils. This 
is demonstrated by the preparation of bowls. Because of its tendency to decompose, 
degrade and fragment; the disposable utensils should not be re-used. They should 
be used within the shelf life of 3 days. It should also not be exposed to hot fluids.

Further studies can be done to find out tensile strength of the bio-plastic. Other 
mechanical properties can also be explored and compared with bio-plastics prepared 
from ripe banana peel.

REFERENCES

Kanoujiya & Khanna. (2019). Production of Bioplastic from banana peels. Academic 
Press.

Akbar, H. D. A., Pudjiraharti, S., Karina, M., Putri, O. D., & Fauziyyah, R. H. 
(2019). Fabrication and characterization of sweet potato starch-based bioplastics 
plasticized with glycerol. The Journal of Biological Sciences, 19, 57–64.

Yaradoddi. (2016). Biodegradable plastic production from fruit waste material and 
its sustainable usage for green applications. Academic Press.

Manimaran. (2016). Production of Biodegradable plastic from banana peel. 
Academic Press.

Azieyanti. (2020). Mechanical and Morphology Studies of Bioplastic-Based Banana 
Peels. Academic Press.

Folino. (2020). Biodegradation of Wasted Bioplastics in Natural and Industrial 
Environments: A Review. Academic Press.

 EBSCOhost - printed on 2/13/2023 1:22 AM via . All use subject to https://www.ebsco.com/terms-of-use



140

Recycled Raw Banana Peels for Bioplastics

Beevi. (2020). Bioplastic Synthesis Using Banana Peels And Potato Starch And 
Characterization. Academic Press.

Sultan & Johari. (2017). The Development of Banana Peel/Corn Starch Bioplastic 
Film: A Preliminary Study. Academic Press.

Arikan & Bilgen. (2019). Production of bioplastic from potato peel waste and 
investigation of its biodegradability. Academic Press.

Chandarana & Chandra. (2021). Production of Bioplastics from Banana Peels. 
Academic Press.

Huzaisham & Marsi. (2020). Utilization of banana (Musa paradisiaca) peel as 
bioplastic for planting bag application. Academic Press.

Arasaretnam, S. (2020). Preparation of biobased plastic from banana peel and 
application in industrial waste water purification. Academic Press.

Khatami, K., Perez-Zabaleta, M., Owusu-Agyeman, I., & Cetecioglu, Z. (2021). 
Waste to bioplastics: How close are we to sustainable polyhydroxyalkanoates 
production? Waste Management (New York, N.Y.), 119, 374–388. doi:10.1016/j.
wasman.2020.10.008 PMID:33139190

Medeirosgarciaalcântara, J., Distante, F., Storti, G., Moscatelli, D., Morbidelli, 
M., & Sponchioni, M. (2020). Current trends in the production of biodegradable 
bioplastics: The case of polyhydroxyalkanoates. Biotechnology Advances, 42, 107582. 
doi:10.1016/j.biotechadv.2020.107582 PMID:32621947

El-malek, F. A., Khairy, H., Farag, A., & Omar, S. (2020). The sustainability 
of microbial bioplastics, production and applications. International Journal of 
Biological Macromolecules, 157, 319–328. doi:10.1016/j.ijbiomac.2020.04.076 
PMID:32315677

Pepè Sciarria, T., Batlle-Vilanova, P., Colombo, B., Scaglia, B., Balaguer, M. D., 
Colprim, J., Puig, S., & Adani, F. (2018). Bio-electrorecycling of carbon dioxide 
into bioplastics. Green Chemistry, 20(17), 4058–4066. doi:10.1039/C8GC01771A

Isroi, A. C., & Panji, T. (2016). Bioplastic production from oil palm empty fruit 
bunch. International Conference on Biomass.

Isroi, A. C., Panji, T., Wibowo, N. A., & Syamsu, K. (2017). Bioplastic production 
from cellulose of oil palm empty fruit bunch. IOP Conference Series. Earth and 
Environmental Science, 65, 11. doi:10.1088/1755-1315/65/1/012011

 EBSCOhost - printed on 2/13/2023 1:22 AM via . All use subject to https://www.ebsco.com/terms-of-use



141

Recycled Raw Banana Peels for Bioplastics

Maulida, M. S., & Tarigan, P. (2016). Production of starch based bioplastic from 
cassava peel reinforced with microcrystalline cellulose avicel PH101 using sorbitol as 
plasticizer. Journal of Physics: Conference Series, 710, 012012. doi:10.1088/1742-
6596/710/1/012012

Masruri, M., Azhar, A. Z., Rosyada, I., & Febrianto, A. (2019). The effect of kaffir 
lime (Citrus hystrix DC) essential oil on bioplastic derived from cassava peel 
waste. Journal of Physics: Conference Series, 1374(1), 012015. doi:10.1088/1742-
6596/1374/1/012015

Ramakrishnan, N., Sharma, S., Gupta, A., & Alashwal, B. Y. (2018). Keratin based 
bioplastic film from chicken feathers and its characterization. International Journal 
of Biological Macromolecules, 111, 352–358. doi:10.1016/j.ijbiomac.2018.01.037 
PMID:29320725

Sartika, M., Lubis, M., Harahap, M. B., Afrida, E., & Ginting, M. H. S. (2018). 
Production of bioplastic from avocado seed starch as matrix and microcrystalline 
cellulose from sugar palm fibers with Schweizer’s reagent as solvent. Asian Journal 
of Chemistry, 30(5), 1051–1056. doi:10.14233/ajchem.2018.21155

 EBSCOhost - printed on 2/13/2023 1:22 AM via . All use subject to https://www.ebsco.com/terms-of-use



142

Copyright © 2022, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  7

DOI: 10.4018/978-1-7998-9851-1.ch007

ABSTRACT

Incessant use of plastics in the past decades has been a serious issue of environmental 
concern. The aim of this study is to examine the current status of the bioplastic research 
field by identifying the key publications or scientific productions, the most productive 
researchers in terms of publications and citations, latest hotspots (keywords), the 
countries with the most active research, collaborations between the countries, highly 
cited journals, highly contributing organizations, and co-cited references with their 
cluster analysis. This chapter considers whole literature study of bioplastics (i.e., 
documents published from 1894 to 2021). One thousand eight hundred sixty-three 
documents were identified using the Scopus database. The largest number of papers 
published were during the year 2020 with 308 records. Bibliometric analysis shows 
author “Guerrero, A.” was the highly productive author and USA was the most 
productive region of the world. The Journal of Polymers and the Environment was 
the most common outlet for publication.
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INTRODUCTION

Petrochemical-based plastics have become increasingly popular in last few decades 
due to easy manufacturing, low production cost, better strength to weight ratio, 
durability and diverse applicability (Narancic et al., 2020). However, the accumulation 
of conventional plastics is a cause of major environmental concern (Saharan et al., 
2012). These have an extremely slow biodegradability, may produce toxins during 
degradation, increase carbon dioxide emission and over utilization of fossil fuels 
(Narancic et al., 2020).

In the present scenario of reckless environmental deterioration, there is an 
enhanced need and demand for alternatives to petrochemically derived plastics. 
Bioplastics have gathered spotlight in recent years owing to their faster degradability 
and low toxicity. Bioplastics can be categorized as bio based biodegradable plastics 
and fossil based biodegradable plastics. Petroleum based biodegradable plastics 
include polycaprolactone, polybutylene succinate etc. However, their use still faces 
biodegradability issues. Bio based plastics are synthesized from natural resources 
including cellulose, starch, Poly -Beta- Hydroxyalkanoates, Polyhydroxybutyrate, 
chitin etc. (Shah et al., 2021). These employ plasticizers along with the aforementioned 
polymers. Plasticizers including glycerin and sorbitol are organic molecules that 
reduce brittleness and crystallinity of polymers thus enhancing their durability and 
toughness upon lowering melting points (Groote et al., 2002). Bioplastics synthesized 
by fermentation and action of microorganisms on carbohydrates for the production 
of polyhydroxyalkanoates and polyhydroxy fatty acids has generated immense 
research interest at present. Polyhydroxybutyric acid (PHB) is one of the major 
types of polyhydroxyalkanoate. Polylactic acid (PLA) is produced from lactic acid, 
a natural acid has excellent biocompatibility and processing ability.

Packaging holds the largest segment in application of bioplastic in 2019. There 
is escalating demand for packaging made from bioplastic to be used in organic 
food wrapping as well as premium and branded products with specific requirement. 
Bioplastics can be used in rigid packing included Bio-Pet bottles, flexible packing for 
perishable products and service packing such as carrier bags (Coppola et al., 2021). 
The present article is an endeavor to employ bibliometric methods for reviewing 
bioplastic research since its inception in 1894 till early 2021. A bibliometric analysis 
of bioplastics research can substantiate the knowledge in this research field, as it 
allows a reader to obtain a quick overview of the types of publications over time 
and information regarding the bioplastics development.

Bibliometrics or scientometrics represents a tool to evaluate scientific output of 
an individual, institution or country employing specific parameters such as quantity, 
impact factor and citation of published articles during a course of specific time span 
(Wang et al., 2016). Bibliometrics has witnessed significant developments recently 
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owing to advancements in computers enhanced internet connectivity, availability 
of databases, algorithms and programs required for bibliometric studies (Zhang 
and Yuan 2019). In this article, different bibliometric tools have been employed 
to review the global growth in research interest towards bioplastics. Since, earliest 
studies available to the latest publications in this area.

LITERATURE REVIEW

Abejon (2018) used Scopus database for bibliometric analysis to identify the research 
trends related to hemicellulose valorization from 2000 to 2016. The analysis was done 
on 109 articles. The bibliometric analysis was based only on the Scopus database 
and only two keywords i.e., “hemicellulose” and “valorization”. European countries 
with Spain, France and Portugal as leaders, must be considered reference points for 
the most innovative research in hemicellulose valorization. USA in this research 
occupied only the fourth position and other countries that were great contributors to 
specific research (China, Japan, Canada or South Korea) did not appear in ranking 
for research regarding hemicellulose valorization. This paper also proposed the 
simultaneous valorization of three main components of lignocellulosic biomass 
i.e., hemicellulose, cellulose & lignin. So, researchers could view data for these 
compounds also.

Wang et al (2019) used Web of Science database to conduct a bibliometric analysis 
on Resource Recycling Industry (RRI) from 1996 to 2018. Study was conducted on 
7041 articles. CiteSpace, a visualization tool was used to classify and analyze the 
research status of RRI field. The number of documents increased from 94 in 1996 
to a peak of 963 in 2018. The number of papers published by “Chinese Academy of 
Science” ranks first among all researcher institutions. A publication by M.C. Monte 
on waste management is the most cited paper. Within this area, latest emerging 
subject categories include “Green and Sustainable technology” and “Science and 
Technology”. Furthermore, “e-waste”, “reverse logistics” and “lean manufacturing” 
were emerging research trends for RRI and “carbon emissions”, “policy”, “demolition 
waste”, “supply chain management” and “compressive strength” had become hot 
topics. The study concluded the findings which provide inspiration for scholars to 
search for new research directions and ideas.

Perea et al (2020) used the Web of Science database to conduct a bibliometric 
analysis on Bioeconomy from 2006 to 2019. The aim of the study was to understand 
bioeconomy through the exploration of scientific studies related to the concept 
in academic literature. Bioeconomy is a model of production in full evolution. It 
addresses global challenges such as scarcity of natural resources and its conservation 
in products with added value (food, bio-plastics, bio-fertilizers) and the management 
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of available resources for sustainable economic development. The study was conducted 
on 2,321 publications. The analysis used Bibliometrix R Package (Biblioshiny) as 
a bibliometric analysis tool for quantitative research on bioeconomy. VOS Viewer 
was used as visualization program to show the scientific landscape. The first report 
on the use of word bioeconomy in publication was from 1979. Bioeconomy was 
promoted worldwide in 2018. The structural analysis of the work in bioeconomy 
showed that there is a high rate of co-operation with a rich research network between 
institutions of European countries and comparatively a low level of collaboration 
with other nation.

Obileke et al. (2020) retrieved data from Web of Science database and perform 
bibliometric analysis on 1153 publication (from 1998 to 2018) regarding bioenergy 
from biowaste. The essence of the study was to analyze the state of research evolution 
in bioenergy from bio-waste and its trends. VOS Viewer was used as visualization 
tool. The study depicted 84 countries participating in this area. China proved to 
be most productive country based on number of publications and citations. This is 
the first bibliometric analysis study on bioenergy from bio-waste in the literature. 
The study concluded the need for further investigation in the research field and 
also emphasizes the need for more collaboration and more countries and more 
institutional participation.

Qin et al. (2020) performed bibliometric analysis on Microplastic Research 
from 2004 to 2019 at global level. Web of Science database was employed in the 
study and data was analyzed by VOS Viewer visualization software. Developed 
countries were important contributors to Microplastic research, as England, the 
USA, and Germany occupied the top three positions, based on the criteria of NSC. 
China was the only developing country in top 10 contributors but more exchange 
and co-operation between these countries and others are needed. Thompson RC, 
who defined the term ‘Microplastics’ was the most productive author, as well as 
the most influential one. All the top 10 authors were ESI highly cited researchers 
in the Ecology/ Environment field.

Ndlovu et al. (2020) used the Scopus database to conduct a bibliometric 
analysis on Hemp Breeding. The aim of the study was to perform a bibliometric 
and scientometric analysis of Scopus – indexed papers covering the field of ‘Hemp 
Breeding’ between 1908 to 2020. Hemp is an herbaceous plant that is currently 
receiving undivided attention from researchers and policymakers owing to its 
industrial use (in production of textiles, biofuel and bioplastics). For visualization 
purpose, VOS Viewer software and for quantitative data Microsoft Excel is used. 
Bibliometric study was performed on 152 papers. Most research on this topic was 
conducted or reported in the USA, Italy & Netherlands. The highest number of 
papers over the studied period and topic were published by authors affiliated to 
Wageningen University & Research. Results indicated that there is need to scale up 
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research initiatives targeting hemp trait improvements to cater for the projected high 
demand and climate change which can be achieved through synergistic partnerships 
& knowledge exchanges across the hemp value chain.

To the best of our knowledge, bibliometric analysis and mapping of the Bioplastic 
research have not been performed and published to date.

Research Problem: Evaluation of literature on bioplastics via bibliometric or 
scientometric studies.

Study Objectives

The main objective of this study is analyse and understand the results of Scientometric 
evaluation and visual analytics of the scientific literature production on Bioplastics. 
To accomplish this major objective, several objectives have been framed as mentioned 
below:

1. 	 To undertake the Descriptive bibliometric analysis of the research output on 
Bioplastic.

2. 	 To measure the Annual Scientific Production of Bioplastic research.
3. 	 To calculate Average article citations per year.
4. 	 To find out Most prolific authors.
5. 	 To evaluate Author co-authorship network
6. 	 To depict Author’s Keyword Co-occurrence Analysis
7. 	 To find analysis of Countries (Highly Productive Countries, Country 

Collaboration Map on Bioplastic Research, International Citation Analysis)
8. 	 To evaluate Journal ranking.
9. 	 To depict organizations contributions.
10. 	 To relate Three Factor Analyses (Keyword, Organization & Country)
11. 	 To evaluate Top Ten Highly Cited Articles
12. 	 To depict Co-Cited References of Papers on Bioplastics

METHODOLOGY

In the present study, data pertaining to bioplastics was retrieved from Scopus 
online database (the largest database of abstracts and bibliographic references 
of peer-reviewed scientific literature). The Search string used for this study was: 
TITLE-ABS-KEY (bioplastic*). This study covers the time span of 128 years from 
1894 to 2021. In total, 1863 documents were retrieved. All types of publications 
(articles, book reviews, conference papers etc.) and languages (English, Spanish, 
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German etc.) were considered for evaluation. Scopus database facilitates data in 
different data formats. For this analysis, the data was extracted in CSV file format. 
The basic data processing work was carried out using the CSV file formats and 
tables. Graphs were generated out of the processed data using Microsoft Excel. 
For developing the network visualization maps from the data, three freely available 
softwares, VOSviewer (VV), Biblioshiny - a web-interface for bibliometrix), and 
ScientoPy were used. RStudio is an integrated development environment (IDE) 
for R. For data processing and analysis, the exported CSV file was imported in 
Biblioshiny and VV respectively. For ScientoPy, the records were exported from 
WoS by selecting the option “Full Record and Cited References” in Tab-delimited 
(Win, UTF-8) file format select.

THE ANALYSIS TOOLS

VOSviewer (VV)

VV software (freely available at www.vosviewer.com) was used to map the 
bibliographic material in this study. The tool specifically enables the creation, 
visualization and exploration of bibliometric maps in sciences (Mas-Tur et al.,2020, 
Selvavinayagam et al., 2018) and provides visualizations of the results through a 
wide range of bibliometric indicators, such as co- authorship analysis of authors 
(Ke L. et al, 2020), co–occurrence analysis of keywords (Yan et al., 2021, Rahaman 
et al., 2020), citation analysis of sources and organizations (Zhao et al., 2019), 
International Citation Analysis (Hassan et al., 2020), and co–citation of cited 
references (Li et al., 2021).

RStudio (Biblioshiny)

Biblioshiny is the app used for bibliometrix study of scientific literature (Darvish 
2019). It is based on the R language and run under the R Studio software (Version 
1.3.1093). The data retrieved from Biblioshiny includes the Annual Scientific 
Production, Average article citation per year, three-factor analysis, highly productive 
countries, analysis of author’s keywords, country collaboration map (Secinaro et 
al., 2020) and information about the highly cited articles.

The Impact Factor (IF) of the Journals was visualized from the Journal Citation 
Report (JCR) 2020. IF is a quantitative indicator, used to assess, compare and rank 
the scientific publication in different scientific areas (Malazy et al., 2016).

ScientoPy is an Open-Source Python Based Scientometric Analysis Tool. It can 
process data set imported from Clarivate Web of Science (WoS) and Scopus data. 
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It has features including h-index extraction for the analyzed topics, country and 
institution extraction from author affiliations, top authors, countries, or institutions 
based on first document’s authors or all document’s authors, top/trending topics 
analysis. It provides five different visualization graphs: bar, bar trends, timeline, 
evolution, and word cloud through a graphical user interface (GUI). In this study 
some of the features of ScientoPy has been used (Ruiz-Rosero et al., 2019).

RESULTS AND DISCUSSION

The analysis of bibliometric results starts with a description of the main bibliometric 
statistics.

Descriptive Bibliometric Analysis

Table 1 shows the information on 1863 articles published between 1894 to early 
2021. Total 6081 authors used 4006 keywords for literature work, out of which 138 
authors did their work as single author and rest (5943) worked in collaboration. The 
collaboration index is 3.52.

Table 1. Main information

Main information Explanation Number

Documents Total number of documents 1863

Timespan Documents from that year span 1894-2021 (128 years)

Sources The frequency distribution of sources 
as journals 688

Author’s keywords Total no. of keywords 4006

Authors Total no. of authors 6081

Author’s appearances The author’s frequency distribution 8467

Authors of single-authored documents The number of single authors per 
articles 138

Authors of multi-authored documents The number of authors of multi-
authored articles 5943

Authors per document Average number of authors in each 
document 3.26

Co-authors per document Average number of co-authors in each 
document 4.54

Average citations per article Average number of citations in Each 
article 18.81

Collaboration index 3.52
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Annual Scientific Production

Analysis of overall growth trend showed an annual growth rate is 7.05%. The first 
article related to bioplastics was published in 1894 with no publication in this field 
for next 57 years. An article was published in 1952 but still there was no increase 
in production. From 1952 to the start of 21st century there was only 55 papers on 
bioplastic. Increase in production started from last 2 decades. The more production 
was in the last decade. The highest producing year was 2020 as shown in Figure.1 
depicting annual scientific production. No peak is shown in starting years and a 
highest rise is in the year 2020 with 308 articles published on bioplastics.

Average Article Citations Per Year

Figure.2 highlights that the highest cited articles were published in 2002 having 22.6 
average citations per year. There are 1511 total citations of the data.

Most Prolific Authors

Table 2 and Figure 3 represent the top 10 most prolific authors researching on 
bioplastic, their total publications, total citations, h-index and first year of publication. 
The publications for these authors range from a maximum 41 to a minimum of 15 

Figure 1. Annual scientific production graph showing peak in 2020
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articles. 3 authors have more than 37 publications. The list shows that Guerrero, 
A. is the most productive author with 41 publications, 637 citations and 15 h-index 
followed by Misra, M. with 39 publications,3152 citations and 19 h-index. Mohanty, 
A.K. ranked 3rd according to the number of publications (37) but have highest 
citations (n=3467) and highest h-index (n=20). Partal P is at the bottom of the top 
10 list with 15 publications.

Author Co-Authorship Network

The link, collaboration or network between the authors is shown with the help 
of visualization map from VOSviewer. From a total of 5955 authors, 48 met the 
threshold by considering the author having atleast 8 numbers of documents. Out of 
48, only 10 authors showed connections to each other. As highlighted in figure.4, the 
network contains 10 nodes, 30 co-authorship links and 3 clusters. Each node in the 
figure represents an author’s productivity and the links between the authors denote 
the collaboration established through the co-authorship in the articles (Sudarsana 
and Baba, 2019). The total link strength is 198. The number of publications two 
researchers have co-authored is known as the link strength. All 10 authors are divided 
into 3 clusters. The color of the circles remains the same for the authors in the same 
cluster. Cluster 1 (Red) includes 5 authors Felix M., Guerrero A., Jimenez-Rosado 
M., Perez-Puyana V., Romero A. Cluster 2 (Green) has 3 members; Gallegos C., 

Figure 2. Plot of average article citation per year. (From 1894-2021)
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Martinez I., Partal P. Cluster 3 (Blue) includes 2 authors; Bengoechea C., Alvarez 
Castillo E.

Table 2. Top 10 most prolific authors

SN Author Total production Total citations h-index First year of 
publication

1 Guerrero, A 41 637 15 2005

2 Misra, M 39 3152 19 2002

3 Mohanty, A.K 37 3467 20 2002

4 Romero, A 25 358 11 2011

5 Bengoechea, C 23 245 10 2013

6 Accinellic 17 264 10 2009

7 Verbeek, C.J.R 17 155 7 2009

8 Baimark, Y 16 47 4 2015

9 Martanez, I 16 357 10 2005

10 Partal, P 15 487 12 2005

Figure 3. Top 10 most prolific authors
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Guerrero A. in collaboration network was the highly productive author with 
41 documents, 9 links and 96 total link strength present in Cluster 1 as shown in 
table 3. followed by Romero, A. having 25 documents with 8 links and 66 total link 
strength and also present in Cluster 1.

Figure 4. Network visualization for authors co-authorship network

Figure 5. Density visualization for author co-authorship network
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In Figure5, Density Visualization of authors is shown. Denser yellow color shows 
higher collaborations of author depicting that the weight of the neighboring items 
is higher. Guerrero A. shows the dense yellow color due to more collaborations.

Author’s Keyword Co-Occurrence Analysis

Figure.6 shows the word cloud of author’s keywords. Word cloud is taken from 
the Biblioshiny with setting parameter at 50 words and ‘bioplastics’ word due to 
plurality is not included. According to figure, bioplastic is the most used keyword 
in documents.

Co-occurrence Analysis of author’s keyword is shown by using VOSviewer. 
There are total 4007 keywords, but to keep the display interpretable, the resulting 
map is limited to keywords that occurred at 10 as minimum frequency. 71 keywords 
met the threshold. Figure.7. displays the Visualization of keyword co-occurrence 
network showing 71 nodes, 594 co-occurrence links and 8 clusters having total link 
strength of 1399. As can be seen in the map, nodes such as Bioplastics, Bioplastic, 
mechanical properties, polyhydroxyalkanoates, biodegradable have the highest 
frequency of occurrence and represent the research hotspots in the bioplastic field 
i.e., we can concentrate on biodegradability of plastics and synthesis of bioplastic 
by polyhydroxyalkanoate. Bioplastics is the most frequently used author’s keyword 
with 297 occurrences. It is present in cluster 5. It has total 63 co-occurrences links. 
It is followed by its singular word which is also highly used i.e., 280 occurrences 
of keyword ‘bioplastic’. Thick line exists in network between keyword, bioplastics 
and mechanical properties depicting most frequent keywords that occurred together. 
This line has 17 link strength.

Table 3. List of most collaborative authors according to their total link strength

Author Documents Citations Total link Strength

1 Guerrero, A. 41 637 96

2 Romero, A. 25 358 66

3 Misra, M. 39 3152 47

4 Mohanty, A.K. 37 3467 47

5 Bengoechea, C. 23 245 45

6 Partal, P. 15 487 38

7 Accinelli, C. 17 264 37

8 Martinez, I. 16 357 33

9 Abbas, H.K. 12 132 29

10 Perez-Puyana, V. 10 68 29
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Overlay visualization is shown in Figure.8. which shows the new and trending 
research hotspots in this field. The colour gradient (blue to yellow) represents 
trends in keyword co-occurrence from 2014 to 2018. The colour is related to the 
time when the word appeared. The keywords with blue colour appeared early and 
the one with yellow later (Wang et al., 2016). In early stage of bioplastic concept, 
use of wheat gluten for synthesis of bioplastic for better biodegradation was the 
main hotspot. After sometime synthesis of bioplastic from biopolymer Chitosan 
for better biodegradability was the research trend. The occurrence of chitosan is 

Figure 6. Word cloud of author’s keywords

Figure 7. Author’s keyword network analysis
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highest (20 times) and average publication in the year is 2017. The latest research 
hotspot in bioplastic study is the Microplastics (n=10) from last two years having 
average publication in the year 2019. However, in the last 2 years an increasing 
number of researchers have given attention to the concept of Microplastics (n=10), 
anaerobic digestion (n=10), circular economy (n=17) & food packaging (n=12) in 
bioplastic field.

Top 10 keywords in table 4 represent total occurrences of keywords in the dataset, 
their links, total link strength and cluster in VOSviewer. In this list, singulars of 
keyword ‘biopolymers’ and ‘polyhydroxyalkanoates’ is not considered having 43 
and 45 occurrences respectively. Abbreviation of Polyhydroxybutyrate was also 
excluded having 39 occurrences.

Figure.9 shows the horizontal bar graph of frequently used keywords according to 
their total number of documents published and percentage of documents published 
between 2019-2020. The mostly used keyword ‘Bioplastics’ contributes 33% of 
total (297) documents published in last year. The top 2nd keyword ‘bioplastic’ and 
the top 3rd keyword ‘mechanical properties’ contributes 31% and 28% documents 
published in between 2019-2020. It shows the mostly studied period of this research 
field i.e., 2019-2020.

Figure 8. Overlay visualization of the keywords showing trending hotspots for research 
in bioplastic. The average publication for most frequent used word bioplastics is 
in the year 2015
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Table 4. List of top 10 keywords their occurrences, links, total link strength and 
cluster in VOSviewer

Keywords Occurrences cluster Links Total link 
strength

1 Bioplastics 297 5 63 313

2 Bioplastic 280 2 64 315

3 Mechanical properties 86 3 36 129

4 Polyhydroxyalkanoates 79 2 36 98

5 Biodegradable 53 1 36 93

6 Biopolymers 48 1 30 64

7 Polyhydroxybutyrate 47 2 21 50

8 Biodegradation 43 5 23 55

9 Polylactic acid 40 3 25 51

10 Starch 38 7 21 55

Figure 9. Mostly used keywords with their percentage of documents published
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COUNTRIES

Highly Productive Countries

Three countries produced over 91 publications on ‘bioplastic’. Figure10 and Table 
5. depicts USA is on top of the list with 186 publications and 8913 citations. Italy 
holds 2nd rank with 111 publications and 1550 citations. Spain has 3rd rank with 91 
publications and 2327 citations. Japan has produced 76 publications and received 
1087 citations followed by the China with 66 publications and 2167 citations. 
India is on the 6th rank with 55 publications and 875 citations. Netherlands is at the 
bottom of the top 10 with 39 publications and 2340 citations. USA contributes more 
percent documents from whole literature on bioplastic. The percent is calculated 
by the formula;

Total Percent = production of a country / Total number of documents × 100
Production of a country = number of documents contributed by a country.
Total documents = number of total documents of the taken dataset (1863).

Country Collaboration Map on Bioplastic Research

Figure.11 highlights the top 10 country collaboration map on bioplastic study. USA 
has more collaborations with countries i.e., with Italy (17 publications), China 
(n=14), Germany (n=9), Korea (n=9), Australia (n=8) followed by Spain with Italy 

Table 5. Ranking of top 10 highly productive countries

Rank Country Number of documents Percent Total citations

1 USA 186 9.98 8913

2 Italy 111 5.96 1550

3 Spain 91 4.89 2327

4 Japan 76 4.08 1087

5 China 66 3.55 2167

6 India 55 2.96 875

7 Germany 54 2.89 1302

8 Canada 53 2.85 1465

9 Korea 48 2.57 551

10 Netherlands 39 2.09 2340
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(13 publications) and with Germany (n=9). The least collaborator countries among 
10 collaborators are Saudi Arabia and Egypt with seven publications (Jabali et al., 
2020). Frequency of collaborations is shown in table 6.

International Citation Analysis

Each country appearing in Figure12, met a minimum of productivity threshold of 
five publications. Total 36 countries are selected out of 89 each having minimum 
100 citations. There are 5 clusters, 357 links between countries with 2130 total link 
strength (TLS). Clusters were limited to a minimum of five members. Each node 
represents the country’s productivity and the links between the countries denote 
the collaborations established through the co-citations in the articles (Sudarsana 
and Baba 2019). As a representative of developed countries, ‘United States’ is the 
most active in producing ‘bioplastic’ studies (Figure9). According to VOSviewer 
data researchers from US contributed 319 documents accounting for 17.13% with 
11360 citations.US is present in cluster 1 (red colour). Researchers from the Italy 
contributed 169 papers (9.08%) having 2133 citations and 359 total link strength. 
Spain contributes 168 documents with 3388 citations and 431 total link strength. 
Philippines has lowest number of documents published(n=5) with 134 citations. The 
lowest cited documents are from Czech Republic having 17 documents published 
with 119 citations.

Figure 10. Ranking of top 10 highly productive countries
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Figure 11. Map showing connections or collaboration between countries

Table 6. Collaborations between countries with frequency and total link strength

Rank From To Frequency Total link 
strength

1 Italy USA 17 17

2 China USA 14 13

3 Spain Italy 13 12

4 Germany USA 9 10

5 Malaysia Japan 9 10

6 Korea USA 9 9

7 Germany Spain 9 8

8 Italy United Kingdom 9 8

9 USA Australia 8 8

10 Saudi Arabia Egypt 7 8
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USA played a core role in the collaboration network & had good collaborations 
with other countries having 675 total link strength. Italy and Spain have strong 
co-operative relations with the USA. Philippines need to increase its collaborative 
strength or enhance its collaboration networks with other countries.

JOURNALS (SOURCES)

There are total 688 journals that published research documents on Bioplastics. For 
clarity visualization, a frequency threshold was setup at more than 5 documents and 
citations of a source. 83 journals met the threshold. Out of these only 81 journals are 
connected to each other. Figure.13 shows the network visualization of journals. It 
depicts the network of 81 nodes and 383 collaboration links. There are 10 clusters on 
the map with ‘2’ minimum cluster size. Journals centring on the same investigative 
field tend to be within the same cluster (Fang et al., 2019). Different colours show 
diverse clusters and the line between the journal shows the co-citation of journals 
with each other. Journal of Polymer and the Environment, Journal of Applied polymer 
Science, Bioresource Technology are the top three journals with the most elevated 
number of distributed papers.

Density Visualization: Journal of Polymers and the Environment have highest 
article density showing intense yellow colour (Figure.14). It is present in the 
second cluster having 39 links with other journals and 152 is its total link strength. 
Most papers are published in this journal between the year 2014-2015. (Average 
Publication in Year 2014.84).

Figure 12. Visualization of network of countries
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The top 10 journals are shown in table 7. The top 10 most productive journals 
distributed 338 articles accounting for 18.15% of total publications.

Journal of Polymers and the Environment (1st rank) is highly influential journal 
that produced the largest number of articles related to Bioplastic. It produced 
maximum 67 published documents and also have highest citations i.e., 2432. The 

Figure 14. Density visualization of journals

Figure 13. Citation network and cluster of highly cited journals based on VOS viewer
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Journal of Applied Polymer Science has 2nd rank with 55 publications and 1025 
citations. But it has lowest impact factor among top 10 journals. i.e., 2.52, followed 
by “Bioresource Technology” on 3rd rank having 38 publications and 1265 citations. 
The “International Journal of Biological Macromolecules” is at the bottom of the list 
and has produced 20 publications and received 222 citations. Four journals in top 
10 are from the Netherlands, three from United States, two from United Kingdom 
and one from Switzerland. H-index of journals is taken from Biblioshiny (Source 
Impact). The journal with the highest h-index is of the journal of “Bioresource 
technology” (n=22).

Journal Impact Factor is taken from the JCR 2020 Report. According to Journal 
Citation Report 2020, the range of impact factor given in table 7.is 2.52 to 7.632. 
The 2020 impact factor of “ACS Sustainable Chemistry & Engineering” has the 
highest and that of Journal of Applied polymer Science has the lowest.

Among the top 10 sources, included in the Journal Citation Report JCR database, 
8 journals ranked first in quartile and 2 ranked second in quartile.

Organizations

According to VOSviewer analysis, 1863 documents have been published by 3718 
organizations. The visualization of organization is performed by selecting those 
organizations that have at least 2 documents and 2 citations each. 247 organizations 
met the threshold. After excluding unconnected organizations, the remaining 120 
organizations are used for the visualization map. Figure.15 shows a network of 
organizations of 120 nodes and 421 collaboration links. The size of the node indicates 
the publication frequency of the organization. The analysis is divided into 10 clusters.

The most prolific organization is “School of Engineering, Thornbrough building, 
University of Guelph” that contributed 10 documents. This was followed by “Usda-
ars, Biological Control of Pests Research Unit, Stoneville, US” having 7 documents 
with 82 citations published related to Bioplastic. The organization “Composite 
Materials and Structures Centre, Michigan State University” have highest citations 
(1887) with only 4 documents published and have higher number of links (32) in 
the network with good number of collaborations with many of the organizations 
with 46 total link strengths. The most collaborative organization i.e., ‘University of 
Guelph’ is from Canada. It can be seen that the organizations on the left are close 
together, indicating strong connection, while those on the right are farther apart 
have a weaker co-operation with respect to bioplastic research.
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Three Factor Analyses (Keyword, Organization & Country)

A three-field plot (Figure.16) has been generated for top 10 keywords, countries 
and organizations based on literature of bioplastic. The size of block shows the 
associational relationship amongst each factor (Jabali et al., 2020). The main keywords 
i.e., bioplastics, bioplastic and polyhydroxyalkanoate have strong relation with top 
10 countries (Spain, Italy, USA, Korea, Canada, India, Japan, China, Thailand & 
Germany). Keywords also show associational links with organizations of different 
countries. The highly associated country Spain has associational links with the 
Universities: Universidad de Sevilla, University of Naples Federico ii, Delft University 
of Technology and Michigan State University. The second most associated country 
Italy is connected with University of Bologna, University of Naples Federico ii.

Not reported (organizations not reported by the software) organizations have 
more associational links with seven countries i.e., Italy, Germany, Japan, Canada, 
USA, China & Thailand.

Top Ten Highly Cited Articles

Table 8. shows the bibliographic information of top ten most cited articles. The 
publication years of top 10 highly cited articles range between 1996 to 2016. The 
article entitled “Sustainable bio-composites from Renewable Resources: opportunities 

Figure 15. Organizations network visualization on the basis of citations
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and challenges in the Green Materials World” by A.K. Mohanty published in 2002 
in “Journal of Polymers and the Environment” is on the top of the list with 1511 
citations followed by article entitled “Complete genome sequence and comparative 
analysis of the metabolically versatile Pseudomonas putida KT2440” by K.E. Nelson 
in 2002 with 923 publications. The article “Replacing fossil-based PET with biobased 
PEF; process analysis, energy and GHG balance written by Eerhart A.J.J.E. et al. is 
at the bottom of the list in top ten highly cited articles with 270 citations.

Co-Cited References of Papers on Bioplastics

Co-citation study of references from papers in the dataset is analysed by VOSviewer. 
There is total 66682 cited references. The reference analysis is one of the most 
important indicators of the bibliometrics (Wang et al., 2016). Considering the large 
number of cited references, those papers are selected which were cited more than 4 
times for analysis. 246 met the threshold, out of which 210 showed connections to 
each other. There were a total 9 clusters visible upon setting the minimum cluster 
size at 10 i.e., a cluster must contain more than 10 items. Figure.17 shows 210 points 
with different colours represent 210 cited papers and the line between every 2 points 
depicts that both were cited in one paper. Cluster 3 mainly consisting of papers 

Figure 16. Three Factor Analysis. (Keyword, Country, Organizations)
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related to polyhydroxyalkanoate and polyhydroxybutyrate. There are 4 references 
in top 10 from 3rd cluster.

Table 9 shows top 10 references by co-citation. Sudesh et al. (2000) is the only 
reference co-cited more than 14 times. Two references are cited more than 13 times, 
including Anderson et al., (1990) and Lagrain et al., (2010). Among the top 10 
references by co-citation, ‘Biomacromolecules’ Journal contributes 2 references. 
There are 2 articles by author ‘Yves Poirier’ on the study of ‘Polyhydroxybutyrate’. 
The most commonly cited reference is “Synthesis, structure and properties of 
polyhydroxyalkanoates: biological polyesters; Sudesh et al., 2000. This paper 
reported the production of Polyhydroxyalkanoate with various physical properties by 
genetically engineered micro-organisms. Sudesh K is the first author of this article 
from ‘Universiti sains Malaysia’ in the Malaysia. Maximum papers of this author 
are on the research on production and synthesis of polyhydroxybutyrate.

Table 8. Top 10 highly cited articles

Title Author Source Title Year TC

1
Sustainable Bio-composites from Renewable 
Resources: opportunities and challenges in the 
Green Materials World.

A.K. 
Mohanty

Journal of 
Polymers and the 
Environment

2002 1511

2
Complete genome sequence and comparative 
analysis of the metabolically versatile 
Pseudomonas putida KT2440.

K.E. Nelson Environmental 
Microbiology 2002 923

3 A microbial polyhydroxyalkanoates (PHA) 
based bio- and materials industry.

Guo-Qiang 
Chen

Chemical Society 
Reviews 2009 777

4 Genome Sequence of the bioplastic producing 
“knallgas” bacterium Ralstonia eutropha H16.

Anne 
Pohlmann

Nature 
Biotechnology 2006 370

5 Lignin Valorization through integrated 
biological funnelling and chemical catalysis.

Jeffrey G. 
Linger PNAS 2014 355

6 Progress in bio-based plastics and plasticizing 
modifications.

Tizazu 
Mekonnen

Journal of 
Materials 
Chemistry A

2013 329

7 Crystallinity in starch bioplastics. Van Soest 
JJG

Industrial Crops 
and Products 1996 327

8 Cannabis Sativa: The Plant of the Thousand and 
one molecules.

Christelle M. 
Andre

Frontiers in plant 
Science. 2016 305

9
Production of polyhydroxyalkanoates by mixed 
culture: recent trends and biotechnological 
importance.

H. 
Salehizadeh

Biotechnology 
Advances 2004 280

10 Replacing fossil-based PET with biobased PEF; 
process analysis, energy and GHG balance.

A.J.J.E. 
Eerhart

Energy and 
Environmental 
Science.

2012 270
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Figure 17. Visualization of Reference’s network by co citation on Bioplastics

Table 9. Top ten References by Co-Citation

Reference Author Source
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1

Synthesis, structure and properties 
of polyhydroxyalkanoates: 
biological polyesters (Sudesh k, et 
al.,2000)

Sudesh K, Abe H, 
Doi Y

Progress in Polymer 
Science 14 26 40 3

2

Occurrence, metabolism, metabolic 
role, and industrial uses of bacterial 
polyhydroxyalkanoates (Anderson 
et al.,1990)

Anderson A J, 
Dawes E A

Microbiology and 
Molecular biology 
Reviews

13 27 41 3

3
Molecular basis of Processing 
Wheat Gluten toward biobased 
Materials (Lagrain et al., 2010)

Lagrain B, Goderis 
B, Brijs K and 
Delcour J A

Biomacromolecules 13 24 51 7

4
Rheology and processing of gluten-
based bioplastics (Jerez, A. et al., 
2005)

Jerez A, Partal P, 
Martinez I, Gallegos 
C, Guerrero A.

Biochemical 
Engineering Journal 11 27 41 4

5

Enrichment of a mixed 
bacterial culture with a high 
polyhydroxyalkanoate storage 
capacity (Johnson et al., 2009)

Johnson K, Jiang 
Y, Kleerebezem 
R, Muyzer G and 
Loosdrecht M V.

Biomacromolecules 11 25 47 6

continues on following page
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SUMMARY OF FINDINGS

1. 	 A bibliometric study was conducted to evaluate the literature on Bioplastic, 
publication in the field, author working in this research area and research 
impact.

2. 	 Various softwares including VOS Viewer, R Studio, ScientoPy and Databases 
(Scopus, Scimago) were employed for the study.

3. 	 Journal of Polymer and Environment showed maximum number of publications 
related to bioplastics.

4. 	 Most productive year was 2020.
5. 	 USA has maximum number of publications.
6. 	 USA played a core role in the collaboration network & had good collaborations 

with other countries.
7. 	 The author with maximum research impact in this field was Guerrero, A.
8. 	 Bioplastics is the most used keyword in documents.

Reference Author Source
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6

Polyhydroxybutyrate, a 
biodegradable Thermoplastic, 
produced in Transgenic plants 
(Poirier et al., 1992)

Poirier Y, Dennis D 
E, Klomparens K, 
Somerville C

Science 11 18 29 3

7

Transgenic Arabidopsis plants can 
accumulate polyhydroxybutyrate 
to up to 4% of their fresh weight 
(Bohmert et al., 2000)

Bohmert K, 
Balbo I, Kopka 
J, Mittendorf V, 
Nawrath C, Poirier 
Y, Tischendorf G, 
Trethewey R N & 
Willmitzer L.

Planta 10 17 31 3

8

Morphologies and properties of 
thermomolded biodegradable 
plastics based on glycerol – 
plasticized wheat gluten (Sun et 
al., 2007)

Sun S, Song Y, 
Zheng Q. Food Hydrocolloids 10 27 51 7

9

Production of 
polyhydroxyalkanoates by activated 
sludge treating a paper mill 
wastewater (Bengtsson et al., 2008)

Bengtsson S, Werker 
A, Christensson M, 
Welander T.

Bioresource 
Technology 9 22 49 6

10
Biodegradation of bioplastics in 
natural environments (Emadian et 
al., 2017)

Emadian S M, Onay 
T T, Demirel B Waste Management 9 17 17 8

Table 9. Continued
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9. 	 The most prolific organization is “School of Engineering, Thornbrough building, 
University of Guelph” that contributed 10 documents related to Bioplastics.

10. 	 In Bioplastics literature Sudesh et al. (2000) is the reference co-cited more 
than 14 times.

CONCLUSION

Plastics, pose a great threat to the environment owing to massive production in order 
to meet demands of ever-increasing population. Plastics have a slow degradation, 
increase carbon footprint and escalate burden on landfill sites and oceans. Hence 
bioplastics as an alternative to conventional plastics are inviting the research 
endeavours globally at present. This paper shows a bibliometric or scientometric 
study on whole literature on Bioplastic. It encompasses data of 128 years from 1894 
to 2021. The study was conducted on total 1863 documents. Most productive and 
network analysis of authors, countries, keywords, journals, organizations, articles and 
references were identified in the said period. The collaboration between countries 
and associational relationship between keywords, countries and organizations was 
analysed. The most productive author is Guerrero A. The most productive country 
is USA which also played a core role in the collaboration network & had good 
collaborations with other countries. Journal of Polymers and the Environment is 
the most productive source, providing a platform for high quality publications in 
this area. This study shows that the Wheat Gluten for synthesis of bioplastic for 
better biodegradation was the main hotspot. Synthesis of bioplastic from Chitosan 
was the research trend and latest research hotspot in bioplastic is the Microplastics.
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KEY TERMS AND DEFINITIONS

Bibliometrix: bibliometrix package provides a set of tools for quantitative 
research in bibliometrics and scientometrics.

Biodegradation: Is the degradation of the materials into environmentally 
acceptable products such as water, carbon dioxide, and biomass by the action of 
naturally available microorganisms under normal environmental conditions.

Biomass: Is organic, meaning it is made of material that comes from living 
organisms, such as plants and animals.

Bioplastic: A type of biodegradable plastic derived from biological substances 
rather than petroleum. A bioplastic is a substance made from organic biomass 
sources, unlike conventional plastics which are made from petroleum.

R: R is a free, open source software program for statistical analysis, based on 
the S language.
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RStudio: RStudio is a free, open source IDE (integrated development environment) 
for R. R is a programming language used for statistical computing while RStudio 
uses the R language to develop statistical programs.

Scientometrics: Scientometrics is concerned with the quantitative features and 
characteristics of science and scientific research.

VOSviewer: VOSviewer is a software tool for constructing and visualizing 
bibliometric networks.
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ABSTRACT

Magnetic nanoparticles are an emerging technique that has attracted attention in 
recent years in nanotechnology, biomedical, electronics, environmental science, 
and engineering applications. Nanoparticles have optical, electrical, catalytic, 
and thermal properties with their supermagnetic properties, large surface area, 
and biocompatibility. The major benefit of using nanoparticles is that due to their 
size, they can be accurately oriented and can be targeted and interacted with a 
specific biological entity or marker. In addition, it is easy to separate the magnetic 
property from the aqueous solution with the application of an external magnetic 
field. From an environmental perspective, MNPs have been used as catalysts in 
the purification of whey; removal of heavy toxic metals such as Arsenic (As), Lead 
(Pb), and toxic pollutants such as Fluoride (F) from contaminated water; and 
photocatalytic degradation of dyes and pollutants in water. In this study, types of 
magnetic nanoparticles, synthesis methods, properties, and environmental science 
and engineering applications are included.

INTRODUCTION

Many of the most pressing issues facing the world in the coming years will be related 
to environmental quality. Global warming, energy, material and food security, and 
clean water, soil and air are the main environmental issues that need to be addressed. 
The direct or indirect use of magnetic nanoparticles is among the options offered as 
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a new technology. Magnetic nanoparticles are used in a wide range of fields, such as 
the simultaneous monitoring and treatment of various diseases in the field of Health, 
the removal of industrial pollutants from underground and marine environments 
or the purification of aqueous environments by improving the quality of drinking 
water resources. Over two billion people live in countries experiencing water stress 
(UNESCO, 2021). In 2016, it is estimated that approximately 829,000 people die 
from diarrhoea as a result of unsafe drinking water, sanitation and hand hygiene. 
These causes represent 60% of all deaths due to diarrhoea globally, including 
nearly 300,000 children under the age of five, 5.3% of all deaths in this age group 
(Prüss-Ustün et al., 2019). Furthermore an estimated 2.86 million cholera cases 
occur annually in endemic countries. Among these cases, there are an estimated 
95,000 deaths (M. Ali, Nelson, Lopez, & Sack, 2015). Organic pollutants and heavy 
metals are common pollutants that enter water systems as a result of anthropogenic 
activities and can cause various cancers, respiratory and skin diseases even at low 
concentrations. Successful removal of chemical and biological contaminants (bacteria, 
fungi, algae, viruses) allows soil regeneration, cleaning of marine and freshwater 
environments, and hygienic treatment of wastewater for reuse, with great benefits 
to human health and aquatic biota.

Magnetic nanoparticles combine with natural magnetic phenomena, with their 
enhanced activity and superparamagnetism resulting from their enormous surface-
to-volume ratio. This powerful combination enables magnetic nanoparticles not only 
to act as efficient absorbers for contaminants, but also to magnetically separate from 
the surrounding aqueous medium for further processing and removal. The coating 
and functionalization of a magnetic nanoparticle creates a core-shell structure that 
enables specific chemical and metallic contaminants to be targeted with impressive 
selectivity and ultra-high sensitivity. Recently, increasing interest is environmental 
chemosensors using functionalized magnetic nanoparticles. These molecules form 
a complex that provides rapid detection and in situ detection of a target pollutant, 
and as a result of this complex, they also undergo some physicochemical changes. 
The natural reactivity of the nanoscale zero-valent (nZVI) form of iron can also be 
used to treat soil and groundwater pollution by reducing pollutants to less harmful 
compounds. Therefore, the environmental applications of magnetic nanoparticles for 
pollutants removal can be divided into three main categories: removal by chemical 
reaction, removal by physical adsorption, and detection by chemical sensing. (Pratt, 
2014).
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TYPES OF MAGNETIC NANOPARTICLES

In general, we can divide magnetic nanoparticles into 2 classes: Oxides: ferrites and 
Metallic with a Shell (Sreenivasulu et al., 2013).

Oxides: Ferrit

Ferrite nanoparticles are the most researched magnetic nanoparticles to date. Once 
ferrite nanoparticles become smaller than 128 nm (A. H. Lu, Salabas, & Schüth, 
2007), they become superparamagnetic, preventing self-agglomeration as they 
exhibit their magnetic behavior only when an external magnetic field is applied. 
When the external magnetic field is turned off, the redundancy drops to zero. Just 
like non-magnetic oxide nanoparticles, the surface of ferrite nanoparticles is often 
modified by surfactants, silicones or phosphoric acid derivatives to increase their 
stability in solution (Sreenivasulu et al., 2013).

Metallic with a Shell

The metallic core of magnetic nanoparticles can be passive through mild oxidation, 
surfactants, polymers and precious metals. In an oxygen environment, Co nanoparticles 
form an anti-ferromagnetic Co O layer on the surface of the Co nanoparticle. Recently, 
the study investigated the effect of synthesis and exchange bias in these Co-core 
CoO shell nanoparticles with a golden outer shell. Nanoparticles with a magnetic 
core made of elemental Iron or Cobalt with a non-reactive shell made of graphene 
have been recently synthesized. Its advantages over ferrite or basic nanoparticles are:

•	 Higher magnetization
•	 Higher stability in acidic and basic solutions as well as organic solvents
•	 Chemistry on grapheme surface using methods already known for carbon 

nanotubes

(Sreenivasulu et al., 2013).

SYNTHESIZE METHODS FOR MAGNETIC NANOPARTICLES

Magnetic nanoparticles are produced by three methods: physical, chemical and 
biological. These production methods are briefly summarized in Figure 1.
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Physical Methods

Physical methods are divided into “top-down” and “bottom-up” two procedures. 
Top-down methods are based on the reduction of macroscopic magnetic materials 
to the nanometer range by grinding. Bottom-up methods, on the other hand, use 
condensation of nanoparticles from the liquid or gas phase. (Biehl, von der Lühe, 
Dutz, & Schacher, 2018). In MNP production by physical method; Three physical 
methods, namely ball milling, laser evaporation and wire blasting, will be briefly 
explained.

Ball Milling Method/Mechanical Method

Ball milling is a simple, fast, cost-effective green technology with enormous 
potential. Ball milling is a mechanical process that enables physical and chemical 
transformations to be carried out in powder form in accordance with the purpose 
(Delogu, Gorrasi, & Sorrentino, 2017). The working principle of this method, which 

Figure 1. Synthesize methods for magnetic nanoparticles
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was developed in 1970, is quite simple. The raw materials are enclosed in a small, 
hollow cylindrical jar containing many steel balls as the grinding medium. Balls 
apply kinetic energy to solid material as a result of continuous collisions between 
steel balls and solid materials resulting in nano/micro sized powder. Ball/powder 
ratio, ball size, vibration rate and grinding time are the main factors affecting the 
formation process of nano/micro sized crystals (Benjamin, 1970). Ball milling is a 
top-down approach to producing MNP from bulk material. In this method, various 
disadvantages such as plastic deformation and contamination of the produced 
materials are observed (Abd-Elsalam & Mohamed, 2001).

Wire Explosion Method

This method is environmentally safe and requires minimal energy to make less polluted 
nanopowders. Wire explosion refers to the phenomenon of when, in a vacuum or 
a certain environment, a strong current produced by the discharge of a capacitor 
passes through a wire, the wire evaporates in a bright flash burst by joule heating 
(Kotov, 2003). This phenomenon is accompanied by phase transitions of the wire 
material and water, the formation of non-ideal plasma, and the production of strong 
shock waves and light radiation fluxes (Krasik et al., 2010). The ultra-hot explosion 
products rapidly dissipate with the shock wave and then cool in the medium to form 
nanoparticles. (Gao et al., 2019). This method has been used to synthesize various 
nanoparticles, including metal nanoparticles, metal compound nanoparticles, and 
multiple carbon nanomaterials. (Yilmaz et al., 2013).

Laser Evaporation

Laser evaporation, which we can also call laser ablation, is a bottom-up approach 
in which nanoparticles are formed from the liquid or gas phase by condensation. 
Compared to traditional methods, laser ablation in liquids is the most effective 
physical method for nano-production (Mostafa, Mwafy, & Toghan, 2021). According 
to (Awwad, El-Kader, Ibrahium, Asnag, & Morsi, 2021), laser ablation (LA) 
of metallic samples is the process of removing material from a solid surface by 
irradiating it with a laser beam to form micro/nano structures. Laser ablation of 
solids in liquids and laser deposition of solid metal in air is a new and rapid way to 
produce nanoparticles with distinct advantages over other means.
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Chemical Methods

There are many ways to produce MNP by chemical method. In this section, some of 
the common ones such as Sol-Gel method, coprecipitation method, hydrothermal 
synthesis method, thermal decomposition method and microemulsion synthesis 
method will be mentioned.

Coprecipitation Method

The co-precipitation technique is probably the simplest and most effective chemical 
way to obtain magnetic particles. Iron oxides are usually prepared by stoichiometric 
mixture of iron and iron salts in aqueous medium (Laurent et al., 2008). Among the 
various techniques for magnetite synthesis, the co-precipitation method is a convenient 
way to synthesize magnetite nanoparticles from an aqueous solution of iron salt 
(Fe2+, Fe3+). In this process, a base is simply added at room temperature under an 
inert atmosphere. Co-precipitation does not produce or use any toxic intermediates 
or solvents, does not require precursor complexes, and takes place at temperatures 
below 100 °C. This process is recognized for its industrial importance due to its 
scalability, reproducibility and environmentally friendly reaction conditions. (A. 
H. Lu et al., 2007). The main advantage of the co-precipitation process is that a 
large amount of nanoparticles can be synthesized. However, control of the particle 
size distribution is limited, as only kinetic factors control the growth of the crystal 
(Laurent et al., 2008).

Thermal Decomposition Method

Thermal separation methods are among the most successful methods for obtaining 
magnetic nanoparticles with a high degree of size control and narrow particle size 
distribution (Effenberger et al., 2017). The thermal decomposition method has 
advantages such as simple operation, low cost, and ease of obtaining high purity 
products. It is therefore quite promising and easy to apply to industry (Tang, Claveau, 
Corcuff, Belkacemi, & Arul, 2008).

Microemulsion Synthesis Method

Microemulsions are defined as clear thermodynamically stable dispersions of two 
immiscible liquids containing an appropriate amount of surfactant or surfactant 
and co-surfactant. The dispersed phase consists of small droplets with a diameter 
in the range of 100-1000 A°. Because of these properties, such systems have 
several advantages over macroemulsions for industrial applications. The small 
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droplet size in microemulsions also results in a large surface-to-volume ratio in 
an oil-water system. This is important for chemical reactions where the reaction 
rate is dependent on the interfacial area. Microemulsion can also be classified as 
water/oil (W/0) or oil/water (0/W), similar to macroemulsion systems (Sharma & 
Shah, 1985). Synthesis of nanoparticles by microemulsion method is an area of 
great interest today. Microemulsion technique promises to be one of the versatile 
preparation methods that allows controlling particle properties such as particle size 
control mechanisms, geometry, morphology, homogeneity and surface area (Malik, 
Wani, & Hashim, 2012).

Hydrothermal Synthesis Method

Hydrothermal synthesis is one of the most widely used methods for the preparation 
of nanomaterials. It is basically a solution reaction based approach. The formation of 
nanomaterials in hydrothermal synthesis can occur over a wide temperature december, 
from room temperature to very high temperatures. Many types of nanomaterials 
have been successfully synthesized using this approach. The hydrothermal synthesis 
method has significant advantages over others. Hydrothermal synthesis can produce 
unstable nanomaterials at high temperatures. Nanomaterials with high vapor 
pressure can be produced by the hydrothermal method with minimal material loss. 
The compositions of the nanomaterials to be synthesized can be well controlled 
in hydrothermal synthesis through liquid phase or multiphase chemical reactions. 
(Gan, Jayatissa, Yu, Chen, & Li, 2020).

Sol-Gel Method

Polycondense in liquids is the formation of inorganic compounds through interactions. 
Sol is a colloidal distribution of particles in a solution and concentrated in the form 
of a gel. The starting raw materials are usually metal salts, dissolved together in 
distilled water or other solvents, and mixed to homogenize the dispersion. The left 
particles interact through van der Waals forces, sometimes it is necessary to add an 
organic complex agent as ethylene glycol and increase the interaction temperature by 
heating it on a hot plate. Then it is necessary to dry and heat the gel at a minimum 
temperature of 400 ° C for several hours to make sure that all organic compounds 
have completely evaporated. Then the resulting result is ready for use or it can be 
subjected to another processing according to the prepared material. A schematic 
summary for the sol-gel method is presented in Figure 2 (Abd-Elsalam & Mohamed, 
2001).
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Biological Synthesis Method

We can also call the biological synthesis method as green synthesis. It has been 
reported that MNPs can be synthesized in various shapes and sizes using different 
living organisms including plants, microorganisms, fungi, bacteria, actinomycetes 
and even algae (Barabadi et al., 2019; Nath & Banerjee, 2013). When nanoparticles 
are produced using green synthesis methods, they are especially preferred in 
production because they do not contain harsh working conditions (high temperature 
and pressure) and the addition of dangerous chemicals. A large number of plants and 
microorganisms are tested to ensure that this method is environmentally friendly, 
cost-effective and biologically safe (Kumari, Dhand, & Padma, 2021). 

ENVİRONMENTAL APPLICATION OF 
MAGNETIC NANOPARTICLES

As a result of excessive use of natural resources, population growth and 
industrialization, environmental pollution has increased and has become an important 
problem today.

Nanomaterials used for the treatment of organic pollutants can be generaly 
classified as inorganic nanomaterials (for example, transition metal/metal oxide/

Figure 2. Schematic diagram for the sol-gel method (Abd-Elsalam & Mohamed, 2001)
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metal sulfide nanoparticles, carbon-based nanomaterials) and organic molecule-
based nanomaterials (for example, metal-organics, nanomembranes, and organic 
polymer-based nanomaterials). (F. Lu & Astruc, 2020).

Nanoparticles; Since they are environmentally friendly, reusable and comply 
with the logic of green chemistry, they have found use in many disciplines today. 
In this section, the main applications of magnetic nanoparticles in environmental 
engineering will be discussed.

Water Remediation

Unlike inorganic heavy metals, which are pollutants of a limited type, organic 
molecules are in the millions with a variety of functional groups, properties, and 
applications. Organic pollutants often include pharmaceuticals, personal care products, 
endocrine disruptors, pesticides, detergents, organic dyes and common industrial 
organic waste (F. Lu & Astruc, 2020). Li et al. (2018), in their study, established a 
model wastewater system using methylene blue and tried to treat this wastewater with 
nanoparticles. In this purification process using nanoparticles, after a waiting period 
of 4 hours, they managed to reduce the methylene blue concentration from 20.82 
mg/lt to 1.92 mg/lt with a purification efficiency of 90.79%. In a study conducted for 
the treatment of groundwater contaminated with heavy metals, Cr(VI) was removed 
from groundwater with a yield of 94.7% at pH 5, 303 K and 0.4 g/L dosage (Zhu, 
Ma, Liu, & Deng, 2018). Again, a study on the removal of Cr(VI) from water was 
carried out at pH 2 and it was reported that the yield increased as the contact time 
and dose amount increased. In the same study, it was reported that by applying a 
dose of 0.2 g/L and a contact time of 10 minutes, a purification of over 90% was 
obtained with a contact time of 30 minutes (Fazlzadeh et al., 2017). Sadak et al. 
(2020), In their study, they used nanoparticles coated with azo dye for lead removal 
from water. reported that the removal efficiency of lead was highest at pH 6.5 and 
reaction time of 45 minutes, and they predicted a maximum absorption of 195.3 
mg/g according to the Langmuir isotherm.

Soil Remediation

Engineered nanomaterials have greater potential for environmental pollution control 
as they are more cost-effective and more reactive than standard methods. These 
materials also enhance the option of in-situ treatment. Some examples of such 
engineered nanomaterials used in soil remediation are:

•	 Nanoscale calcium peroxide – used to break down organic compounds such 
as gasoline
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•	 Nanoscale zerovalent iron – used to destroy halogenated organic compounds
•	 Nanoscale metal oxides – used for metal adsorption
•	 Carbon nanotubes, bionanoparticles, polymeric nanoparticles etc. other 

nanoparticles such as – used for the removal of aromatic and heavy metal 
contaminants (Sarkar, Sengupta, & Sen, 2019).

Although remediation with nanomaterials offers a more effective and less expensive 
approach than traditional methods due to the increased reactivity of nanoparticles 
and the possibility of in-situ treatment, more research is needed on the mobility of 
these particles in soil and their effects on the environment, as it is a new technology 
(Mueller & Nowack, 2010).

Waste Management

Anand et al. (2017), in their study; prepared Ag nanoparticles simply using the 
aqueous leaf extract of Ekebergia capensis and used these nanoparticles to catalyze 
the degradation of Allura and Congo red through an electron relay mechanism. This 
result; showed that these nanoparticles can be used in the degradation of industrial 
azo-type paints in wastewater. In another study on waste management; The effects of 
iron oxide nanoparticles on composting, organic matter degradation, dehydrogenase 
and urease activities and the quality of the final compost product were investigated. 
The results showed that composting enriched with Fe2O3 nanoparticles was more 
effective in facilitating organic matter degradation. (Zhang et al., 2019). Ali et al. 
(2017), in their study to increase the efficiency of energy obtained from urban solid 
waste; They added the nanoparticles they produced to the anaerobic reactor, which 
took place under mesophilic temperature (37 ± 0.5°C), at concentrations of 50 mg/L, 
75 mg/L, 100 mg/L and 125 mg/L. As a result, they observed that the nanoparticle 
added reactor produced maximum CH4, followed by the 50 mg/L added reactor, 
and concluded that the addition of 75 mg/L nanoparticles biologically stimulated 
anaerobic treatment, which resulted in increased methane production.

Environmental Sensing

In order to obtain measurements of contamination levels at the site of environmental 
events such as oil spills, natural disasters, nuclear, industrial and chemical accidents; 
There is an idea to develop sensors that are fast, accurate and field usable. As 
outlined, magnetic nanoparticles are extremely effective at removing a wide variety 
of contaminants through chemical reaction or adsorption. The separation of the 
nanoparticles from the contaminants and their removal from the solution occurs 
subsequently, thanks to the natural magnetism of the nanoparticles (Jung, Lee, & 
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Shinkai, 2011). There is also a study in the literature emphasizing that both the 
detection tendency and the pollutant concentration contribute to the signal strength 
in the detection of pollutants. This result; The use of nanoparticles in studies for 
the detection of heavy metals such as Cd, Pb, Cu shows that detection can be made 
easier due to the increase in signal strength (Pratt, 2014). There is also a study 
in the literature on municipal solid waste to determine the effect of TiO2 and Ag 
nanoparticles on aerobic storage processes. In this study, TiO2 and Ag nanoparticles 
at a concentration of 100 mg/kg were added to the wastes and the bioreactor was 
operated with an aeration of approximately 0.03 L/min kg for 250 days. The results 
showed that leachate properties, gas components, solid quality parameters and 
temperature changes, which are the most important indicators of landfill operations, 
did not differ significantly in overall aerobic degradation performance between 
the control reactor and the reactors containing TiO2 and Ag nanoparticles. (Yazici 
Guvenc, Alan, Adar, & Bilgili, 2017).

FUTURE RESEARCH DIRECTIONS

In future studies, with the developing technology, magnetic nanoparticles can be 
coated with different types of surface coatings and after this process, the application 
results of these nanoparticles in different areas of use such as water treatment, soil 
and water remediation, the effect of biodegradation of solid wastes and perhaps the 
purification of air pollutants from the air can be examined. In addition, different 
production techniques can be studied to ensure that nanoparticles are produced in 
requested sizes and in a more economical way.

CONCLUSION

Magnetic nanoparticles can be broadly classified as iron salts and surface coated 
metals. These nanoparticles can generally be produced by physical, chemical and 
biological means. Produced nanoparticles are used in environmental engineering 
applications, water and soil remediation, and in the diagnosis and treatment of 
diseases in the field of health.

Nowadays, as a result of increasing environmental pollution, there is an increasing 
demand for reliable, non-toxic, highly efficient and eco-sustainable techniques that 
can replace traditional methods. Magnetic nanoparticles; due to they are non-toxic 
in green chemistry applications, they have been popularly used in environmental 
engineering in areas such as waste management, water treatment, soil and water 
remediation. Magnetic nanoparticles give acceptable and reliable results when 

 EBSCOhost - printed on 2/13/2023 1:22 AM via . All use subject to https://www.ebsco.com/terms-of-use



185

Magnetic Nanoparticles for Environmental Management

compared with conventional purification methods. Thus, the negative effects of 
environmental pollution on humans and the ecosystem are reduced. In addition, 
as a result of using these nanoparticles many times, less chemicals will be used in 
treatment processes, so less waste will be generated and more economic gain will 
be achieved.
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ABSTRACT

Environmental pollution is a serious issue that has a negative impact on human 
health. The situation is exacerbated by the gradual development of industrialization 
and urbanization. The removal of toxins from the environment is characterized as 
environmental remediation. Environmental remediation refers to all of the approaches 
used to lessen the risks of pollution in the environment. Nanotechnology has the 
potential to significantly reduce existing environmental issues. Green nanotechnology 
is the science and technology for developing nanoparticles using environmentally 
benign approaches. Green nanotechnology makes use of nature’s biological qualities 
(through a variety of activities). Another area where nanotechnology can play a 
critical role is in environmental remediation because the properties of nanoparticles 
can be designed by designing their size and shape. Due to their huge surface area 
and, as a result, strong reactivity, nanoparticles perform significantly better than 
bulk materials for environmental remediation.
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INTRODUCTION

Environmental contamination is one of the world’s significant challenges in this period 
of industrialization. For the removal of contaminants from both terrestrial and aquatic 
ecosystems, many technologies are used. Filtration, adsorption, chemical reactions, 
photocatalysis, and other methods are extensively employed for environmental clean-
up. Because of their unique mechanical qualities, increased surface area, chemical 
reactivity, regeneration efficiency, and cost-effectiveness, nanotechnology-based 
materials are becoming increasingly desirable for environmental remediation. 
Different environmental (organic or inorganic) contaminants, such as dyes (anionic 
and cationic) from industrial sources, heavy metals in various forms, gaseous 
hazardous chemicals, and so on, are removed using nanomaterials (Singh, 2022).

New innovative nanomaterials created using a variety of processes have raised 
the hazard to the environment and, as a result, human health. As a result, the 
development of nanomaterials-based environmentally friendly approaches has gained 
importance, attracting the attention of the scientific community. Researchers began 
producing nanoparticles using various biomaterials and claimed that their method 
was environmentally friendly. These nanoparticles can be classified according to 
how they were made (inorganic, organic, carbon-based, etc.) (Kumar et al., 2020). 
Producing eco-friendly, nontoxic nanomaterials that can be easily disposed of 
following treatment of air, water, or soil is currently a difficulty.

PHYTOGENIC-MEDIATED NANOPARTICLES

Water contamination is a global problem that is worsening by the day. Direct discharge 
of wastewater comprising organic and inorganic, dissolved and suspended pollutants 
could endanger terrestrial and aquatic life, disrupting the natural ecosystem. As a 
result, the treatment of such toxic wastewater is critical. Several physicochemical 
and biological wastewater treatment technologies are being developed in this field. 
However, several of these traditional wastewater treatment technologies have proven 
to be costly, time-consuming, and need a large amount of labor and infrastructure 
with low treatment efficiency (Chahal & Mishra, 2021).

For the effective removal of toxins from wastewater, nanotechnology appears to 
be an emerging and diversified field. Because of their enormous specific surface 
areas and strong reactivity, nanomaterials are excellent adsorbents and catalysts. 
Furthermore, nanomaterials in solution have a great degree of flexibility, and even 
a small quantity of nanomaterials is sufficient to break down contaminants in 
wastewater. Chemical and biological methods can be used to make nanoparticles.
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However, “green synthesis/phytogenic-mediated synthesis of nanoparticles” 
utilizing plants and plant products is an efficient, cost-effective, safe, and 
environmentally friendly method that does not require high pressure, temperature, 
or energy and does not produce harmful compounds. Furthermore, a wide range of 
plants is readily available for large-scale nanoparticle production.

GREEN NANOPARTICLES

Nanoparticles (NPs) are particles having a size of fewer than 100 nanometers in at least 
one dimension. Nanoparticles have different shapes and properties than bulk materials 
with the same chemical makeup and can be manufactured and tailored for specific 
uses and applications by selecting the appropriate synthesis, production technique, 
or technology. Many NPs can be manufactured via biological and/or biomimetic 
synthesis, which is regarded greener than chemical or physical synthesis. Metallic 
NPs are among the most studied NPs. These come in a variety of morphologies, 
including nanocubes, nanoflowers, nanorods, nanostars, nanoreefs, nanoboxes, 
nanowhiskers, and nanofibers, and can be spherical or nonspherical. Nonspherical 
gold, platinum, and silver NPs have a variety of intriguing features that are being 
investigated for medicinal, nanotechnical, and environmental applications (trace 
metal detection). Some insights into green NP biosynthesis are discussed here, with 
a focus on intracellular, extracellular, and bio-based techniques (Singh & Dhiman, 
2021). The majority of biosynthetic approaches use reduction agents to promote 
metallic ions and tune MNP forms, while stabilising agents ensure that MNPs do not 
combine and that their sizes are controlled. Biological synthesis frequently relies on 

Figure 1. Methods for remediation treatment
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mild circumstances and all-in-one reduction/oxidation and stabilisation; however, 
some researchers look at MNP production in two or more phases.

Intracellular syntheses use fungus or bacteria to reduce MNPs, whereas 
extracellular syntheses use reduction, biosorption, enzyme- or latex-mediated 
processes and are less time-consuming since MNPs do not need to be recovered or 
purified. Bio-based approaches use isolated chemicals from plants, bacteria, and 
fungi to simulate biological synthesis. Other NPs, such as metal-oxide particles, can 
be made using biosynthetic techniques and have attracted attention due to potential 
uses, such as magnetic NPs. All of the methods mentioned use non-hazardous 
reagents, and the vast majority are safe and clean (Verma, 2017).

NANOMATERIALS FOR SUSTAINABLE 
CEMENTITIOUS COMPOSITES

Nanomaterials have been popular in recent decades due to their ability to solve a 
variety of engineering difficulties. Algal cells, for example, have been utilised to 
generate biomaterials (optoelectrical materials, tissue-engineering scaffolds, and 
supercapacitors), which are then used in medicine, heavy metal absorbents, and 
biosensors. The numerous designed uses of nanoparticles for sustainable cementitious 
composites are discussed in this chapter. The use of nanoparticles in building 
was highlighted, with a comprehensive look at the many forms and applications 
(Bharmoria & Ventura, 2021; Nyika, 2022).

The building industry has benefited greatly from nanotechnology. The interfacial 
transition zone of recycled aggregate and recycled aggregate concrete is modified 
using nanomaterials such as ureolytic or nonureolytic bacteria and nano-silica. Such 
changes reduce the composite matrix’s water permeability while also increasing the 
specific gravity of aggregates. Microscale characteristics of cementitious composites 
are also altered by this technology. Biogenic calcite improves the hydration mechanism. 
This method has been used to create nanoengineered cementitious composites with 
good mechanical and durability properties (Li, 2019a; Li, 2019b).

NANOPARTICLES IN THE AGRICULTURE INDUSTRY

The successful application of nanostructures in biomedicine and agriculture 
has emerged as a significant and emerging field of study. Crop production and 
improvement are critical for maintaining a self-sustaining world and feeding the 
world’s ever-growing population. This can be accomplished in a large scale using 
“agri-nanotechnology,” which promises natural resource management through 
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novel tools and technology platforms within limited land and water resources. 
Nanotechnology has the potential to improve agricultural output by inventing and 
creating nanoscale materials, devices, and systems that can exploit the desired 
qualities (physical, chemical, and biological) (Kushwah & Verma, 2022).

Nanoparticles (NPs) can be used to manage plant growth promotion in a variety 
of ways, depending on their occurrence, kind, and composition. These recent 
developments have opened up new possibilities for the advancement of genetically 
modified crops, such as site-directed delivery of various macromolecules such as 
genes and drugs, smart agrochemical delivery systems, early disease and pathogen 
detection, plant-protecting chemicals, and precision farming techniques. However, 
this can only be done successfully in plants if we improve our understanding of 
NP absorption, transit, and accumulation in plants. Because data on the effects 
of NPs on plants are conflicting, it is necessary to optimise experimental settings 
such as plant growth medium, NP size and shape, and so on. This would boost the 
plant management capability of nanoformulations, nanogenetic manipulations, 
and nanoarray-based technologies. Other notable achievements of nanotechnology 
include the control of plant infections, their prevention, and disease treatment utilising 
various nanocides (Carissimi et al., 2022; Sapna, 2018).

Understanding the interactions between plants and their surroundings (soil, water, 
and atmosphere) makes it necessary to investigate the influence of nanotechnology 
on agriculture, particularly with regard to toxicity concerns. Furthermore, plant 
growth and metabolic processes fluctuate in response to a variety of nanoparticles. 
They provide NPs with avenues to bioaccumulation in food chains, allowing them 
to reach higher species in ecosystems. The Indian economy is heavily reliant on 
agriculture, hence agricultural nanotechnology research and development is critical.

Agriculture can benefit from the development of more efficient and low-
contaminant agrochemicals (nanoformulations), devices that help detect biotic 
or abiotic stresses before they affect production (nanosensors), or new genetic 
manipulation techniques that allow for greater efficiency during plant breeding 
programmes. Nanodevices can help deliver agrochemicals to the correct place at 
the right time while also reducing the impact of external agents that cause losses 
due to degradation, leaching, run-off, volatilization, and other factors. The predicted 
result should be a decrease in the amount of active chemicals integrated into plants 
and soils, resulting in less detrimental environmental impact (Saran et al., 2017).

PLANT ABSORPTION AND UPTAKE OF NANOPARTICLES

Plant uptake of nanoparticles is influenced by a number of aspects, including the 
nanoparticle’s nature, plant physiology, and the interaction of nanomaterials with the 
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environment. It is apparent that nanoparticle characteristics will have a significant 
impact on its activity and, as a result, on the plant’s ability to absorb it. Size appears 
to be one of the key barriers to nanoparticle penetration into plant tissues, and 
there have been some reports regarding the maximum dimensions that plants allow 
nanoparticles to migrate and accumulate inside cells, with a size exclusion of 40–50 
nm limit. Another aspect that influences uptake is the type of nanoparticle and its 
chemical composition. The features of nanomaterial absorption and accumulation 
by plants can be considerably changed and altered by functionalizing and coating 
the nanomaterial surface (Venzhik et al., 2022).

Plant species differ in their physiology, which leads to disparities in nanoparticle 
uptake. These studies demonstrated that crops from various botanical families, 
when exposed to magnetic carbon-coated, titanium dioxide, or gold nanoparticles, 
displayed varied absorption and accumulation patterns inside the plants. However, the 
methods of administration are also important in determining how well a plant would 
internalise nanomaterials: roots are designed for nutritional and water absorption, 
whereas leaves are designed for gas exchange and have a cuticle that prevents things 
from penetrating (Rahmat, 2022).

However, nanoparticles interact with other elements in the environment, which 
can alter their properties and features for plant absorption. Humic acids and other 
organic matter in the soil, for example, can improve the stability of nanomaterials 
and hence their bioavailability, but salt ions can cause precipitation and have the 
opposite effect (Xiong & Li, 2022).

MOVEMENT OF NANOPARTICLES INSIDE PLANTS

There are two methods for nanoparticles to migrate through tissues once they have 
penetrated the plant: the apoplast and the symplast. Apoplastic transport occurs 
outside the plasma membrane, in extracellular gaps, neighbouring cell walls, and 
xylem arteries. Water and chemicals are transported between the cytoplasms of 
neighbouring cells by plasmodesmata, and sieve plates. The apoplastic channel is 
vital for radial movement within plant tissues, since it allows nanoparticles to reach 
the central cylinder of the root and vascular tissues, allowing them to travel upwards 
to the aerial region. Nanoparticles can migrate toward the aerial section of the plant 
through the xylem, following the transpiration stream. To reach the xylem through 
the root, however, a barrier to the apoplastic pathway, the Casparian strip, must be 
crossed by endodermal cells in a symplastic approach (Salatin et al., 2015).

At the Casparian strip, some nanomaterials can be halted and accumulated. 
Another essential symplastic movement is feasible, thanks to the phloem’s sieve 
tube elements, which allow distribution to non-photosynthetic tissues and organs. 
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Nanomaterials must pass through the cuticle barrier in foliar treatments, either via 
the lipophilic or hydrophilic pathway. The lipophilic system involves diffusion 
through cuticular waxes, while the hydrophilic pathway uses polar aqueous pores 
in the cuticle and/or stomata. Because cuticular pores are predicted to be roughly 
2 nm in diameter, the stomatal pathway appears to be the most plausible route for 
nanoparticle penetration, with a size exclusion limit of greater than 10 nm.

The way nanomaterials migrate within plants is crucial because it can reveal 
which areas of the plant they can reach and where they can end up and aggregate. 
If a type of nanoparticle is transported mostly through the xylem rather than 
the phloem, it will likely go primarily from root to shoot and leaves, rather than 
downwards, hence it should be given to the roots to ensure a good distribution in 
the plant (Dachineni, 2016).

FUTURE RESEARCH

Nanotechnology’s potential uses in various fields must not be underestimated. 
However, there is a need to take seriously the uncertainties and negative perceptions 
of nanotechnological interventions in agriculture. As a result, significant efforts must 
be made to advance and improve futuristic research based on identified knowledge 
gaps. Future research should focus on finding solutions to avoid the risks associated 
with nanoparticle use. The study of nanoparticle synthesis and the provision of a few 
applications limited to laboratory conditions could not contribute to nanotechnology’s 
full acceptance in the agriculture sector. As a result, the scientific community must 
collaborate to better future research using a more realistic approach (Maruyama, n.d.).

It is necessary to investigate and clarify the allowed level of nanoparticle dose 
within safety limits. This might be accomplished by conducting a concentration-
dependent investigation in a natural soil environment to determine the precise active 
and non-toxic nanoparticle dose.

To get a thorough understanding of nanotoxicity, an understanding of the 
transgenerational and trophic chain transfer effects of nanoparticles applications 
on plants is required. Surprisingly, choosing a permitted level and researching 
transgenerational and trophic chain transfer effects together could yield appropriate 
safety assessments. A comprehensive understanding of the physico-chemical features 
of the soil in agricultural fields where nanoparticles will be used may aid in lowering 
the risk of nanoparticles harming plant and soil biota (Palit, 2019a).

A comprehensive understanding of the soil physico-chemical features of 
agricultural fields where nanoparticles will be used may aid in lowering the danger 
of nanoparticles harming plant and soil biota. Changing the soil environment to 
change the fate, transport, and bioavailability of nanoparticles in order to lessen 
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their toxicity could considerably improve their safe and beneficial agricultural 
applications. Advanced soil management approaches, for example, might help reduce 
nanoparticle transport, bioavailability, and toxicity, all of which would have a large 
positive influence on the agroecosystem. Finally, and most critically, we highly 
suggest that biosynthesized nanoparticles be included as precondition for significant 
and in-depth research. Redeeming the environmentally beneficial approach of green 
nanoparticle synthesis, it is thought that biosynthesized nanoparticles may have lower 
or no toxicity, and that future study should concentrate on their practical utility. 
Furthermore, to accurately reflect the environmental impact of nanoparticles, the 
experimental design must be set in a natural context (growing the plants in soil) 
(Palit, 2019b).

CONCLUSION

Environmental remediation relies mainly on using various technologies (e.g., 
adsorption, absorption, chemical reactions, photocatalysis, and filtration) for the 
removal of contaminants from different environmental media (e.g., soil, water, and 
air). The enhanced properties and effectiveness of nanotechnology-based materials 
makes them particularly suitable for such processes given that they have a high 
surface area-to-volume ratio, which often results in higher reactivity.
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ABSTRACT

Lawsonia inermis L. (family Lythraceae), often known as henna, is a dye-producing 
plant cultivated in various parts of the world for cosmetic purposes. Since time 
immemorial, leaf powder made from this little tree has been used to beautify skin, 
hair, fingernails, leather, silk, and wool. The plant’s leaf, which contains an active dye 
(red orange pigment), lawsone, is widely employed in cosmetic and pharmaceutical 
industries (2-hydroxy-1,4 naphthoquinone). Lawsone, an essential secondary 
metabolite, accumulates in the plant’s aerial parts, with the highest concentration 
of 1.0–1.4% in the young leaf petiole. Analgesic, hypoglycemic, hepatoprotective, 
immune stimulant, anti-inflammatory, antibacterial, anti-dermatophytic, protein 
glycation inhibition, anti-sickling, antioxidant, anti-fertility, tuberculostatic, wound 
healing, anticomplimentary, and anticancer properties have all been reported for 
the plant. Henna is currently recognised as a valuable source of unique natural 
ingredients for the creation of medications and commercial products for a variety 
of ailments.
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NAME OF THE CROP WITH BOTANICAL NAME AND FAMILY

Lawsonia inermis L. – Lythraceae
Syn. Lawsonia alba Lamk.
Family: Lythraceae
Hindi: Mehndi, Henna
Sanskrit: Medhini, Madyantika
English: Egyptian proverb, Cypress shrub
Fruiting: Sep- Nov

ORIGIN

It is a biennial dicotyledonous herbaceous shrub. A native of North Africa and 
South-West Asia, the plant is now widely cultivated throughout the tropics as an 
ornamental and dye plant.

GEOGRAPHICAL DISTRIBUTION

Henna is an ancient dye, evidence being the Egyptian mummies found in the tombs 
that had their nails dyed with henna. Henna occurs wild from Iran to western India. 
From where it has been spread eastward to the rest of India and Indonesia and 
westward to the Middle east where it became one of the important plant of Islam. 
It later followed Islamic armies and traders from Arabia reaching as far as Spain, 
Madagascar, the Moluccas Indo-China and Japan. It is now distributed throughout the 
tropics and subtropics. Lawsonia inermis is commercially cultivated in Afghanistan, 
Bangladesh, Egypt, Iran, Libya, Morocco, Pakistan, Saudi Arabia, Somalia, Sudan, 
Tunisia, UAE, Western India and Yemen.

Kingdom: Plantae-Plants
Division: Angiospermae
Class: Dicotyledoneae
Order: Myrtales
Family: Lythraceae
Genus: Lawsonia
Species: inermis
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GROWING AREAS IN THE COUNTRY

Lawsonia inermis is found in Asia, Australia, South-East Africa, the Middle East, and 
Arab and in many other parts of the world. In India, it is cultivated in South Indian 
states such as Tamil Nadu, Karnataka, Kerala, and Andhra Pradesh. It is traditionally 
used in countries like Algeria, India, Saudi- Arabia, Pakistan and Bangladesh, Israel, 
Somalia, Tunisia, and Turkey. It grows mostly in 35-45 degrees centigrade. Below 
5-degree centigrade kills mehndi. A glabrous, much-branched, deciduous shrub 
with tetragonous branches often ending in spines; leaves simple, opposite, entire, 
lanceolate, petioles very short or absent; flowers white or rose colored, fragrant, in 
large terminal pyramidal panicled cymes, stamens 8, in 4 pairs inserted on the calyx 
tube; fruits globose capsules, tipped with the style and supported by the persistent 
calyx, seeds numerous, smooth, pyramidal.

CLIMATE AND SOIL

Distribution: Scarcely in dry deciduous forests, widely cultivated as a hedge plant. 
It can be grown on a wide variety of soil and climatic conditions. However, deep fine 
sandy is useful for henna cultivation. The plant thrives well under arid to tropical 
and warm temperate climatic conditions. It needs moderate rainfall of about 400 
mm and a temperature of about 30-40°C during the active growth period during the 
rainy season and hot, dry, and open weather for a good harvest of quality leaves.

The soil required for henna is a bit different than other soil types for cultivation. 
The soil must not hold too much moisture. If the soil has more moisture, the leaves 
will also carry moisture. Hence, tannin production will be low. Soils that are semi-
dry can be best used for the cultivation of henna. Too dry soils will not support the 
good growth of the plants. The ph of the soil must be balanced. Too acidic or alkaline 
soils are not good for the growth of henna plants. Organic matter must be present 
in sufficient quantities in the soil. The soil must be well aerated. Well-drained soils 
are preferred for the cultivation of henna.

MEDICINAL PROPERTIES AND USE OF DIFFERENT 
PARTS OF PLANTS FOR SPECIFIC PURPOSES

The roots are bitter, diuretic, and useful in burning sensation, leprosy, skin diseases, 
and premature graying of hair. The leaves are bitter, astringent, refrigerant, vulnerary, 
expectorant, anti-inflammatory, constipating, liver tonic, and febrifuge. They are 
useful in wounds, ulcers, cough, bronchitis vitiated conditions of Kapha and pitta, 
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burning sensation, inflammations, diarrhea, dysentery, leprosy, leucoderma, scabies, 
boil, anemia, fever, ophthalmia, falling of hair, graying of hair and jaundice. The 
flowers are intellect promoting, cardiotonic, refrigerant, febrifuge, and tonic. They 
are useful in burning sensation, cardiopathy, insomnia, and fever. The seeds are 
antipyretic, constipating useful in intermittent fevers, insanity, diarrhea, dysentery, 
and gastropathy.

SKIN DISEASES

•	 Leaves are astringent and used as a prophylactic against skin diseases. They 
are applied locally to boils, burns, wounds, and skin diseases (Nayak et al., 
2007).

•	 In Asian folk medicine this plant was included in the treatment of dandruff, 
eczema, scabies, and ulcers (Jellin, 2002).

•	 Bodo tribals apply leaves on scabies.
•	 Gond tribals apply leaf paste externally to cure eczema.
•	 Sahariya tribals apply leaves on skin diseases.
•	 Nagapattinam tribals apply leaves is ground with Cipadessa baccifera root, 

leaf, and bark applied to leaves on psoriasis.
•	 Sahariya tribals apply leaves on skin diseases.
•	 Tharu tribals apply leaf pounded with mustard oil and applied on burns.
•	 Valaiyans tribals apply its leaves to reduce body heat, mixed with Onion bulb 

and made into a juice, taken internally.

Other uses:

•	 Among Muslims, henna perfume is applied to the dead to repel insects 
(Levng, 1980).

•	 Other products: The fragrant flowers are used as a perfume, while small twigs 
are used as toothbrushes in Indonesia.

•	 Henna is commercially used for fodder, timber, firewood, and dye for staining 
clothes, wood, leather, wool, and hair (Orwa et al. 2009).

•	 Lawsonia inermis tree has been extensively used in Ayurveda, Unani and 
Homeopathic medicine as a household remedy against various human 
ailments from antiquity making it a cynosure of modern medicine (Biswa et 
al. 2002).

•	 Unani medicinal uses - Over 27 uses are reported in the literature (Nadkarni, 
1976).
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•	 Use in Western herbal - Lawsonia is official in British Pharmacopoeia 1962. 
It is used in certain allergic, infective, and inflammatory conditions (Khare, 
2004).

•	 Henna is an ingredient of Anna Pavala Sindhooram -a Siddha antiatherosclerotic 
formulation (Shanmugasundaram et al, 1987).

•	 Henna twigs are used in Kashmir by Gujjar Bakerwals for relieving toothache 
(Ganai and Nawchoo, 2003).

CROP IMPROVEMENT INCLUDING BIOTECHNOLOGY

Biotechnological approaches help in increasing the application of medicinal plants for 
secondary metabolite production. In vitro culture allows the production of secondary 
metabolites under controlled culture conditions. Two types of in vitro cultures are 
currently used for secondary metabolite production: dedifferentiated cultures (callus 
and suspension cultures) and differentiated cultures (transformed roots and shoots). 
Various approaches used for increasing the production of secondary metabolites 
include optimization of growth and production culture media, as well as elicitation 
and metabolic engineering (Giulietti and Ertola 1999).

PROPAGATION INCLUDING MICRO-PROPAGATION

Planting cuttings is a very common method for the propagation of henna. The stem 
must be cut above the nodes and planted in the field. A few leaves must be kept 
in the cuttings. Good cuttings from a good variety of plants must be used for the 
propagation of henna. Henna is also propagated through seeds. The selected seeds 
must be healthy and disease-free. The seeds must be soaked in water before sowing. 
Soaking them prior to sowing allows better germination.

CULTIVATION, LAND PREPARATION, TIME OF PLANTING, 
SPACING, MANURING AND FERTILIZATION, IRRIGATION, 
WEED CONTROL, SPECIAL CARE, IF ANY

The henna plant is native to northern Africa, western and southern Asia, and 
northern Australia in semi-arid zones and tropical areas. It produces the most dye 
when grown in temperatures between 35°C and 45°C (95 and 113°F. During the 
onset of precipitation intervals, the plant grows rapidly, putting out new shoots. 
Growth subsequently slows. The leaves gradually slow and fall during prolonged 
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dry or cool intervals. It does not thrive where minimum temperatures are below 
11°C (52°F). Temperatures below 5°C (41°F) will kill the henna plant. It grows 
best in water-retentive soils and areas. It is commercially cultivated in countries 
such as Western India, Pakistan, Morocco, Yemen, Afghanistan, Somalia, Sudan, 
and Libya. In India, Rajasthan is the most cultivated heavily region in Sonat city. 
In other states like Gujarat, Madhya Pradesh, and Punjab, henna is used as a major 
commercial crop where the climate is relatively hot and dry and the rains are scanty. 
Twice a year, henna is harvested, best after the monsoon when the crop is ready by 
the month of September and October while the February and March crop acts as a 
side crop. It is a perennial shrub, if planted holds a good promise if planted a short 
rotation, forestry plantation and will not only maintain continuous soil cover through 
foliage/ residue but also help in building a cleaner environment in air fringes. Henna 
based agroforestry system could be a good drought proofing strategy that may help 
farmers to buffer the effect of climate change.

LAND PREPARATION

For large-scale cultivation, a suitable area of land must be selected. The land must 
be clear of any weeds or matter from previous cultivations. After the land is clear, 
it must be ploughed. Tractors may be used for ploughing. Bullock carts may also 
be used for ploughing of the fields. Ploughing ensures that the soil has reached a 
fine tilth. This makes cultivation easier. Ploughing must be done till the soil reaches 
desired texture. Proper quantities of farmyard manure must be mixed with the soil. 
Proper drainage channels are also important to be constructed in the field.

TIME OF PLANTING

The cuttings can be raised in nurseries till they develop roots. After that, they 
can be transplanted back to the main field. In the case of seed planting, the seeds 
are allowed to germinate. After germination, they are grown in nurseries under 
controlled conditions. The germinated seeds are taken together with the fine sand 
and are planted in the nurseries. Proper watering and nutrition management is done 
so that healthy seedlings can be raised. After about 3-4 months, the seedlings are 
transplanted to the main field.

At the time of transplanting, the seedlings have gained a height of 30-40cms. For 
good foliage growth, proper quantities of nitrogen must be applied in the field. Light 
irrigation must be provided after transplanting. While transplanting the seedlings from 
the nursery to the main field, care must be taken so that the roots are not damaged. 
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While placing them in the main field, they must be put inside the already dug-out 
pits. The pits are filled with manure mixed with topsoil. After planting the seedlings 
or cuttings, they must be properly covered with soil and watered. The soil around 
the base of the plant must be pressed firmly to avoid entry into air.

SPACING

The transplanting is done in July-August. The germinated seedlings are raised in 
nurseries in the month of March. The seed rate for henna cultivation is around 7-10kg 
for one hectare of land. Normally, a spacing of 30cm*45cm is applied in the crop 
of henna. The spacing and seed rate may vary for different locations.

MANURING AND FERTILIZATION

Too much application of fertilizer is not recommended for the cultivation of henna. 
The soil test is essential for determining the nutrients need for the henna crop. After 
the soil test, proper quantities of nutrients must be provided to the crop. To avoid 
micronutrient deficiency, appropriate steps must be taken. The henna plants respond 
very well to nitrogenous fertilizers. It is recommended after sowing or planting. The 
fertilizers can also be applied in split doses. Farmyard manure must be applied at 
the time of field preparation.

IRRIGATION

Heavy irrigation is not required in the cultivation of henna. In fact, the henna plant 
requires dry and low irrigation. In dry conditions, the tannin is better produced. 
To get quality henna leaves, over-irrigation must be avoided at any cost. In case of 
excessive rainfall, the extra water must be drained out of the field. However, in too 
dry seasons, watering must be done properly to provide minimum moisture to the 
plants. Low moisture is recommended for henna plants. But, the plants must not be 
made to suffer from moisture stress. For saving water, drip or sprinkler irrigation 
can be used. Light irrigation can be provided after sowing of seeds and application 
of fertilizers.
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INSECT, PESTS, DISEASES, AND THEIR MANAGEMENT

The henna plant is not quite attacked by a lot many diseases and pests. A check must 
be kept on the sap-sucking insects of henna. The common insects and diseases are 
black root rot and bacterial leaf spot. Proper management of crops can ensure that 
these diseases do not happen. In case of such an incidence, appropriate steps must 
be taken. Proper control measures can ensure the healthy growth of the plants. A 
black root rot caused by Corticium koleroga and a bacterial leaf spot caused by 
Xanthomonas lawsoniae has been reported from India.

HARVESTING, YIELD, POST-HARVEST 
MANAGEMENT, AND STORAGE

Plants are generally harvested twice a year from the second year onwards under 
intensive cultivation. Harvesting starts 1 or 2 years later under extensive management. 
During the first year plants are cut at about 5 cm above the ground, later they are 
cut at ground level. Harvesting is done when the flower buds start to form.

Yield

Few reliable statistics on yields are available. Under irrigation, henna may yield 
2500-3000 kg/ h per year of leaves on a dry weight basis, reaching 4000 kg /ha under 
optimal conditions. Under rainfed conditions in northern India yields of 700- 1500 
kg /ha are obtained. In India plantation of Lawsonia inermis is mainly confined 
to Gujarat, Haryana, Punjab, Madhya Pradesh, and Rajasthan (Duke et al. 1993). 
Rajasthan State has 41,450 ha (2010-2011) area under henna cultivation which Pali 
district of Rajasthan alone accounted for 39,400 ha (95%) largest cultivated area 
(Sukla et al. 2012). As per the FAO report, India exported 45, 00 tones to 76, 00 
tonnes of henna per annum. The estimated export of henna, in all forms, was around 
10,500 tonnes with a value of around Rs 91 crores.

POST-HARVEST MANAGEMENT

The branches after harvesting are dried in sun. After dried properly, they are beaten 
with sticks to separate the leaves from the branches. After the leaves have dried 
properly, they must be powdered. The fresh leaves are sold in the market sometimes. 
For making powder, the leaves also have to undergo some processing.
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GERMPLASM MANAGEMENT

Seed storage behavior is orthodox; long-term storage is feasible. On average, there 
are about 700 000 seeds/kg

Utilization/ Processing (By-Products)

Marketed Unani Formulations

Arq Murakkab Musaffi Khoon
Benazir Hair Oil
Habbe Musaffi Khoon
Marham Henna
Roghan Amla Khas
Safoof Surkhbada
Sharbat Musaffi Khoon

Marketed Ayurvedic Formulations

B-Cuts
Keo Karpin
Livin
Medicon-V

Trade and Marketing (Name of the Company with 
Address who are Utilizing the Crop- if Known)

The market for henna is quite good. The fresh leaves are sold directly to the market. 
The powdered form must be packaged properly after packing them in proper packages. 
The powder henna can also be sold to different brands for marketing.

MARKETING

Marketed preparations - Over 20 Unani, 4 Ayurvedic, and several Cosmetic marketed 
preparations containing Lawsonia are available in the market (All, 1996).
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FUTURE RESEARCH THRUST

The very low toxicity of henna and its strong roots in tradition make it one of the few 
natural dyes for which demand is still growing. The ongoing research for innocuous 
natural dye may add to its present uses. If more attention were given to the selection 
of cultivars with a high lawsone content and to the development of better drying and 
processing techniques, it should be possible to expand its commercial production 
to more humid areas.

Cultivation of henna is profitable under low rainfall conditions and is an important 
source of income for farmers in drought-prone arid and semi-arid regions. Other 
benefits associated with henna cultivation include drought proofing, improved land 
use through sustainable forestry (henna plantations have an average productive life 
of about 15 years and come under short rotation forestry practices), and economic 
uses of marginal and gravely lands or wastelands.

Figure 1. (xvii) Colored photograph of plant and plant parts which are used for 
medicinal purposes
Lawsonia inermis L.
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