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Preface

Environmental sustainability is a word of great importance today, as our planet’s
natural environment has been significantly affected by urbanization and industrializa-
tion. That is why the United Nations has set itself seventeen important goals intended
to improve not only environmental but also social and economic sustainability. As
responsible chemists and engineers, our greatest responsibility is to participate in the
global movement to reduce global environmental impacts.

Green chemistry is a tool involving twelve principles developed by Paul Anastas and
John Warner. They have moved chemistry in a more environmentally friendly direction
by (1) generating “zero” waste at the source (#1), holding atoms accountable during
the process (#2), and resorting to less hazardous (#3), safer (#4), solvent-free (#5),
and more energy-efficient (#6) chemical synthesis routes. The principle of green
chemistry also includes limiting the use of fossil materials through the use of renewable
raw materials (#7), the production of materials with reduced derivatives (#8) and the
use of green catalysts (#9) to avoid environmental pollution during processing. This
also includes designing products for degradability (#10) and analyzing the product
and process in real-time (#11) to prevent accidents (#12).

What these principles of green chemistry have in common is the potential to achieve
environmental sustainability. However, there was an urgent need to prioritize the
actions and therefore these principles were divided into three strategies: pollution
and accident Prevention, safety and security Assurance, and energy and resource
Sustainability. By integrating the last word of each three strategies, the Prevention-
Assurance-Sustainability (PAS) strategies were developed. The basic idea was that
chemists and engineers should implement these newly developed strategies into their
newly developed products or processes to create a sustainable environment for the
next generation.

Therefore, there is a need for books that enable integration and innovation in the
theory and practice of green chemistry and provide researchers or engineers with
guidance on how to develop new materials or improve existing technologies by
integrating green principles into their research. This book deals with a profound
solution to the existing environmental problem of sustainability.

The book consists of nine detailed chapters by carefully selected authors from experts in
their fields, presenting the multidimensional side of green chemistry for environmental
sustainability. These ten chapters are divided into four sections, with the first section
containing one chapter and the other three sections containing three chapters each.

Section 1: “Theory and Practice of Green Chemistry Principles”

This section contains one chapter. Chapter1 is a perspective chapter that summarizes
the principles and applications of all twelve principles of green chemistry as applied to



control air, water, and soil pollution, along with the associated regulatory, institutional,
technological, financial, and public barriers. To overcome related barriers, PAS strate-
gies as well as the role of innovation technology and integration management have been
described in detail. This section is the basic theoretical section for the principles of
green chemistry.

Section 2: “Strategy P: Pollution and Accident Prevention”

Strategy P (Prevention) is the combination of the principles of waste prevention

(#1), less hazardous chemical synthesis (#3), reduced derivative (#8) and design for
degradation (#10). The focus of Chapters 2, 3, and 4 is on the prevention strategy.
Chapter 2 provides a good overview of the environmentally friendly and sustainable
synthesis of nanomaterials, including the minimization of waste and toxic emissions.
The chapter provides the bibliometric data for the green synthesis of nanoparticles
provided, including the advantages and limitations of implementing such techniques.
Chapter 3 focuses on the development of greener, more economical, and environmen-
tally friendly silica synthesis from biomass waste. This chapter provides good guidance
for prevention strategies and resource sustainability. Chapter 4 focuses on the role of
mangroves and zero-valent iron nanoparticles (nZVI) for cadmium (Cd) remedia-
tion in contaminated areas. All three chapters in this section provided theoretical and
experimental information to support pollution and accident prevention strategies to
support environmental sustainability.

Section 3: “Strategy A: Safety and Security Assurance”

Strategy A (Assurance) is the combination of the principles of safer chemicals (#4),
catalysis (#9), real- time analysis of pollutants (#11), and accident prevention (#12).
Chapters 5, 6, and 7 examine assurance strategies. Chapter 5 discusses how to provide
for safer chemical synthesis of nanoparticles through biological approaches. It presents
a good correlation of the biological synthesis approach with the individual principles
of green chemistry. Chapter 6 focuses on the green synthesis of Cu, Ag, and Au
nanoparticles specifically for medicinal chemistry. It provides detailed information on
conventional synthesis and safer chemical synthesis for nanoparticles as well as their
challenges and future prospects. Meanwhile, Chapter 7 emphasizes the development
of novel and environmentally friendly zinc oxide synthesis techniques using plant
extracts and gaseous plasma technology to improve the ultraviolet protective and
hydrophobic properties of textile fabrics.

Section 4: “Strategy S: Energy and Resource Sustainability”

Strategy S (Sustainability) is the combination of the principles of atom economy (#2),
safer solvent and auxiliaries (#5), energy efficiency (#6), and renewable feedstocks
(#7). Chapters 8 and 9 mainly deal with sustainability strategies. Chapter 8 reviews
various types of green energy and their benefits to energy sustainability. Chapter 9 is
an industrial overview that describes the role of green chemistry in minimal protection
of solid-state peptide synthesis. It describes how it behaves as an environmentally
friendly synthesis route and increases production productivity.

This book provides comprehensive information about green chemistry for envi-
ronmental sustainability, and we are confident that it will serve as an indispensable

XIvV



reference for engineers, scientists, and researchers in their learning about green
chemistry practices for environmental sustainability. I am very grateful to all authors
for their willingness to provide book chapters and collaborate with me to create
awareness about Green Chemistry for Environmental Sustainability — Prevention-
Assuvance-Sustainability (P-A-S) Approach.

I would like to take this opportunity to express my sincere gratitude to Prof. Pen-Chi
Chiang of National Taiwan University and Prof. Zhaoyang You and Prof. Yongjun
Sun of Nanjing Tech University for their constant motivation and guidance. I also
thank the group members of my KJS-laboratory for their assistance in preparing the
book chapters and their participation in the book design. My special thanks go to
Publishing Process Manager Mr. Tonci Lucic at IntechOpen for his support from the
proposal stage to the final editing of the book. A big thank you to IntechOpen for
providing this wonderful platform and supporting us throughout the entire process.
I would also like to thank all my students studying sustainable green chemistry and
the green chemistry for environmental sustainability course, as well as all my friends
and family members for their best wishes.

KinjalJ. Shah
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Chapter1

Perspective Chapter: Implementing
Green Chemistry Principles for
Pollution Control to Achieve
Environmental Sustainability — A
Review

Angrui Jiang, Jingwei Li, Kinjal J. Shah and Zhaoyang You

Abstract

Green chemistry is an emerging field in which 12 principles of green chemistry
are put into practice to achieve a pollutant-free environment (air, water and soil).
Simultaneously, when implemented in industrial practice, government policy, the
practice of daily life, and the education system around the world, these 12 principles
can play an important role in environmental, economic, and social benefits. This
overview sheds light on the principle and its applicability based on systematic sur-
veys. Additionally, this review identifies related barriers to GC implementation, such
as: regulatory, institutional, financial, technological and public barriers to achieve
the goal of a pollution free product. A three-point strategy (so-called PAS strategy,
i.e. pollution and accidents prevention, safety and security assurance, and energy
and resource sustainability) was explored to overcome barriers. In addition, the role
of innovation technology and integration management in overcoming air, water and
soil pollution system was discussed in detail. Finally, some of the valuable success
stories based on GC implementation in controlling air, water and soil pollution were
presented. This report highlights the success of implementing 12 GC principles in
achieving overall environmental sustainability.

Keywords: green chemistry, strategies, pollution control, sustainability, innovation
technology

1. Introduction

Green chemistry (GC) is a relatively new, emerging field that seeks to work at the
molecular level to achieve sustainability through the design of chemical products and
processes with the goal of (a) reducing the generation of pollution to minimize source
and (b) risk to human health and the environment [1]. This definition and the con-
cept of GC first came into focus in the 1962s in Rachel Carson’s scholarly book Silent
Spring, in which he described the devastating effects of certain chemicals on local
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ecosystems [2]. To protect the quality of the environment, the US Congress promptly
passed the National Environmental Policy Act (NEPA) in 1969 [3]. With health and

the environment now a priority, President Richard Nixon founded the United States in
the 1970s [4]. The Environmental Protection Agency (EPA), a federal regulator whose
very first major decision was to ban the use of DDT and other chemical pesticides [5].
In the 1980s, the chemical industry and EPA’s primary focus was pollution cleanup, and
industry and government leaders began an international dialog, with groups such as the
Organization for Economic Co-operation and Development (OECD) raising problems
and seeking preventive solutions. They made a series of international recommendations
focused on cooperatively modifying existing chemical processes and preventing pollu-
tion. Additionally, in 1988, the office of pollution prevention and toxic substances was
formed within the EPA to promote these environmental goals, and the term GC was
first officially announced [6]. Therefore, GC goes one step further and creates a new
reality for chemistry and engineering by challenging chemists and engineers to develop
chemicals, chemical processes and commercial products without producing toxins and
waste products. Meanwhile, the Pollution Prevention Act of 1990 marked a regulatory
shift from pollution control to pollution prevention as the most effective strategy for
these environmental problems [7]. By the mid-twentieth century, however, some of
the long-term adverse effects of these advances could not be ignored, such as acid rain,
global warming, declining forest health, and depletion of the Earth’s ozone layer [1].
Some common chemicals are suspected of causing or being directly related to human
cancer or other harmful effects on human health and the environment [7].

In order to overcome such problems, it is necessary to develop chemical processes
and environmentally friendly products that prevent environmental pollution in the
first place [8]. Through the practice of green chemistry, alternatives to hazardous sub-
stances can be created through the use of raw materials [9]. Chemical processes can
be developed that reduce waste and reduce the need for increasingly scarce resources
[8]. The worldwide implementation of GC requires the efforts of many governments,
policy makers, academia, scientific societies, industry, trade organizations, small
businesses, non-governmental organizations, research centers and other government
agencies [1]. Today’s industry leaders can do the job it takes chemists and engineers
to move research and innovation from the lab to the boardroom by developing viable
industrial products [10].

In recent years, international efforts in green chemistry have significantly
boosted hopes of addressing environmental, health, and economic challenges. The
International Union of Pure and Applied Chemistry (IUPAC) works with industry
and other research organizations around the world to help solve this pollution and
other environmental problems. Many successful entrepreneurial companies whose
products are based on the application of green chemistry and technology have
emerged as part of the pollution prevention program. When thinking about the
development of GC, we must always remember the work co-authored by Paul Anastas
and John C. Warner, who derived 12 principles (Figure 1) of GC that embodies a phi-
losophy that led academic and industrial scientists to do so motivated to achieve the
goal of environmental sustainability [11]. Figure 1 shows the 12 principles that act as
a clock and illustrate the importance of time, energy and the environment. The major
goals of this chapter are to (1) to determine theory of GC to put in to real life practice,
(2) to identify associated barriers for the deployment of GC for pollution control.

This review focuses on the detailed discussion of 12 principles and the barriers to
their implementation. Furthermore, controlling air, water and soil pollution is the focus
of this review, so this review sheds light on their implementation by providing strategies.
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Soil

Pollution Pollution

Control Control
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Pollution
Control

Figure 1.
The 12 principles of green chemistry to implement in pollution control.

Nevertheless, this chapter presents the role of their innovative technology in control-
ling each individual pollution. Nevertheless, integration management was discussed to
determine the role of management in implementing the strategy. Finally, a case study on
air, water and soil pollution using the green chemistry approach was discussed.

2. Twelve (12) points of green chemistry
2.1 Waste prevention

Principle: It is better to avoid waste than to treat or dispose of it after it is created.
There are three sources of waste generation, for example during production, during
distribution of the product and during consumption of the product [12].

Application: Waste generation in manufacturing comes primarily from sources
such as incomplete reaction conversion, and waste from chemicals used in the process
but not consumed in the reaction, such as solvents and suspending agents, residues,
catalysts, etc. These wastes can take many forms and impacts in terms of nature,
toxicity, quantity and mode of release into the environment, depending on the state.
In order to control the effects, the E-factor (mass of waste/mass of products), the
environmental impact factor, was introduced in 1992 [12]. It is a measure that can be
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used to calculate the amount of waste generated per kilogram of product and measure
the environmental impact of a manufacturing process. By providing such a factor,
creative solutions to avoid inefficient industrial production have been achieved.

For ethylene oxide production, an E-factor of 5 and 0.3, respectively, was observed for
the chlorohydrin process and the catalytic oxidation process [13]. This means that for
every kilogram of product, 5 kg of waste was generated by the chlorination process
and reduced 16-fold and 0.3 kg was generated after the catalytic oxidation process.

2.2 Atom economy

Principle: Atomic economics is a major development that goes beyond the tradi-
tional concept of percent yield [13]. This is because the yield is calculated by consid-
ering only one reactant and one product.

Application: The central principle of GC is to design processes in such a way
that the greatest possible amount of all raw materials ends up in the product and a
minimum of waste is produced. Most reactions can have a high percentage yield, but
also produce a lot of waste products. This type of reaction has a low atom economy.
When designing an environmentally friendly chemical process, both yield and atom
economy must be considered. Ethylene oxide is an important raw material for the
production of epoxy-functional materials, ethoxylates (surfactants), ethylene glycol
ethers (solvents), etc., which are produced by the chlorohydrin process (two-step
process, see Figure 2A). Meanwhile, in 1937, Union Carbide introduced a catalytic
oxidation process (one-step process) to produce ethylene oxide (see Figure 2B)
using silver metal as a catalyst. Table 1 shows the atom economy calculations of both
processes. As a result, it was found that the atom economy of the chlorohydrin process
and the catalytic oxidation processes were 23 and 100%, respectively [13]. Silver is the
most active and selective catalyst for the reaction. Today, all ethylene oxide worldwide
is produced exclusively via the catalytic route.

2.3 Less hazardous chemical syntheses

Principle: Synthetic methods should be designed in such a way that the formation
of substances (product or by-product) has little or no toxicity to human health and
the environment.

Application: Chemical products should be designed to prevent the effect while
reducing toxicity. In practice, many researchers worked to reduce solvent consump-
tion and produce more efficient processes with higher yields and less hazardous

<l

H,C—— CH, ﬂ,.mc—\hl,, + CaCl, + 2H,O
ethylene oxide
aH
chlorohydrin

(B} One step process

o
Ag catalyst /
Ho(m—/———CH, + /20, ———— - < N
2 ’ - 10-30 atm HC H;
cthylene ethvlene oxide

Figure 2.
Synthesis of ethylene oxide by (A) chlorohydrin process, and (B) catalytic oxidation process.
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waste/intermediate materials [14]. Building on this, the 2005 Nobel Prize in
Chemistry was awarded for advances in green chemistry. To illustrate this concept,
a Witting reaction invented by Georg Wittig in 1954, in which he incorporated

an alkane into a molecule, was highlighted [15]. A triphenylphosphonium halide
was added to a solution of n-butyllithium in diethyl ether. After ylide formation,
the carbonyl compound was added and refluxed overnight. After some time, a
milder base was used in place of the lithium compound to form the ylide, and N,
N-dimethylformamide was used in place of diethyl ether. The Witting reaction was
modified with aqueous sodium hydroxide at room temperature to aid GC in solvent-
free synthesis. Here, an aromatic (any) aldehyde is added to a ylide formation by
reacting benzyl-triphenylphosphonium chloride with sodium hydroxide by simply
stirring at room temperature for 30 min (see Figure 3) [14]. The advantage of such a
reaction was the replacement of the reaction solvent with water.

2.4 Safer chemicals

Principle: Chemical products should be designed to perform their desired function
and effectiveness without compromising on a minimal level of toxicity.

Application: To date, most industrial processes have been developed and aligned
with the end goal of producing a product and its utility, regardless of the impact
on natural resources, the waste generated by the invention, and its toxicity [11]. To
understand this concept, it is essential to understand the flame retardants used in the
plastics industry. In general, organ halogen and organophosphorus compounds are
widely used as flame retardants. In the organ halogenated compound, brominated
aromatics in particular have been the most commonly used because of their low cost
and efficiency. However, it exhibits less bio-accumulative properties in the environ-
ment and the associated health risks are significantly higher. More recently, bio-based
flame retardants are derived from tartaric acid, a by-product of winemaking used in
the polymer composites industry [16].

2.5 Safer solvents and auxiliaries

Principle: Solvents are the king of all types of reactions (mainly) to get a good
conversion rate. The use of auxiliary materials (e.g. solvents, separating agents, etc.)
should be superfluous as far as possible and harmless in use.

Application: In many cases reactions would not take place without solvents and/
or material release agents. However, solvents are responsible for about 75% of the

©\® cP

P¥
0 @ Q AN
aq. (NaOH)
259¢
benzaldehyde trans-1_2-Diphcnvlethvlene

Figure 3.
Green route scheme for the wetting reaction of substituted benzaldehyde.
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total environmental impact of a traditional chemical operation [17]. In addition,
they lengthen the process steps by being heated, distilled, cooled, pumped, blended,
distilled under vacuum and filtered, and for the most part are not recycled. To avoid
such effects, in some cases microwave-assisted solid-phase reactions, green solvents,
and water media were alternative ways to reduce solvent consumption [18]. Among
other things, the microwave-assisted reaction is very fast, has a shorter reaction time,
a higher degree of purity and a higher yield after the reaction [18]. Most importantly,
no additional steps are required to obtain a pure product.

2.6 Energy efficiency

Principle: requirement of chemical processes should be recognized and minimized
with regard to its ecological and economic effects.

Application: In the general case of solvent removal, chemistry laboratories need a
rotary evaporator, which requires the combined use of a heat source, a vacuum pump,
arotary motor, and a condenser. Meanwhile, the energy input and associated costs are
modest compared to a larger industrial scale for solvent removal. To control the energy
consumption, you need to design the reaction under the ambient conditions of room
temperature and atmospheric pressure [11]. In 2012, Cytec Industries Inc. received the
Presidential Green Chemistry Challenge Award for innovation in energy-saving reac-
tion conditions. In short, alumina is a raw material for aluminum, which is produced
from bauxite using the Bayer process. Minerals were deposited on heat exchangers and
pipes that were cleaned with sulfuric acid when the engine was shut down. To avoid this
problem, Cytec developed its MAX HT Bayer Sodalite Scale Inhibitor, which contains an
active polymer with silane functional groups for the Bayer process. This polymer depos-
ited on surfaces, increased evaporation and reduced caustic soda losses, thereby reducing
the use of vapor emissions from the combustion of carbon-based fuels. This process also
reduces the use of sulfuric acid to clean heaters. After implementing this process at all
steel mills, it was determined that the energy savings equated to approximately 7 bil-
lion pounds of CO, not released into the atmosphere. In addition, the use of sunlight to
promote chemical reactions and the conversion of solar fuels from CO, offer significant
potential for sustainable energy solutions [19].

2.7 Renewable feedstocks

Principle: A raw or starting material should be renewable and non-exhaustive
whenever technically and economically feasible.

Application: Recently, most of our manufacturing products are derived from
petroleum feedstocks or natural gas. Renewable raw materials are often made
from agricultural products or come from living organisms [20]. Many products from
biological sources are widely used, e.g. Algae is used in the cosmetics industry, lignin is
an important waste material from the pulp and paper industry for energy production,
additives are converted into DMSO as well as humic acid, starch and oil for the pro-
duction of detergents, bioplastics are Synthesis for packaging, cars, etc. [21]. Among
biopolymers, polylactic acid is the most commonly used biopolymer in the packaging
and healthcare sectors today [22]. Fermenting starch derived from glucose in the pres-
ence of CO, and yeast produces succinic acid, which is used in the synthesis of a variety
of chemical products such as detergents and biodegradable plastics. In recent years,
CO, has been used as a feedstock for mineralization in the cement industry through
the carbonization process to the High-Gravity process. Similarly, bio-butanol is also
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produced from renewable feedstock and can be used for many energy applications
[23]. Composed of triglycerides, vegetable oils are widely used in foods, pharmaceuti-
cals, cosmetics, fuels, paints and building materials. Research into the use of renewable
materials is advancing rapidly and one cannot hope to provide an exclusive overview
of all possibilities.

2.8 Reduce derivatives

Principle: Unnecessary derivatization should be minimized or avoided whenever
possible, since steps require additional reagents and can generate waste.

Application: Synthesis is a multi-step process to produce chemical products using
various solvents and reagents at elevated temperatures and/or pressure. This process
requires additional purification and separation steps after each process and gener-
ates waste that gives the impression that the recovery is less than 100%. Noncovalent
derivatization is an alternative to traditional synthesis, in which the properties of
a starting material are modified by covalently attaching various functional groups
to it without the use of solvents. Thus, no waste and no purification is required to
obtain modified products. To understand this concept, it is necessary to understand
the Polaroid instant imaging mechanism. Here, the solubility of hydroquinones at
elevated pH by bis(N, N-dialkyl)terephthalamide modification was modified by
a noncovalent derivatization method instead of the (traditional) method using
base-labile covalent protecting groups [24]. It solved the problem without altering
the original hydroquinone structures and minimized waste material and energy
by performing the solvent-free milling, purification processes, and waste disposal
associated with the traditional covalent derivatization process in one step.

2.9 Catalysis

Principle: Catalytic reagents are superior to stoichiometric reagents to increase
product yield. As described in the first principle, waste avoidance can be achieved
through a higher conversion rate, which can be achieved by a catalyst.

Application: One of the most important catalytic reactions of the last century is
the acid-catalyzed Friedel-Craft alkylation and acylation reaction for the synthesis
of alkylbenzenes, which are valuable intermediates in specialty chemistry. In this
reaction, soluble Lewis acid AICI3 or mineral HF acid was added as a catalyst and
resulting in a large amount of hazardous substances (Figure 4a) [25]. To cope with
this situation, solid acid catalysts have been developed from an economical and
ecological point of view to achieve higher yields with fewer pollutants (Figure 4b).
In this century there was the renewable catalyst or enzyme catalyst. Enzyme catalysts
were used to convert the pollutant gas CO, into useful solar fuels (Figure 4c) [26].
In this way, harmful substances are converted into useful substances. Furthermore,
since biocatalysis is a biomimetic approach based on natural or modified enzymes, it
is also used for the conversion of biomolecules instead of petrochemicals.

2.10 Design for degradation

Principle: Chemical products should be designed so that at the end of their useful
life they break down into harmless decomposition products and do not remain in the
environment.

Application: There is a risk of confusion in understanding this concept, where
biomaterials are not necessarily made from renewable resources, but refer to the
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Figure 4.
Catalytic reaction such as Friedel-crafts alkylation by (a) conventional route, and (b) green route; enzymatic
reaction for solar fuel production (c).

ability of materials to break down into energy and more basic components such as
carbon dioxide, methane and water. Biodegradation occurs aerobically and anaerobi-
cally, with organic matter being converted into basic elements in the presence or
absence of oxygen. In the last 10 years, due to the global worm effect, the demand for
sustainable and renewable raw materials for personal care products has increased.
Prior to this type of concept, long-chain ammonium salts such as di(hydrogenated)
tallow dimethyl ammonium chloride (DHTDMAC) (Figure 5) were used as personal

Di(hydrogenated)tallowdomethylammonium chloride (DHTDMAC)
Biodegradability test 0-5%

/\/\/\/\ N B{
Stearic Surf; Biodegradability test 70 %

M M/\ﬁ 0 &19}\39

OleicSurf; Biodegradabilitytest 82 %

Figures.
Design of various biodegradable surfactants.
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care products. However, it has lower biodegradability and intrinsic eco-toxicity [27].
The new salt made from natural fatty acids has higher biodegradability compared to
DHTDMAC (see Figure 5). Made from fatty acid, the surfactant has superior physi-
cochemical properties, is easily synthesized and over 70% biodegradable, providing a
good alternative to traditional petrochemical-based surfactants.

2.11 Real time analysis of pollution

Principle: Analytical methods need to be further developed to enable real-time
monitoring and control during the process before hazardous substances are formed.
In most chemical processes, temperature and pressure are linked.

Application: Temperature and pressure sensors were used to monitor the reaction
conditions. However, they only measure the condition of the reactor, but the compo-
sition of the mixture, the conversion ratio of the mixture and the physical properties
must be measured with analytical techniques (see Table 2) to avoid generating waste.
The product/process is safer for human health and the environment. Through this
type of practice, the goal of green analytical chemistry to measure chemicals without
generating waste and minimizing or eliminating the formation of by-products can be
achieved [11]. The advantage of the real-time analysis process is to quickly take action
to avoid accidents, energy loss and by-products that would survive additional clean-
ing, separation or filtration steps. In particular, materials used in the manufacture of
such an instrument, such as a mercury electrode replaced with a carbon electrode and
a Li-ion battery replaced with a carbon electrode battery, are also considered. After
implementing such small things for production, pollution and by-products can be
eliminated and the product obtained can be called a clean product.

2.12 Accident prevention

Principle: Substances and the form of a substance used in a chemical process
should be selected to minimize the risk of chemical accidents, including releases,
explosions and fires.

Application: When it comes to prevention, not only chemical accidents count,
but also protection against damage, risks, dangers, injuries and damage. In general,
accident prevention is divided into four categories: personal protection, management
and control of work processes, technical control and elimination of the accident before
it occurs. According to the OECD principles of good laboratory practice, the genera-
tion of high-quality and reliable test data/products is related to personal and industrial
safety. Personal safety through awareness, cleanliness, safer work culture and use
of personal protective equipment such as gloves, goggles, lab coat/apron, shoes and
masks. The Occupational Health and Safety Administration guidelines must be fol-
lowed in controlling and managing work practices to prevent accidents. Meanwhile,
according to Environmental Protection Agency guidelines, materials and processes
must be selected to be safer for the environment. Under the Chemical Accident
Prevention and Clean Air Act Amendments of 1990, accident prevention begins with
identifying the hazards, such as: exclusive, toxic, flammable or global hazards. In
this way, the production or laboratory work is the first to benefit from the risk reduc-
tions. There are several serious accidents related to the chemical industry or chemical
materials, resulting in significant losses to people, animals and the environment, for
example. The above incidents are memorable events for everyone, especially the scien-
tific community, reminding us to use safer alternative chemicals to avoid accidents.
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3. Goals and objectives

Government, policymakers, business, industry and the public now see sustain-
able development as a necessary goal to achieve the goals of the Paris Agreement of
November 4, 2016 [28]. In the context of industrialization, the creation of cleaner
products and cleaner processes plays a key role in reducing pollution minimize and
to maintain and improve our atmosphere and thus our quality of life. This can be
achieved through GC Development. In fact, these challenges are primarily associated
with chemistry, chemical engineering and chemists. The reason the manufacturing
process creates millions of tons of waste, and reducing or eliminating that waste is
a critical issue facing the world today. Therefore, a challenge for chemists and their
associations is to develop new products, processes and services that achieve the goal
of a pollution-free environment. This can be achieved by reducing the material and
energy intensity of chemical processes and products, minimizing or preventing the
spread of harmful chemicals in the environment, maximizing the use of renewable
resources, and extending the shelf life and recyclability of products. To achieve the
goal of a pollutant-free atmosphere, the aim of the paper was to (1) identify the
principle of GC and the role of GC in preventing pollution, (2) the obstacles and
challenges in establishing GC in the system to identify, (3) The role played by innova-
tive technologies in preventing air, water and soil pollution is determined. In addition,
three case studies on different countries’ approaches to tackling GC-related challenges
were reviewed and illustrated.

4. Barriers and challenges

Basically, when we talk about the barriers, it is necessary to consider a complex set
of issues associated with the implementation of GC for pollution control. To justify
that barriers are categories of institutional, regulatory, technological, financial and
public (cultural) support to achieve comprehensive pollution control. There are
significant interactions and overlaps between these categories themselves.

4.1 Regulatory barriers and challenges

In recent years, income growth has changed according to the country’s urbaniza-
tion development, which has led to an increase in export and import. In addition,
with the development of the transportation system, the world is becoming more
and more connected, and the export and import of chemicals is increasing rapidly.
Therefore, many chemical companies have established their business according to
the relaxation of regulations in the country where they manufacture or sell their
products. Many chemical companies use their resources for mandatory actions and
harm the environment, air pollution and water instead of investing in research and
development for new products and processes. In most cases, landfilling the waste
is not the ultimate option, and the quality of the landfill is also questionable if it is
not properly segregated. Such governmental habits and underestimations can be a
barrier to new GC innovations. In addition to waste management, the government
must also take care of corporate policy to avoid conflicts [29]. In some cases, the sale
of one company or product interfered with the sale of another product, leading to
conflict and implementation difficulties. At this point, government environmental
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and health policies must consider the benefits and make their choices rather than
being economic or political [30]. In addition, the central government must provide
adequate rights and funds to the state government, which has the right to promote GC
to achieve pollution-free products, so-called green products.

4.2 Institutional barriers and challenges

There are many institutional barriers associated with GC to implement it for
pollution-free production. Political issues, lack of policies, taxes, and outdated
infrastructure hinder the creation of an effective GC system. Industry and academia
are now responding to these challenges and implementing them on a global scale,
attracting research funding and moving new, greener chemicals from the research
bench to the manufacturing plant. In this implementation, a lack of awareness was
observed in education in schools, universities and companies, and in management
perceptions [31]. In the implementation, GC are important to bring the laboratory
experiment to industrialization. Beyond these barriers, the region faces several other
constraints, including a lack of coordination, transport dependency, aging infrastruc-
ture, operational limitations, and a broader public and industrial perception problem.
Another major obstacle is the successful implementation of new synthesis technolo-
gies and corresponding new process technologies, especially in the pharmaceutical
industry where US FDA and other documentation pose challenges over time. With
such institutional and organizational obstacles, international agencies and national
governments need to set up appropriate institutional structures to reduce process
time, but also try to avoid disruption from frequent institutional changes. The lack of
a common environmental objective across the different institutions can represent a
significant obstacle to implementation.

4.3 Technological barriers and challenges

Innovation technology and management integration is the task of the coming cen-
tury to overcome environmental barriers through the synthesis of green products, so
that green economics becomes the driving force behind new products and processes.
To implement technology in GC to achieve green production, aspects must be multi-
disciplinary and not specific. The reasons for this are lack of knowledge about toxicity
among chemists and vice versa, the knowledge of laboratory chemists and industrial
chemists differs depending on experience and finally, there is no such database of
chemical lists and process lists that could help the chemist to establish a product.

This is because the industry is unwilling to share information about the chemicals
used in production and synthesis processes. As a result, the many substances, hazard
characteristics and processes remain unknown. There are no clear design guidelines
for researchers in the early discovery phases of GC as there is no communication gap
between scientists and engineers. A concerted research initiative by industry, govern-
ment and academia is required to develop a wide range of reliable, harmless methods
available when needed. As part of this initiative, the Crystal Faraday Partnership

was established in the UK, where the research forum is funded by both industry and
government to promote research, education and dissemination in green chemistry
and processing [32]. In this way, the last technical hurdle of the data and information
gap was overcome. Still, there are many gaps in knowledge sharing that pose barriers
to implementing GC and GT to achieve cleaner production.
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4.4 Financial barriers and challenges

GC represents a major cultural change in the way chemicals are developed
and materials and products are manufactured. This practice focuses on building a
workforce of trained chemists with specializations in toxicology, GC principles, and
environmental sustainability. But the investment and promotion of state institutions
is not part of the mainstream. In most cases, the benefits of GC accrue directly to the
public rather than to an individual company. Therefore, the design of the investment
must be such that the impact on the business unit can be reduced, so that new invest-
ments for the modernization of traditional units can be easily justified in a profitable
way without sacrificing efficiency and quality. In the pharmaceutical industry and
for companies with large capital investments, the cost of shutting down an old facility
is so high that companies do not have the resources to subsequently reinvest in new
technology. In this type of industry, large reactors were used to produce fine chemi-
cals, causing energy losses, solvent losses, and resource losses [33]. This is the type of
case where a greener process could easily be deployed, but the companies are tied to
the facility, US FDA approval, and a lot more paperwork. Such a situation is not lim-
ited to the pharmaceutical industry, but specialty chemicals and all kinds of chemical
manufacturing industries also have to overcome such hurdles [34]. Just in the event
that the company is able to decommission the old infrastructure, the company could
face a potential financial drain that makes maintaining the status quo much more
attractive than investing in new infrastructure.

4.5 Public support

The implementation of GC was not only related to chemists and companies, but
also to the participation of the general public. While GC has made initial strides,
chemists and all are misunderstood as a school curriculum and part of the environ-
mental agenda for washing and cleaning pollutants and waste. On the other hand,
due to lack of awareness and the like, they do not have much idea that this new stream
is of use to them and brings many benefits [34]. In this scenario, the general public
is far from understanding the benefits of GC and does not accept the costly and less
effective products that are environmentally friendly. Another major obstacle arose
when the public began to consider separating academia and industry, and this concept
restricted only the publication of peer-reviewed articles and not industrial research.
There are major obstacles in the public sphere regarding highly innovative industries
where technology and demand are changing rapidly due to changing fashions and
requirements. Without public support in the industry, there are significant obstacles
to the implementation of GC. The state police must sensitize the public to waste man-
agement and recycling concepts in order to achieve acceptance and many successful
implementations of the policy. Therefore, raising public awareness is very important,
and in addition to raising public awareness, the public must also be involved in policy
formulation to create visions for the future.

5. Strategies to build GC

To promote GC for non-toxic manufacturing, the Green Chemistry Commerce
Council (GC3) was formed in 2005 to advance this growing field by bringing together
key business leaders, governments, experts, academic researchers, and environmental
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and health advocates [35]. The philosophy of GC3 is that challenges in exploring,
adopting and scaling GC are most effectively solved through cross-industry dialog,
collaboration and supply chain partnerships [36]. Five key strategies have been devel-
oped to implement GC: enhancing market dynamics, supporting smart policies, fos-
tering collaboration, and informing the market and tracking progress. However, this
approach to address the increased GC demands requires an additional new approach,
namely P-A-S (Prevention, Assurance and Sustainability) proposed by Chen et al.

is suggested [1]. As such, there is a shared responsibility in implementing the 12 GC
Principles that can help achieve environmental sustainability, i.e. (1) Prevention of
pollution and accident; (2) Assurance of safety and security; (3) Sustainability of
energy and resource. This PAS strategy was developed by integrating the first word
of the each three parts. Figure 6 shows the incorporation of 12 GC principles and
international movements according to PAS strategies. It can be seen that waste pre-
vention (#1), less hazardous chemical synthesis (#3), and reduced derivatives (#8)
are core component of the prevention strategy, meanwhile design for safer chemicals
(#4), real-time analysis of pollutants (#11), and accident prevention (#12) are core
component of the assurance strategy; and atom economy (#2), design for energy
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PAS strategies incorporated in 12 green chemistry principles and international movements.
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efficiency (#6), and renewable feedstock (#7) are core component of the sustainable
strategy. Moreover, principles #5, #9 and #10, namely safer solvent and auxiliaries,
catalysis and design for degradation, are hybrid components of prevention and assur-
ance; assurance and sustainability, and sustainability and prevention, respectively.

In addition, Figure 6 shows the list of international movements categorized by PAS
strategies. This new approach is a potential tool that can be used in government,
industry and educational institutions around the world to mitigate global sustain-
ability issues. After building these three strategies, three short-term goals need to be
set, namely: (1) scaling GC innovation; (2) increase the importance of GC in daily life
by accepting the concept; and (3) develop and adopt smart policies that can support
industry, research and innovation. In that regard, innovation technology and integra-
tion management have also been brought together with these strategies to strengthen

PAS strategies.

6. Innovation technologies

Innovation technology in GC offers opportunities to discover and apply new
synthetic approaches using alternative starting materials; environmentally friendly
reaction conditions, energy minimization and the development of less toxic and
inherently safer chemicals [28]. In the nineteenth century, environmental proto-
cols changed and the LeBlanc soda process was redesigned to be more environmen-
tally friendly. This was the first noticeable change towards cleaner production to
get an environmentally friendly product. Apart from this process, the Montreal
Protocol calls for replacing the chlorofluorocarbon compound to protect the ozone
layer. Waste greenhouse gases such as N20 were used in the production of phenol.
In addition, tetrakis(hydroxymethyl)phosphonium phosphate is used as a low-dose
agent to combat microbial growth in industrial refrigeration systems with low
toxicity.

6.1 CO, utilization for the production of valuable fuel/chemicals (air pollution)

Harnessing the emissions of CO, into the atmosphere is one of the key elements
in controlling global warming. There are various methods, namely direct use by
microalgae, conversion to chemicals, conversion to energy, and use by solar energy as
fuel. The use of CO, to form glucose (Figure 7a) and carbonization products has been
observed in nature and in industry, respectively (Figure 7b). Through this technol-
ogy, valuable chemicals were converted or used in an indirect conversion process.
However, a conversion to fuel from direct CO, is still being examined. Inspired by
natural photosynthesis, systems for the production of artificial solar fuels are now
being developed and their efficiency tested. Glutamic acid has been used as one of the
conversions for solar fuel (Figure 7c) [26]. Similarly, the enzymes FDH, AIDH, and
ADH along with NADPH have been used for the conversion of solar fuels, which rep-
resent the formation of format and CO by FDH reductase. However, the conversion
still takes place in an aqueous phase rather than in the air, so the solar fuel conversion
system was developed (Figure 7d). Laser light was used in the system to initiate
the photoreaction and successful stepwise conversion was achieved, for example,
of formic acid from adsorbed CO,, formaldehyde from converted formic acid, and
methanol from converted formaldehyde.
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6.2 Green solvent technology (water pollution)

Many of the industrial manufacturing and laboratory syntheses have changed their
manufacturing process to a catalyst-free, solvent-free and safe synthesis. As a result,
many named reactions, multicomponent reactions and the heterocyclic compounds in
water and on water, are switched to catalyst-free reactions by microwave irradiation and
ultrasonic irradiation. In addition, ionic liquids are materials that have attracted signifi-
cant attention in the scientific community due to their biodegradability, green nature,
and environmental considerations, including negligible volatility, nonflammability, and
stability (thermal, chemical, and electrochemical). Other solvents such as supercritical
fluids (CO, and water) have been used as alternative solvents due to their lower critical
constant, non-toxicity, and inexpensive nature. Supercritical CO, is able to separate
low-volatile, higher-molecular and/or more polar compounds with increasing pressure.
Apart from these solvents, solvents can be derived from natural compounds and replace
petroleum-based solvents. This concept won 22 Presidential Green Chemistry Awards
between 1996 and 2014 for approaches that reduce the use of traditional solvents, includ-
ing alternative, more environmentally friendly solvents [36], and processes that use
carbon dioxide and water or eliminate the use of solvents entirely.

6.3 Greener electrochemical storage systems (batteries)
As the shell of the earth, the soil is the most important part of the earth as most

human activities are closely related to soils. Stabilizing agents have been developed to
promote adsorption, complexation and precipitation to stabilize heavy metal effluent.
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In general, lime, zeolite, minerals, mining waste, soil, clay, and biochar have been used
to control heavy metal accumulation [37]. Many green modifiers have been developed

to effectively immobilize lead, zinc, copper and cadmium in contaminated soils, thereby
significantly reducing the bioavailability of pollutants. Cultivated treatment wetlands,
phytoremediation and bio-retention are the applicability of this type of bio-accumulated
modified filler to improve soil and water quality. In the engineered wetland, saturated
substrate, vegetation, and microbes were used to mimic the natural wetland. Here, green
chemistry approaches were applied to improve the adsorption quality through sedimen-
tation, plant uptake and filtration mechanism. This green wetland also has the potential
to biodegrade pollutants into non-toxic forms, be adsorbed by wetland plants, adsorbed
onto the adsorption surfaces, or chemically converted to be stored in the wetland matrix.
This system offers advantages over traditional mechanisms in terms of cost efficiency
due to locally available materials, no additional environmental concerns and is easy to
build. This is the area of GC that requires the highest level of innovation to deliver the
next generation of innovations in support of a sustainable environment.

7. Integrated management

GC management activities can be divided into three types: (a) cleaner laboratory
practice, (b) cleaner production, and (c) sustainable consumption [29]. Clean laboratory
practices are behaviors and education aimed at creating more environmentally friendly
methods of laboratory work in order to avoid major environmental damage in large-
scale production. To achieve this, it is necessary to discuss how the GC approach can
effectively minimize hazardous waste in science by including such subjects or courses
in curricula. Today, “pollutant-free production” means more environmentally friendly
product manufacture in a broader sense with fewer dangerous emissions. When it comes
to cleaner production, there are two important aspects to consider, namely industrial
ecology and the life cycle of materials. To achieve this goal, several agencies, namely
the Green Chemistry Institute (GCI) in the US, the Green Chemistry Network (GCN)
in the UK, and the Green and Sustainable Chemistry Network in Japan, are working to
bridge the gap between science and academia to close. The manufacturing company
suggests sharing knowledge. Not only must management achieve this through cleaner
manufactured products, but it can also be achieved through a greener application of the
supply chain through to the end use of the product. After manufacturing the product,
sustainable consumption is very important, taking into account the need for chemicals,
so there is no alternative. Therefore, the safety of chemicals is less important than the
need and justification for chemicals having an impact on the environment. This is how
green business and cross-industry cooperation must take place. So consumption is just as
important as production. All three things above are divided into three levels of manage-
ment where laboratory practice, production and consumption take place respectively at
micro, meso and macro levels.

8. Case studies

8.1 Newlight technologies (air pollution)

Newlight technologies developed AirCarbon, a commercial carbon capture technol-
ogy that creates AirCarbon by combining methane with air. Basically, AirCarbonisa
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thermoplastic high-performance material. This technology works at ambient tempera-
ture, with the developed catalyst combining air with methane-based carbon to produce
thermoplastic materials [38]. In general, most of the technologies available on the market
capture CO, and produce plastic, but the production costs are significantly higher than
petroleum products. To overcome this obstacle, Newlight developed a biocatalyst and
method to deactivate the negative receptors on polyhydroxyalkanoate polymers and
produce inexpensive and highly efficient catalysts for plastic production. This is the
main polymer-producing enzyme in the biocatalyst, capable of polymerizing 9 kg of
polymer per 1 kg of biocatalyst used. In this way, methanol is used, which is responsible
for capturing the radiation. The carbon negative plastics have been used to manufacture
many useful products such as plastic bags, cell phone cases, home accessories and other
products. In addition, many leading companies have adopted the AirCarbon product as
part of their packaging materials for bags and cell phone cases. By eliminating green-
house gases, New Light Technologies won the 2016 EPA Presidential Green Chemistry
Challenge Award for pollution-free manufacturing.

8.2 Pfizer Inc. (water pollution)

Zoloft, the most prescribed drug for depression, is consumed annually in the
United States, valued at $43.7 billion. Pfizer pioneered production using sertraline
as the active ingredient, which was synthesized in a three-step process during the
original manufacturing process and reduced to a single step in the new process [39].
In the traditional process, hydrolysis, decarboxylation, Friedel Crafts acylation,
condensation, and catalytic reduction of the imine gave a mixture of cis and trans
amines. Pfizer improved its manufacturing process, in which cis- and trans-sertraline
were obtained by imine formation of monomethyl mine with a tetralone, followed
by reduction of the imine function and in situ resolution of the diastereomeric salts
of mandelic acid. The product obtained has a higher yield and a higher selectivity. In
addition, a palladium catalyst was introduced in the reduction step to reduce impuri-
ties and decrease raw material consumption by 60, 40 and 20% for monomethyl
amine, tetralone and mandelic acid, respectively. The implementation will save
220,000 pounds of 50% caustic soda, 330,000 pounds of 35% hydrochloric acid
waste and 970,000 pounds of titanium dioxide waste annually. By eliminating waste,
reducing solvents, and maximizing yields of key intermediates, Pfizer won the 2002
EPA Presidential Green Chemistry Challenge Award for Cleaner Manufacturing.

8.3 Dow AgroSciences LLC (soil pollution)

As the world population increases, so does the demand for higher crop yields, and
with it the negative impact of agricultural activities on the global environment. About
75% of nitrates in the environment, for example in soil and water, come from the
application of nitrogen fertilizers and manure. Basically, soil bacteria rapidly metabo-
lize the nitrogen from the applied urea and fertilizer, resulting in less availability of
nitrogen for plant nutrition. To overcome this barrier, DOW Chemical scientists are
developing an aqueous microcapsule suspension product, instinct, a nitrification
inhibitor to prevent nitrogen conversion from urea. Based on calculations, the use of
this product reduced estimated carbon dioxide equivalent emissions by 664,000 tons
and increased corn production by 50 million bushels. By eliminating toxic chemicals
and CO,, Dow Agro Chemical won the 2016 EPA Presidential Green Chemistry
Challenge Award as part of a cleaner manufacturing mission.
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9. Conclusion

Overall, this review has discussed the basic concept of GC and 12 principles
with their application to the development of pollution free products. Along with the
Principles, the associated barriers to the implementation of the GC Principles were
discussed. Furthermore, this paper has also highlighted the role of PAS strategies,
Prevention, Assurance and Sustainability to meet the requirements to overcome the
associated barriers. In summary, the role of innovation technology and integration
management would play in building GC was extensively discussed. In addition, this
overview discusses the industrial case study related to the control of air, water and
soil pollution by implementing the GC concept. Although the strategy discussed in
this chapter is simple, it arouses enough interest among researchers to take the next
step in implementing GC for a sustainable environment.
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Chapter 2

Advances in the Use of Green
and Sustainable Synthesis to
Obtain Nanomaterials

Jessica R.P. Oliveira and Giane G. Lenzi

Abstract

The bibliometric analysis by Methodi Ordinatio reveals the impressive increase in
the published articles about green chemistry, and specificity in green synthesis of
nanomaterials. In the last decade, they have published over 450 articles, most led by
India, China, and Iran. The green synthesis is according to the 12 principles of green
chemistry (PGCs) to obtain nanoparticles with minimization of waste and toxic emis-
sions, use of green solvents and alternatives to conventional organic solvents, use of
renewable and sustainable raw materials, and energy efficiency and use of renewable
energy. After synthesis, the green nanoparticles are characterized to know their phys-
ical and chemical properties. Green synthesis can contribute to the sustainable devel-
opment goals (SDGs) until nine goals can be associated with green synthesis and green
nanoparticle applications. Among advantages and limitations, the green syntheses of
nanoparticles have the potential to grow more by future perspectives gap.

Keywords: nanomaterial synthesis, nanoparticle characterization, sustainability,
green chemistry, 12 principles of green chemistry (PGC), sustainable development
goals (SDG)

1. Introduction

The published increase of research articles over time about green chemistry in
nanotechnology subject enriches the scientific basis with a lot of manuscripts. When
the researcher needs to start any search or deepen knowledge about a determined
subject, the excess of information can be a big problem. In this case, the Methodi
Ordinatio (MO) can be applied to help organize the articles per relevant order [1].

Pagani et al. created a scientific method that considers the three main aspects of
each article: impact factor, published year, and the publication’s annual average of
citations [1]. This method was used to classify more than 500 articles about the
advances in the use of green and sustainable synthesis to obtain nanomaterials. The
first hundred more relevant articles were used to write this chapter.

The most significant advances in using green and sustainable synthesis to obtain
nanomaterials are not just the trend. The increased uses of microorganisms, plants,
and waste in a green synthesis are related to environmental preservation. When a
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green synthesis of nanoparticles is performed instead of a typical synthesis, the
researcher can collaborate with the 12 principles of green chemistry (PGCs) [2] and
directly or indirectly to the sustainable development goals (SDGs), agenda 2030 [3].

Several bottom-up chemical or biological methods can be changed or adapted to
turn a green synthesis [4]. This way, these processes can decrease waste and toxic
emissions, use green and alternative solvents, use renewable and sustainable raw
materials, and take advantage of energy sources better, cherishing energy efficiency
and use of renewable energy [2, 5].

This chapter aims to analyze the green synthesis methods used in the first hundred
articles by MO. As well as the typical characterizations needed to know about the
properties of each synthesized material, situate the most application area, and estab-
lish the advantages and limitations of green synthesis of nanoparticles. The most
important key of this work is compliance with the 12 principles of green chemistry in
the so-called green synthesis and the close relationship between green synthesis and
the objectives for sustainable development.

2. Bibliometric analysis

The importance of the bibliometric analysis is a panoramic notion about relevant
publications over time. Many articles have been published and cited, but for
researchers, it is complicated when starting a new work, and they need to organize
these articles by importance. The MO can facilitate this first research work [1]. The
MO uses one equation to calculate de InOrdinatio: the article’s importance based on
your impact factor, published year, and the number of citations (Eq. (1)).

ResearchYear — Pub Year) } 1

InOrdinatio = { (A*IF) — [}” * ( HalfLife

S Ci
[(ResearchYear + 1) — PubYear)

+ Q%

In the equation, the symbols represent: IF is the impact factor and corresponds to
the selected journal metrics (such as JCR, CiteScore, SNIP, or SJR SCImago); A indi-
cate the importance of the impact factor; A is the relevance of the publication year; Q
is the significance about number of citations. These values, which indicate the impor-
tance of anything, can range from 1 to 10, according to the researcher’s choice when
using the MO in their search. The ResearchYear and PubYear are the year the research
was conducted and the year the paper was published, respectively. While > Ci is the
total number of citations found in Google Scholar, and halflife refers to the median
cited halflife of journals with JCR 2020 [1].

In the MO, the first step is to define the keywords that will be searched and where
it is done. In this case, the combination searched was ((TS = (green chemistry)) AND
TS = (synthesis)) AND TS = (nanomaterials) in Web of Science, Science Direct,
Scopus, and Science Open websites. These searches resulted in 6, 140, 425, and 366
articles on each site. After filtering articles to exclude duplicates that were not attrac-
tive to the work, the InOrdination equation (Eq. (1)) was applied to 509 articles.
Despite many of these articles being used in writing this chapter, after the InOrdinatio
ranking, the best hundred articles were chosen to base this review.
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The results of this bibliometric analysis are essential to identify some data like the
subject importance, publication number per year, the country where the search about
the subject was happening, the gaps in the issue that need more investigation, etc.
From that, insights can appear as new ideas for work, research, articles, and
reviews [1].

In this context, we can note that the number of articles increases over time. The
published works in the last decade are nine times smaller than the current: Have 456
published articles between 2014 and 2023 versus 50 published articles between 2007
and 2013, and this search was performed without year restriction, Figure 1(a). The
relevance and interest in green chemistry and nanoparticle synthesis are very signifi-
cant, but India, China, and Iran are leading research in this area, Figure 1(b).

The keywords used in these articles, among others, were green chemistry (37),
green synthesis (24), nanoparticle (18), nanomaterial (16), photocatalysis (7),
nanocomposite (6), silver nanoparticles (6), nanotechnology (6), plant (4), magnetic
nanoparticles (4), plant extract (4), gold nanoparticle (4), and green (4). Figure 2
was created using all the keywords of the hundred-first articles; the word size in the
figure represents the frequency it appears in keywords.

However, green chemistry applied to nanomaterial synthesis is a current, mean-
ingful, and exciting subject. In this sense, we need more understanding of what
sustains this subject’s relevance, like the principles of green chemistry, the applica-
tions of nanomaterials synthesized by green routes, and the contribution to the sus-
tainable development goals (SDGs). These factors direct the movement’s rise and
research projects’ political/economic interests.

3. Principles of green chemistry applied to obtaining nanomaterials

Established by Paul Anastas and John Warner in 1998, the 12 principles of green
chemistry (PGCs) concern a conscious attitude guide to promoting green chemistry [2],
Figure 3. This concept is according to ISO 14001, an international standard about the
environmental management system (EMS), which applies to any organization that
wishes to demonstrate conformity with this international standard by promoting
sustainability and safety in your production [6].

Singapore

804 g R Canada @
% i Saudi Arabia :"?éiﬁ{
& 60 Pakistan :Sg
i
@ TRTRT
f’ z United States m‘ 4
< =
§ 404 é Korea | » ;]
b Malaysia 2&?@%&‘
@ R S S
'g 204 ¥ 3 ’ Iran 2 SRR X&\/‘I
2 = poodd P o] o ] Rege China 2 o 5%
: 3 el s indi %z ey
oL i LR w T
2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 5 10 15 20 25
Year Number of Published articles
(a) (b)

Figure 1.

Bibliometric analysis data: (a) increase in publications throughout the years, among the 509 mentioned articles,
and (b) countries that published the most articles on the subject, among the 100 most important articles according
to Methodi Ordinatio.
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Figure 2.
Word cloud with keywords used by articles.

Currently, the “green” adjective is frequently used by researchers. This can be
attributed to different causes, i.e., promoting your research, funding requirements,
and creating new sustainable alternatives to a current problem or opportunity, among
others [7].

Nanoscience is a concept that relates to the nanometric scale (10~° m), which must
be in at least one of the nanomaterials dimensions (design, manufacture, control,
characterization, and applications), and the upper limit is 100 nm. The green concept
is so used in nanoscience that already appears the term “Green Nano” [7].

The 12 PGCs can be associated with green nanomaterial synthesis, as the perspec-
tives below, and all consist in performing a chemical more safely, minimizing the
dangerous products or reagents, as principle 12.
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Figure 3.
Representation of the 12 principles of green chemistry proposed by P. Anastas and J. Warner.

Principle 12, “Inherently Safer Chemistry for Accident Prevention,” talks about
safety that is crucial within the general principles of green chemistry since risk reduc-
tion and accident prevention aim not only at environmental sustainability but also at
the security of processes, workers, and communities. For this reason, PGCs 12 is
contained behind all the other principles, which must be implemented by eliminating
risks or at least reducing them [2, 7].

3.1 Minimization of waste and toxic emissions

The minimization of the toxicity of the process is mainly connected with PGCs 1,
2, and 11.

* Prevention: It is about reducing waste as much as possible because it can be much
more difficult and expensive to solve future problems with generated waste. In
synthesizing nanomaterials, it is possible to reduce the number of reagents with
optimizations and avoid the generation of by-products [2, 5, 7]. Furthermore,
organic residues and residues or by-products of other processes can be used as
agro-wastes [8-10] and biotechnological processes [11-14].

* Atom Economy: It is not about reaction yield but about the incorporation of
reagent atoms in the final product. This is a limitation in green nanomaterial
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synthesis. These reactions are known to cause low yield and use of several
established reactants and other auxiliaries to obtain the specified nanoparticle.
Despite it can be seen as an opportunity for an optimization process [2, 5, 7].

Real-Time Analysis for Pollution Prevention: It is controlling the reaction to not
produce the hazardous subproduct; it happens when trying to understand the
mechanism behind the reaction. Sometimes, researchers are focused just on the
final product, but they can produce any pollutants during the reaction synthesis
or the washing of the nanoparticles. It is necessary to analyze the process to
monitor the products of the reaction [5, 7].

3.2 Use of green solvents and alternatives to conventional organic solvents

In green nanomaterial synthesis, water-based extracts are usually used to substi-

tute the organic solvents. It is according to three PGCs, are them:

* Less Hazardous Chemical Synthesis: This PGC means that synthesis needs to be

especially careful not to harm human and planet health. In the green,
nanomaterial synthesis is increasing over time, the alternative synthesis that
substitutes hazardous reagents to “natural reagents” originating in plants, algae,
fungi, and bacteria, among other biological entities [12, 13, 15-17].

Designing Safer Chemicals: This PGC is complementary to the before item. Still,
this one is focused on products that need safety when applied to specified
functions, be it medical, chemical, industrial, or pharmaceutical, among others.
The efficacy has a strict relation to security and low toxicity [5, 7].

Safer Solvents and Auxiliaries: It is about substituting conventional organic
solvents with other less dangerous/contaminants. Green nanomaterial synthesis
usually can use aqueous plant extracts [18-20] and ionic liquids [21-25] for this
substitution with more benefits to desired products.

3.3 Energy efficiency and use of renewable energy

The energy efficiency in green nanomaterial synthesis can be the differential about

the nanomaterial synthesized; the same product can be obtained in several ways, and
the economy of the energy and material can be more accessible when need expand to
an industrial scale, for example.

34

* Design for Energy Efficiency: The economy of the energy minimizes the

environmental and financial impacts. This economy can be around the reactants
chosen, conditions of the temperature and pressure, and reaction way. It is

common for green nanomaterial synthesis to be conducted in microwave [26-28]
and ultrasound [29-32] to try to be more easily, quickly, and economized energy.

Reduce Derivatives: This is a fragility of green nanomaterial synthesis because it
is expected that derivatives (or co-products) can be created during the process
[7]. It can get more waste and derivatives, especially when it needs so many steps
to obtain the final product with the aim of having specific shells in its structure.
The way to reduce by-products is to minimize the steps of the process. Another
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specific way is using enzymes [33], which are highly specific and can eliminate
the use of other protecting groups or derivatives.

* Catalysis: the green nanomaterial synthesis can be catalyzed for more energy
efficiency and to reduce derivatives. But we need to be careful to avoid
happening the opposite. It is better that the catalyst chosen be environmentally
friendly and ideally can be recovered after the reaction, and not be one more
waste after the synthesis.

3.4 Use of renewable and sustainable raw materials

The use of renewable sources of raw materials and concern for the degradation of
products and by-products generated are principles of green chemistry strongly related
to the synthesis of new nanomaterials.

* Use of Renewable Feedstocks: As renewable raw materials, several bio-based
materials have been used in nanomaterial synthesis [15, 34, 35]. The
nanomaterials obtained by bio-based synthesis can be diverse, with particular
physical and chemical properties.

* Design for Degradation: This can be a problem if, during the biosynthesis, a
subproduct is obtained or a feedstock is hard to degrade after the reaction. So, it
is necessary to design the synthesis and think about the products. The
nanoparticle needs special attention because, after your use, it can be recycled,
reused, recovered, or biodegraded and not be another problem to the
environment [7].

4. Advances in green synthesis methods for nanomaterials

Nanomaterial synthesis can be divided into two principles: top-down and bottom-
up methods [36]. In the top-down method, the bulk materials are transformed into
nanoparticles by physical, chemical, and mechanical processes, which reduce the
material mechanically. The main processes are spray pyrolysis, sonication, arc dis-
charge, pulse wire discharge, pulsed laser ablation, radiation, electro-deposition,
evaporation-condensation, vapor and gas phase, chemical, etching, ball milling, and
lithography [13, 36-39].

The bottom-up method is the transformation of atoms/molecules into
nanoparticles. This can involve the dissolution of salts in a solvent, reducing ions to
their element with a reducing agent, and stabilizing the resulting neutral nanoparticles
with stabilizing agents to prevent agglomerate accumulation. This process can occur
by chemical methods (sol-gel technology, co-precipitation, redox processes, pyrolysis,
microemulsion, microwave, photochemical, electrochemical, sonochemical, and
hydrothermal activity) and biological methods (using fungi, plants, yeast, bacteria,
viruses, and biomolecules/biopolymers) [13, 36-39].

Several methods can be adapted to be “green” by applying the PGCs. Currently,
biological base materials are used in the synthesis process, like plants, biomass,
microorganisms (bacteria, fungi, and yeast), and enzymes, among others, like addi-
tives, stabilizers, or substitutes for other harmful compounds. The aim is the same:
obtain the better synthesis method, cheapest, quickly executed, and most sustainable.
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Figure 4.
Representativeness of the types of raw materials used in the first hundred articles with the best InOrdinatio.

Among the principal articles according to InOrdinatio classification, the plants are
the feedstocks more used in nanomaterial synthesis, allowed by fungi, bacteria, and
yeast (Figure 4). It can be explained by the diversity of the plants and part of it (leaf,
stem, flower, fruit, peel, and seed) that can be used in synthesis.

4.1 Nanomaterial synthesis using plant extracts

The increase in the use of plant extracts is explained by possible variations with
different plants and parts of it. This variation is related to the influence caused by the
secondary metabolites, a particular characteristic of each species [38, 40]. Usually,
different metallic nanoparticles with different sizes can be synthesized using plant
extracts, Table 1, in which cadmium, chromium, copper, gold, iron, silver, and zinc
nanoparticles are the most common.

Another typical process is using biomass from any part of the plant in nanomaterial
synthesis to obtain the nanoparticles, like the seed, fruit peel, fallen leaves, and bagasse.

4.2 Use of microorganisms for the nanomaterial synthesis

It is increasing the use of microorganisms in nanomaterial synthesis [12, 15, 34, 61,
62]. Bacteria, fungi, and yeast, when added have more expressive results than plants
in nanomaterials synthesis (Figure 5). The bacteria application is related to the bac-
teria resistance with variations in temperature, pH, incubation time, and oxygenation,
among other environmental stresses [15, 34, 61]. Another cause of the success of the
bacteria is the handling, manipulation, and genetic modification facilitated [61]. Usu-
ally, these adjustments depend on the size, shape, and composition of interest [15].
Usually, metallic nanoparticles are synthesized with bacteria (Au, Ag, CdS, Co304,
Fe30,, Hg, MnO,, PbS, Pd, Pt, Sb, Se, Te, Ti, ZnS, and ZrO, nanoparticles) [13, 34,
61, 62], which can be synthesized by either intracellular or extracellular mechanisms
[12, 15].

36



Advances in the Use of Green and Sustainable Synthesis to Obtain Nanomaterials
DOT: http://dx.doi.org/10.5772 /intechopen.1002866

Nanomaterial Size (nm) Plant used Reference
obtained

Cadmium oxide 113 Hibiscus Sabdariffa flower extract [41]
Chromium Oxide 17-42 Abutilon indicum (L.) leaf extract [42]
Copper nanoparticles 5-20 Zigiphus spina-christi (L.) fruit extract [43]
Copper oxide 61.48 Momordica charantia fruit extract [44]
Gold 15-25 Memecylon umbellatum leaf extract [45]
Silver 15-20

Gold 5.82 Clerodendrum inerme leaves extract [46]
Silver 5.54

Gold nanoparticles 10-100 Nerium oleander stem bark extract [47]
Gold nanoparticles 5-20 Gnidia glauca flower extract [48]
Gold nanoparticles 20-140 Rind of watermelon aqueous extract [49]
Iron oxide 13.42 Garcinia mangostana fruit peel extract [50]
Iron oxide 20-30 Excoecaria cochinchinensis extract [51]
Silver nanoparticles 18.2 Vitex negundo L. extract [52]
Silver nanoparticles ~ 37.71-71.99 Chrysanthemum indicum L. [53]
Silver nanoparticles 21-173 Conocarpus Lancifolius fruits extract [54]
Silver nanoparticles 252 Nigella sativa extract [55]
Silver nanoparticles 45-110 Brillantaisia patula extract [56]

Crossopteryx febrifuga extract
Senna siamea extract

Silver oxide 50 Moringa oleifera gum [57]
Zinc oxide 60

Zinc Oxide 52.24 Cayratia pedata leaves extract [58]
Zinc oxide 480 Panax ginseng extract [59]

Acanthopanax senticosus extract
Kalopanax septemlobus extract Dendropanax morbifera
extract

Zinc oxide 9-38 Azadirachta indica extract [60]

Table 1.
Metallic nanoparticles synthesized with different plant extracts.

The nanomaterial synthesis using fungi has interesting advantages because of the
presence of enzymes, proteins, and/or reducing components on their cell surfaces
[13, 15]. Fungi have unique characteristics such as their resistance to toxicity, ease of
handling, large surface areas that lead to increased production rates, easy and simple
downstream processing, economic viability, and the larger spectrum of nanoparticle
morphologies [12, 34, 61]. Furthermore, the synthesis process can be facilitated
because they endure harsh synthesis conditions such as flow pressure or agitation in
the bioreactor, and have accelerated growth in controllable ways, and almost all fungi
are better resistant to genetic or environmental mutations when compared with bac-
teria [12, 61]. Both extracellular and intracellular syntheses of metallic nanoparticles
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Figure 5.
Where the nanomaterials obtained by green synthesis are applied in the first hundred articles with greater
relevance to this research.

using fungi have been investigated as Au, Ag, TiO,, ZnO, and ZrO, nanoparticles
[13, 34, 62].

Yeasts, which are eukaryotic microorganisms, like other microorganisms, have
been explored in nanomaterial synthesis [13, 15, 34]. Their ability to absorb and
accumulate toxic metals enables them to be used in the synthesis of nanomaterials
[15, 34]. Diverse yeast species are employed for the preparation of innumerable
metallic nanoparticles, such as Ag, Au, CdS, Fe30,4, PbS, and Sb,03 [13, 34]. During
the synthesis, the mechanism used by yeast to form and stabilize the nanoparticle
defines its size, shape, and properties [15].

4.3 Application of green methods in nanoparticle synthesis

Several eco-friendly techniques can be used for nanomaterial synthesis:
sonochemical, microwave, hydrothermal, solvothermal, and electrochemical, among
others. But two of them are the most used: sonochemical [29, 36, 63, 64] and micro-
wave [26-28, 36, 63] methods.

The sonochemical method uses ultrasound, an inaudible sound wave with a fre-
quency higher than 20 kHz [63]. The ultrasound possesses high energy that can
generate the acoustic cavitation effect, which results consecutively in the formation,
growth, and implosive collapse of these bubbles in a liquid environment. During the
collapse of a cavity, high local temperatures and pressures arise within a very short
period, which leads to an increase in the rate of reactions [29, 36, 63, 64]. It is an eco-
friendly, green, fast, and easy method of nanostructure synthesis. It is used for nano-
structure material preparation and unusual nanostructured inorganic materials such
as carbonyl compounds (Fe(CO)s, Co(CO)3NO, Mo(CO)e, and W(CO)e) [36].
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In microwave-assisted synthesis, electromagnetic irradiation can reduce the energy
needed for the synthesis process, providing rapid heating and facilitating greener
preparation of nanoparticles [26, 27]. The main advantages of using microwave-
assisted in nanomaterial synthesis are reduced reaction time (causes the reduction in
activation energy), high product yield (a shorter reaction time reduces the chance of
undesirable side products), high product purity, high reproducibility (a uniform
microwave field around the reaction mixture), and reaction conditions can be easily
optimized [26]. This technique is used to synthesize various metal nanoparticles [36].

5. Characterization of nanomaterials obtained by green synthesis

The nanomaterials need characterizations to confirm your structure and chemical and
physical properties. Among them are the most common to observe about the structure,
such as transmission electron microscopy (TEM), X-ray diffraction (XRD), and scanning
electron microscopy (SEM). Other characterizations can be needed to evaluate specific
chemical and physical properties according to the components and applications of the
synthesized nanomaterials, such as tests to assess the stability and reactivity.

5.1 Structural characterization techniques
5.1.1 Transmission electron microscopy

The transmission electron microscopy (TEM) characterization is the most popular
among the nanoparticles [65-67]. With this analysis, the size and shape of the
nanomaterials can be evaluated. And, if it has a coating or void, it can be observed.

The TEM is a powerful electron microscope (the magnification can be 2 million
times better than that of the light microscope) and uses a beam of electrons to focus
on a sample, producing a highly detailed image with morphological features, compo-
sitions, and crystallization information. The principle of TEM is the beam of electrons,
which has a wavelength shorter than light. When the electron illuminates the sample,
the resolution power increases, consequently increasing the wavelength of the elec-
tron transmission [68].

TEM analysis has applications in nanotechnology to study nanoparticles and detect
and identify fractures and damaged microparticles, enabling subsequent repair mech-
anisms for these particles. Among other fields, TEM can be applied in biology, micro-
biology, and forensic studies to examine the cell structures of plants, animals, and
microorganisms and analyze bacteria flagella, plasmids, and the shapes/sizes of
microbial cell organelles [68].

The TEM have limitations, such as the price, the extensive equipment, the tedious
sample preparation, and laborious operation and maintenance because of its sensibil-
ity. But, despite the limitations, it has important advantages to researchers, like
significant and power magnification, the variety of fields that can be applied, and the
production of very efficient, high-quality images with high clarity [68].

5.1.2 X-vay diffraction

X-ray diffraction (XRD) is a quick and nondestructive analytical technique that
can be applied to powder, solid, and liquid samples to analyze their physical
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properties. With this characterization it is possible to know about the composition,
cell dimensions, and crystalline structure [69, 70].

The principle of XRD is based on constructive interference between monochro-
matic X-ray and a crystalline sample. The X-ray is generated by a cathode ray tube.
These X-rays are filtered, collimated, and directed to the sample. The X-rays’ wave-
length is the same magnitude as the distance between the atoms in a crystalline lattice
[69, 70]. The constructive interference and a diffracted ray produce a diffraction
pattern, which satisfies Bragg’s law (n\ = 2dsin6), where # is a natural number, 2 is the
wavelength of the incident radiation, d is the distance between atomic planes, and 6 is
the angle of incidence about the considered plane. This law relates the wavelength of
electromagnetic radiation to the diffraction angle and the lattice spacing in a crystal-
line sample, and it is used in the measurement of crystals and their phases [69, 70].

The XRD is essential to develop and improve new materials in laboratories and
industries. The main uses are qualitative and quantitative phase analysis of pure sub-
stances and mixtures. The most common method for phase analysis is often called X-
ray powder diffraction (XRPD). The XRPD is used to characterize crystalline mate-
rials, identify fine-grained minerals that are difficult to determine optically, deter-
mine unit cell dimensions, and measure sample purity. With enhancements, it is
possible to determine crystal structures using Rietveld refinement, determine modal
amounts of minerals (quantitative analysis), and characterize thin film samples,
among others [69, 70].

The XRD advantages are that, in most cases, it provides an unambiguous determi-
nation, sample preparation is minimal, and the data interpretation is relatively
straightforward (the operator does not need to be an XRD expert), which makes this
technique the most popular and suitable [69, 70]. Usually, the researchers use the
standards published by the Joint Committee on Powder Diffraction Standards-
International Center for Diffraction Data (JCPDS-ICDD) to help identify the compo-
sition of their sample.

5.1.3 Scanning electron microscopy

The scanning electron microscope (SEM) is a type of electron microscope that
produces images that possibility study solid particles surfaces. With the increased
knowledge about nanotechnology, the materials continue to shrink, making this anal-
ysis increasingly necessary for their characterization [71, 72]. The SEM principles
consist of using electrons for imaging in a similar way that light microscopes use
visible light, but the resolution of SEM is superior to that of a light microscope because
the wavelength of electrons is much smaller than that of light [71].

The SEM uses a focused beam of electrons to generate a variety of signals that scan
the surface of a solid sample. The signals that derive from electron-sample interactions
reveal sample information, such as external morphology, chemical composition, and
crystalline structure and orientation of materials making up the sample [71-73].

Among the advantages of SEM are that no elaborate sample preparation techniques
are required and the capability to perform analyses of specific points on the sample
[72, 73]. With this technique, it is possible to generate high-resolution images of the
shapes of objects and to show spatial variations in chemical compositions by obtaining
elemental maps or spot chemical analyses using energy-dispersive spectroscopy
(EDS), discrimination of phases based on the mean atomic number using
backscattered electrons (BSE), and compositional maps based on differences in trace
element activators using cathode-luminescence (CL) [73].

40



Advances in the Use of Green and Sustainable Synthesis to Obtain Nanomaterials
DOT: http://dx.doi.org/10.5772 /intechopen.1002866

6. Applications of nanomaterials obtained by green synthesis

The nanoparticles synthesized by green routes can have a lot of applications.
Among the hundred articles with the higher InOrdinatio, the areas that aroused
interest in nanotechnology applications were catalysis [28, 29, 48, 59, 60, 64, 74-80],
medical/biomedical [19, 42, 45, 49, 50, 62, 63, 81-86], environmental [7, 27, 34, 63,
87-89], biological [33, 46, 56, 90, 91], water treatment [27, 37, 38, 89, 92-94], agri-
culture [18, 34, 95-971, and food industries [37, 38, 87, 95, 97], among others
[98-103]. Several researches do not establish a specific application but show the
characteristics of the nanoparticles, like antimicrobial [61, 104] or antibacterial
[43, 46, 49, 53, 57, 60, 105, 106] activity, as a differential between these materials
(Figure 5).

The efficiency in a determined application depends on the composition, physical
and chemical properties, and sometimes on the particular characteristics of the
nanoparticles. It is common for the same nanoparticle to be applied with different
functions in different areas, with some needed adjustments. Most can be versatile,
while others are specific to be efficient in just one application.

7. Contribution to the sustainable development goals (SDGs)

In 2015, the United Nations adopted the sustainable development goals (SDGs)
with social, environmental, economic, and institutional dimensions. The SDGs aim to
end poverty, protect the planet, and promote peace and prosperity by 2030. The
United Nations General Assembly (UNGA) has set 17 integrated goals, which the
results must affect and balance social, economic, and environmental sustainability.
The SDGs must be achieved in every context [3].

In green chemistry, namely, the synthesis of nanomaterials can involve several of
the 17 SDGs, such as 3. good health and well-being; 6. clean water and sanitation; 7.
affordable and clean energy; 8. decent work and economic growth; 9. industry, inno-
vation, and infrastructure; 11. sustainable cities and communities; 12. responsible
consumption and production; 13. climate action; and 14. life below water (Figure 6).

Each objective mentioned will be related below to the goals that the green synthesis
of nanomaterials can collaborate directly or indirectly.

* Good health and well-being: The nanoparticle synthesis is aligned with some goal
targets, such as: “substantially reduce the number of deaths and illnesses from
hazardous chemicals and air, water and soil pollution and contamination”, and
“Support the research and development of vaccines and medicines for the
communicable and non-communicable diseases that primarily affect developing
countries” [3]. Several nanoparticles synthesized by green routes used
environmentally friendly feedstock rather than hazardous and contaminant
products. Furthermore, many nanoparticles can be applied in medicine or
nanomedicine, like a disease treatment.

* Clean water and sanitation: Considering that 80% of the used water does not
receive adequate treatment, the majority of nanoparticles synthesized by green
chemistry can be applied in water treatment or catalysis to degrade nocive
compounds. So, the nanomaterial is closely related to this goal, specifically with
the target “improve water quality by reducing pollution, eliminating dumping

41



Green Chemistry for Environmental Sustainability — Prevention-Assurance-Sustainability (P-A-S)...

13

& 4

| @ |
[EO0D HEALTH CLEAN WATER
{SUSTAINABLE ANDWELLBEING ANDSANITATION

IDEVELOPMENT
(GTIAL

| an’

DECENT WORK AND
ECONOMIC GROWTH

CLINATE
ACTION

Figure 6.
SDGs related to green chemistry in the synthesis of nanomaterials.
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and minimizing release of hazardous chemicals and materials, halving the
proportion of untreated wastewater and substantially increasing recycling and
safe reuse globally” [3].

Affordable and clean energy: When talking about clean energy involved in
nanomaterials synthesis, we can talk about the energy used in nanoparticle
synthesis or nanomaterials that enable or facilitate the use of renewable energies.
In this context, it can establish a relation with the target “to facilitate access to
clean energy research and technology, including renewable energy, energy
efficiency and advanced and cleaner fossil-fuel technology, and promote
investment in energy infrastructure and clean energy technology” [3].

Decent work and economic growth: The research investment in nanotechnology
(or any research area) collaborates by itself with decent work and economic
growth because it can “Promote development-oriented policies that support
productive activities, decent job creation, entrepreneurship, creativity and
innovation” and “reduce the proportion of young people not in employment,
education or training” [3]. The green nanoparticles can be associated with goal
targets: “endeavor to decouple economic growth from environmental
degradation” and “promote safe and secure working environments for all
workers” [3].

Industry, innovation, and infrastructure: With the enhancement of the research
is possible to meet the targets: “Support domestic technology development,
research and innovation in developing countries” and “Enhance scientific
research, upgrade the technological capabilities of industrial sectors in all
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countries, in particular developing countries” [3]. With green nanotechnology is
possible to collaborate to “upgrade infrastructure and retrofit industries to make
them sustainable, with increased resource-use efficiency and greater adoption of
clean and environmentally sound technologies and industrial processes, with all
countries taking action in accordance with their respective capabilities” [3].

* Sustainable cities and communities: Synthesizing nanoparticles by a green
process can contribute to targets “Strengthen efforts to protect and safeguard the
world’s natural heritage” and “reduce the adverse per capita environmental
impact of cities” [3]. It is because the green synthesis aims for the 12 PGCs, to
trying not to pollute before, during, and after the process, besides using some
green nanoparticles in environmentally friendly applications.

* Responsible consumption and production: The use the environmental-friendly
feedstock in green synthesis of nanoparticles, such as food waste, contributes to goal
12 in specific targets such as “achieve the sustainable management and efficient use
of natural resources,” “reduce food losses along production and supply chains,
including postharvest losses,” “achieve the environmentally sound management of
chemicals and all wastes throughout their life cycle,” and “substantially reduce
waste generation through prevention, reduction, recycling and reuse” [3]. When a
researcher changes one chemical in your synthesis by a waste, your synthesis can be
more sustainable and further one or more targets cited.

¢ Climate action: Green synthesis favors the environment’s health, indirectly
affecting climate health. When promoting research based on green synthesis of
nanomaterials can promote the target “Improve education, awareness-raising and
human and institutional capacity on climate change mitigation, adaptation,
impact reduction, and early warning” [3].

* Life below water: Over time, the use of nanotechnology in water treatment is
increasing. Consequently, in better water, the capacity of the life quality is better.
By green synthesis, the quality of the water can be preserved without discard of
hazardous chemicals, and the water quality can be recovered by water treatment
using green nanotechnology. This way the targets achieved can be “prevent and
significantly reduce marine pollution of all kinds, in particular from land-based
activities, including marine debris and nutrient pollution” and “Minimize and
address the impacts of ocean acidification, including through enhanced scientific
cooperation at all levels” [3].

This way, green chemistry should not be seen just as a trend but as an alternative
solution for the search for a more sustainable world.
8. Advantages, limitations, and future perspectives of the nanomaterial
obtained by green synthesis

8.1 Advantages and limitations

The nanomaterials obtained by green synthesis have several advantages, such as no
use of hazardous chemicals, reuse of different wastes, possibility to application in
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several areas, high specificity, less toxic effect, the feasibility of the approach, eco-
friendly, cost-effective, among others [27, 38, 103].

When are using plant extracts the nanoparticles can be synthesized and
functionalized by the same compound, decreasing one or more steps to it. The micro-
organisms can favor the resulting selectivity [27]. Several nanomaterials have excel-
lent antioxidant and antimicrobial action besides body biocompatibility, which can be
used in medicine and biomedicine applications. Green synthesis can collaborate with
this particular characteristic [27, 38, 103].

Basically, the potential of green nanotechnology includes the “natural” feedstock
used, nonuse and nonelimination of hazardous chemicals, easy process that possibility
reproducibility, application of the principles of green chemistry, and care with the eco
and human health [28, 34].

However, the several advantages of green-synthesized nanomaterials do not
exclude their limitation, which can be the costs associated with manufacturing and
processing on a large scale, the unknown toxicity, improper management after use,
and the unknown reaction with other compounds after discard [34, 38, 93]. The
incorrect manipulation of the nanomaterials, independent of their synthesis method,
can cause an environmental risk instead of a solution and directly and indirectly affect
soil, fauna, and humans [93].

Applying the nanoparticles with security requires several characterizations about
their physical and chemical properties and surface and their behavior in different
conditions, thus having a high cost. Another limitation is the unregulated
application of the nanoparticles, which can pose potential risks to human and envi-
ronmental health, mainly when applied in agrifood, cosmetic, and medicine industries
[34, 93, 107].

The limitations need to be overcome so the nanoparticles collaborate with both
principles of green chemistry and sustainable development goals. Otherwise, the
synthesis can be green by PGC and SDG, but the materials obtained will go against
hand.

8.2 Future perspectives

There has been an undiscussed expressive increase in the use of green synthesis for
nanoparticles in the last few years. The more than 456 articles published in the last
decade show it. However, there are gaps when discussing green synthesis, which
needs more studies, exploration, and scientific knowledge. Future perspectives
can collaborate to optimize and use synthesis and nanoparticles obtained, such as
[37, 39]:

1.Many nonexplored natural materials can be used in green synthesis
(biopolymers, plants, microorganisms, among others), mainly the nearby/
regional feedstocks.

2.1t needs better control of the size and shape of nanoparticles. Several synthesis
methods possibilities the average size between an interval but not a standard size.
Some applications require more precision.

3.1t is very important know-how the behavior during the synthesis and about
nanoparticles. The possible mechanisms can happen and secondary mechanisms if
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they exist. This makes synthesis methods predictable and consistent, even for
producing the same material. Understanding the biological components, chemical
agents, and molecular mechanisms involved in synthesis is also required.

4.The green synthesis is still primarily restricted to the laboratory phase. Scientific
investigations are required to implement the industrial production of green
nanomaterials.

5.Effectiveness risk management is necessary for the whole life cycle of green
synthesis (production, handling, storage, and disposal). The toxic nature of
nanomaterials is a serious concern.

9. Conclusion

In conclusion, the remarkable increase in published papers on green chemistry,
particularly in the context of sustainable synthesis of nanomaterials, highlights the
global commitment to more ecologically correct scientific practices. This trend
emphasizes a concerted quest to adopt green principles for synthesizing
nanomaterials.

By adhering to the 12 principles of green chemistry, researchers have explored the
potential of green synthesis techniques, marking a new era in nanoparticle
manufacturing characterized by minimal waste generation, reduced toxic emissions,
and a shift toward renewable resources and sustainable processes. Integrating green
synthesis practices for nanomaterials aligns with the United Nations Sustainable
Development Goals (SDGs), significantly contributing to at least nine fundamental
goals.

Despite the advantages, it is vital to recognize the limitations and challenges
accompanying nanoparticle green synthesis. However, these limitations should clarify
this field’s potential for growth and innovation. After all, the scientific community
continues to explore, refine, and expand the boundaries of green synthesis. The future
of the synthesis of green nanomaterials is promising, inviting us to explore its poten-
tial more profoundly and contribute significantly to a more sustainable world.
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Chapter 3

Recent Advances in Bio-Derived
Nanomaterials: Green Synthesis
of Silica

Ntalane Sello Seroka and Lindiwe Khotseng

Abstract

Silica molecules present in commercial objects can pose a hazard to human health,
which is why the environmentally friendly synthesis of silica has been intensively
researched in the recent decades. This chapter describes the synthesis of silica from
sugarcane bagasse waste and its physical and chemical properties for potential use in
eco-friendly applications. Sugarcane bagasse was burned to produce ash, which was
then calcined in a 700°C kiln before being treated with citric acid to remove silica from
the ash. X-ray fluorescence (XRF) analysis showed that after the acid treatment, 78—
79% of the silica was produced and strong peaks were observed in the X-ray diffraction
spectra (XRD) at 20 = 28 (degree) and an average diameter of 28 nm for 1-HDTA and
30 nm for TPAH, determined by the Scherrer equation. Fourier transform infrared
spectroscopy (FTIR) spectra also confirms the presence of synthesized silica. In addi-
tion, the shape of the particles was analyzed by TEM and SEM images and it is found
that synthesized silica had a spongy shape with irregular sizes ranging from 25 to 50 nm.
Overall, the studies show that organic bases are capable of synthesizing silica with
application-specific properties from agricultural waste using green chemistry.

Keywords: green synthesis, biomass, nanomaterials, agricultural waste,
environmentally friendly

1. Introduction

The synthesis of various nanomaterials for the development of nanoelectronics has
sparked a great deal of interest in nanotechnology as a dependable, sustainable, and
green process known as “green synthesis.” Green synthesis is essentially seen as a
significant way to mitigate the issues with traditional methods for creating
nanoparticles for use in functional nanomaterials and nanoelectrodes. The four most
important variables in the synthesis of nanoparticles according to the green protocol
are known to be the selection of an environmentally friendly solvent, a source of
nanomaterials, a reducing agent, and a safe material for stabilization [1, 2].

Green chemistry strives to reduce the negative impacts of nanomaterial
manufacturing and application by delivering risk-free nanotechnology. Green syn-
thesis is a breakthrough in a variety of new technologies, including energy-saving
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procedures, large-scale manufacturing of nanoparticles, biological systems, and,
finally, an eco-friendly method that does not use poisonous chemicals. A plethora of
items have hit the market in recent years, with a select few being integrated into
cosmetics, care products, and clothes merely because they are safe to use [2].

The nanomaterials synthesis from agricultural waste is thought to be environmen-
tally friendly. The disposal of sugarcane bagasse attracts a large number of insects that
are dangerous to human health and spread a wide range of diseases. This feedstock is
used for the production of sugar and ethanol and the residue from the process is
disposed as bagasse. The agricultural waste is disposed of in landfills, the majority of
agricultural operations produce waste that is produced in large quantities in many
countries and poses serious environmental issues [3].

Due to anaerobic decay, organic wastes produce carbon dioxide (CO,), nitrous
oxide (N,0O), and primarily methane (CH,) in landfills, all of which actively contrib-
ute to greenhouse gas emissions. Furthermore, during agricultural production, green-
house gases primarily CH, and N,O are emitted, with only a trace amount of CO,
emitted. Reusing agricultural solid waste is regarded as an important waste reduction
strategy that meets the requirements of a comprehensive sustainable waste manage-
ment system; reuse of these wastes can actively contribute to the development of new
green technologies, bio-energy generation, and bio-conversion to nanomaterials [3, 4].

Numerous types of nanomaterials have been extracted from agricultural wastes
using biogenic synthesis; these synthesis methods are an appealing alternative to
conventional synthesis methods because they are green and environmentally friendly.
Nanotechnology has emerged as one of the most important branches of science, with
numerous industrial applications ranging from the conversion of biomass into valu-
able materials in niche applications to the production of new materials. The green
synthesis of silver nanoparticles (AgNPs) is an excellent example of this; this method
employs biomolecules found in plants and agricultural wastes that act as reducing and
stabilizing agents. Other noteworthy biogenic processes include the environmentally
friendly production of biodegradable polyurethane using castor oil and the production
of copper-doped zinc oxide (ZnO) nanoparticles from Synadenium grantii leaf extract.
Additionally, silicon dioxide (SiO,), also known as silica, can be extracted from agri-
cultural waste like sugarcane bagasse ash (SCBA) and rice husk (RH) using a
sustainable-green synthesis method [5-7].

Plants are viewed as low-cost, non-conservative natural chemical factories. Silver
(Ag) can be biosynthesized using waste materials such as safflower (Carthmus
tinctorius L.), a well-known crop from the northwest of Mexico, according to a study
by Rodrguez-Félix, F. et al. [5]. Concurrent with efforts to reduce environmental
pollution, industrial agro-waste and food research on the effectiveness and environ-
mentally friendly qualities of phytochemicals from safflower by-products using the
ultra-high-performance liquid chromatography-diode array detector-tandem mass
spectrometry (UPLC-DAD-MS) method was conducted. The researchers also
discussed the quality and development of food packaging made possible by zein films
composited with no-ultrafiltrated and ultrafiltrated betalains extract(s) from beetroot
(Beta vulgrains) bagasse. It is now possible to synthesize highly valuable silver
nanoparticles while also promoting sustainability through bio-inspired methods. Ag
that is environmentally friendly and has the potential to be used in the health sector
due to its antimicrobial and anticancer properties can be made using extracts and
byproducts from agri-food waste [5, 7, 8].

Green synthesis also has the advantages of a feasible methodology, non-hazardous
and viable procedures, and a wide range of applications in nanotechnology,
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biomedicine, and nano-optoelectronics. Because it is chemically inert and has a high
melting point, silica is widely used in industry. This makes it highly functional with
control over specific properties. The green synthesis of silica appears to be an impor-
tant field of study with a lot of future growth potential.

2. Materials and methods

The chemicals used in the preparation were purchased from Sigma-Aldrich and
were not purified further. Sigma-Aldrich (St. Louis, MO, USA) provided (1-
Hexadecyl) trimethyl-ammonium bromide (98%), citric acid (99.5%), and tetrapro-
pylammonium hydroxide (1.0 M) in H,0. The Sugar Illovo South Africa Company
(KwaZulu-Natal, South Africa) supplied the sugarcane. Sugarcane bagasse was soaked
in double-deionized water for 24 hours in a typical preparation procedure to remove
dust and soil particles. The soaked sugarcane was then oven-dried for 6 hours. The
sugarcane bagasse was then burned in the open air to produce black sugarcane bagasse
ash (SCBA) Figure 1. Deionized water from the Milli-Q water purification system
(Millipore, Bedford, MA, USA) was used in the synthesis.

The bagasse ash was mixed with citric acid in a 250 ml and refluxed while stirring
at 250 revolutions per minute (rpm) at 90°C for 2 hours, as shown in Figure 1. After
that, the ash was washed twice with deionized water and decanted until the pH of the
supernatant reached 6.5. The resulting ash was then dried in a 40°C oven overnight
before being ground into a fine powder with a mortar and pestle. Finally, the acid
leached bagasse is calcined in a furnace for four hours at 700°C.

(Si03) 4 + [N(C3Hy),] OH — [N(C5Hy)4]OH(SiO, )45 1)
[N(C3Hy)4]OH(Si02) 45 + A — (Si0,)x(s) ¥ + (CO),(g) 1 + (H)4(g) 1 + (NO)(g)
(2)

In a typical hydrothermal reaction, two mL of tetrapropylammonium hydroxide
were added to the orange-brown multicrystalline product shown in Eq. (1). The
solution was then hydrothermally heated in a muffle furnace for 2 hours at 200°C,
followed by 1 hour at 600°C in air to burn away the excess carbon, nitrogen, and
hydrogen, as shown in Eq. (2). The resultant compound oxidizes C, H, and N to
produce oxides and decomposes. As a result, 1-HDTA silica and TPAH-silica
nanopowders were synthesized.

3. Results and discussion

The chemical composition of the SCBA was determined using X-ray fluorescence
spectroscopy (XRF, Malvern Panalytical, Malvern, UK) for the major oxides listed in
Table 1. According to the XRF analysis, the leaching process was efficient because the
amount of silica was significantly reported to be 79.40 wt% and 78.79 wt% for the
two organic acids, respectively. The leaching acid used in the pretreatment step was
L-cysteine hydrochloride monohydrate. Table 1 also shows the loss on ignition. The
significant improvement in silica morphology in ash powders is due to the selective
removal of synthesis residues using L-cysteine hydrochloride monohydrate, essen-
tially reducing metallic impurities in the sample. Following acid treatment, the sample
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SCBA burnt at 700 °C

Stirred (250 rpm)
continuously at 90 °C

Figure 1.
Schematic illustration for the production of silica from sugarcane bagasse ash.

was calcined in a muffle furnace, and silica was extracted using a hydro-thermal
method with tetrapropylammonium hydroxide, minimizing other metal oxide
impurities.

3.1 Green silica synthesis

Green and sustainable approaches to obtaining advanced materials for industrial
use can help avoid complex procedures while also reducing environmental toxins.
Green synthesis methods have been investigated for the extraction of silica from
various agricultural biomass sources. Because organic acids, alkalis, and solvents can
decompose more complex-structured substrates, silica extraction from biomass is one
of the most promising methods for green synthesis. One of the most promising
methods for the green synthesis of silica and silicon nanoparticles is the chemical
and thermal treatment of biomass by replacing toxic reactants and decreasing
temperatures [9, 10].
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Component L-cys (wt%) CA (wt%)
Sio, 79.40 78.79
TiO, 1.03 0.70
ALO; 8.45 8.25
Fe,03 2.39 3.77
MnO 0.04 0.04
MgO 0.61 0.72
Cao 1.06 1.26
Na,0 1.06 1.01
K0 3.86 3.66
P,0s 0.22 0.34
SO, 0.03 0.01
Cr,03 0.04 0.02
NiO 0.02 0/01
H,0 0.04 —0.13
LOI 1.18 1.50
Table 1.

Chemical composition of acid-leached SCBA from XRF [9].

3.2 Characterization

X-ray diffraction (XRD) on a Bruker AXSD8 Advancement equipment (Ithemba
Labs, South Africa) with Cu-K1, A = 154,050 A was used to cross-check the crystallin-
ity identification. The Bragg angle array has a scanning step of 0.035°C and a temper-
ature range of 20 = 10-90°C. IR was used to investigate the new surface functions by
detecting the functional groups and bonding of elements present in the samples. The
examination was performed at room temperature using a PerkinElmer FTIR spec-
trometer (spectrum 2) with a wavelength range of 400-4000 cm1. The surface mor-
phology of SCBA was examined using scanning electron microscopy (TESCAN,
VEGA). Before analysis, the samples were prepared on an aluminum stub and carbon
sputtered on a carbon coater. Transmission Electron Microscopy (TEM) was used to
study the structural morphology of the as-synthesized nanoparticles in order to assess
particle size distribution and form.

Using Scherrer’s formula, the average diameter sizes of silica extracted with
(1-Hexadecyl) trimethyl-ammonium bromide, (1-HDTA), and Tetrapropy-
lammonium hydroxide (TPAH) were determined to be around 28 nm and 30 nm,
respectively. Scherrer’s formula was used to estimate crystallite size, as stated in

Eq. (3) below:

K
P Bcosd

3)

Dp is the average crystallite size (nm), and K is the Scherrer constant. K values
range from 0.68 to 2.08, with K = 0.94 being preferred for spherical crystallites with
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cubic symmetry and -X-ray wavelength. CuKa the A = 1.54178 is commonly used for
micro XRD. Furthermore, the peak position is identified by the FWHM (full Width at
Half Maximum) of the XRD peak calculated from one half of 2.

3.2.1 Powder X-vay diffraction analysis

Powder XRD was used to determine the structural characteristics of the powder.
The SCBA was reacted with two distinct organic bases, 1-HDTA and TPAH, resulting
in crystalline silica with average diameters of 28 nm for 1-HDTA and 30 nm for TPAH.
This study effectively demonstrated the utilization of organic compounds for silica
extraction from SCBA via a green synthesis technique [9]. The nature of crystallized
phases is determined by measuring the angles of diffraction of X-rays by the solid’s
crystalline plane. These diffraction angles are connected to the amorphous and crystal
lattice properties. Figure 2a demonstrates that SCBA is primarily amorphous, with
weak intensities of crystalline peaks present in the phase composition.

Diffraction peaks at 2 theta angles of 22, 28, 39, 48, 56, and 64 were observed in the
XRD spectra of (b) 1-HDTA silica and (c) TPAH silica, corresponding to the crystal-
line phases of silica. The diffraction peak at 2 theta angle 28 reveals that the generated
silica nanoparticles have a 101 cubic phase crystalline structure. Similarly, Katare, V.
D., and Madurwar, M.V. (2017) [11] observed crystalline silica peaks at 26 = 26 [12].
This finding confirms that silica nanoparticles were extracted from SCBA in our
samples [9, 11].
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Figure 2.
The XRD patterns for (a) raw bagasse, (b) 1-HDTA silica, and (c) TPAH silica.
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3.2.2 FTIR analysis

Figure 3b and ¢ mention the characteristic peak number in the IR of the produced
nano-silicas, display bands at 461.231 cm Y, 787.381 cm ™}, and 1045.99 cm ™%, which
correspond to the Si~O~Si bending vibration, Si~O~Si stretch vibration, and
Si~O~Si stretching vibration, respectively.

The evolution and disappearance of functional groups, as well as the appearance of
more prominent groups, demonstrate the incorporation of new functionalities in our
samples. The carbonyl group band is visible in Figure 3a, but not in the silica spectra
of either sample in (b) or (c), confirming the effective conversion of SCBA into silica
groups, which are prevalent in the material. The band at 3014.44 cm ™" also corre-
sponds to the C-H stretch in (a). SCBA has a weak absorption band for the hydroxyl
group (OH) at about 3445.23 cm ! [11].

The nanosilicas produced in (b) and (c) exhibit identical behavior for novel func-
tionality. Despite the impressive results, the silica in Figure 3c displayed a generally
intense and prominent band at roughly 1060.76 cm ™', which is typical of crystalline
silica and confirms the results obtained from XRD diffraction patterns [11].

3.2.3 TEM and SEM analysis

TEM determines the particle size and shape of the materials. Figure 4a depicts the
intensive particle aggregation in SCBA, as well as the produced silica in (b) and (c).
Because the particle size is not consistent, it does not represent single particles but
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Figure 3.

FTIR spectra of (a) raw SCBA (b) 1-HDTA silica, and (c) TPAH silica.
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Figure 4.
TEM images of (a) raw SCBA, (b) 1-HDTA-silica, (c) TPAH silica and SEM images of (d) raw SCBA,
(e) 1-HDTA and (f) TPAH silica.

rather nanoscale agglomerates (50-100 nm). The silica particles are uniformly dis-
persed after the TPAH reaction. The particle sizes of the obtained silica and the acid
leached using 1-HDTA are distributed randomly. The morphology of the nanosilica
derived from the SCBA is identical to that obtained and reported elsewhere [13]. In
contrast, agglomerated particles are usually in the nanorange. In terms of size control,
this method of green synthesis of nano-silica particles is promising; nonetheless, non-
uniform silica nanoparticles were also created.

In all samples linked with the release of organic matter during bagasse burning, the
SEM images in Figure 4d—f indicate agglomerates of heterogeneous material with
irregular forms and high roughness. Although the organic acid leaching process was
effective on the surface morphology of the prepared silicas, the morphological differ-
ences (f) with fewer aggregates confirm the composition analysis (XRF) discussed
earlier, in which pre-treatment with L-cysteine significantly improved silica forma-
tion for the acid-leached sample. The acid treatment during the synthesis stage causes
particle agglomeration, which is more obvious in the SEM image (c). After TPAH
treatment, the SEM picture of the silica sample is clearer, showing that activated
carbon lowered the degree of alkalinity for silica, resulting in less agglomeration [13].

3.2.4 Textural analysis

SCBA for nano CA-Silica had BETssa, pore volume, and pore diameter of
21.6511 m*/g, 0.04312 cm?, and 8 nm, respectively, while SCBA for nano L-cys Silica
had BETsga, pore volume, and pore diameter of 116.005 m?/g, 0.1828 cm>/g, and
6 nm, respectively. The amount of adsorbed gas grows steadily with increasing P/P,
ratio at the lower P/P, areas for CA-Silica, as shown in Figure 5a, whereas it increases
dramatically for L-Cys Silica, as shown in Figure 5b. As mentioned in, this is com-
monly attributed to monolayer and multilayer adsorption [14].
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Figure 5.
N, adsorption-desorption isotherms for SCBA nano CA-Silica and SCBA nano L-cys silica that is made from
SCBA, respectively. Adapted with permission from [9], copyright MDPI (2022).

The hysteresis loop is detected at a range of 0.9 < P/PO < 1.0 for the SCBA
nanosilica isotherm in Figure 5a, which is primarily connected with capillary conden-
sation taking place in the mesopores. Furthermore, the loop on the high P/P, side has
been linked to big pores. The little loop in Figure 5b, detected in a range of 0.2 < P/P,
< 0.4, is also caused by capillary condensation within the mesoporous structure;
however, no loop is observed at the higher P/P, area for this synthesized silica (SCBA
nano L-cys Silica) [14, 15].

4, Recommendation

As an alternative to SCBA pretreatment, leaching with an organic acid, specifically
citric acid (CA, C6H807). This organic acid has the potential to act as both a chelating
agent and a mild triprotic acid. CA has the advantage of being an organic and
bio-based acid, which has an impact on the materials synthesized and the effluent
treatment costs, and it is an eco-friendly leachate when compared to strong mineral
acids like HCl and H,SO,. Rodrguez-Machn et al. investigated the effect of leaching
using CA for the pretreatment of SCBA with varying degrees of thermal degradation
and its behavior. As shown in Table 2, CA was compared to two well-known
conventional leaching agents, HCI and H,SOy, in terms of their impact on the
chemical, structural, and thermal properties of leached ash. Inorganic element
removal ranged from 39.9% to 54.1% depending on leaching duration and tempera-
ture, and CA performed similarly to strong mineral acids. When compared to tradi-
tional acids for the pretreatment of SCBA, this study shows that CA is a functional
leaching agent [16].

Table 3 illustrates the pre-treatment efficiency of HCl and demonstrates signifi-
cant increase in the silica content and appreciable decrease impurities. To obtain silica
with high purity metal oxides which are present as impurities defeats this goal to a
certain extent. Thus, purification strategies are required to improve purity, such as
thermochemical processes [17, 18].

Organic chemicals and less energy can be used to create green silica
nanoparticles, allowing for fine control of particle form, size, and morphology. As a
result, new innovative tactics and extra research have been developed to improve
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Element Pristine SCBA HCl1 H,S04 C¢HgO,
K 1800 17.5 15.7 17
Al 279 110 122 131
Fe 327 110 101 123
Si 8600 3600 4400 4400
Mg 287 251 26.4 68.1
Na 321 18.6 8.02 <5
Table 2.

Comparison between conventional strong acids (HCl and H,SO,) and an ovganic acid (CA, CsHg0O,). Inorganic
element composition in mg kg .

Component Bagasse ash (Pristine) (wt%) Bagasse ash (acid-treated) (wt%)
Si0, 53.10 88.13
MgO 20.72 3.04
P,05 7.36 115
SO; 11.23 4.69
MnO 1.45 0.62
Fe,03 0.78 0.94
K,0 1.26 0.50
CaO 3.77 0.57
Other 0.36 0.32
Table 3.

SCBA treated with HCI, before and after [17].

existing green technologies and methodology for future silica preparation. Toxic
chemicals are utilized in the production of silica from SCBA, which is exceedingly
dangerous to both the environment and humans. To begin, 1 M NaOH is used to
extract silica in a water bath heated to 90°C, as given in Eq. (4), traditionally known
as alkaline treatment. The sample is then filtered and decant supernatant several
times until the pH is neutral, and it is dried in an oven. The as-obtained sodium
silicate is then immersed in a strong acid 1 M HCI for neutralization reaction in a
reflux for an hour at 75°C to make silica gel from sugarcane bagasse, as given in Eq. (5)
[12, 19].

SiO,(s) +2NaOH(aq) — Na,SiO3(aq) + H,0(aq) (4)

Na,Si03(aq) + 2HCl(aq) — SiO,(gel) 4+ 2NaCl(aq) + H,0 (5)

Greener and more sustainable synthetic technologies with eco-friendliness, low
cost, low energy, low or non-toxicity, and easy procedures are extremely promising

and should be prioritized by researchers. The utilization of proteins in the synthesis of
multifunctional silica nanoparticles has important economic and environmental
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implications. To minimize high temperatures, energy, pressure, and the use of toxic
and/or hazardous substances and circumstances, sustainable and eco-friendly silicon
nanoparticle production technologies with enticing advantages over conventional
methods are being developed. Organic acids and bases were used in this study to fulfill
the green chemistry goal.

5. Conclusion

The green synthesis of silica nanoparticles from biomass waste (bagasse) is the
basis of this research. The use of toxic-free reagents and substances in the green
chemistry method for the synthetic route of nanoparticles is gaining traction. When
compared to traditional approaches, this approach is seen as more environmentally
friendly. It is critical to recognize the non-toxicity of nanoparticles produced using
green chemistry. Green chemistry is less expensive, non-toxic, and better for the
environment.

The silica nanoparticles were effectively manufactured utilizing the green synthe-
sis approach. Meanwhile, the XRD spectra revealed the primary peaks of silica 2 = 28°,
whilst the bands at 1045.99 cm ™' on the FTIR spectrum suggested silica production in
the samples. Furthermore, approximately 80% of the SiO, was removed utilizing the
organic acid/base treatment method on the SCBA. The particle size distribution
ranged from 25 to 500 nm. The synthesized nanomaterials revealed residue of impu-
rities associated commonly with the green method.
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Chapter 4

The Role of Mangroves and
Nanomaterials in the Heavy Metals’
Decontamination Process

Keyla Soto Hidalgo

Abstract

Green Chemistry aims to make processes more efficient and create products that
reduce environmental pollution. This chapter presents the results of the combined
use of Rhizophora mangle (R. mangle) and nano zero-valent iron (nZVI) for cadmium
(Cd) remediation in contaminated areas. Here, the phytoremediation process using
a 40-ppm cadmium solution in combination with R. mangle and nZVI for 3 days was
evaluated. We used 20 R. mangle samples with and without nZVI to assess the effi-
ciency of the phytoremediation process for the removal of cadmium by inductively
coupled plasma (ICP) analytical measurements and confocal imaging. Translocation
factors (TFs) were calculated. TF< 1 indicates that R. mangle does not act as a hyperac-
cumulator but as an excluder of metallic Cd. The data obtained in the project suggests
that the interaction of nZVI with R. mangle is an effective way to enhance the translo-
cation of the metal by its aerial parts without affecting the stomatal opening.

Keywords: heavy metals, nanomaterials, mangroves, green synthesis, phytoremediation

1. Introduction

To maintain the concentration of essential metals within physiological limits and to
minimize the harmful effects of nonessential metals, plants have developed complex
mechanisms that serve to control the uptake, accumulation, handling, and detoxi-
fication of heavy metals. Some of these mechanisms include transport, chelation,
compartmentalization, exclusion, and sequestration processes [1]. Of these, chelation
constitutes one of the major detoxification mechanisms and involves the participation
of high-affinity ligands such as phytochelatins (PCs) and metallothioneins (MTs),
two of the best-characterized heavy metal-binding ligands in plant cells [2].

Several studies have reported the benefits of using plants to remove heavy metals
from contaminated waters and soils. This process is known as phytoremediation. In
the wetlands, plants that naturally thrive in these regions have been found to serve
as important tools for heavy metal removal. They are preferred over other bio-agents
because they not only uptake nutrients but are also able to adsorb and accumulate
heavy metals. Wetland species differ in their ability to uptake and accumulate vari-
ous metals in their tissues [3]. Some species have been found to have a great ability to
accumulate metals in their biomass and are referred to as “hyperaccumulators” [4].
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1.1 Mangroves and heavy metals

Mangrove forests are plant associations of great ecological service and economic
importance [5, 6]. Mangroves are important wetland plants distributed in the transi-
tion zone between land and sea along intertidal coasts in the tropics and subtropics
[7]. They form natural barriers with high productivity that protect coastal zones from
tropical storms and hurricanes and function as a nursery for numerous species of
terrestrial and aquatic fauna [8]. Mangroves have been considered a highly tolerant
group of plants because they can survive stressful conditions in tropical and subtropi-
cal latitudes [9]. Many mangrove ecosystems located close to urban areas may be
impacted by effluents from industrial sources and urban runoff that often contain
high concentrations of toxic heavy metals such as cadmium, arsenic, lead, zinc, and
nickel, among others [10].

Avicennia spp. and Rhizophora mangle are the most tolerant mangrove species.
They have been reported to accumulate greater quantities of metals when compared
to other mangrove species, even before any visible signs of toxicity appear. Many
studies described these plant properties as a complex process of detoxification and
tolerance mechanisms to heavy metals that consist of (a) binding to the cell wall and
extracellular exudates, (b) reduced uptake or efflux pumping of metals at the plas-
matic membrane, (c) detoxification of metals in the apoplasts and chelation of metals
in the cytoplasm with various ligands, such as phytochelatins, metallothioneins,
metal-binding proteins, and (d) sequestration of metals into the vacuole by tonoplast-
located transporters [11, 12]. Nevertheless, these mechanisms in plants are not
enough by themselves to substantially remove heavy metals from contaminated sites.

1.2 Nanomaterials for environmental treatment

Nanomaterials iron-based have a great capacity to react, degrade, adsorb, or
transform a wide range of contaminants in soils and water bodies. It is used in soil
remediation, water treatment or conditioning, permeable reactive barriers, and other
applications. Iron ions remain stable in a dry atmosphere and CO,_free water. Under
other conditions, iron oxidizes to Fe** and Fe**, forming FeO, Fe;0,, and 8-Fe,0s,
which are irreversible. The ferric form (Fe’*) is very prone to hydrolysis, giving rise to
an insoluble iron hydroxide polymer. The predominant species in aqueous solution are
Fe’* and Fe’* and the organic ferrous and ferric complexes.

Under aerobic conditions and neutral pH, inorganic iron (III) salts are the most
stable species. The synthesis based on the chemical reduction of sodium borohydride
for our studies with mangroves has not represented physiological effects on plants.
Even so, it is necessary to consider the green synthesis of nanoparticles. Traditional
chemical methods used for the synthesis of nano zero-valent iron (nZVI) still require
toxicity studies for potentially hazardous by-products. Therefore, alternative methods
of low-cost and green synthesis are urgently required. Plant extracts can be used as
a highly efficient and environmentally sustainable alternative for the synthesis of
nanoparticles.

1.3 Green synthesis of nZVI

Green synthesis for decontamination processes is essential to protect organisms
present in ecosystems. On the other hand, the high cost of many techniques and
syntheses greatly impedes the process of purification and environmental abatement.
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Green synthesis to produce nZVI was first applied by VeruTEK and the US EPA. In
this method, plant extracts (coffee, green tea, black tea, lemon, balm, sorghum, bran,
grape, etc.) are heated in water to near boiling point to prepare a polyphenol solution
[13]. The extract thus produced is separated from the plant debris and mixed with
the Fe*" solution. Iron ions in the presence of polyphenols were reduced to nZVIL. It
must be considered that the main problem when using plants for the synthesis of
nanoparticles is the destruction of plants and plant parts. One way around this is to
use agricultural residues, for example, Eucalyptus Leaf Fragments or extracts from
various residues (peel, albedo, pulp) of lemons, tangerines, etc. Plant extracts reduce
metal ions in a shorter time than microorganisms. Depending on the type of plant and
the concentration of plant secondary substances, microbial-based nanoparticles are
synthesized in minutes to hours [14].

Recently, Ficus carica dried fruit, citrus maxima aquatic peel, eucalyptus, and
many Avicennia marina flower plants and leaves and green tea have been success-
fully used as green reducing agents for the synthesis of nZVI [15]. The leaf extract of
Cleistocalyx operculatus has been used widely in medicine and beverages, containing a
high proportion of reductants, including polyphenols. This substance can chemically
convert Fe ions into iron with zero valency, as described in study [16]. In other stud-
ies, the walnut-green shell was used for the synthesis of spherical nZVI particles with
a diameter of 18-72 nm [17]. Replacing chemical-reducing agents with plant extracts
as reductants reduced operating costs, improved nZVI quality, and improved process
performance. However, each plant produces specific extracts with different chemical
properties and reducing power [18]. Moreover, the use of this green synthesis for
ZVI nanoparticles is not yet widespread worldwide, as the quality of plant extracts
depends on local conditions such as climate and soil factors. This chapter aims to
show how the use of R. mangle and iron nanoparticles could be used as an alternative
to the heavy metal decontamination process.

2. Experimental methods results
2.1 Materials

Iron (III) chloride hexahydrate (97%, ACS reagent), sodium borohydride (98.5%,
reagent grade), FeCl; 6H,0 (F2877 Sigma Aldrich), NaBH, (Alfa Aesar), and ethanol
200 proof, 99. All solutions were made using deionized water (18.2 M-cm, Nanopure
Diamond, Barnstead).

2.2 Instrumentation and techniques

To analyze the size and morphology of the nanoparticles X-ray diffraction (XRD)
and scanning electron microscope (SEM) were employed to determine iron com-
pounds and their respective oxidation states. The phase composition and structures
of the nZVI particles were determined by XRD patterns (PANalytical X Pert Material
Research Diffractometer) operating with a Cu Ka radiation (A = 1.54 A) source.

To determine the effect of the nZVI nanoparticles in the number of Cd ions in
each system and plant after the treatment period time, all the samples were processed
and analyzed using ICP-AES Model Perkin Elmer 4300 DV with a detection limit of
0.002 ppm. ICP-AES is one of the most common techniques for elemental analysis.
Its high specificity, multi-element capability, and good detection limits result in the
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use of the technique in a large variety of applications. Three R. mangle individuals
were selected that were exposed to a system contaminated with 10 ppm cadmium,
and another three were exposed to a 1 g/L solution of nZVI only. Translocation Factor
(TF) Technique was used to measure the Cd translocation from shoot to root, which is
given below:

TF=C,_,/C,,., 1)

shoot

where Cg,oor and C,.o are metals concentration in the shoot (mgokg'1) and root
of the plant (mgekg™), respectively. A TF value larger than 1 represents the effective
translocation of metals to the shoot from the root. To confirm the effect on stomata,
a Nikon Eclipse Ti-E inverted fluorescence microscope confocal microscope images
were obtained using R. mangle leaves from the cadmium solution system and the nZVI
and cadmium solution system.

2.3 Sampling and acclimation

The seedlings of R. mangle were obtained from Pinones State Forest through direct
harvesting during January 2023 (Figure 1). This area is the most extensive natural
system of mangroves in Puerto Rico. Mangrove plants were first kept in a nursery sta-
tion under shaded cover using the same substrate of marsh to maintain their natural
conditions.

The growth and maintenance of these plants once brought from the wetland
was performed in a greenhouse chamber adapted by construed four small chambers
that were prepared to carry out different experiments. This chamber from Carolina
Biological Company allows to manipulation of environmental conditions to inves-
tigate plant growth and development. This strong, long-lasting chamber is made of
galvanized, powder-coated steel. Dimensions: 26" L x 26” W x 37" H. Around 4600
lumens of light are provided by four compact fluorescent lamps (CFLs). Greenhouse
conditions were 25 degrees Celsius and 60-70% humidity. After an acclimation
period of 28 to 30 days, surviving plants are considered fully adapted to their new
environmental conditions in the phytonanoremediation system, as seen in Figure 2.

The phytonanoremediation system shown in Figure 2 was adapted using a con-
ceptual design of direct injection in situ. All the systems have water and soil with
the highest concentration of Cd to simulate contaminated sites. The purpose of this

Figure 1.
Puerto Rico map (A), sampling zones and mangrove areas at State Forest Pinones marsh (B).

74



The Role of Mangroves and Nanomaterials in the Heavy Metals’ Decontamination Process
DOI: http://dx.doi.org/10.5772/intechopen.1002296

Cdions move from
stem to leave

) Cd lons move from
L rootiostem

Figure 2.

Images of R. mangle obtained from State Fovest Pinones and transplanted to a new system for
phytonanoremediation system. The experiment employed a total of 20 seedlings. Each one’s height and chlorophyll
concentration in the leaves were measured.

phytonanoremediation system is to evaluate if the interaction of R. mangle with the
nZVIin soil and water collectively mitigates and removes heavy metals.

2.4 Synthesis of nZVI

nZVI particles were produced by adding NaBH, as a reducing agent to a solution of
FeCl;-6H,0. The resulting reductive reaction may be given as:

Fe +6BH" +18H,0 —>2FeO(s)+6B(OH), +21H, ()

To obtain approximately 1.00 g of nZVI, a 0.6 M solution of FeCl;. 6H,0O (molar
mass 270.30 g/mol) was prepared in 30 mL of ethanol (83% v/v) in nanopure water.
The solution was purged with N2 for 30 minutes to remove oxygen before the reac-
tion to avoid the rapid oxidation of iron. Then, the solution was titrated by adding a
total of 100 mL of 0.8 M aqueous solution of NaBH, under a nitrogen atmosphere.
After 30 minutes of stirring with a magnetic bar at 600 rpm, the solution was filtered
using a 0.22 pm filter paper (Millipore) under a vacuum at 25°C. The sample was
rinsed three times with 99.5% absolute ethanol. Various filtered samples, prepared as
mentioned, were placed immediately in a vacuum desiccator. Each synthesis of nZVI
was prepared to use all the nanoparticles in each treatment.

2.5 Preparation of contaminated solution

Cd solutions were prepared using Cd(CH;CO0),2H,0 due to their high solubility
in water and ethanol. To represent different samples of wastewater contaminated
with Cd solutions of 40 ppm were prepared. The solutions of Cd were treated with
1.0 g/L of nZVI particles for a period of 1 hour. Concentration units were presented as
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“ppm” keeping with toxicity nomenclature (ppm = mg-L™"). After 1 hour of stir-

ring with a magnetic bar at 600 rpm, the solution was filtered using a 0.22 pm filter
paper (Millipore) under vacuum conditions at 25°C. The filtered samples were placed
immediately in a desiccator to be analyzed.

In the phytonanoremediation system, two treatments were carried out: the first
involved immersing R. mangle seedlings in a 40-ppm cadmium solution, and the sec-
ond involved immersing R. mangle seedlings in a 1 g/L nZVI solution near the roots.
Chlorophyll content changes if a plant is stressed. A SPAD meter can be used for a
rapid determination of the chlorophyll content of individual leaves. An important
indicator of plant health is its concentration of chlorophyll, which will be measured
using a chlorophyll meter model SPAD (Konica Minolta company) on each plant for
a period of 3 days. The chlorophyll meter measures the light transmittance in two
wavelength ranges (600 to 700 and 400 to 500 nm) to determine the relative amount
of chlorophyll in the leaves. The three treatments included 40- ppm cadmium solu-
tion, 1 g/L nZVI solution, and a control group with only water. The chlorophyll levels
were measured on three leaves per individual and averaged out in triplicate, resulting
in a total of nine leaves analyzed for each treatment.

2.6 Characterization of nZVI

Nanoscale zero-valent iron particles were produced by a chemical reduction
technique of FeCl;.6H,0 using NaBH, to complete Cd** fixation from water [19].

In Figure 3, X-ray diffraction of nZVI shows a characteristic peak of Fe’, usually
appearing at 26 = 44.59. The SEM image shows nano spherical iron particles that
form chains like aggregates due to their magnetic properties. The diameter of the iron
nanoparticles was in the range of 20-100 nm.

The nZVI particles (1 g/L) interact with cadmium ions in the solution for 1
contact hour. Energy dispersive X-ray spectroscopy (EDS) was used to qualitatively
determine the morphology, size, and composition of the samples. Figure 4 shows
images of the surface of the ZVI nanoparticles that were taken at different extensions.
Simultaneously, the EDS spectrum was obtained in selected areas on the nZVI surface
to give information on the chemical composition and surface atomic distributions of

60 =

50 =

4459 Fe’

40 -

Intensity

-
1

o
1

20

20

Figure 3.
X-ray diffraction (XRD) pattern and scanning electron microscope (SEM) image of freshly prepared nZVI
particles.
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Figure 4.

SEM image of nZVI particles in cadmium solution (a) image of the selected area of nZVI in Cd solution (yellow
dots vepresent Fe and green dots Cd atoms, (b and c vespectively), (d) EDS spectrum of nZVI particles in the Cd
solution.

iron and cadmium. The concentration of Cd** used was 40 ppm, which is within the
range of values found in Cd-contaminated areas of Puerto Rico. These results on the
distribution of Cd and Fe ions are consistent with our previous studies [20]. When
removing cadmium ions, Fe nanoparticles oxidized as FeO and other iron oxides
(such as Fe(OH);) form favorable interactions as cadmium ferrites by the following
equation.

2Fe* +Cd* +40H™ —CdFe,0, +2H, 3)

Our studies showed that using R. mangle plants with nZVI exposed to cadmium
accumulated high concentrations of metals in the roots and aerial organs. The TF was
1.223 x 10™* for plants exposed for three days to 40 ppm Cd solutions for ICP analysis
in the roots, stem, and leaves, and it was 1.420 x 10~ for plants exposed to nZVI and
cadmium solution. Even though these differences are not statistically significant,
the TF of R. mangle seedlings exposed to nZVI and cadmium exhibits higher trans-
location mobility. The longer the nanoparticles are exposed, the more efficient the
phytonanoremediation process will be.

Results of chlorophyll analyses were measured in R. mangle to compare the pos-
sible effect of nZVI in plants. Results indicate that the concentration of chlorophyll
content of systems does not change (see Figure 5). These results confirm that the
presence of nZVI can interact with different mangrove species to remove heavy met-
als without affecting the physiology of plants.

In Figure 6, we can show the interaction of nZVI and Cd in the stomata of red
mangroves. Images A and B show the stomata open, but image C with the presence
of cadmium, directly affects the structure and morphology of the stomata. Confocal
microscopy images, taken at low and high magnification, of guard cells after one
week of interaction with cadmium and nZVI solutions. The average stomatal open-
ings of control (a), nZVI exposure (b), and Cd solution (c). The stomatal openings
in plants exposed to nZVI allow the gas exchange of carbon dioxide and oxygen for

77



Green Chemistry for Environmental Sustainability — Prevention-Assurance-Sustainability (P-A-S)...

Chlorophyll total (SPAD units)

control nZVi solution Cd solution

Control nZVI solution Cd solution

Figure 5.

Variation of chlorophyll content in control, treated with 1 g/L of nZVI and treated with 40 ppm of Cd solution
during an exposure period of 3 days. Means + SD (n = 9 per treatment). When exposed to Cd, the green color of
seedling leaves changes due to the decrease in chlorophyll concentration.

Figure 6.

Confocal microscopy images shows the interaction of nZVI and Cd in the stomata of R. mangle. Images A and B
show the stomata open, but image C with the presence of cadmium, directly affects the structure and morphology
of the stomata. Red scale bays: 20 pm.

efficient photosynthesis. Our results indicate that nZVI can promote plant growth by
increasing their photosynthesis and nutrient accumulation.

3. Role of green chemistry and plants in the removal of heavy metals

One of the main objectives of green chemistry is to develop and produce chemi-
cal products and processes that reduce pollution. There are many processes and
techniques for the removal of heavy metals, including reverse osmosis, chemical
precipitation, ion exchange, adsorption, and solvent extraction [21]. However, these
techniques require significant maintenance capacity and cost and are generally not
sustainable. For a process to comply with the principles of green chemistry, the
degradation of active products must be considered because many chemicals do not
fully break down into carbon dioxide, water, and inorganic salts.

Chemical generation may be resistant to environmental biodegradation includ-
ing microorganisms present. In the environmental area, the use of decontaminants
is a critical point of concern since many current chemicals can bioaccumulate and
cause toxic effects in organisms. For a compound to be considered biodegradable,
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its structure, size, and application must be evaluated. Environmental conditions in
which they can react, etc. Therefore, the products considered in green chemistry must
be biodegradable and nontoxic [22]. The use of plants is an economical and alterna-
tive method to synthesize decontamination products for medicines. And it offers one
of the greenest ways to overcome costs and toxic effects.

4, Conclusions

The data obtained in these studies suggest that the interaction of nZVI with R.
mangle is an important way to improve the bioavailability of Cd** and help mangroves
to better translocate them in harvestable portions. The presence of nZVI in R. mangle
facilitates the entry of ions. The tolerance of R. mangle seedlings to high concentra-
tions of Cd may be due to the formation of nontoxic sulfides in the roots or on their
surfaces, tissue detoxification, and ion exclusion mechanisms within the roots or
inside. These preliminary results, therefore, suggest that Rhizophora may act better
as phytoremediators against heavy metals in contaminated areas due to their ability to
accumulate at low concentrations in aged leaves. By encapsulating pollutants instead
of venting them to the outside, they prevent further pollution of the surrounding
ecosystem. The use of red mangroves is important because they are highly resilient
ecosystems to the effects of climate change. The approach provides a real alternative
to remove human carcinogens such as Cd, As, Pb, and Hg by using affordably synthe-
sized particles at the nanoscale and plant levels.
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Chapter 5

Green Synthesis of Nanoparticles:
A Biological Approach

Rafael Alvarez-Chimal and Jesiis Angel Arenas-Alatorre

Abstract

Nanoparticles are often associated with their small size and numerous applications.
However, the synthesis process is equally important as it determines the size and
properties of the nanoparticles. While traditional nanoparticle synthesis methods
require the use of hazardous chemicals and high-energy consumption, green synthe-
sis offers a sustainable, cost-effective, and environmentally friendly alternative. This
approach utilizes natural resources and biologically active compounds that can act as
reducing, stabilizing, or capping agents in the one-step synthesis of nanoparticles.
Green synthesis offers numerous advantages, including the development of processes
with minimal environmental impact and improved safety for nanoparticle synthesis.
Overall, the synthesis of nanoparticles using green chemistry is a promising approach
for sustainable and efficient production. This chapter provides a general overview
of nanoparticles, their applications, and green synthesis, and highlights the various
biological resources used in these processes and the factors affecting their synthesis.

Keywords: green synthesis, nanoparticles, plant extract, microorganisms,
phytochemicals

1. Introduction

Nanoparticles are small particles with sizes ranging from 1 to 100 nanometers.
These materials have gained importance and interest in recent years owing to their
large number of applications, because the matter at this scale presents a more com-
pact arrangement of atoms and molecules, generating phenomena and acquiring or
enhancing mechanical [1], electrical [2], magnetic [3], optical [4], catalytic [5], and
antibacterial [6, 7] properties that are completely different from those of their mac-
roscopic counterparts [8]. They can be classified based on their composition, shape,
and size. The most common types of nanoparticles are metals, metal oxides, carbon-
based, and quantum dots. Owing to their unique sizes and properties, nanoparticles
have attracted significant attention in various fields including medicine, electronics,
energy, and environmental science [9, 10]. By reducing their size, nanoparticles can
have a higher surface-to-volume ratio, enabling a greater number of atoms or mole-
cules per volume, which means that less material is needed to obtain the same activity
and exhibit other properties (Figure 1) [11].

Nanoparticles have many potential benefits for the environment. For example,
nanoparticles can be used to improve the efficiency of water treatment, air filtration,
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Figure 1.
Surface-to-volume ratio of nanoparticles compared with that of bulk materials.

and soil remediation; reduce pollution, and develop new types of renewable energy
technologies [12]. In medicine, nanoparticles have shown potential for drug delivery,
imaging, and cancer therapy. They can be functionalized with targeting moieties,
making them capable of selectively targeting cancer cells, while sparing normal cells.
Additionally, nanoparticles can enhance the efficacy of chemotherapy by improving
drug delivery to the tumor site and reducing systemic toxicity [13]. In electronics,
nanoparticles are used to fabricate high-performance devices such as sensors, tran-
sistors, and solar cells [14]. Nanoparticles have potential applications in fuel cells,
hydrogen storage, and catalysis [15].

However, it is also important to address the environmental impact of the nanopar-
ticles. Some studies have shown that nanoparticles can harm plants, animals, and
humans, but it depends on many factors, such as concentration, size, and time of
exposure [16, 17]. Nanoparticles can easily be released into the environment through
various sources, such as industrial emissions, consumer products, and medical
procedures. Once released into the environment, nanoparticles can be difficult to
control and monitor. There is potential for long-term accumulation. Nanoparticles
can accumulate in the environment, and they may be able to persist for long periods.
This raises concerns about the potential for nanoparticles to cause long-term harm
to the environment and human health [17, 18]. However, one of the alternatives for
reducing their environmental impact is to control the synthesis process.

There are many methods for synthesizing nanoparticles, including physical,
chemical, and biological processes [19]. Green synthesis, which refers to the eco-
friendly and sustainable production of nanoparticles without the use of hazardous
chemicals or toxic solvents, has gained attention in recent years within biological
processes. Natural sources, such as plants and microorganisms, are popular green
synthesis approaches [20]. This method has several advantages over traditional
synthesis methods, including low cost, scalability, and reduction of hazardous
waste. Moreover, green synthesis can produce nanoparticles with unique shapes,
sizes, and surface properties tailored for specific applications [21]. The biological
sources used for the green synthesis of nanoparticles contain biologically active
compounds, such as enzymes, proteins, polyphenols, flavonoids, and terpenoids,
which can act as catalyzing, reducing, stabilizing, or capping agents for one-step
synthesis [20, 21].

In summary, this chapter provides a general overview of nanoparticles, their
properties and applications, and how green synthesis is used to synthesize them.
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This chapter also discusses the different biological resources used for green synthesis,
the factors that participate, and the mechanisms involved in their production.

2. Traditional nanoparticle synthesis methods

There are many methods for synthesizing nanoparticles (Figure 2). Some of the

most common methods include the following.

Chemical reduction: This method involves the reduction of metal ions in solution
using chemical reagents such as sodium borohydride or sodium hydroxide to
form nanoparticles [22].

Coprecipitation: Synthesis involves mixing two or more solutions containing
metal ions. When the solutions are mixed, metal ions precipitate out of the solu-
tion and form nanoparticles [23].

Sol-gel: The process requires mixing a metal salt with a solvent and gelling agent.
The solvent is evaporated leaving behind the gel. The gel is then heated, causing
it to solidify and form nanoparticles [24].

Microemulsion: This method needs surfactants, water-soluble compounds, and
oil-soluble compounds. The mixture forms small droplets that contain the metal
ions. When droplets are heated, metal ions precipitate out of the solution and
form nanoparticles [25].
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Figure 2.

Nanometric scale and different approaches to nanoparticle synthesis.
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* Solvothermal/hydrothermal synthesis: This reaction involves heating a solution
of metal ions in water or an organic solvent under high pressure. High pressure
and temperature cause metal ions to precipitate out of the solution and form
nanoparticles [26].

* Sonochemical/electrochemical synthesis: This process uses ultrasound or an

electrical current to break down metal salts into nanoparticles [27].

In addition, there are physical processes, such as laser ablation, milling, and sput-
tering, where the material is reduced to nanoparticles by the mechanical action of the
equipment used [28].

The choice of method depends on the type of nanoparticles being synthesized, the
desired size and shape, and the availability of equipment and reagents.

2.1 Environmental limitations in nanoparticle synthesis

Traditional methods for synthesizing nanoparticles have several limitations.

Using organic reagents can harm the environment, humans, and animals, causing
illnesses, such as liver damage [18]. In addition, wastewater generated from nanopar-
ticle synthesis can contain harmful chemicals [29].

The low yield is another disadvantage: only a small percentage of the starting
materials is converted into nanoparticles, generating raw material waste. The high
cost of the starting materials, equipment, labor required, long-time synthesis, and the
inability to control the size and shape can limit their applications [30, 31].

2.2 Strategies to overcome barriers to nanoparticle synthesis

Several strategies can be used to overcome the disadvantages of nanoparticle synthe-
sis, such as the use of environmentally friendly solvents, reagents, and processes. Using
water, ionic liquids, and supercritical fluids are examples of eco-friendly solvents [21,
32] or we can even perform solvent-free synthesis, eliminating the need for hazardous
chemicals and reducing the environmental impact of nanoparticle synthesis [33].

Many nanoparticle synthesis methods are not scalable, which limits their applica-
tion. Therefore, it is necessary to develop cost-effective and efficient processes to
obtain large quantities of nanoparticles [8].

Multipurpose nanoparticles can be used to improve their performance in a variety
of applications and fields. For example, biocompatible nanoparticles are used in
biomedicine or as stable nanoparticles for long-term applications [34].

The characterization of nanoparticles is important for understanding their size, shape,
surface properties, and chemical composition. This information can be used to under-
stand how nanoparticles interact with their environment and ensure they are safe [35].

Strategies to overcome these barriers in nanoparticle synthesis are still under study
to develop more innovative, efficient, cost-effective, and environmentally friendly
methods.

3. Green synthesis of nanoparticles: an overview

Green synthesis aims to promote innovative chemical technologies to reduce or
eliminate the use and production of hazardous substances in the design, manufacture,
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and use of chemical products. This involves minimizing or, if possible, eliminating
the pollution produced in the synthesis processes, avoiding the consumption and
wastage of nonrenewable raw materials, using hazardous or polluting materials in
product manufacturing, and reducing the synthesis time. Paul J. Anastas, considered
the father of green chemistry, defined it as “a work philosophy that involves the use
of alternative tools and pathways to prevent pollution,” referring to both the design of
the synthetic strategy and the treatment of possible secondary products originating
from that route [36, 37].

Two approaches can be used to generate nanoparticles [37, 38] (Figure 2).

“Top-down” approach: In which nanoparticles are produced using physical
techniques such as grinding or abrasion of a material.

“Bottom-up” approach: Where nanoparticles are generated from “building blocks’
of atoms or molecules, resulting in more complex assemblies. Three alternatives are
identified using this approach.

>

* Chemical synthesis: The method of producing molecules or particles by the reac-
tion of substances used as raw materials.

* Self-assembly: A technique in which atoms or molecules self-order through
physical and/or chemical interactions.

* Positional assembly: The atoms, molecules, and aggregates are deliberately
manipulated and positioned individually. However, this method is extremely
laborious and unsuitable for industrial applications.

The “bottom-up” approach is preferred over the “top-down” approach because
specialized equipment is not required and the time to obtain nanoparticles is shorter.
Green synthesis is gaining relevance in producing nanoparticles within the “bottom-
up” approach [37].

The use of plant species, algae, or microorganisms such as bacteria or fungi is one
of the most commonly used resources for this procedure. Various compounds from
plants or microorganisms, including terpenes, polyphenols, alkaloids, carbohydrates,
proteins, and genetic materials, play an important role in the synthesis of nanopar-
ticles by acting together [39, 40].

In addition to the biological resources used to perform the synthesis (plants, algae,
or microorganisms), other factors influence the shape and size of nanoparticles, such
as the concentration of the metal ion, pH, reaction time, and temperature [39, 41].

In general, the phases for the green synthesis of nanoparticles include

(Figure 3) [39].

* Initial phase: Obtaining the reaction medium, which is the aqueous extract of one
or several parts of the plant species or the culture media for the growth of micro-
organisms, in addition to the precursor salt, which is the source of metal ions.

* Activation phase: Chemical reduction of metal ions and generation of nucleation
centers occur where nanoparticles emerge and grow.

* Growth phase: Small adjacent nanoparticles spontaneously fuse into larger par-
ticles, forming aggregates, which are influenced by factors such as temperature,
concentration, and type of compounds, pH, and reaction time.
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Figure 3.
Phases involved in the green synthesis of nanoparticles.

* Termination phase: The final shape of the nanoparticles is determined, and the com-
pounds that participate in the reaction help stabilize and enhance their properties.

3.1 Biological resources for the green synthesis of nanoparticles

As stated previously, nanoparticles have attracted attention in the fields of biol-
ogy, medicine, and electronics in recent years, owing to their remarkable applications
(Figure 4). Numerous nanoparticle synthesis techniques have been developed;
however, these may involve the use of toxic compounds and high-energy physi-
cal processes. An alternative is the use of biological methods to circumvent these
obstacles. Bacteria, fungi, algae, and plant species are some of the most commonly
used biological resources for the green synthesis of nanoparticles (Figure 4). This
biological approach has provided a method that is reliable, straightforward, benign,
and environmentally beneficial [40, 42].

3.1.1 Bacteria

Nanoparticle synthesis using bacteria is performed both extracellularly and
intracellularly [38].

Intracellular: The synthesis is carried out inside the living microorganism, using
its growth conditions to favor synthesis, known as “nanoparticle micro-factories.” To
recover nanoparticles, bacteria must be destroyed [43].
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Biological resources and compounds used for the green synthesis of nanoparticles and some of their applications [9].

Extracellular: The components released by the bacteria after lysis are used. The
synthesis is performed by adding a metal salt precursor to the medium in which
these components are located. Extracellular synthesis has the advantage of being
faster because it does not require additional steps to recover nanoparticles from
microorganisms [43, 44].

Enzymes, such as reductases, which catalyze the reduction of metal ions into
nanoparticles, participate in the synthesis. Even components of the genetic material
participate in this process [45, 46].

3.1.2 Fungi

Fungi contain active biomolecules, such as proteins or enzymes, that participate in
nanoparticle synthesis, improving their yields and stability [47].

Some fungal species can synthesize nanoparticles using extracellular amino acids.
For example, glutamic and aspartic acids on the surface of yeast or the reductase
enzyme in the cytosol of fungi reduce metal ions to form nanoparticles. This is facili-
tated by the presence of hydroxyl groups in the mycelium, which donate electrons to
the metal ion and reduce it to form nanoparticles. Aliphatic and aromatic amines or
some proteins act as coating agents to stabilize them [48, 49].
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3.1.3 Algae

Algae are used in nanotechnology because of their low toxicity and their ability to
bioaccumulate and reduce metals [50].

Nanoparticle synthesis can be intracellular, with the metal ion entering the alga, or
extracellular, and involves compounds such as polysaccharides, proteins, and pigments
that direct the reduction of metal ions and coat the newly formed nanoparticles. These
particles are subsequently released from the cell in the form of colloids [51].

3.1.4 Plant species

The use of plants in nanoparticle synthesis is one of the most widely used methods
because of its environmentally friendly nature, as it avoids the use of toxic or harm-
ful substances. It is also one of the fastest and most economical methods because
it involves fewer steps [39, 40]. This makes it highly efficient in the nanoparticle
production process compared to synthesis using microorganisms.

Plants contain several compounds (terpenes, flavonoids, polyphenols, alkaloids,
proteins, etc.) that reduce metal ions and stabilize the resulting nanoparticles [52].

This type of synthesis can be performed using intracellular, extracellular, and
phytochemical-mediated methods [53].

Intracellular: The synthesis is carried out inside the plant cell, and the nanopar-
ticles are recovered by breaking down the structure, which is very similar to the
intracellular method using microorganisms. Control of the growth factors of plant
species is required so that they do not interfere with synthesis [54].

Extracellular: This method is the most commonly used because of its ease and
speed. The process begins by obtaining a plant extract, which is generally water-
based, to which a metal salt precursor is added. Owing to the action of the different
compounds present in the extract, nanoparticles are generated and stabilized in a
single step [54, 55].

Phytochemically mediated: This is based on the extracellular method, but with the
difference that isolated phytochemical compounds are used and other substances are
added to stabilize the nanoparticles. There is greater control over the synthesis, but
more components and steps are involved [53].

3.2 Factors involved in the green synthesis of nanoparticles

As in any synthesis process, reaction conditions, such as temperature, pH, and
reaction time, play an important role in the shape, size, and yield of the synthesized
nanoparticles [39-41] (Figure 3).

Temperature: This is one of the most influential factors, as the shape (spherical,
prismatic, flakes, triangular, octahedral, etc.), size, and synthesis depend on temper-
ature. As the temperature increases, the reaction rate and the formation of nucleation
centers increase, resulting in higher yields. Different temperatures promote differ-
ent interactions between the reactants, giving rise to various shapes; the larger the
temperature increase, the larger the size of the nanoparticles [56, 57].

pH: This influences the nucleation centers, generating more centers at higher pH
values. Another important influence of pH is that some nanoparticles can only be
synthesized in acidic or alkaline media. For example, magnetic nanoparticles are syn-
thesized at an alkaline pH, and metal oxide nanoparticles are generally synthesized at
an acidic or neutral pH [58].
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Time: This parameter plays an important role in defining the size of the nanopar-
ticles. It has been observed that longer reaction times favor an increase in the size of
the nanoparticles and higher yields, owing to the prolonged interaction time between
reactants [59].

3.3 The mechanism involved in the green synthesis of nanoparticles

The plant extract or organism used for the synthesis is an important factor that
influences the morphology and size of nanoparticles because different concentra-
tions of metabolites or cellular components give rise to differences in the nanopar-
ticles [40, 60] (Figure5).

Proteins and enzymes facilitate the formation of nanoparticles from metal ions.
Because of their high reducing activity, proteins and enzymes can attract metal ions
to specific regions of a molecule responsible for reduction, facilitating the formation
of nanoparticles; however, their chelating activity is not excessive. The amino acids
of a protein can greatly influence the size, morphology, and quantity of nanoparticles
generated, thus playing a very important role in determining their shape and yield.

Figure 5.

Green-synthesized nanoparticles. (a) Spherical ZnO nanoparticles using the leaves of Dysphania ambrosioides
(plant). (b) Prismatic ZnO nanoparticles using the stems and leaves of Dysphania ambrosioides (plant).

(c) Quasi-spherical Fe;O,, nanoparticles using the leaves of Datura innoxia (plant). (d) Quasi-spherical

Ag nanoparticles using stems of Aloe vera (plant) [61]. (e) Spherical and triangular Au nanoparticles

using Lentinula edodes (fungus) [43]. (f) Irregular Ag and triangular Au nanoparticles using Ganoderma
lucidum (fungus) [43]. (g) Hexagonal MgO nanoparticles using the flowers of Saussurea costus (plant) [62].
(h) Irregular Cu nanoparticles using Salmonella typhimurium (bacterium) [63]. (i) Quasi-spherical Ag
nanoparticles using Dunaliella salina (alga) [64].
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Removing a proton from amino acids or other molecules results in the formation of
resonant structures capable of further oxidation. This process is accompanied by the
active reduction of metal ions followed by the formation of nanoparticles [39].

Flavonoids are a large group of polyphenolic compounds that can actively chelate
and reduce metal ions because they contain multiple functional groups capable of
forming these structures. Structural transformations of flavonoids also generate pro-
tons that reduce metal ions to form nanoparticles; therefore, they are involved in the
nucleation stage, their formation, and further aggregation. Saccharides can also play a
role in nanoparticle formation. Monosaccharides, such as glucose, can act as reducing
agents, as the aldehyde group of the sugar is oxidized to a carboxyl group through the
addition of hydroxyl groups, which in turn leads to the reduction of metal ions and
the synthesis of nanoparticles [39].

The mechanism of green synthesis of nanoparticles has been associated with
the action of polyphenols, which act as ligands. Metal ions form coordination com-
pounds, in which the fundamental structural unit is the central metal ion surrounded
by coordinated groups arranged spatially at the corners of a regular tetrahedron. The
aromatic hydroxyl groups in polyphenols bind to metal ions and form stable coordi-
nated complexes. This system undergoes direct decomposition at high temperatures,
releasing nanoparticles from the complex system [65].

Flavonoids, amino acids, proteins, terpenoids, tannins, and reducing sugars have
hydroxyl groups that surround the metal ions to form complexes. After this process,
the hydroxyl ions are oxidized to carbonyl groups, which stabilize the nanoparticles.
Synthesis is favored if the participating molecules have at least two hydroxyl groups at
the ortho- and para-positions [52, 65].

Amino acids influence the size, morphology, and yield of nanoparticles generated
[23], depending on the specific amino acids present in the extract and their concentra-
tion, along with the reaction conditions that give rise to nanoparticles with different
shapes [65].

4. Confirming that the biological approach of nanoparticle synthesis is a
green chemistry method

To corroborate that the processes of nanoparticle synthesis using biological
resources are “green synthesis methods,” the 12 principles mentioned above are
revisited [66-68] (Table1).

Considering the above, the 12 principles of green synthesis are fulfilled using
biological resources, such as plants, bacteria, fungi, and algae, to synthesize
nanoparticles [69-71].

Finally, green synthesis of nanoparticles is a sustainable and environmentally
friendly alternative to traditional methods of nanoparticle synthesis. Traditional
methods often take long periods of time, use toxic chemicals and solvents, or
generate waste products that can pollute the environment and pose health risks to
humans and animals. In contrast, the green synthesis method uses renewable natural
resources, such as plant extracts and microorganisms, which are less damaging and
can be replenished over time. In addition, these methods are often more cost-effec-
tive and faster than traditional procedures because they do not require expensive
chemicals or equipment and are considered one-step syntheses, which contribute to
energy savings [72].
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L. The plant extract or culture I The synthesis yields are high, which supports the great
medium used in the synthesis can incorporation of the raw material into the final product.
be easily disposed of, either by
using it for composting in the case
of plant extract or by sterilizing
the culture medium and similarly
disposed of without causing
environmental harm.

IIL. Few or no toxic wastes are IV. Nanoparticles have the same or better properties than those
generated because aqueous generated using other methods.
extracts or culture media are used
and treated after use.

V. Water is preferably used as the VL. Syntheses are carried out at room temperature; although the
solvent. temperature is a factor that influences synthesis, depending on the
nanoparticles to be synthesized, it may be necessary to vary the
synthesis temperature.

VILI. Vegetal extracts and microbial VIII The method focuses on nanoparticle synthesis; there are
culture media can be reused no subproducts, or those generated are the metabolites that
more than once for several participate in the reaction and can be reused in the synthesis.
syntheses.

IX. Synthesis is catalyzed by X. Nanoparticles should be handled with the necessary precautions,

biological compounds found in regardless of the process used in their synthesis.

organisms. Making a faster or
one-step synthesis.

. There is considerable control XIIL. The risk of accidents is minimized because the synthesis is
over the synthesis process; it can performed at ambient temperature and pressure.

X

-

be stopped at any time if there is
a problem and resumed without
issue. The reactants and raw
materials are handled with the
necessary care, and the generated
products are easily treated.

Table 1.
The 12 principles of green synthesis are fulfilled with the biological approach to produce nanoparticles.

In furtherance of these advantages, green synthesis methods are still being
developed to improve their efficiency and scalability, leading to the potential benefits
of green synthesis of nanoparticles or even their application to the synthesis of other
molecules as drugs or nutraceuticals.

5. Conclusion

Nanoparticles have emerged as a versatile and promising class of materials with
unique properties that can be harnessed for various applications. The use of green
synthesis utilizing natural resources and biologically active compounds to produce
nanoparticles is an area of continuous research to improve processes, reduce envi-
ronmental damage, and meet the increasing demand for the application of these
nanostructures. Utilizing biological resources, the synthesis of nanoparticles is
inexpensive, faster, and considered a one-step synthesis while preserving or even
improving the physical and chemical properties of the nanoparticles. With the great
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potential of this method and the sustainable and efficient production of nanopar-
ticles, different sizes and shapes can be obtained, which makes it a very attractive
option not only for the synthesis of nanostructures, but also for the application of this
technique in the synthesis of other compounds.
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Chapter 6

Green Synthesis of Copper,
Silver, and Gold Nanoparticles:
Applications in Medicinal
Chemistry

Faisal Nawaz, Irum Jamil and Bushra Shakoor

Abstract

For the creation of an effective “green chemistry,” scientists have paid a lot of
attention to a method for creating metal nanoparticles in recent years. The topic
of nanoscale metal synthesis is one that is now pertinent due to the growing use of
nanoscale metals in industries like engineering and medicine and the environment.
The development of nanotechnology has revolutionized society and has focused on
a number of scientific fields, including cancer, human epidemiology, and material
science. Utilizing biological agents to prepare metallic nanoparticles through green
chemistry reduces negative effects and improves the metal’s anticancer properties.
Commercially, nanoparticles are typically prepared via physical, chemical, and
biological techniques. For metal and metal oxide nanoparticles made from natural
extracts, such as gold, silver, and copper oxide, which are useful to improve biomedi-
cal applications like antibacterial, antifungal, and antioxidant, have been summarized
in this chapter. The easy availability of plants that are safe, easy to handle, and inex-
pensive allows for the synthesis of many nanoparticles. These techniques are environ-
ment-friendly, nontoxic, and economically viable green synthesized processes.

Keywords: green synthesis, nanoparticles, antifungal activity, antibacterial activity,
antioxidant activity

1. Introduction of nanoparticles

Nanotechnology has advanced to a level that has never been seen before in recent
decades. Therefore, it is not surprising that researchers are becoming more interested
in the subject. Nanotechnology is the branch of science and technology concerned
with the design, creation, and application of nanoparticles [1]. In general, items that
are considered to be nanoscale or nanometer in size should fall within the range of
1-1000 nm, where “nano” is defined as 10°. However, according to the recommenda-
tions of the European Commission, a nanomaterial is any substance, whether organic,
inorganic, or synthetic, that contains at least 50% of particles (in unbound or
aggregated state) with one or more exterior dimensions in the range of 1-100 nm [2].
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Due to a specific behavior under light irradiation, namely the formation of localized
surface plasmon resonance (LSPR), which gives these materials their peculiar optical
properties, the nanoparticles formed from coinage metals draw attention.

Of all the “noble” metals, silver has the highest thermal and electrical conduc-
tivities as well as the lowest melting and boiling temperatures. The “noble” metals
with the highest reactivity, silver also has harmful effects on a variety of microbes
thanks to its cations [3]. Solar energy harvesting and electronic gadgets are just two
examples of the many technological and medical applications that silver in the form
of nanoparticles unveiled.

Functionalized nanoparticles with various targeting moieties have a wide range of
uses in biomedicine, including diagnosis, targeting, drug/nucleic acid administration,
imaging, and therapy. Furthermore, NPs are used as sensitive probes in Raman scatter-
ing and imaging applications using the surface-enhanced Raman scattering approach
[4]. The application of NPs in photothermal therapy, radiation therapy, computed
tomography, biosensors, and other domains has greatly boosted their potential in
biomedical fields [5] as shown in Figure 1. NPs-based biosensors with excellent
sensitivity and selectivity are being developed due to their intrinsic electrical and
optical properties, as well as their ability to conjugate with various biomolecules. Over
the last decade, NPs-based biosensors have received a lot of interest in the diagnosis of
numerous diseases. Recently, several NPs-based biological assays for the detection and
quantification of analytes in urinary samples have been highlighted, with an emphasis
on protein analysis. Such NP-based assays are beneficial in the diagnosis of a variety of
ailments, including renal problems, cancer, and heart disease [6].

Drug
Delivery
Path Bio-
athogen talvst
Detection EREIE
Applications of
Nanoparticles
Biosensor
Radiation mll:bfllso-
Therapy
Vaccine

Figure 1.
Some important applications of nanoparticles in medicinal chemistry.
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Figure 2.
Advantages of green synthesis.

It is now widely accepted that nanotechnologies have the potential to be useful
in a number of industries, including pharmaceutical research, water purification,
and information and communication technologies and the development of stronger
and lighter materials. Nanotechnologies produce and manipulate materials at the
nanoscale by scaling up from small groups of atoms or by reducing or refining bulk
materials [7].

The concept of “green chemistry” for “sustainable development” has received a lot
of attention in the recent decade. Sustainable development is defined as development
that fulfills current demands while taking into account future generations’ abilities to
meet their own [8]. Green chemistry is a growing area that advocates for the imple-
mentation of concepts aimed at minimizing the usage and manufacture of harmful
chemical compounds [9]. As a result, greener methods reduce the environmental
impact of industrial activities. Researchers created these technologies to propose
potential solutions to the costly processes and harmful compounds discovered when
using classic synthesis methods [10]. Green nanomaterial synthesis is the optimal
way for lowering the risk level of nanotechnology by minimizing the negative reper-
cussions of its creation and use. Figure 2 highlight the primary advantages of green
chemistry approaches.

In this chapter, authors have discussed the various biological properties of transi-
tion metals and their oxides. We have also explained their synthesis methods and
different applications in medicinal chemistry like, antibacterial, antifungal, and
antioxidant to stops the different chain reactions occurring in biological systems.

2. Properties of metal NPs
2.1 Silver nanoparticles

It has been marketed that silver nanoparticles (AgNPs) are a superior antibacterial
agent that can fight infections-causing bacteria both iz vitro and in vivo. The antibacte-
rial properties of AgNPs extend to both Gram-negative and Gram-positive bacteria,
including strains that are multidrug resistant. AgNPs have a number of simultaneous
mechanisms of action, and they work synergistically against harmful bacteria like
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Escherichia coli and Staphylococcus aureus when paired with antibiotics or other antibac-
terial agents like chemical compounds. AgNPs are highly suited for usage in medical
and healthcare goods because of their characteristics, which allow them to successfully
treat or prevent infections. A new generation of powerful antibacterial drugs [11].

The exploration of silver nanoparticles (AgNPs) can be found in various products
within the medical and healthcare sectors, including surgical and food handling tools,
clothing, cosmetics, dental products, catheters, and dressings. The improved antibac-
terial activity of Ag at the nanoscale has proven to be most beneficial [12].

Numerous plant diseases pose a persistent danger to agricultural production.
Despite a large increase in pesticide application, disease losses continue to be a major
problem. Losses are predicted to be 21.5% for wheat, 22.5% for maize, and 30% for
rice globally [12]. Fungi, which account for around 80% of plant infections, are the
predominant group of pathogens in cereal crops [13]. According to recent estimates,
there are 6.2 million different species of fungi, demonstrating how common they are
[14]; because it works well against 650 different bacteria, silver can be employed in
the plant protection industry [15].

2.2 Gold nanoparticles

Gold nanoparticles (AuNPs) are renowned for having outstanding physical and
chemical properties. The optical properties of AuNPs are among the most researched
physical characteristics in the biological field. Interestingly, while the color of gold
in its bulk form is yellow, the color of finely separated AuNPs can vary according on
their size, from violet to wine red. These color fluctuations in AuNPs can be linked to
surface plasmon resonance (SPR) and or LSPR, two photophysical processes. Surface
plasmon polaritons, sometimes referred to as plasmon waves, travel across a thin metal
surface and cause SPR. Plasmon oscillation in a metal nanocrystal is known as LSPR.
Applications for effective biological sensing can be made with both LSPR and SPR. It
is believed that LSPR is responsible for the color shift from bright yellow (in bulk) to
various size-dependent dazzling colors. A plasmonic phenomenon results from the
shrinkage of particle size below the incident electromagnetic radiation’s wavelength [4].

AuNPs as a whole are nontoxic; however, the stabilizing capping agents and
chemical byproducts employed to make AuNPs can make the AuNP solution poison-
ous. For instance, even at a nanomolar concentration, cetyl trimethyl ammonium
bromide (CTAB), which is used to stabilize gold nanorods, is hazardous. However,
toxicity can be decreased by switching out a harmful capping agent for a suitable
biocompatible one or by altering CTAB to stop it from dissolving. It was discovered
that citrate-coated AuNPs are noncytotoxic at low concentrations in a paper on the
cytotoxicity of these particles. The size and concentration of AuNPs both affect toxic-
ity. From the standpoint of their biomedical engineering applications, it is crucial to
investigate how AuNPs interact with the components of biological medium. It has
been discovered that AuNPs with a size of less than 2 nm destroy biological cells by
oxidatively harming the mitochondrial structure.

2.3 Copper nanoparticles

Copper is one of the substances that is the most common on the planet. It has had a
huge impact on history due to its many qualities, which include excellent electrical and
thermal conductivity, remarkable corrosion resistance, and improved malleability. It
has been used as jewelry, swords, and currency from the early fourteenth century [16].
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Property Silver nanoparticle Gold nanoparticle Copper nanoparticle

Color Grayish-white to black [25] Reddish to yellow [26] Reddish-brown [27]

Melting point 961.8°C [25] 1064.18°C [26] 1984°C [27]

Conductivity Excellent [25] Excellent [26] Good [27]

Reactivity Moderate [25] Low [26] High [27]

Stability Susceptible to oxidation [28] Highly stable [26] Susceptible to
oxidation [29]

Applications Antimicrobial, electronics [28] Biomedical, catalysis Electronics, catalysis

[26] [29]
Optical properties Strong plasmonic effects [28] Strong plasmonic Plasmonic effects [29]

effects [26]

Table 1.
Some general properties of silver, gold, and copper nanoparticles.

Copper, which is necessary for the metabolism of living things, is present in more than
30 different types of proteins. Numerous enzymes with copper as a component sup-
port a number of physiological functions, including oxygen transport and iron homeo-
stasis [17]. In addition, copper is present in numerous human organs, bones, and skin
[18]. When taken in quantities that are too great for the body to handle, copper turns
poisonous and can cause hemolysis, jaundice, abdominal pain, nausea, and, in extreme
circumstances, death [19]. Tap water is a typical source of copper poisoning because
the pipe used for water delivery either is made of copper alloys or contains copper [20].
Contrarily, human copper insufficiency is a fairly rare disorder.

Numerous studies in both humans and animals have demonstrated that a copper
deficit can result in issues with the connective tissues, osteoporosis and other bone
diseases, as well as a higher risk of infection [21]. Anemia and poor fetal development
can result from copper shortage, according to a different study [22]. Copper nanopar-
ticles (CuNPs) have attracted interest from the general public because of their capacities
in the mechanical, electrical, magnetic, and thermal realms. They have also been used in
water treatment, surgical tool coatings, and heat transfer systems to stop the growth of
microbes [23]. Using copper has the advantage of being inexpensive and widely acces-
sible, which lowers the cost of purchasing CuNPs. One of the disadvantages of CuNPs
is their susceptibility to oxidation when exposed to water environments. Copper trans-
forms into CuO and Cu,0 and transforms into Cu”* during preparation, making it chal-
lenging to continue synthesizing CuNPs in an ambient environment [24]. Some general
properties of silver, gold, and copper nanoparticles have been presented in Table 1.

3. Synthesis of nanoprticles
3.1 Synthesis of AgNPs by traditional route
3.1.1 By chemical method

Silver nitrate solution (0.001 M) and sodium borohydride (0.1 M) were
utilized as a metal salt precursor and a reducing agent, respectively, for the chemi-
cal production of AgNPs. Stabilizing agent polyethylene glycol 80 was utilized at a
concentration of 50 mM [30].
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3.2 Synthesis of AgNPs by green route
3.2.1 By phytochemical method

By reducing a silver nitrate solution at 0.001 M in the presence of the Lysiloma
acapulcensis extract, AgNPs were prepared. 2.5 mL of Lysiloma acapulcensis aqueous
extract was mixed with 2.5 mL of AgNO; in a 1:1 ratio for 2 min at room temperature.
The reaction solution was then made with distilled water to a final volume of 10 mL,
and the solutions were exposed to white light for 15, 30, and 60 min. UV-Vis spectros-
copy with a wavelength range of 300-600 and a resolution of 1 nm was used to track
the development of the synthesis. A blank was created using the aqueous extract.
There were three duplicates of each experiment. With a resolution of 400-4000 cm ™,
FT-IR spectroscopy analysis was used to identify the functional group of biomolecules
present in the Lysiloma acapulcensis aqueous extract at room temperature [30].

3.2.2 By using microorganisms

In this mechanism of synthesis, bacteria break down Ag" ions to their elemental
form (Ag®), which builds up outside the cell and produces AgNPs. Depending on
the culture medium used to cultivate the bacteria, the extracellularly generated
AgNPs might be hexagonal, spherical, triangular, circular, disc-shaped, or cuboidal.
The reducing agent for the biogenic reduction of Ag” to Ag0 is either a tiny soluble
secreted enzyme or a protein found on the bacterial cell wall. Outside of the cell,
Bacillus licheniformis, Bacillus pumilus, and Bacillus persicus all produce AgNPs that
range in size from 72 to 92 nm [31]. AgNPs produced during extracellular production
can be easily recovered via high-speed centrifugation (10,000 to 12,000 rpm), where
they are retained in a pellet that can be redissolved in any favored solvent.

3.2.2.1 Mechanism of AgNP production

Bottom-up strategies used by bacteria to synthesize AgNPs from small building
blocks like atoms and molecules using redox reactions have been shown in Figure 3. The
biogenic reduction of silver ions takes place at or near ambient pressure, temperature,

NADPH +H*  NADP*

AgNOJ NADH + H* NAD*
Reduced Form  Oxidized Form
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Figure 3.
Mechanism of AgNP production by bacteria mediated via NADH dependent nitvate reductase enzyme created
with BioRender.com [32].
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and pH. Silver ions are trapped, reduced, and capped, and crystals are stabilized as part
of the procedure. According to certain theories, in the event of intracellular synthesis,
silver ions are brought into the cell for reduction into elemental silver [32].

Some bacteria produce a transmembrane proton gradient that is actively sup-
ported by Na and Ag ions from the extracellular environment. The uptake of silver
ions inside the cell and the initiation of AgNP synthesis are caused by a number of
silver-binding membrane proteins that draw silver ions and use the energy from
adenosine triphosphate hydrolysis to do so. The cell secretes extracellular polymeric
materials made of proteins and polysaccharides that can bind to and capture ions.
Reducing substances including proteins, enzymes, carbohydrates, and amino acids
that are also secreted from the cells work to lower the trapped ions outside the cells.
Only a few studies have demonstrated the importance of nicotinamide adenine
dinucleotide (NAD) + hydrogen (H) NADH-dependent reductase in the synthesis
of AgNPs, where NADH-H" contributes its electrons to silver ions, which are then
reduced to their elemental form and accumulate as AgNPs [32].

3.3 Synthesis of AuNPs by traditional route
3.3.1 By chemical method

Choline chloride and ZnCl,, which have comparable physical and chemical proper-
ties, were combined to create the quaternary ammonium-based room temperature ionic
liquids (QAILs). The QAILs were prepared by mixing choline chloride and ZnCl2 ina
molar ratio of 1:1 (QAIL-I) and 1:2 (QAIL-II), which have similar physical and chemical
properties. The QAILs were subjected to an overnight hoover treatment at 90°C to get
rid of moisture and volatile contaminants before use. The liquids can be heated to at
least 190°C and are at least as thermally stable as AlCl;-based liquids. Deionized water
was used to dissolve HAuCl, in order to create a 10.0 mmol 1 ?Au® solution. A series of
QAIL stabilized AuNP colloids were created by adding 0.2 mL of Au’* solution drop-
by-drop into 10.0 mL of QAILs at various temperatures, with the Au>* content held
constant at 0.2 mmol 1. These freshly generated AuNP colloids were then immediately

ZHCIa' /ZﬂzCis-

Figure 4.
Molecular structures of QAILs and stabilized AuNPs created with BioRender.com [33].
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supplemented with an additional 0.2 mL of Au** while being kept at the same tem-
perature. For 15 min for each specimen, the QAILs and AuNP colloids were heated in
an oil-bath heating reactor while being rapidly agitated in a glass beaker. For additional
measurements, the AuNPs were centrifuged to methanol with a dilution ratio of 1:4
after the QAIL-AuNP colloid specimens had been separated with methanol [33].

3.3.1.1 Synthesis mechanism

The two-step process of nucleation and subsequent development of the particles
is the most widely acknowledged mechanism for the formation of metal nanopar-
ticles. The metal cores are gradually accumulated by the freshly reduced atoms, and
occasionally cluster stabilizers participate in the reduction of some of the metal ions
to zero valency metal nanoparticles. An organic cation and an inorganic anion form
the structure of the QAIL given in Figure 4 [33].

3.4 Synthesis of AuNPs by green route
3.4.1 By phytochemical method

The plant leaf (Magnolia kobus) broth solution was made by boiling 5 g of fully
cleaned, finely chopped leaves in 100 mL of pH 7.0 phosphate buffered saline for
5 min and then decanting the solution. 1 mM KAuCl, was added to the leaf broth
to reduce the Au®* ions. By conducting the reaction in a water bath at 95°C with
reflux, the effects of temperature on the synthesis rate and particle size/shape of the
produced AuNPs were investigated. By repeatedly centrifuging the AuNPs solution
at 15,000 rpm for 20 min and redispersing the pellet in deionized water, the AuNPs
solution was purified [34].

3.4.2 By using microorganisms

Pseudomonas aeuroginosa is obtained from the Department of Microbiology
and Immunology in Egypt. Burns are the source of two clinical samples of bacte-
rial isolates used in this investigation. The isolates were identified as Pseudomonas
aeruginosa ATCC 90271 by microbiology and biochemistry and were utilized as a
reference strain [35].

Pseudomonas aeruginosa control strains, and the two isolates were used. At 37°C,
the bacteria were incubated while growing aerobically in a 50 mL nutritional broth
medium. It was shaken for 24 h at 150 rpm. After the incubation, the overnight
bacterial culture was centrifuged at 5000 rpm for 5 min to get the supernatants. In
order to create AuNPs, 50 mL of cell-free supernatant was combined with hydrogen
tetrachloroaurate to produce a final concentration of gold ions of 1 mM. The resulting
solution was then incubated at 37°C for 24 h. The cell-free supernatant containing
nanoparticles was recovered after 24 h of incubation [35].

3.5 Synthesis of CuNPs by traditional route
3.5.1 By chemical method

Copper(II) sulfate pentahydrate was used as a precursor salt in the chemical
reduction procedure to prepare the Cu nanoparticles, and starch was used as a

110



Green Synthesis of Copper, Silver, and Gold Nanoparticles: Applications in Medicinal Chemistry
DOI: http://dx.doi.org/10.5772/intechopen.1002859

capping agent. The first step in the preparation process is to add 120 mL of starch
(1.2%) solution to a 0.1 M copper(II) sulfate pentahydrate solution while vigorously
stirring for 30 min. The synthesis solution is mixed rapidly and continuously as

50 mL of a 0.2 M ascorbic acid solution is added in the second stage. The resulting
solution was then progressively supplemented with 30 mL of a 1 M sodium hydrox-
ide solution while being heated at 80°C for 2 h. The color of solution was changed
from yellow to brown. After the reaction was finished, the solution was removed
from the heat and allowed to settle for the night. The next day, the supernatant
solution was carefully thrown away. Filtration was used to separate the precipitates
from the mixture, and the excess starch linked to the nanoparticles was removed by
washing the precipitates three times with deionized water and ethanol. Precipitates
of brown color were produced, and they were dried at room temperature.
Nanoparticles were stored in glass vials for later examination after drying [36].

3.6 Synthesis of CuNPs by green route
3.6.1 By phytochemical method

The Kigelia Africana fruits were properly washed, cut into slices, and sun-dried for
5 days to ensure that all moisture was removed. After that, the fruits were pulverized
using a mechanical grinder. In order to perform the extraction, 50 g of the powdered
plant fruit were added to a 1000 mL beaker along with 500 mL of ethanol. To achieve
thorough extraction, the beaker holding the ethanol and powdered fruit was kept for
48 h while being repeatedly stirred with a magnetic stirrer every day. After filtering,
the extract was put into an airtight container for storage [37].

3.6.2 By using microorganisms

Using pseudomonas fluorescens, copper sulfate (CuSO,4) solution was treated sepa-
rately with cell pellet and cell-free supernatant to prepare CuNPs. The culture was
centrifuged at 7500 rpm for 20 min at 30°C after 48 h, and both the cell pellet and
the cell-free culture supernatant were collected and used separately. 1 g of biomass
was separately suspended in 20 mL of solutions containing 318, 750, and 1000 ppm
(CuSOy). The preparation of CuNP was assessed after supernatant had been col-
lected, centrifuged at 10,000 rpm for 20 min at 30°C. Varied concentrations of CuSO,
solution were mixed with varied volumes of cell-free supernatant, and the mixture
was shaken in an incubator for 24-48 h at 30°C and 150 rpm [38].

4. Applications of NPs
4.1 Applications of AgNPs
4.1.1 Mechanism of action against bacteria

The precise cause of AgNPs’ antibacterial impact on bacteria is yet unclear. We
describe a potential mechanism of AgNP action in Figure 5 that could lead to anti-
bacterial activity. AgNPs continually release silver ions, which might be a method for
destroying microorganisms. Since silver ions are more intimately related to sulfur
proteins and are likewise attracted to them electrostatically, they can readily cling
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Figure 5.
Action mechanism of AgNPs against the bacteria and the biofilm created with BioRender.com [39].

to the cytoplasmic membrane and cell wall. Silver ions attaching to the cell wall or
cytoplasmic membrane boost the permeability of the cell, which ultimately results in
cell breakdown, and disrupt the bacterial envelope at the same time. Free silver ions
disable respiratory enzymes as they enter cells, producing reactive oxygen species
that stop the synthesis of adenosine triphosphate. The primary species that initiates
deoxyribonucleic acid (DNA) alteration and cell membrane rupture is reactive oxy-
gen species (ROS). Phosphorus and sulfur are crucial elements in DNA. Even yet, the
interaction of AgNPs with the sulfur and phosphorus in DNA can make it difficult to
replicate DNA and support new cells, or even cause bacteria to die. Because the silver
ions can prevent protein production, the ribosome can occasionally get denaturated in
the cytoplasm [39].

4.1.2 Mechanism of action against fungus

The size, shape, and coating agents have a significant impact on the antifungal
activity of biogenic AgNPs. Deciphering a single mechanism of action is particularly
challenging due to the large diversity of biogenic AgNPs. For this reason, the majority
of the present study has concentrated on figuring out how chemically synthesized
AgNPs work, which is attributed to the AgNPs adhering to the surface of the fungus
due to electrostatic attraction as presented in Figure 6. Ag" is dynamically released
from extracellular AgNP accumulation, enters the cell, and increases the intracellular
concentration as well as the intracellular manufacture of AgNPs. No cell receptors or
membrane channels for the absorption of silver have been identified to yet. However,
it has been discovered that Ag* is imported through the high-affinity copper trans-
porter (Ctrl) [40].

4.1.3 Mechanism of action against cancer cells

Apoptosis, or programmed cell death, is avoided by cancerous cells, which
keep multiplying. The development of cancer therapies is mostly focused on
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Figure 6.
Action mechanism of AgNPs against fungi [40].

the aforementioned characteristics of cancer cells. To effectively combat can-
cer, plant-based nanosized silver is gaining popularity. There are two signaling
pathways—intrinsic and extrinsic—that can be activated to cause apoptosis.
Apoptosis, which is a limiting process in malignant cells, is triggered by DNA
damage or extreme cell stress [41].

Beginning with various steps of apoptotic protein activation, DNA damage, mito-
chondrial disintegration, the development of an apoptosome, and finally cell shrink-
age, apoptosis is a natural process in all living things. These turn into the most crucial
targets to be used in cancer therapy. When applied to certain target locations, AgNP
exhibits anticancer action. According to recent studies, AgNPs primarily affects ROS,
upping oxidative stress and DNA synthesis. Normal cellular homeostasis, which is
essential for cell survival, is maintained by ROS [42].

4.2 Applications of AuNPs
4.2.1 Mechanism of action against bacteria

In order to prepare effective functionalized metallic nanoparticles, it is important
to take into account that Gram-positive and Gram-negative bacteria have different
cell wall and membrane structures [43]. The boronic acid group of phenylboronic
acid is highly bound by the glycolipid-containing bacterial cell membrane presented
in Figure 7(a) [44]. As a result of interaction with lipoteichoic acid and lipopolysac-
charide of Gram-positive and Gram-negative bacteria, respectively, AuNPs were
changed with thiol- and amine-tethered phenylboronic acids. Nanoparticles have
been prepared and modified using natural substances derived from bacteria, fungus,
and plants [46]. For instance, sildenafil citrate, geniposidic acid, 3,5-dimethylphenol,
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(a) Multimeric boronic acid to target cell-envelope glycans of Mycobacterium tuberculosis [44] (b)
functionalization of the AuNPs by amine- and thioltethered phenylboronic acids to target Gram-positive and
Gram-negative bacteria [45].

palmitic acid, borneol, 2-hexyl-1-octanol, and -terpinyl acetate were used as phyto-
chemicals in an aqueous leaf extract from Acalypha indica that was used to synthesize
spherical AuNPs with a 20 nm size shown in Figure 7(b) [45].

4.2.2 Antifungal activity

AuNPs produced from cyanobacteria have been shown to have antifungal action;
however, this activity was nanoparticle-size dependent. For instance, AuNPs of size
7 nm were more effective than those of size 15 nm. Candida was more effectively
controlled by 25 nm particles than by 30 nm particles in this situation. Additionally,
the entire AuNPs test had demonstrated action based on nanoparticle dose or con-
centration. The primary reason for the antifungal effect of AuNPs was the potential
interaction with fungal protein. The metabolically active H"- adenosine triphos-
phatase enzyme in fungi is interacted with by AuNPs, which changes the enzyme’s
usual alignment and causes a loss of fungi activity. This disturbance in metabolic
activity prevents fungi from absorbing nutrients, which ultimately results in fungi
cell death. Furthermore, the efficient antifungal activity may have been caused by a
unique interaction involving shapes and sizes between AuNPs and the components of
the plasma membrane, such as sulfur-containing proteins or phosphorus of bases in
DNA. AuNPs impair normal processes like as synthesis, replication, and repair, which
results in cell death [47].

4.2.3 Antioxidant activity

Recently, AuNPs have been considered a top choice for delivering a range of drugs
to their intended locations. These payloads range in size from tiny drug molecules
to bigger macromolecules including proteins, ribonucleic acid, and DNA [48]. The
oxidative stress brought on by ROS such hydroxyl, epoxyl, peroxylnitrile, superoxide,
and singlet oxygen plays a significant role in a variety of pathological disorders, such
as inflammatory processes, atherosclerosis, aging, cancer, and neurological illnesses.
Nucleic acid damage and enzyme inactivation are caused by excess ROS or oxidative
stress that affects the host’s antioxidant system [49].
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4.3 Applications of CuONPs
4.3.1 Antibacterail activity

The size of nanoparticles is important in many applications, including medicine
delivery. The surface area that may be targeted for medication release increases with
decreasing particle size. Smaller nanoparticles have greater mobility and the capability to
enter and move about within the bacterial cell compartments, which makes their average
size crucial for copper oxide nanoparticles (CuONPs’) potential antibacterial action.

As aresult, they are powerful antibacterial agents. However, various types of anionic
compounds, such as organic acids, albumins, surfactants, polymers, and others, can easily
prevent electrostatic adhesion from occurring in a solution. This phenomenon influences
how different biomolecules, such as proteins and carbohydrates, which can adsorb on
nanoparticles and produce a corona with different surface properties from the original
nanoparticles, interact with the nanoparticles. This is most likely the cause that in biologi-
cal fluids, formulations containing anionic polyelectrolytes, and surfactant-containing
formulations, CuONPs can rapidly lose their antibacterial copper oxide efficacy [50].

One putative antibacterial mechanism is the release of free Cu** ions from
CuONPs, which may interact with cell membrane proteins. The concentration of free
Cu”* ions in the aqueous solution around the CuONPs is, however, incredibly low
due to its exceedingly poor solubility. Although the solubility of CuO varies with pH,
it isaround 3 x 10° M in pure water. This does not adequately explain the antibacte-
rial action of CuONPs, which increases with concentration whereas CuO solubility
remains constant at set pH and temperature [51].

4.3.2 Antifungal activity of CuONPs

Microorganisms can grow with harmful metals through certain mechanisms,
which can result in the synthesis of nanoparticles as a consequence of reduction
mechanisms. This field of nanobiotechnology is still in its infancy. 25 mL of CuSO,.
5H,0 (10 mM) was combined with a cell-free supernatant after being heated at 100°C
for 15 min. A color change was then noticed since these bacteria have a tendency to
create enzymes that diminish the poisonous metal, resulting in the formation of CuO
nanoparticles. Additional characteristics using XRD and TEM revealed that the aver-
age size of nanoparticle, which may have antibacterial properties, is 61.7 nm [52].

Copper nanoparticles (CuONPs) in the 10-190 nm range were produced using a fun-
gal-mediated, cell-free extract of Trichoderma asperellum, and IR spectroscopy revealed
that the amide and aromatic groups of the secondary metabolite act as an encapsulating
or reducing agent. This nanoparticle was also used to study iz vitro photothermal-induced
therapy utilizing human lung carcinoma-A549 cancer cells. The fungus Agaricus bisporus
produced CuNPs with a size range of 2-10 nm that exhibited antifungal activity [52].

4.3.3 Antioxidant activity

Complete Freund’s adjuvant, a substance that mimics the progression of arthritic
disease in humans, showed improved antioxidant enzymes and a decline in pro-inflam-
matory markers. In rats with induced arthritis, anti-inflammatory and anti-arthritic
potentials were seen. Radical scavenging of 2,2-diphenyl-1-picryl-hydrazyl-hydrate
(DPPH) is used to evaluate the DPPH radical-scavenging operation; the Shimada tech-
nique is applied. A 5 mL sample solution was mixed with an aliquot of DPPH methanol
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solution (20, 40, 60, and 80 g/mL) in 2 mL at various concentrations. After thoroughly
shaking the mixture, it was let to stand at room temperature in the dark for 30 minutes.
The absorbance was then measured in a spectrophotometer at 517 nm. The reaction
mixture’s lower absorbance showed a higher ability to scavenge free radicals [53].

4.4 Silver, gold, and copper nanoparticles used in biomedical applications

Silver, gold, and copper nanoparticles play crucial roles in advancing biomedi-
cal applications. Their unique properties, such as antimicrobial activity, optical
properties, and biocompatibility, make them versatile tools in various fields within

Nanoparticle Synthesis Size Biomedical applications References
method range
Silver-citrate Chemical 50 nm Wound healing [54]
nanoparticles reduction
Silver-chitosan Green synthesis 80 nm Drug delivery [55]
nanoparticles
Silver-alginate Chemical 30 nm Imaging [56]
nanoparticles reduction
Gold nanoparticles Chemical 5-26 nm Photothermolysis of cancer [57]
reduction cellsand tumors, targeted
delivery of drugs, and
antigens
Curcumin-gold Solvent casting Nanoscale Antibacterial activity [58]
nanoparticles technique
Cyclodextrin-capped One-pot Nanoscale Drug delivery [59]
gold nanoparticles synthesis
Copper oxide Green synthesis Nanoscale Antimicrobial agents, [60]
wound healing, drug
delivery, cancer therapy,
imaging agents
Copper sulfide Solution casting Nanoscale Photothermal therapy, [61]
method imaging, drug delivery
Copper nanowires Template- Nanoscale Sensors, antimicrobial [62]
assisted coatings, wound healing,
electrodeposition drug delivery
method
Copper Green synthesis Nanoscale Antimicrobial coatings, [63]
nanoparticles wound healing, drug
delivery, cancer therapy,
imaging agents
Copper-gold Chemical Nanoscale Photothermal therapy, [64]
reduction imaging, drug delivery
Copper-chitosan Microwave- Nanoscale Wound healing, tissue [65]
assisted method engineering, drug delivery
Copper-graphene Chemical Nanoscale Antibacterial coatings, drug [66]
method delivery, cancer therapy
Table 2.

Biomedical applications of silver, gold, and copper nanoparticles.
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biomedicine. As research continues to unveil their potential benefits and address
associated challenges, these nanoparticles could revolutionize diagnostics, therapy,
and healthcare delivery, ultimately leading to improved patient outcomes and
enhanced medical technologies.

Different forms of nanoparticles, their size ranges, and application in biomedical
field have been presented in Table 2.

5. Challenges and prospective applications of green nanoparticles

The synthesis of green NPs and their applications is an area of significant interest due
to the growing demand for sustainable and environmentally friendly technologies. Green
NPs refer to NPs that are synthesized using eco-friendly and biocompatible methods,
often utilizing natural sources and reducing the use of hazardous chemicals. Here are
some challenges and perspectives for the synthesis of green NPs and their applications:

5.1 Challenges

a. Standardization of synthesis methods: Green nanoparticle synthesis methods
often involve natural extracts, biomolecules, and bio-inspired approaches [67].
Standardizing these methods to ensure consistent nanoparticle size, shape, and
properties can be challenging due to the variability of natural sources.

b.Control over nanoparticle properties: Achieving precise control over the size,
shape, and composition of green nanoparticles can be difficult, which may
impact their performance in various applications [68].

c.Scale-up and production: Many green synthesis methods are conducted in
small batches [69]. Scaling up these methods to produce nanoparticles on a larger
industrial scale while maintaining their green and sustainable nature presents
technical and economic challenges.

d.Characterization techniques: Accurately characterizing green nanoparticles
and understanding their properties require specialized techniques that might not
be readily available or well-established.

e. Stability and shelf life: Ensuring the stability and shelf life of green nanoparti-
cles can be challenging, as they may be susceptible to aggregation, degradation,
or changes in their properties over time [70].

f. Regulatory considerations: New synthesis methods and applications for nano-
particles may raise regulatory concerns related to safety, toxicity, and environ-
mental impact. Understanding and addressing these concerns is crucial for their
successful implementation [71].

5.2 Perspectives

a. Biomedical applications: Green nanoparticles have promising applications in
drug delivery, imaging, and targeted therapy due to their biocompatibility and
reduced toxicity compared to traditional nanoparticles [72].
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b.Agriculture and food industry: Green nanoparticles can be used for crop
enhancement, pest control, and food preservation. They could replace conven-
tional chemical-based approaches, reducing environmental impacts [73].

c. Environmental remediation: Green nanoparticles can be utilized for water
purification, air filtration, and remediation of polluted environments, offering
sustainable solutions to address pollution and contamination [74].

d.Energy conversion: Green nanoparticles can play a role in enhancing the effi-
ciency of solar cells, catalytic processes, and energy storage devices, contributing
to renewable energy technologies [75].

e. Electronics and optoelectronics: Green nanoparticles could find applications in
flexible electronics, displays, and sensors due to their unique optical and elec-
tronic properties [76].

f. Nanomedicine: Green nanoparticles could be used in disease diagnosis, therapeu-
tics, and imaging, opening up new possibilities for personalized medicine [77].

g.Collaborative research: Collaborations between scientists, engineers, biologists,
chemists, and environmental experts are essential to address the multidiscipli-
nary nature of green nanoparticle synthesis and applications [78].

h.Education and awareness: As green nanoparticles are relatively new, educat-
ing researchers, industries, and the public about their benefits, limitations, and
responsible use is crucial for their successful integration into various sectors [79].

Overall, there are challenges associated with synthesizing green nanoparticles
and applying them in various fields; the potential benefits in terms of sustainabil-
ity, reduced environmental impact, and innovative applications make this area of
research promising. Addressing the challenges through continued research, tech-
nological advancements, and collaborative efforts can lead to the development of
practical and impactful green nanoparticle-based solutions.

6. Conclusion

Authors concluded that the research on the medicinal applications of Ag, Au, and
CuNPs showed promising potential in various fields of medicine. Synthesis of Cu,
Au, and AgNPs by using phytochemicals, microorganisms, and less toxic chemicals
has been considered an effective and green approach. AgNPs possess strong antimi-
crobial properties and have been extensively studied for their potential in combating
bacteria, viruses, and fungi. AgNPs have shown potential in cancer therapy due to
their ability to induce apoptosis (cell death) in cancer cells and inhibit tumor growth.
However, further research and clinical trials were needed to establish their efficacy
and safety. AuNPs have been studied for their diagnostic and therapeutic applications
in medicine. In cancer therapy, AuNPs have been explored as photothermal agents,
using their ability to convert light into heat to destroy cancer cells selectively. CuNPs
have also been studied for their antioxidant properties, indicating potential applica-
tions in reducing oxidative stress and inflammation-related conditions.
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Chapter7

A Green Approach to
Multifunctional Textiles: ZnO

In Situ Synthesis Using Plant Waste
Extracts and Gaseous Plasma

Anja Verbic, Gregor Primc, Martin Sala and Marija Gorjanc

Abstract

Introducing green technologies and minimising the use of synthetic and toxic
compounds are the most important steps to overcome the environmental obstacles in
textile finishing. Another essential requirement for a better life is the prevention of
waste, which negatively impacts the environment, economy and human health. This
chapter presents a comprehensive study on the development of a novel and environ-
mentally friendly synthesis of zinc oxide (ZnO) using aqueous extracts from plant
waste and gaseous plasma technology, directly (i situ) on cotton and polyethylene
terephthalate (PET), to obtain fabrics with ultraviolet (UV)-protective and hydro-
phobic or hydrophilic properties. Plant waste from the food processing industry and
invasive alien plants were used as a source of phytochemicals in iz situ ZnO synthesis.
ZnO is an inorganic compound that is widely used in various industries due to its
multifunctional properties. It can exhibit UV-protective, antimicrobial, self-cleaning,
hydrophobic and other properties when applied to textiles. The chapter investigates
different methods and parameters to achieve the most optimised synthesis proce-
dure to enable textiles with functional protective properties. It also discusses the
importance of the selection of a plant-based reducing agent in ZnO synthesis, the
use of gaseous plasma and its effect on polymer modification and assistance in ZnO
synthesis.

Keywords: green synthesis, in situ synthesis, zinc oxide, ZnO, textile modification,
plant waste extracts, gaseous plasma

1. Introduction

The textile industry is one of the biggest polluters of the environment. With
growing consumerism and expansion of the textile industry, consumption of chemi-
cals is also increasing. In the process of converting raw materials into finished textile
products, as many as 3500 different chemicals are used, and approximately a tenth of
those chemicals is confirmed to be hazardous to human health [1]. At the same time,
the environmental awareness of the general population, industry and government
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organisations is growing. European Commission has accepted a commitment to
become the first climate-neutral continent by 2050 [2]. By accepting the European
Green Deal and Net-Zero Industry Act, the European Union (EU) has committed to
ensure climate neutrality, clean technologies and to enable clean, healthy and afford-
able water, environment and food [2]. Negative consequences of mass production
and use of chemicals have been recognised and the recommendations listed above

are being encouraged for applications in different industries including textile. In

the past years, the textile industry has been developing environmentally friendly
processes, especially in areas where chemicals that pose a threat to human health and
the environment are used. In addition to the ecological aspect, an essential chal-
lenge for the textile industry is to ensure competitiveness. That is why companies are
moving towards developing multifunctional textile products with high-added value
[3]. The modification of textile materials to improve functional properties (quality,
comfort and protective properties) while preserving basic textile properties is the
aim of many research articles. One of the ways in which new properties of a mate-
rial can be imparted is by the application of nanoparticles. Most often, pre-prepared
nanoparticles are applied to textiles because they have a known size and shape. At

the same time, they often agglomerate and have poor adsorption to textile fibres [4].
The two-step process of applying pre-synthesised nanoparticles to textiles is called ex
situ synthesis, as the particles are pre-synthesised and then deposited on the textile

in a separate step. The opposite of ex situ is in situ synthesis, i.e., synthesis directly on
the textile substrate. In situ synthesis is a more environmentally friendly alternative
because it is a one-step process, which reduces the use of chemicals, water, time and
energy. In addition, previous research has shown that it also enables uniform distribu-
tion and good adsorption of particles on textile substrates [5, 6]. Zinc oxide (ZnO)

is an inorganic compound that has, in the last decade, been extensively used and
researched in different industries, including textile, due to its multifunctional proper-
ties. In addition to its photocatalytic and semiconducting properties, functionalisa-
tion of textiles with ZnO particles exhibits ultraviolet (UV)-protective, antimicrobial
and self-cleaning properties of the textile material [7]. Some authors also reported
increased hydrophobic, flame-retardant, electrically conductive, thermally insulative
and moisture managing properties of the textile material (Figure1) [7].

While ZnO is found in nature in the form of the rare mineral zincite, it is mostly
synthesised in laboratories. The chemical synthesis of ZnO in laboratories involves
using various chemicals that act as reducing, stabilising, dispersing or binding agents
in the process of synthesis or application to the textile substrate. Since the use of
chemicals can be harmful to humans and the environment [8], the development of a
new, environmentally friendly “green” process for the synthesis of ZnO is required.

In a typical chemical synthesis, ZnO is synthesised in the reaction between zinc
salt (precursor) and reducing agent (usually NaOH or KOH). Hydroxyl (—~OH)
groups of the reducing agent are crucial for successful synthesis. They assist in the
formation of intermediate zinc hydroxide, which is why a large amount of hydroxyl
groups is required. During the drying process, zinc hydroxide is converted to ZnO
[9-12]. In “green” synthesis procedures, chemical reducing agents can be replaced
by ecologically acceptable alternatives, such as plant extracts, since plants are a great
source of polyphenols, containing large amounts of hydroxyl groups. Additionally,
considering that cotton contains hydroxyl group in its structure, our study also exam-
ined if the zinc salt and OH groups of the cotton alone are able to produce ZnO.

When reviewing the literature regarding the green in situ synthesis of ZnO on
textiles, it was observed that there are a lot of articles that describe its processes as
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Figure 1.
Schematic presentation of the textile materials functionalities achieved with ZnO application. Reprinted with
permission from [7].

green or in situ, but from the content it is clear that chemical reducing agents, which
alone produce ZnO when combining them with zinc salt, are still included in the
process or that harsh solvents were used to prepare plant extracts, or that the syn-
thesis in fact does not take place directly on textiles. To our knowledge, there is only
one research paper, where ZnO was synthesised directly on cotton using zinc salt and
aqueous plant extract, without the addition of any other chemicals [13]. In the study
by Aladpoosh et al., burnt Seidlitzia rosmarinus plant was used as a source of alkali.
Authors reported good antimicrobial properties, tensile strength and crease recovery
of the samples; however, the synthesis took place at an elevated temperature (90°C)
for 90 minutes, meaning that the process was quite time- and energy-consuming.
Furthermore, to achieve a truly environmentally friendly synthesis procedure, it has
to be taken into account that the plant material used should not be grown specifi-
cally for the consumption as a plant extract for the synthesis. For the process to be
considered as an example of a green circular economy, plant waste, which is usually
discarded and burnt (such as food industry waste and invasive alien plant species),
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should be used to prepare the aqueous plant extracts, without the use of harsh
solvents. It has also to be taken into account that the developed process should not be
time- and energy-consuming.

Plasma treatment is an environmentally friendly technology in which an ionised
gas is used to induce changes in the chemical and physical properties of textiles [3,
14]. Depending on the type of gas used and the plasma parameters applied, new
reactive sites, cleaning, etching or polymerisation can be achieved. Compared to
conventional processes, plasma treatment allows different effects to be achieved
without using chemicals and water in shorter treatment times, affecting only the
surface properties of the textile. Since the use of chemicals can have a negative impact
on human health and the environment, the aim of this research was to develop an
environmentally friendly process for the synthesis of ZnO directly (in situ) on cotton
and polyethylene terephthalate (PET) fabrics, using oxygen plasma instead of chemi-
cal agents to increase the uptake of reagents, and using aqueous extracts of plant
waste materials instead of conventional chemicals for ZnO synthesis, with the goal to
achieve new functional properties of textiles.

Considering the existing gap of knowledge in the field of environmentally
friendly in situ (direct) ZnO synthesis on textile substrates, this chapter presents
a comprehensive study on the development of a novel, green procedure of ZnO
synthesis directly on cotton and PET, using only zinc salt and plant waste aqueous
extracts. Wood ash extract was used as alkali and aqueous extracts of food industry
waste (avocado seed, avocado peel, green tea, pomegranate peel) or invasive alien
plants (staghorn sumac leaves, staghorn sumac drupes, Japanese knotweed leaves) as
reducing agents for the synthesis. The chapter addresses the importance of selecting
an appropriate synthesis procedure, the order of synthesis solutions, different plant
extracts as reducing agents and other parameters, which influence the successful for-
mation of ZnO directly on textile substrates, with an emphasis on achieving the most
optimised and environmentally friendly in situ ZnO synthesis procedure, resulting in
textiles with functional protective properties. It also discusses the application of the
optimised synthesis procedure from the cellulosic to synthetic textile material and the
use of gaseous plasma and its effect on polymer modification and assistance in ZnO
synthesis.

2. Experimental setup and methodology
2.1 Modification of textiles with iz situ synthesised ZnO
2.1.1 Materials

Plain weaved, chemically bleached and mercerised cotton (Tekstina d.d.,
Ajdovscina, Slovenia) and de-lustered polyethylene terephthalate (PET) (Commerce,
Ljubljana, Slovenia) were used as textile substrates. Zinc acetate dihydrate
(Honeywell, Charlotte, NC, USA) and zinc nitrate hexahydrate (Sigma-Aldrich,
Missouri, USA) were used as zinc precursors. Aqueous extracts of plant waste, i.e.,
food industry waste (avocado seed, avocado peel, green tea, pomegranate peel) or
invasive alien plant species (staghorn sumac leaves, staghorn sumac drupes, Japanese
knotweed leaves) were used as natural reducing agents. An aqueous extract of wood
ash, a by-product of wood pellet heating system, was used as an alkaline medium. The
extract preparation procedures are described in Verbic et al. 2021 [15].
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2.1.2 Synthesis methods

Initially, four different synthesis methods were compared and examined to
determine the optimal synthesis process [14]. All methods involved impregnation
in three reaction solutions, i.e., alkali, zinc precursor and reducing agent. The first
method (Method 1) involved only the successive impregnation of cotton in the reac-
tion solutions. The second method (Method 2) involved padding the sample on two-
cylinder foulard and drying in a continuous dryer after each impregnation. The third
method (Method 3) involved ultrasonic shaking of the impregnation bath and drying
of the samples in a continuous dryer after each impregnation. The fourth method
(Method 4) involved drying the samples in a continuous oven after impregnation
in each reaction solution (Table 1). Other synthesis parameters, such as concentra-
tion of reaction solutions, time and temperature of impregnation and drying, were
standardised.

After determining the most optimal method, the order of the synthesis solutions
was varied [16]. Two iz situ synthesis procedures were compared. A procedure in
which the impregnation in alkali was followed by a reducing agent and lastly zinc
precursor, and a modified procedure in which the impregnation in alkali was followed
by a zinc precursor and lastly a reducing agent. The experiments were carried out
with different types and concentrations of zinc precursors and reducing agents [17].
The natural plant extracts used as reducing agents (avocado seed, avocado peel, green
tea, pomegranate peel, staghorn sumac leaves, staghorn sumac drupes extract) were
compared regarding their polyphenol content and antioxidant properties. The influ-
ence of using different reducing agents on the properties of iz situ synthesised ZnO
particles and fabric was examined.

2.2 Plasma modification of textiles

The procedure that proved to be optimal for the in situ synthesis of ZnO particles
on cotton was then tested on PET fabric. Due to the hydrophobic properties of the
PET fabric, the fabric was pre-treated with oxygen plasma for further investigations.
We tested the effect of single (i), double (ii) and triple (iii) plasma treatments (before
immersion in alkali (i), alkali and zinc precursor (ii), or alkali, zinc precursor and
reducing agent (iii)) of the PET fabric [18] and lastly, compared the activation of the
PET substrate by alkali and plasma [19].

Method no. Cotton processing conditions according to the method

1 Alkali - Reducing agent — Zinc precursor — Drying 30 min at 100°C — Drying 5 min at 150°C

2 Alkali — Padding and drying 2 min at 100°C - Reducing agent — Padding and drying 5 min
at 100°C - Zinc precursor — Padding and drying 5 min at 100°C - Drying 30 min at 100°C —
Drying 5 min at 150°C

3 Alkali (sonicated) — Drying 2 min at 100°C — Reducing agent (sonicated) — Drying 5 min
at 100°C - Zinc precursor (sonicated) — Drying 5 min at 100°C — Drying 30 min at 100°C -
Drying 5 min at 150°C

4 Alkali - Drying 2 min at 100°C - Reducing agent — Drying 5 min at 100°C — Zinc precursor —

Drying 5 min at 100°C — Drying 30 min at 100°C — Drying 5 min at 150°C

Table 1.
Description of different methods of in situ ZnO synthesis on cotton fabric [15].
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2.3 Analysis of morphological, chemical and physical properties of textile
samples

The morphological characteristics of the samples were examined by scanning
electron microscopy (SEM) using JEOL JSM-6060 LV scanning electron microscope.
Ultraviolet (UV) protection was determined by measuring the UV transmittance
of the samples using a UV/visible (UV/Vis) spectrophotometer (Varian CARY 1E)
following the AATCC test method 183-2000, from which the UV protection factor
(UPF) was calculated. The samples’ colour values (CIELAB) were measured on a
reflectance spectrophotometer (Datacolor Spectraflash 600 PLUS-CT). Quantitative
analysis of the ZnO distribution on the samples was carried out by inductively cou-
pled plasma mass spectrometry (ICP-MS), using Agilent technologies 7900 ICP-MS
(mass spectrometry) instrument, equipped with MicroMist glass concentric nebuliser
and Peltier-cooled, Scott-type spray chamber. Elemental analysis of the surface of the
samples was carried out by energy-dispersive spectroscopy (EDS) on a Quanta 650
Scanning Electron Microscope. Chemical changes on the textiles were determined by
X-ray photoelectron spectroscopy (XPS) with Physical Electronics XPS instrument,
X-ray powder diffraction (XRD) using Phillips PW3710 type diffractometer, X-ray
fluorescence (XRF) using Thermo Fisher Scientific portable XRF analyser Niton XL5+
and Fourier transform infrared spectroscopy (FTIR) with Bruker Optics Vertex-70LS
FTIR spectrometer. The mechanical properties of the samples were determined
by measuring the tensile strength and elongation in accordance with standard ISO
13934-1:2013 on Instron 5567 strength tester. The chemical composition of the aque-
ous plant extracts was analysed by the determination of total phenolic compounds
content (TPC) values in extracts by the Folin-Ciocalteu method (according to the
AOAC 2017.13-2017 method). The antioxidant activity of the extracts and cotton
samples was determined spectrophotometrically (PerkinElmer Lambda 850+ UV/Vis
spectrophotometer) using DPPH (2,2-diphenyl-1-picrylhydrazyl) radical decolorisa-
tion. An optical assessment of the surface porosity was made using stereomicroscope
(Leica Microsystems GmbH). The hydrophilicity or hydrophobicity of the samples
was determined by measuring the water contact angles (WCAs) using a drop shape
analyser DSA 100E (Kriiss) and water absorption test was performed according to
DIN 53924:2020 testing standard.

3. Results and discussion

This comprehensive study examines the environmentally friendly modification
of textiles, with the aim of achieving new functional properties. We focused on the
in situ (direct) synthesis of ZnO on textile substrates. Our main objective was to use
aqueous extracts of plant waste instead of conventional chemicals, required for the
successful synthesis of ZnO.

In our previous research in the field of classical chemical in situ synthesis of
ZnO [4, 20], the influence of different reducing agents and their concentration on
the formation of ZnO directly on cotton fabric was tested. It was found that the use
of a lower concentration leads to uneven distribution of ZnO and the formation of
agglomerates. Using a higher concentration of reducing agent resulted in larger ZnO
layers with visible cracks. Furthermore, the use of a reducing agent with OH groups
included in its chemical structure resulted in a higher amount of synthesised ZnO,
and an even distribution of particles on cotton fibres, ensuing in higher UV-blocking
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Figure 2.
SEM image of a cotton fabric functionalised with only zinc acetate. Reprinted with permission from [15].

ability. The results showed that an alkaline medium is essential for successfully
synthesising ZnO on cotton and that a medium with OH groups incorporated into

its chemical structure performs better as a reducing agent. As explained in the
Introduction, the theory of ZnO synthesis states that OH groups are required to
successfully synthesise ZnO from zinc salt. Since cotton contains a number of OH
functional groups in its structure, we investigated whether the application of a zinc
precursor and drying of the cotton fabric could be sufficient for the formation of ZnO
[15]. But the result showed that this treatment forms a net-like structured layer on
the fibres, presumed to be the crystalline form of zinc salt used [21]. There were no
individual particles that could be ZnO on the fibres, meaning that the combination of
cotton and zinc salt alone does not produce ZnO (Figure 2).

Furthermore, we investigated the formation of ZnO on cotton fabric using zinc
acetate as a precursor and an aqueous extract of pomegranate peels as a reducing
agent. Pomegranate peels contain high amounts of phenolic compounds, therefore,
we were curious, if their numerous OH functional groups would be capable of form-
ing ZnO. From the results [15], it is clear that an alkaline medium is necessary for
successful synthesis of ZnO, as has been reported by others who have included NaOH
or KOH in the synthesis reaction [20, 22, 23]. However, as the aim of our study was
to exclude classical chemicals from the synthetic reaction, the alkaline medium was
prepared from wood ash, a by-product of home heating system using wooden pellets
as a fuel source. Phongarthit et al. [24] used wood ash in the ex situ synthesis of ZnO,
and it proved to be an excellent alternative to NaOH when the calcination temperature
of 900°C was used. An attempt of synthesising ZnO on cotton fabric was made by
combining zinc precursor and alkali from wood ash and drying at 150°C, but the
synthesis was unsuccessful. In our case, high calcination temperatures, such as 900°C,
could not be used because the textile material would degrade. Thus, we attempted
to achieve ZnO synthesis by using three reaction solutions, all prepared in water:
an alkali prepared from wood ash (hereafter referred to as alkali), a reducing agent
prepared from plant waste, i.e., plant food production waste or parts of invasive alien
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plant species, and a zinc precursor. The alkaline pre-treatment was used to achieve
swelling of the cotton fibre, thereby increasing the number of free OH groups on the
surface of the fibre and further boosting the binding possibility of various com-
pounds. Initially, four synthesis methods were studied, which differed in the inclusion
of drying the cotton fabric between impregnations in each reaction solution, padding
the fabric on a two-cylinder foulard and drying, or ultrasonic shaking of the impreg-
nation bath and drying (Table 1) [15].

All samples were prepared using the same concentrations of synthesis solutions
(zinc precursor, pomegranate peel reducing agent and alkali). To maximise the
energy efficiency of the process, the impregnation time for each reaction solution
was limited to 1 minute at room temperature. Using Method 1 for the ZnO iz situ
synthesis, where drying the samples between the immersion into reaction solutions
was not included, ZnO particles were successfully formed, and the fabric exhibited
an extremely high UV protection factor (UPF 1000 +). However, stiff, thick ZnO
layers were formed, which peeled off the fabric’s surface when handling. Since the
sample was unfit for end-use, it was excluded from the further study. When the
samples were padded on a two-roller foulard after each impregnation (Method 2),

a significant amount of reaction compounds was removed from the sample, result-
ing in the lowest ZnO concentration and UPF value (Figure 3). Nevertheless, the
sample still exhibited excellent UV protection (UPF 50+). The ultrasonication of
the reaction solutions during the immersion, following by drying of the sample
(Method 3), allowed a uniform distribution of ZnO particles on the fabric and also
a higher ZnO content and UPF value than Method 1. However, the highest ZnO con-
tent and UPF values were achieved with Method 4, where the iz situ ZnO synthesis
included only drying of the fabric between the immersion in synthesis solutions.
Drying the fabric between impregnations in the individual reaction solutions
showed to be a necessary step to ensure an even distribution of ZnO throughout the
substrate.
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Figure 3.
Ultraviolet protection factor (UPF) values and zinc concentration (c (Zn)) of the samples where ZnO was in situ
synthesised on cotton using methods 2—4.
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Figure 4.
IR spectra of cotton samples: (a) in situ synthesis of ZnO using method 4, (b) treated with zinc acetate precursor,
(c) treated with pomegranate peel extract reducing agent. Reprinted with permission from [15].

The cotton sample where ZnO was in situ synthesised using Method 4 was anal-
ysed with FTIR analysis and compared with the cotton sample, treated only with zinc
acetate and sample, treated with zinc acetate and pomegranate peel extract as reduc-
ing agent. The results showed that adding natural alkali (wood ash aqueous extract)
in the first step of the synthesis is a necessary step which provides better adsorption
of the synthesis reagents (Figure 4).

It was previously confirmed that plant extracts act as reducing agents and
free radical scavengers due to their redox potential and high antioxidant ability
caused by polyphenols [25-29]. Our results [15] showed a correlation between the
antioxidant activity and values of total phenolic compounds content in the plant
extracts used as reducing agents, while there was no correlation between antioxi-
dant activity and the values of total flavonoid content. Nonetheless, the content of
phenolic compounds varied between the extracts [30]. When comparing different
plant extracts used as reducing agents (avocado seed and peel, green tea leaves and
pomegranate peel), it was noticed that when using an extract with high content
of phenolic compounds, a higher UPF value was achieved due to synthesised ZnO
(very good or excellent UV blocking), and when using an extract with low values
of phenolic compounds, lower UPF values were achieved (insufficient or minimal
UV protection) (Figure 5). Furthermore, the antioxidant activity results showed
that the samples functionalised with iz situ synthesised ZnO using plant extracts
as reducing agents have lower antioxidant activity than extract alone, because the
phenolic compounds from the extract are consumed for binding on the fabric and
in the reaction to form ZnO. Due to the consumption, a smaller amount of phenolic
compounds is attached to the sample, influencing the measured value of the anti-
oxidant activity. The samples with the highest ZnO content and highest UPF value
had the lowest antioxidant activity due to the consumed phenolic compounds for
the ZnO synthesis [15].
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The cotton samples prepared with the extracts with the lowest TPC values had
the lowest amount of synthesised ZnO particles (Figure 5). Those samples were
also the least coated or had larger agglomerates of ZnO particles present, affecting the
UV protection values (Figures 5 and 6) [30]. From the results, it was assumed that
extracts with low concentrations of phenolic compounds could not react with the zinc
precursor and further research was carried out to update the synthesis method.

Due to such different levels of polyphenols in the extracts (Figure 5), we had
to modify the iz situ synthesis method to allow the best possible reaction of poly-
phenols with zinc precursor on the textile substrate. The current synthesis method
consisted of immersion in alkali, followed by a reducing agent and lastly, zinc
precursor, meaning that polyphenols were first used to bind with the cellulose of
the cotton fabric and then to form ZnO. That is why in the next step, the reaction
solutions order was changed to alkali, zinc precursor, and lastly, reducing agent [16].
It was assumed that in this way, the reducing agents with low polyphenol content
would have sufficient opportunity to react with the Zn precursor to form ZnO. The
order of reaction solutions showed to have a significant effect on the formation of
ZnO particles, reflecting in the protective properties of the functionalised fabric.
With the modified method, the cotton fibres were entirely and uniformly coated
with small ZnO particles that did not form agglomerates. The modified method
enabled better reaction of the synthesis solutions, which resulted in higher zinc
content (an increase from 3.2 to 8.4%) (Figure7), as obtained by ICP-MS, offering
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Correlation between TPC value of the extract and UPF value of the cotton fabric with in situ synthesised ZnO
using the same extract.

Figure 6.
Scanning electron microscopy (SEM) images of cotton samples functionalised using method 4, using (a) avocado
seed, (b) avocado peel, (c) green tea and (d) pomegranate peel extract [30].
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Figure7.
Concentration of zinc (c(Zn)) and antioxidant activity (AA) of cotton samples where ZnO was in situ
synthesised using unmodified and modified methods.
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Figure 8.
Ultraviolet protection factor (UPF) and K/S values of cotton samples where ZnO was in situ synthesised using
unmodified and modified methods.

improved fabric functionality. The morphology of the particles also changed since
smaller, evenly distributed ZnO particles were produced. It is generally recognised
that smaller particles with a higher specific surface area (surface-to-volume ratio)
offer higher UV protection [22]. The modified procedure, where smaller and evenly
distributed particles were synthesised, remarkably increased the UV-blocking
ability of the samples (Figure 8). Since the colour of a sample can influence the
ability to block UV radiation [31], we investigated for a possible correlation between
the colour strength (K/S) and the achieved UPF values of the functionalised
samples. The colour strength (K/S) results (Figure 8) showed that the samples have
similar colour strength values (2.46 and 2.17) and at the same time very different
UV-protective properties (UPF 18.33 and 46.57). A higher K/S value was measured
for the sample that exhibited only minimal UV protection, while the K/S value was
lower for the sample with very good UV protection. As a high K/S value means that
the sample contains a high concentration of colourants [32], these results confirm
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Figure 9.
Antioxidant activity of untveated cotton sample, liquid reducing agent and functionalised cotton samples using
unmodified and modified synthesis methods [16].

that the UV protection achieved is a reflection of the synthesised ZnO particles and
not due to the colour of the sample from the natural reducing agent.

Several published studies have confirmed [27-29, 33, 34] that the content of
phenolic compounds in the natural extracts used as reducing agents for the synthesis
of metal nanoparticles is crucial for their reducing ability, mainly due to their anti-
oxidant properties, since antioxidants have good reducing capability. High content
of phenolic compounds is therefore assumed to be crucial for the extract to perform
as a reducing agent [30, 35]. Our results showed [15, 16, 30] that the extract used asa
reducing agent has high values of antioxidant activity. When the extract was used for
the in situ ZnO synthesis on cotton, the antioxidant value decreased in comparison
with the extract alone (Figure 9).

Since phenolic compounds are consumed in the green synthesis process to form
ZnO, based on the results of the UPF values, it would be expected that the sample
prepared using the modified procedure (alkali - zinc precursor —> reducing agent)
would have a lower antioxidant activity value due to the lower content of polyphe-
nolic compounds, which were consumed in the ZnO synthesis process. But in our
study, the antioxidant activity values of the two samples were similar, or rather, using
the unmodified procedure (alkali — reducing agent — zinc precursor), the antioxi-
dant value was a little lower than when using the modified procedure (alkali — zinc
precursor —> reducing agent) [16]. This can be attributed to the fact that similar values
of phenolic compounds were used for the synthesis, but in the case of the modified
synthesis procedure, evenly distributed particles were formed (Figure 10), resulting
in a higher UV protection (Figure 8). EDS analysis showed that the sample prepared
with modified synthesis procedure contains a higher amount of zinc on the sample
(Table 2) [16]. Furthermore, the colour measurements (K/S) of both samples were
similar, indicating that a similar amount of phenolic compounds containing extract
(reducing agent) was adsorbed on the samples (Table 2). Since better results were
achieved with the modified ZnO iz situ synthesis procedure, this procedure was used
in further studies.

Next, we investigated how using different plant sources to prepare reducing agents
can affect the successful ZnO synthesis [17]. As a source of phytochemicals for the
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Figure 10.
SEM images of (a) untreated cotton sample, and cotton samples, functionalised with (b) unmodified ZnO in situ
synthesis method and (c) modified ZnO in situ synthesis method. Reprinted with permission from [16].

Sample Zn [%] K/S (at400 nm)

Untreated cotton 0 0.04

Unmodified ZnO in situ synthesis on cotton 32 245

Modified ZnO in situ synthesis on cotton 84 217
Table 2.

Zinc content (%) and K/S values of untreated cotton, and cotton samples functionalised with unmodified and
modified ZnO in situ synthesis methods [16].

preparation of reducing agents, we used green tea leaves (GT), pomegranate peels
(PG) and staghorn sumac leaves (SSL) and drupes (SSD). The selected waste plant
sources were from the food waste group (green tea, pomegranate) and invasive alien
plants in our local environment (staghorn sumac leaves and drupes). Furthermore,
two different zinc precursors were used for the synthesis, zinc acetate and zinc
nitrate. When the functionalised samples were prepared for analysis, it was observed
that the samples synthesised with zinc nitrate as a precursor were very brittle. The
mechanical properties of the samples were examined first by determining the break-
ing strength and elongation. We found that regardless of the type of reducing agent
used, the samples where zinc nitrate was used in the synthesis process had signifi-
cantly lower values of breaking strength and elongation (Figure 11). It is assumed
that the mechanical properties of the samples were worsened due to the low pH value
of the zinc precursor solution and because zinc nitrate has a low boiling point and it
decomposes at around 125°C [36]. This temperature was exceeded in the last step of
sample drying (5 minutes at 150°C in the laboratory oven). Also, the pH of the zinc
nitrate solution was 3.64. Cellulose fibres are sensitive to acidic conditions, which
can cause material degradation [37]. Since textile functionalisation processes should
not significantly deteriorate the basic properties of the material, zinc nitrate was not
suitable to be used as a precursor for in situ ZnO synthesis process on cotton, and was
therefore excluded from further studies.

The samples where zinc acetate was used as a precursor for iz situ ZnO synthesis
were further analysed for UV transmittance, and UPF values were determined.
Although all the functionalised fabrics achieved excellent UV protection (UPF 50+
according to the Australian/New Zealand standard AS/NZS 4399: 2017), the values
varied between samples depending on the reducing agent used. The UPF values
decreased in the following order: staghorn sumac leaves > pomegranate peel > green
tea > staghorn sumac drupes (Figure 12) [17]. When preparing the samples for
further analysis, it was observed that some samples showed hydrophilic, while others
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Figure 11.

Mechanical properties (tensile strength and elongation) of the cotton samples where in situ ZnO synthesis was
performed using zinc acetate or zinc nitrate precursor using green tea (GT), pomegranate peel (PG), staghorn
sumac leaves (SsL) and staghorn sumac drupes (SsD) reducing agent. Reprinted with permission from [17].
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Ultraviolet protection factor (UPF) values and water contact angles (WCAs) of the untreated cotton sample and
cotton samples where ZnO was in situ synthesised using staghorn sumac leaves, pomegranate peel, green tea and
staghorn sumac drupes [17].

showed hydrophobic properties, so the water contact angles of the samples were
measured (Figure 12). It was observed that the samples with the highest UPF values
(pomegranate peel, staghorn sumac leaves) had the lowest measured water contact
angles and the samples with the lowest UPF values (green tea leaves, staghorn sumac
drupes) had the highest water contact angles. In order to understand the connection
between the extremely high UPF values and the different wettability of the fabrics,
SEM, EDS, XPS, XRD, XRF and ICP-MS analyses were further performed [17].
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XPS spectra of the untreated and in situ ZnO synthesis functionalised cotton samples (a, b), XRD spectra of in
situ ZnO synthesis functionalised cotton samples (c), XRD spectra of ex situ synthesised ZnO (d) and XRF spectra
of ex situ synthesised ZnO (e) using green tea (GT), pomegranate peel (PG), staghorn sumac leaves (SsL) and
staghorn sumac drupes (SsD) reducing agent. Reprinted with permission from [17].

X-ray photoelectron spectroscopy (XPS) analysis confirmed that the identified
compound on the spectrum is ZnO, with the presence of Zn 2p;, Zn 2p; peaks, as well as
the most intense Zn LMM Auger peak at 495 eV (Figure 13a,b) [17]. The XRD analysis
results showed a weak intensity of the peaks characteristic of ZnO (Figure 13c), which
could indicate that the synthesised ZnO is amorphous or that the ZnO content is too
low to be detected. Although, various other researchers have confirmed that high
temperature (above 150°C or even 300 or 600°C) is required for ZnO to the change
from the amorphous to the crystalline form [38-41].

As cotton fabric is sensitive to such high temperatures, drying at temperatures this
high cannot be included in the ZnO synthesis process directly on cotton. In order to
prove that the synthesised particles are indeed ZnO, ex situ synthesised ZnO particles,
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without textile substrate, were prepared by the same procedure, which could be
calcined at such high temperatures. Analyses (Figure 13d) of the prepared powders
showed that crystalline ZnO was synthesised with distinct characteristic peaks corre-
sponding to the mineral form of ZnO according to ICSD-98-000-9346. The intensity
of the peaks varied depending on the type of extract used as a reducing agent. Using
pomegranate peel or staghorn sumac leaves and drupes extract as reducing agents
resulted in higher and narrower peaks, meaning that higher crystallinity of ZnO was
achieved [42]. Moreover, no other peaks were observed in the spectra that were not
specifically characteristic of ZnO, which means that the synthesised powder is pure
ZnO with no impurities present. ICP-MS, XRF, EDS and UV/Vis results (Figures 12
and 13d-e) showed that the use of different extracts as reducing agents also influences
the concentration of synthesised ZnO, which was highest when pomegranate peel
extract and staghorn sumac leaves extract were used as reducing agents.

Various studies have indicated that surface morphology has a significant influ-
ence on the wettability of the substrate. It is generally accepted that increased surface
roughness exhibits a more hydrophobic character [12]. Thi and Lee [43] describe
that increased surface roughness contributes to more trapped air between the rough
surface and water droplet, increasing the contact angle. In addition, when using
nanoparticles to increase the surface roughness, the thickness of the nanoparticle
layer is believed to have a major influence. A thicker ZnO layer is thought to increase
the polar interactions with water, resulting in a lower contact angle and increased
wettability. Our study [17] showed that the cotton samples on which ZnO was synthe-
sised with pomegranate peel and staghorn sumac leaves extracts had the thickest layer
of ZnO particles on the surface and, at the same time, had the lowest water contact
angle values (Figures 12 and 14). These two extracts also had the highest TPC values
(Figure 15). As the OH groups of the reducing agents were not entirely consumed

Figure 14.
SEM images of cotton fabric where in situ ZnO synthesis was performed using (a) green tea, (b) pomegranate
peel, (c) staghorn sumac leaves and (d) staghorn sumac drupes extract. Reprinted with permission from [17].
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Correlation between TPC values of the staghorn sumac leaves, pomegranate peel, green tea and staghorn sumac
drupes extract and UPF values of untreated cotton fabric and cotton samples, where ZnO was in situ synthesised
using the same extracts.

during the synthesis to form ZnO, they remained on the surface of the substrate,
making these samples more hydrophilic. When green tea extract or staghorn sumac
drupes extract, with lower TPC values, was used for ZnO synthesis, the OH groups
were consumed during the synthesis process and the samples were more hydrophobic.

Green tea leaves, pomegranate peel, staghorn sumac leaves and drupes extracts
were measured for TPC values (Figure 15). The highest values were measured in the
staghorn sumac leaves extract (14,348 mg of gallic acid (GA) equivalent/100 g of the
sample) and pomegranate peel extract (11,509 mg GA/100 g). The cotton samples on
which ZnO was synthesised with these two extracts achieved the highest UV protec-
tion values and the lowest water contact angles. Meanwhile, the two samples prepared
with extracts with lower TPC values (6103.2 mg GA/100 g for green tea leaves extract
and 1769.4 mg GA/100 g for staghorn sumac drupes extract) achieved lower (but
still excellent according to the AS/NZS 4399: 2017 standard) UV protection proper-
ties and had hydrophobic nature (high values of water contact angles). When green
tea or staghorn sumac drupes extract was used, the polyphenolic compounds from
the extract were mainly consumed for ZnO synthesis. The results of EDS, XRF and
ICP-MS analyses [17] showed that the extracts containing a higher amount of total
phenolic compounds were able to synthesise more ZnO particles. At the same time,
many OH groups of the polyphenols were still retained on the surface of the ZnO,
which affected the wettability of the samples. Therefore, textiles with different
functional properties and their applicability can be designed by using different plant
extracts as reducing agents in the ZnO synthesis process directly on textiles.

Since cotton and polyester are the most commonly used textile substrates, green
in situ ZnO synthesis was also carried out on PET fabric. For the synthesis on PET, the
same procedure as on cotton was used, i.e., impregnation in alkali, zinc precursor and
reducing agent, with drying included between the impregnations. Pomegranate peel
aqueous extract was used as the reducing agent, as excellent results were obtained
with it in previous studies. Using the existing synthesis method, ZnO particles formed
on the PET fabric and the UPF value of PET increased from 16.5 (untreated PET) to
1779 (PET with in situ synthesised ZnO). The SEM analysis [18] showed that ZnO
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particles were not uniformly distributed over the sample and there were parts of the
sample where ZnO was absent. Due to the hydrophobic nature of the PET fabric, the
used reagents were not adsorbed uniformly on the sample, resulting in uneven syn-
thesis of ZnO particles. For successful and uniform iz situ synthesis of ZnO on PET
fabric, the reactivity of the substrate needed to be increased. The classical chemical
modification of PET to increase hydrophilicity is treatment in alkali [44]. Instead of
using classical chemical treatment, we chose to increase the reactivity of our substrate
by treating it with low-pressure inductively coupled plasma system, using oxygen

as working gas. The low-pressure oxygen plasma treatment of PET causes partial
hydrolysis of the ester bond and the formation of oxygen functional groups (COOH
and OH) on the surface of the PET polymer fibres [45, 46]. The peaks characteristic
of —~C=0 groups also increase [46-48]. The newly formed oxygen groups increase the
hydrophilicity of PET, i.e., the WCA is decreased. In order to determine the optimal
plasma treatment conditions, PET fabric was treated with oxygen plasma for 1, 4, 8
and 16 seconds, and the effect of plasma treatment duration on the achieved WCA
was measured. The results are presented in Figure 16.

The untreated PET was poorly wettable with WCA of 72.1° + 5.6°. The one-
second plasma treatment lowered the sample’s WCA to 22.1 + 5.9°. While the
individual values of the contact angles of the samples with the one-second plasma
treatment are satisfactory, the standard deviation between the measured values
remains high. The PET sample treated with plasma for 4 seconds became the most
hydrophilic with an average contact angle of 11.2 + 2.2°. This sample also achieved
the lowest standard deviation between measurements, meaning it is the most
uniformly wettable. As the plasma treatment time was extended, the contact angle
values started to increase (to 26.9 + 8.7° and 47.5 + 3.2°). At the beginning of plasma
treatment, the functionalisation of PET with oxygen-rich groups takes place, but
with prolonged treatment time, etching begins to prevail. In addition, the samples
that were plasma modified for 8 and 16 seconds were dimensionally deformed
during processing and not perfectly flat, which is attributed to the fact that the PET
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Figure 16.
Measurements and pictures of water contact angles (WCAs) of untreated PET and PET samples modified with
diffevent durations of oxygen plasma treatment [30].
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fabric used was raw. Thus, 8- and 16-second plasma treatments were not appropri-
ate for our sample at selected parameters.

Based on these results, we continued our study on iz situ ZnO synthesis, where
PET was pre-activated by a four-second plasma treatment. We decided to take an
additional step of plasma treatment of the sample prior to impregnation in each
reaction solution, i.e., prior to impregnation in alkali, prior to impregnation in alkali
and zinc precursor, and prior to impregnation in alkali, zinc precursor and reduc-
ing agent. Therefore, single, double and triple plasma treatments were performed
to increase reaction solution adsorption onto the PET substrate [18]. Due to the
increased hydrophilicity of PET with plasma treatment, the reaction solutions were
adsorbed uniformly, allowing ZnO particles to be synthesised evenly throughout
the fabric. An even distribution of ZnO also increased UPF value of the fabric,
which increased with the number of plasma treatments (UPF 218.6 > 295.2 > 303.7)
(Figure 17).

Single, double and triple plasma-treated samples were analysed with EDS [18].
The analysis showed that the untreated PET sample contained high concentrations
of carbon and oxygen, while no zinc was present on the sample. With single plasma
activation before the in situ ZnO synthesis, the concentration of carbon decreased
and the concentrations of oxygen and zinc increased. With increasing the number
of plasma treatments (double and triple plasma activation), the values of zinc
on the PET sample further increased, which confirms the activation of the PET
substrate with oxygen plasma. The activation of PET substrate with oxygen plasma
makes the sample more hydrophilic, further contributing to the formation of ZnO
particles. As the number of plasma treatments increased, the ZnO particles were
also more evenly distributed over the substrate, as confirmed by SEM analysis [18].
When PET is treated with oxygen plasma, a number of new reaction sites (oxygen
functional groups) are created to which compounds from the reaction solutions can
bind. This is reflected in the homogeneity of the coating and high UPF value, and
also affects the colour values of the samples. As more compounds could be adsorbed
on the sample, the K/S values of the samples increased with the number of plasma
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Figure 17.
Ultraviolet protection factor (UPF), K/S values and zinc concentration (c(Zn)) of the PET samples including
single, double and triple plasma treatments.
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treatments (from 8.32 to 12.14). The highest K/S value was measured for the sample
that was plasma-treated also before impregnation in reducing agent. CIELAB colour
measurements [18] showed that the samples treated with plasma become less red or
greener (CIE a*), and also yellower (CIE b*) with the increasing number of plasma
treatments.

As the primary goal of this comprehensive study was to make the iz situ syn-
thesis of ZnO on textiles as environmentally friendly as possible, and as alkaline
PET pre-treatment has shown a favourable effect on ZnO formation, we further
investigated whether plasma treatment has a sufficiently strong effect on polymer
activation for successful ZnO synthesis without the use of alkali in the first step of
the synthesis [19]. The results showed [19] that with both activation processes, a
successful formation of ZnO particles can be achieved. Although, the water uptake
analysis (Figure 18) showed that the sample activated in oxygen plasma had a better
water uptake than the alkali-activated sample, suggesting that the plasma treatment
produced more oxygen-rich functional groups on the PET substrate surface, which
increased the hydrophilicity. Consequently, more reactive compounds could be
adsorbed on the plasma-activated sample, resulting in a higher content and more
even distribution of ZnO particles, ensuing in higher UPF values. Optical assess-
ment of the fabric porosity of the sample showed that the sample where plasma was
used to activate the substrate had a higher percentage of open area (higher fabric
porosity) than the sample activated with alkali, but still achieved better protection
against UV radiation, indicating that the high UPF value is due to the presence of
synthesised ZnO particles.

The results show that both processes of PET activation are suitable, as both
alkali and oxygen plasma enable the formation of hydrophilic active sites (COOH,
and OH), due to the partial hydrolysis of the PET ester bond [45, 46]. Those are
new adsorption sites where Zn ions of the zinc precursor can bind to. These sites
present nucleation sites for the formation of ZnO particles. ZnO is synthesised in
the third step of the synthesis process with the impregnation in a reducing agent,
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Figure 18.
Wicking height (mm) of the untreated, alkali-treated and plasma-treated PET samples, measured after 30, 60
and 300 seconds.
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high in phenolic compounds. From the point of view of achieving a process that is
as environmentally friendly as possible, it is also necessary to consider the prepara-
tion time and the consumption of reaction solutions (environmentally friendly
alkali prepared in water) and to achieve as uniform distribution of ZnO particles
on the fabric as possible, which makes plasma more appropriate for PET polymer
activation.

4, Conclusions

This comprehensive study presents an important contribution to understanding
the green synthesis of ZnO directly (in situ) on textile substrates. It addresses the
importance of choosing the appropriate synthesis method, the selection and order
of reagents for successful synthesis, and the influence of other parameters, such
as the type of zinc precursor, the type and concentration of the “green” reducing
agent, the influence of the pH value, the choice of the substrate and the plasma
treatment on the chemical, morphological, mechanical and physical properties
of the functionalised textiles. The findings provide a significant contribution to
the development of functional protective textiles without the use of conventional
chemicals which can be harmful to human health and the environment. Instead, it
replaces conventional harmful chemicals with environmentally friendly aqueous
extracts prepared from plant wastes, and by using oxygen plasma pre-treatment,
thus contributing to solving the problem of plant waste and the development of
protective textiles at the same time. Such modified textiles could be used for techni-
cal, protective or medical purposes in the future. The synthesis process is optimised
in a way that low concentrations of reagents, low temperatures and short processing
times are used, and could be transferred from the laboratory level to industrial
applications.
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Chapter 8

Green Chemistry of
Minimal-Protection Solid-Phase
Peptide Synthesis

Yi Yang

Abstract

The conventional SPPS (solid-phase peptide synthesis) requires protecting the
nucleophilic side chains of amino acids to prevent undesired modifications. A large
volume of TFA (trifluoroacetic acid) is generally needed to remove these protecting
groups post the peptide assembly. Such a process significantly lowers the productivity
of the subject peptide manufacturing and is deemed contradictory to green chemistry
concepts. Enabling the side-chain unprotected amino acid couplings should break
through such a bottleneck in peptide production and drastically increase productiv-
ity. This aspiration creates the concept of MP-SPPS (Minimal-Protection Solid-Phase
Peptide Synthesis), accomplished in peptide API (Peptide Z) manufacturing. Side-
chain unprotected arginine and tyrosine have been successfully incorporated into
the target peptide chain on solid supports. The target peptide Z could be readily
obtained by treating the peptidyl resin with a diluted acid solution, that is, 10% TFA/
TFT (trifluorotoluene), and precipitating the solid product in a radically reduced
volume of anti-solvent. The MP-SPPS process achieves a 5.3-fold increase in peptide Z
manufacturing and complies with the philosophy of green chemistry.

Keywords: Minimal-Protection Solid-Phase Peptide Synthesis, green chemistry,
productivity, trifluorotoluene, unprotected arginine, unprotected tyrosine

1. Introduction

To date, green chemistry has focused on improving the safety and environmental
sustainability of the manufacturing process, including the organic solvents commonly
used in peptide manufacturing. Due to the inherent advantages of their delicate bal-
ance to solubilize various compounds, including amino acid building blocks, coupling
reagents, reactive intermediates, and by-products, and to properly swell peptidyl
resins, DMF (dimethylformamide) and NMP (N-methylpyrrolidone) are routinely
utilized as default organic solvents for SPPS (Solid-Phase Peptide Synthesis).
Moreover, DMF and NMP lower the occurrence of prevalent side reactions such as
amino acid racemization, aspartimide formation, DKP formation, N-terminus cap-
ping, and premature peptide cleavage [1]. Despite these merits, DMF and NMP are
not deemed green solvents, and alternative organic solvents for peptide synthesis have
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been widely pursued [2]. No green solvents to date can ensure high purity and excel-
lent yield for any peptide synthesis, which represents one main impediment to their
regular utilization for peptide manufacturing [3]. For instance, the target peptide
sequence and the inherent side reactions induced during peptide synthesis dictate
the choice of the optimal solvent. Consequently, lowering the amount of solvent
used in SPPS and developing green solvent applications in peptide synthesis deserves
in-depth investigation and synergic contributions from academia and industrial
domains. Many insightful papers have been published describing the green solvent
performances in peptide chemistry [4-7]. The utilization of authentic green solvents
for peptide manufacturing has yet to become routine in the industry. Given this real-
ity, chemists continuously develop and seek incremental green chemistry strategies.
One major domain to exploit green chemistry concepts in peptide chemistry is
to enhance peptide manufacturing productivity. The conventional SPPS strategy
adopts stepwise assembly of the side-chain protected amino acid building blocks to
solid supports, detaches the assembled peptide off the resin, and removes the side-
chain protecting groups with a highly concentrated acid solution. The treated resin is
removed, and the crude product is obtained by precipitating the peptide in a large vol-
ume of anti-solvent. Such a classic process is frequently restricted by small batch size
and low productivity and is deemed contradictory to green chemistry concepts. An
innovative MP-SPPS (Minimal-Protection Solid-Phase Peptide Synthesis) process is
developed to address the root causes of the low productivity inherent to conventional
SPPS. Radical productivity increase is accomplished on a peptide API manufacturing
through the MP-SPPS process.

2. Low-manufacturing productivity of SPPS

One of the most evident peptide manufacturing issues entangled in adverse ecology
effects is its relatively low productivity and high PMI (Product Mass Intensity). A large
volume of organic solvents is generally utilized in SPPS, including those applied in the
amino acid coupling, resin rinsing, peptide cleavage/global deprotection, and workup.

For example, small batch sizes of SPPS leading to poor productivity speaks for a
common restriction in peptide industrial manufacturing, which frequently gives rise
to the high costs of peptide API manufacturing. A QbD (Quality by Design) tool of
the root-cause tree reveals that one of the prime reasons for the low productivity/high
cost of peptide manufacturing originates from the amino acid side-chain protection
(Figure1).

Highly concentrated TFA solution is generally applied in the Fmoc-SPPS to cleave
the peptides from the solid supports through acidolysis and remove the side-chain

High volume
anti-solvent

[] ]

Produetivity =
e are Low Productivity

Peptide resin
volume

High volume cone
TFA

)
Cost Reduction High Cost

Low atom
economy

Figure 1.
Root-cause tree of the low productivity/high-cost analysis from the conventional SPPS.
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protecting groups simultaneously. The physical volume of peptidyl resin and the
presence of relatively stable protecting groups, for example, Pbf (2,2,4,6,7-pentameth-
yldihydrobenzofuran-5-sulfonyl) [8], often require 200 equivalent of TFA (sometimes
much more) relative to the equivalent of peptide molecule. Industrial setting involving
peptide manufacturing precludes the standard evaporation technologies, such as rotary
and thin-film evaporation, of highly concentrated TFA mixture, due to the operability,
safety, and stability restrictions. The large volume of the derived peptide TFA solution
at the step of peptide cleavage/global deprotection thus poses a considerable challenge
to the subsequent workup processes. It requests an even greater amount of anti-solvent,
such as MTBE (methyl tert-butyl ether), to sufficiently precipitate the crude peptide
product from its TFA solution. Generally, the efficient precipitation of the peptide
product requisites 3-7 volumes of anti-solvent cf. peptide TFA solution. This setup
poses an evident bottleneck to the whole process due to handling the extraordinarily
large volume of solutions, and it pronouncedly reduces the productivity of the affected
manufacturing, as revealed by Figure 1. Such demands pose a serious burden to the
industries. Moreover, the TFA-labile side-chain protecting group’ introduction-removal
strategy adversely affects the atom economy of peptide synthesis.

Skipping the side-chain global deprotection step represents one of the potentially
viable strategies to minimize the TFA quantity and the volume of the peptide solu-
tion prior to the product precipitation. It is not uncommon that the peptide cleavage/
global deprotection step poses a bottleneck to the whole process, considerably lower-
ing the batch size and limiting productivity. This artifact predominantly relates to the
large volume of TFA applied at the step of peptide cleavage/global deprotection.

The acid-labile side-chain protecting groups requires a sufficiently high concen-
tration of TFA in order to remove them from the masked functional groups quanti-
tatively, and the physical volume of the peptidyl resin brings about the consumption
of huge excess of TFA input (generally more than 200 equiv.) at the cleavage/global
deprotection step. Incorporating side-chain unprotected residues in SPPS could sig-
nificantly lower the TFA concentration required to detach the peptide molecules from
the super acid-labile resins such as CTC, Sieber, and Ramage resins. Supplementing
auxiliary low-boiling point solvents to the cleavage solution could decrease the TFA
concentration and ease the following workup by stripping off the solvent under
reduced pressure prior to the product precipitation. The resulting concentrated
peptide mixture reduces the volume needed for the peptide precipitation step. Such a
method improves peptide synthesis productivity and allows much greater batch sizes,
which overall lowers manufacturing costs and aligns with green chemistry principles.

3. Minimal-protection SPPS (MP-SPPS)
3.1 Concept of MP-SPPS

Peptide synthesis generally requires the protection of the nucleophilic N* and
the side chain of the amino acid building block. The N*-protecting groups, generally
Fmoc in Fmoc/tBu SPPS strategy, are temporarily used and removed post the amino
acid coupling. The side-chain protecting groups, on the contrary, remain anchored
on the protected functional groups during the peptide solid-phase synthesis and are
simultaneously removed during or post peptide cleavage [9].

Protecting groups shield the nucleophilic reactivity from the side chains’
functional group on the peptide residues or the incoming reactive amino acid
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Figure 2.
Intramolecular cyclization of side-chain unpvotected C'- and C’-substituted amino acid derivatives after
carboxylate-activation.

intermediate. Such nucleophilic groups could react with the electrophilic coupling
agent or the incoming reactive amino acid intermediate present during the peptide
bond formation. Moreover, an intramolecular reaction could occur if the side-chain
nucleophilic group remains unmasked. This undesired conversion readily affects the
C'- and C®-substituted amino acid derivatives such as Dab (2,4-Diaminobutyric acid),
Orn, and Arg (Figure 2).

Consequently, mandatory protection applies to N%, Lys-N¥, Orn-N°, Dab-N",

Dap (2,3-Diaminopropionic acid)-N?, COOHﬁ-Asp, COOH'-Glu, Sﬁ-Cys, and
COOHC ™™™ (in case of amino acid side-chain immobilization) to avoid undesired
side reactions that predominantly occur during the peptide coupling step (Figure 3).
The subject carboxylate, amino, and thiol groups from these amino acids constitute
the reactive functional group in question. If not properly masked, the Fmoc-SPPS
chemistry will challenge their integrities, yielding a complex mixture of by-products.

On the contrary, other relevant nucleophilic functional groups, even though tradi-
tionally protected in peptide synthesis, could survive the coupling reactions without
protection under proper conditions. These tolerable functional groups encompass
N°,N®,N”-Arg, the carboxamide group from Asn/Gln, O-Ser/Thr, the phenolic group
from Tyr, N™_His, and Ni“d"le-Trp (Figure 3).

By taking advantage of such tolerable functional groups, the minimal-protection
SPPS (MP-SPPS) strategy aims to utilize amino acid building blocks without side-
chain protecting groups. In other words, MP-SPPS make use of Fmoc-Asn-OH, Fmoc-
Gln-OH, Fmoc-Ser-OH, Fmoc-Thr, Fmoc-His-OH, Fmoc-Arg-OH, and Fmoc-Trp-OH
without side-chain protection unless the occurrence of unforgiving and invincible
side reactions.

Besides the aforementioned benefits related to the productivity boost, MP-SPPS
enables the following improvements:

* Enabling considerably milder peptide cleavage conditions. Harsh conditions of
peptide resin acid treatment, like an increased amount of TFA, the addition of
strong acids such as trifluoromethanesulfonic acid, elevated temperature, and
prolonged cleavage time might be wielded in case relatively stabler protecting
groups could not be effectively removed under standard acidolysis conditions.
In addition to representing a safer alternative, the implementation of MP-SPPS
could preclude the harsh deprotection condition and lower the risk of acid-
catalyzed side reactions such as Asn/Gln deamidation, aspartimide formation,
and peptide backbone hydrolysis [10].

* Outrooting a plethora of underlying side reactions inherent to the protect-
ing groups, such as incomplete protecting group removal, Pbf, in particular,

158



Green Chemistry of Minimal-Protection Solid-Phase Peptide Synthesis
DOI: http://dx.doi.org/10.5772/intechopen.1002253

Mandatory Protection

.’"Fi‘-‘\ T
S H;.NE ? ( HS.
0 o] o
HN HN HN HN
L L L £
Om Dab Dap

Optional Protection

- HO.
HO. OH,
o} 1s]
o HN HN HN
L L L
Ser Thr Tyr

L
Arg Asn Gln His Trp
Figure 3.
Differentiation of the side-chain protection strategy in SPPS.
CF3;COO0OH H—SIiR;
1 2 1 H oo 1 z
R-§—8—R* —™> R —S—§—R j R'-SH + HS—R*
CF4COOSIR,

Figure 4.
TFA/Silane-induced disulfide reduction.

tert-butylation, sulfonation (formation of [M+80] impurities induced by Pbf
degradation), trifluoroacetylation, and so on [11].

* Eliminating the scavengers, like silane, that entraps the released protecting group
cations. The electrophilic scavengers could complicate the deprotection reaction
and induce undesired side reactions such as disulfide breaking. Exclusion of the
scavengers could therefore cement the stability of certain labile moieties, like
disulfide bonds (Figure 4) [12].

* Improving the COGS (Cost of Goods Sold) by reducing TFA, anti-solvent, and
scavenger, improving the atom economies and PMI.

* Lowering the negative ecological impact (E-factor enhancement).

* Strengthening manufacturing safety.

The concept of minimal-protection SPPS has been introduced previously.
Strategies for assembling the target peptide products, including side-chain unpro-
tected amino acids, have been reported hitherto, including ultrasound-facilitated
peptide synthesis [13], amino acid couplings by restrainedly activated carboxylate
species like p-nitrophenyl ester [14], or special building modalities such as iso-acyl
dipeptide building block Boc-Ser/Thr(Fmoc-Xaa)-OH [15]. Side-chain unprotected
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amino acids could be utilized as the starting materials in these strategies for
assembling the target peptide products. Nevertheless, the strategies apply mostly
for small-scale syntheses or peptide derivatives with very short sequences, such as
di- or tri-peptide. The development of MP-SPPS strategies fully compatible with
large-scale industrial peptide production, including its applicability scopes, restric-
tions, and corresponding solutions, has yet to be fully elaborated. Overall, MP-SPPS
subscribes to the growing interest in protecting group-free organic synthetic meth-
odology [16].

In addition, functional groups, including N*, Lys-N°, Orn-N°, Dab-N", Dap-Nﬁ,
COOH"-Asp, COOH'-Glu, and S’-Cys, still require proper protection under MP-SPPS.

3.2 Side-chain unprotected arginine

Arg stands out as the most influential residue for the MP-SPPS among the non-
mandatory side-chain protection amino acid species. Arg’s default side-chain protect-
ing group Pbf is notoriously known for its acidolytic stability. A peptide of interest
rich in Arg residues exacerbates the problem. Such situations call for the use of a high
concentration of TFA. Furthermore, auxiliary stronger acid such as TFMSA (trifluo-
romethanesulfonic acid) is occasionally needed to boost the Pbf cleavage. Given the
challenges inherent to Pbf acidolysis, MP-SPPS should target incorporating side-chain
unprotected Fmoc-Arg-OH as a prime task.

The extremely low conversion rate of Fmoc-Arg-OH coupling impedes its utiliza-
tion as a side-chain unprotected building block when assembled to a peptidyl resin
Xaa®Tyr-Xaa’-His-Xaa’-Xaa®-2-chlorotrityl resin (Xaa>>’® are unreactive aliphatic
or aromatic amino acids without nucleophilic side chains). In this case, the use
of 1.5 equiv. Fmoc-Arg-OH with 1.5 equiv. DIC (IN,N’-diisopropylcarbodiimide)/
HOSu (N-hydroxysuccinimide) in DMF does not lead to the desired product for-
mation even after 3 h of reaction. Alternative couplings additives Oxyma (Ethyl
cyano(hydroxyimino)acetate) or HOBt (IN-hydroxybenzotriazole) in DMF or NMP
do not facilitate the subject coupling. Furthermore, various combinations of coupling
additives and organic solvents could not form the desired peptide product. RP-HPLC
analysis of the Fmoc-Arg-OH/DIC/Oxyma coupling solution reveals a rather complex
mixture (Figure 5).

LC/MS reveals the cyclization and dimerization of the Fmoc-Arg-OH upon
the carboxyl activation. Concretely speaking, Fmoc-Arg-OH (1) transforms to
Fmoc-Arg-lactam (2), Fmoc-Arg(Fmoc-Arg)-OH (3), and the dimeric lactam (4)
(Figures 5 and 6).

Apparently, the undesired side reactions addressing Fmoc-Arg-OH prior to its
condensation with the peptide N*-group explain the low coupling yield. The guanid-
ino functional groups are stereotypically deemed inert under common reaction condi-
tions. However, the guanidino group of arginine, equating a C°’-derivatized ornithine,
enables the intramolecular cyclization depicted in Figures 2 and 6. The side-chain
unprotected Fmoc-Arg-OH undergoes a kinetically favored six-membered ring
cyclization with its activated carboxylate, yielding an unreactive lactam. The arginine
guanidino group is not as inert as generally believed. Actually, freebase guanidine
compounds constitute strong nucleophilic species and are capable of nucleophilic
additions [17]. Arginine is generally tagged as unreactive simply because its guanidino
side chains are mostly protonated under acidic to mild basic conditions thanks to its
high pK, value (>12). Nonetheless, when the guanidino group is partially deproton-
ated, it can initiate a nucleophilic attack on the proper electrophilic substrates, as
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RP-HPLC traces of the solutions of Fmoc-Arg-OH activation by DIC/Oxyma in DMF [1. Fmoc-Arg-OH; 2.
Fmoc-Arg-lactam; 3. Fmoc-Avg(Fmoc-Arg)-OH; 4. Fmoc-Arg(Fmoc-Arg)-lactam].
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Figure 6.
Fmoc-Arg-OH transformation by DIC/Oxyma treatment.

indicated in Figure 6. Therefore, Fmoc-Arg(Pbf)-OH is commonly used in Fmoc-
SPPS. The bulky protecting group Pbf minimizes the risk of the aforementioned side
reaction.

Nevertheless, the inherent issues centered on Fmoc-Arg-OH could be cir-
cumvented by using Fmoc-Arg(HCl)-OH, which undermines the Fmoc-Arg-OH
unprotected guanidino side’s reactivity. The salt formation of Fmoc-Arg-OH
simultaneously protonates the nucleophilic guanidino group and introduces steric
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interference by the chloride counterion. Furthermore, using a carbodiimide-based
coupling agent does not require the utilization of an auxiliary base catalyst. With the
undesired intramolecular cyclization minimized, the target amino acid coupling is
cemented (Figure 7). Indeed, quantitative coupling of 1.5 equiv. Fmoc-Arg(HCI)-OH
is accomplished by DIC/Oxyma in DMF, validating the utility of Fmoc-Arg(HCI)-OH
as arginine synthon for the MP-SPPS strategy.

3.3 Side-chain unprotected histidine

The side-chain unprotected histidine Fmoc-His-OH undergoes considerable
imidazolyl modification by DIC during MP-SPPS, thanks to the pronounce nucleo-
philicity of imidazolyl group toward carbodiimide, resulting in an [M + 126] impu-
rity (Figure 8).

Unlike the arginine cyclization side reaction delineated in Figure 6, the DIC-
induced imidazolyl modification is progressive. It intensifies through the MP-SPPS
process once the subject histidine residue is incorporated into the immobilized
peptide chain. This artifact precludes utilizing Fmoc-His-OH as the building block
when carbodiimide-based coupling reagents orchestrate the MP-SPPS processes.

Phosphonium salt coupling reagents such as PyBOP do not modify the histidine
imidazolyl side chain under work conditions during the peptide assembly. This merit
cements the intrinsic advantages of phosphonium coupling reagents which are inert
to the N* functional group during peptide synthesis.

Incorporating side-chain unprotected Fmoc-Arg(HCI)-OH and Fmoc-His-OH
could proceed well when the histidine is on the N-flank of the arginine. The assem-
bly of Fmoc-Arg(HCI)-OH and the subsequent residues could be mediated by DIC/
Oxyma strategy prior to the Fmoc-His-OH incorporation (Figure 9a). Then, the

G
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Fmoc-Arg-lactam

Figure7.
Strategy to suppress the undesired lactam formation during Fmoc-Arg-OH carboxylate activation.
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Figure 8.
Modification of N™-His by DIC.
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Figure 9.
Coupling reagent suitability for vavious Avg/His topologies: (a) the unprotected His is N-flank to the unprotected
Arg; (b) the unprotected His is C-flank to the unprotected Arg.

coupling reagents mixture uses PyBOP/base combination for all the following
amino acid couplings. Otherwise, DIC will modify the imidazolyl side chain of the
histidine residue already incorporated into the peptide chain attached to the solid
support. On the contrary, an arginine N-terminal to the histidine, not necessarily
in direct proximity, creates a dilemma for the MP-SPPS due to the reactivity of the
histidine imidazolyl group toward carbodiimide coupling reagents and the require-
ment of the utilization of phosphonium salt to mediate all the amino acid couplings
N-flanking to the subject histidine (Figure 9b). In this scenario, PyBOP will
constitute the coupling reagent of choice to mediate all the amino acid couplings
from the Fmoc-His-OH onwards, including the Fmoc-Arg(HCI)-OH. However,
incomplete Fmoc-Arg(HCI)-OH incorporation might arise as a consequence. PyBOP
is incapable of driving the Fmoc-Arg(HCI)-OH coupling into completion in the
subject peptide assembly.

The incorporation of a side-chain unprotected Fmoc-Arg(HCl)-OH in a -Arg-
(Xaa),-His- peptide topology will necessitate the usage of an alternative histidine
synthon to satisfy the MS-SPPS demand. Because the major positive impact of
MP-SPPS depends predominantly on reducing the amount and concentration of
TFA during side-chain deprotection, the utilization of side-chain unprotected Arg
should be prioritized. In other words, the reconciliation is made in favor of Fmoc-
Arg(HCI)-OH relative to Fmoc-His-OH. In this scenario, one could resort to more
acid-sensitive protecting groups for histidine, such as Mtt (methyltrityl) or Mmt
(monomethoxytrityl). The acid-lability is ranked in the following incremental order
of Trt < Mtt < Mmt. Moreover, a case study reveals that Fmoc-His(Mtt)-OH could be
readily incorporated into the immobilized peptide chain by DIC/Oxyma chemistry
with reduced racemization relative to that of Fmoc-His(Trt)-OH during peptide cou-
pling [18]. More importantly, 10% TFA/DCM with 1.2 equiv. TIS (triisopropylsilane),
as the Mtt" scavenger, removes the Mtt-protecting group effectively and sufficiently.
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3.4 Side-chain unprotected serine/threonine

The nucleophilicity of the hydroxyl group-bearing amino acids couplings, like
Fmoc-Ser-OH, Fmoc-Thr-OH, and Fmoc-Tyr-OH, represents an inherent challenge
for MP-SPPS. Fmoc-Ser-OH, as a Cﬁ-hydroxy substituted amino acid, could mediate a
double insert of serine residue and the resultant formation of endo-Ser impurity. The
process is depicted in Figure 10.

A second Fmoc-Ser-OH could add to the unprotected hydroxyl group of
another serine, either post or prior to the immobilization on the solid phase but
during the coupling reaction. After removing the Fmoc protecting group from the
Fmoc-Ser(Fmoc-Ser)-OH residue of the peptide chain attached to the solid sup-
port, the side-chain serinyl moiety could migrate to the peptide backbone through
a favored five-membered ring intermediate initiated by the N*-group (Figure 10).
This acyl O—N shift is particularly facilitated in the basic milieu and results in the
endo-Ser impurity formation with a molecular weight increase of 87 Da. Without
the acyl O—N shift, the residual serinyl ester bond will be hydrolyzed at the sub-
sequent piperidine treatment. The liberated hydroxyl group might further mediate
ester bond formation at the subsequent amino acid coupling step. However, the
formed ester impurity will unlikely lead to an acyl O—N shift due to the steric
disadvantages of the greater ring size, which precludes the insertion of an extra
residue in the peptide sequence. Fmoc-Thr-OH could, in principle, also accommo-
date this process, but the extent is much restrained due to the steric hindrance of
the C"-methyl group.

In order to address the undesired serine side-chain esterification, process param-
eters such as amino acid pre-activation temperature, pre-activation time, coupling
temperature, pH, solvent, coupling reagent, and coupling additive could be screened
and tuned to minimize the endo-Ser impurity formation.

OH
0 0
ML Fmoc-Ser-OH Fimoo. n
: Q -y q
R o R

coupling reagent

Fmoc-Ser-OH
coupling reagent
_OH

[

=0 JOH

rI,N'-'”-"T" -
o) a Fmoc.._ l 0
H iperidi T
H piperidine H
2 peptide l o
0 R 4
peptide .
=]

l acyl O—= N migration

OH
o} a [+] oH [+
HzN.._ ,J i o gt H
TN peptide g = peptide ~T N peptide ()
~ [e] R < " [s] R
OH “~OH

M+87]

Figure 10.
Formation of endo-Ser impurity from Fmoc-Ser-OH coupling.
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3.5 Side-chain unprotected tyrosine

The phenolic group from the tyrosine side chain could also be subjected to phenyl
ester formation in the MP-SPPS process but to a much-reduced extent due to the
weaker nucleophilicity of phenolic hydroxyl group relative to the aliphatic hydroxyl
group on serine (Figure 11). The undesired function between tyrosine’s phenolic
group with the coupling reagent has also been reported [19].

Notably, the susceptibility of tyrosine to esterification might be sequence dependent.
In this study, the Tyr(Fmoc-Xaa") impurity formation occurs exclusively at a specific
Fmoc-Xaa"-OH coupling step without being detected at other coupling steps [17]. Spatial
alignment might come into play to facilitate the tyrosine-induced esterification through
acyl N->OP**™°" ghift. Meanwhile, with this undesirable transformation taking place,
the excess Fmoc-Xaa"-OH in the reaction solution can acylate the liberated N“-group to
yield a derivative of [Tyr(Fmoc-Xaa")] peptide intermediate (Figure 11). The piperidine
treatment removes the N“-Fmoc protecting group and the Xaa" ester from the tyrosine
side chain, regenerating the targeted peptide sequence. Side-chain phenyl ester is facilely
hydrolyzed in this process, and the target intermediate is subject to the following SPPS
steps to yield the target peptide product. This process is schematized in Figure 11.

3.6 Side-chain unprotected asparagine/glutamine
Side-chain unprotected Fmoc-Asn/Gln-OH also sustains the MP-SPPS. The most

prevalent side reaction arising during the Asn activation and assembly is the dehydra-
tion and the resulting formation of a p-cyano side chain. The process involves the
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Figure 11.
Putative mechanism of tyrosine esterification in MP-SPPS.
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Formation of p-cyanoalanine impurity through side-chain unprotected Asn activation and dehydration.

unprotected amide side chain attacking the activated carboxylate in the presence of a
base, resulting in a five-membered ring intermediate iminohydrofuranone. The latter
undergoes ring opening in basic conditions and gives rise to the formation of Fmoc-
Ala(CN)-OH (Figure 12) [20]. The coupling reagent present in the reactive mixture
can activate the resulting Fmoc-Ala(CN)-OH by-product, which incorporates into the
peptide chain instead of the desired Fmoc-Asn-OH and yield an [M-18] impurity.

This undesired conversion occurs only at the Fmoc-Asn-OH activation step when
incorporated into the growing peptide chain. No further dehydration will process
once the side-chain unprotected Asn is part of the peptide chain. The activation
reaction and the existence period of the activated Fmoc-Asn-OH species dictate the
extent of the Fmoc-Asn-OH dehydration. Process parameters, including coupling
reagent, additive, solvent, amino acid activation pattern, pre-activation temperature,
pre-activation time, and coupling temperature, might impact the propensity of the
Fmoc-Asn-OH dehydration.

4. A case study of MP-SPPS

The incorporation of side-chain unprotected Arg, Tyr, and Fmoc-His(Mtt)-OH
during the SPPS on CTC resin of an octa-peptide of angiotensin II analog called
peptide Z has been reported [17]. Peptide Z bears a sequence of H-Xaa'-Arg-Xaa® Tyr-
Xaa’-His-Xaa’-Xaa®-OH (Xaa"*>”® are unreactive aliphatic or aromatic amino acids
without nucleophilic side chains). The couplings of 1.5 equiv. Fmoc-Arg(HCIl)-OH,
Fmoc-His(Mtt)-OH, and Fmoc-Tyr-OH by DIC/Oxyma in DMF go quickly and quan-
titatively without forming any detectable related impurities. Interestingly, completing
Fmoc-Arg(HCI)-OH coupling takes 2.5 h, as attested by a negative ninhydrin test,
whereas all the other couplings are entirely completed within 1.5 h. The MP-SPPS
strategy achieves quantitative couplings without the occurrence of major side reac-
tions/incomplete coupling.

The peptide cleavage is pivotal to the MP-SPPS strategy as the following criteria
should be gratified:

166



Green Chemistry of Minimal-Protection Solid-Phase Peptide Synthesis
DOI: http://dx.doi.org/10.5772/intechopen.1002253

* The acid cleavage solution should quantitatively release the immobilized peptide
molecules from the solid supports.

* The acid treatment should quantitatively deprotect the acid-labile side-chain
protecting groups on the peptide.

* The cleavage and deprotection solution should require the lowest possible acid
concentration to accomplish the quantitative reactions.

* The method should easily concentrate the peptide solution post the cleavage and
deprotection without compromising the product integrity.

* The peptide solution should be miscible with the anti-solvent at the product
workup step; otherwise, solvent swapping should be performed before the
product precipitation.

* The solvent for the acid cleavage solution should comply with the industrial
request. The low OEL (Occupational Exposure Limit) and high toxicity (con-
firmed animal carcinogen and probable carcinogen to humans) of DCM dis-
qualify its utilization [21].

To address the MP-SPPS demands during peptide release from the solid support
and deprotection, 10% TFA/DCM with 1.2 equiv. TIS (as the scavenger for the Mtt
cation) could accomplish the above criteria except for the use of DCM. As a result,
peptide Z is fully cleaved from the 2-chlorotrityl resin, and the Mtt protecting group
on the His side chain is quantitatively removed simultaneously after 1 h at the ambient
temperature.

To comply with all the MP-SPPS criteria, a solvent screen has been conducted to
find the replacement for DCM. Among ACN, 2-MeTHF, IPA, EtOH, EtOAc, and TFT
(trifluorotoluene), only TFT enables the successful replacement of DCM as the bulky
solvent in conjunction with TFA for the one-pot peptide deprotection and release
from the solid support.

Various reactions such as acylation, tosylation, silylation, Swern oxidation, and
Dess-Martin oxidation have been accomplished by replacing DCM with TFT as the
organic solvent [22]. TFT has a much higher boiling point (102°C) than DCM (40°C),
granting improved safety profiles relative to DCM in the industries. Consequently,
10% TFA/TFT/1.2 equivalents of TIS (17 equivalents of TFA cf. peptide) at room
temperature for 2 h gives a quantitative peptide Z cleavage and Mtt removal. Notably,
the hydrophilic peptide Z could not fully solubilize in the relatively unpolar 10%TFA/
TFT/TIS cleaving/deprotecting solution, even though the solution enables the
quantitative cleavage of the peptide Z from the resin. Nonetheless, rinsing the cleaved
resin three times with 10% HFIP (hexafluoroisopropanol)/TFT drastically enhanced
the product recovery by effectively solubilizing the peptide Z in HFIP.

Interestingly, the peptide Z TFA/HFIP/TFT solution undergoes phase separa-
tion prior to the concentration step. The TFT phase contains nearly no product but
only the by-product methyl triphenylmethane derived from Mtt cation quenched
by TIS. The salting-out effect might explain the phase separation of the inherently
miscible TFT and HFIP [23], which has been exploited by SALLE (salting-out assisted
liquid-liquid extraction) for sample analysis [24]. The serendipitous phase separation
affords a viable methodology to isolate peptide Z through tandem procedures of phase
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separation, facile condensation of the peptide HFIP solution (optional), and product
precipitation. Despite such potential imparted by the phase separation, the combined
peptide cleavage /rinsing solution in this study is subjected to solvent swapping

from TFT to HFIP. No product degradation is detected in this process. The peptide Z
precipitates with cold MTBE once added to the concentrated peptide/HFIP mixture to
obtain a quantitative uncorrected total yield of SPPS/cleavage/isolation.

The LC/MS analysis reveals a crude product purity of 91.7%, comparable to those
from various industrial batches (90-94%).

Figure 13 and Table 1 compare the conventional SPPS and MP-SPPS in terms of
process and performance index, respectively.

The most striking attributes inherent to MP-SPPS are the radically reduced TFA
consumption (by 95%) and the increased peptide concentration prior to the precipi-
tation (by 4.3 folds). These two key indices enable appreciable increases in peptide
manufacturing productivity through MP-SPPS. The overall precipitation volume
(combination of peptide solution and the anti-solvent) enhances productivity 5.3-fold
when taken as a baseline since it poses the bottleneck to the whole manufacturing

Conventional SPPS MP-SPPS

O CTC Resin O
Fmoe-His(Trt}-OH ] Fmoc-His(Mit)-OH

CTC Resin
Fmoc-Tyr(tBu)-OH

Fmoc-Tyr-OH
Fmoc-Arg(Pbf)-OH J

Fmoc-Arg(HCI)-OH
Fmoc-Xaa'-OH

Boc-Xaa'-OH
Boc-xaa‘-Arg[F'bf]-xaa:‘-Tyr(tBu)-xaa5-His[Tr‘t)-Xaa7-xaa‘-o H-Xaa*-Arg(HCI)-Xaaﬂ-‘ryr-x.aa5-His(Mu)-XaaV-XaaBO
1) 95% TFA/2.5% TES/2.5% H,0 1) 10% TFA/TFT, 1.2 equiv. TIS
2) neat TFA rinsing 2) 10% HFIP/TFT rinsing
3) precipitation in MTBE 3) solvent swapping or phase seperatior
4) precipitation in MTBE

Crude Peptide Z Crude Peptide Z

Figure 13.
Comparison of peptide Z synthetic scheme from conventional SPPS and MP-SPPS.

Index SPPS MP-SPPS
Atom economy (amino acid) 22.3% 23.9%
Overall TFA (cleavage + rinsing) 25.6 L/mol 1.3 L/mol
TFT 0 23.9 L/mol
HFIP 0 7.8 L/mol
Concentration prior precipitation 0.038 M 02M
MTBE as anti-solvent 78.9 L/mol (3 vol.) 15 L/mol (3 vol.)
Total volume (sum of MTBE and Peptide solution) 105 L/mol (3 vol. MTBE) 20 L/mol (3 vol. MTBE)
of precipitation

Crude purity 90-94% 92%
Uncorrected yield (crude product) quantitative quantitative

MP-SPPS could have a 5.3-fold of the conventional SPPS productivity.

Table 1.
Comparison of the major indices between conventional SPPS and MP-SPPS for peptide Z synthesis.
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process (Table 1). Overall, the quality and yield of the crude peptide Z produced
from MP-SPPS are comparable to conventional SPPS.

5. Summary

The MP-SPPS strategy reduces the hazardous elements of SPPS. It represents an
environmentally friendlier method and enhances manufacturing productivity when
using the side-chain unprotected amino acids such as Arg, His, Ser, Thr, Tyr, Asn,
and Gln. Because the targeted peptide sequence may affect the Fmoc-Arg(HCI)-OH
coupling efficacity, thoughtful planning should include a pilot study. Nevertheless,
excluding the Pbf protecting group alleviates the global deprotection processes appre-
ciably, which generally request highly concentrated TFA, occasional supplementation
of stronger acids, and prolonged reaction time. Furthermore, lowering the TFA
concentration allows for recovering a peptide solution with a higher concentration,
which in turn eases the peptide isolation by precipitation.

Consequently, this procedure enhances the productivity of peptide manufacturing
and fully outroots the frequent Pbf-related sulfonation impurity [M+80]. In addition,
MP-SPPS lowers the occurrence of highly concentrated TFA-induced impurities such
as trifluoroacetylation [M+96], backbone hydrolytic cleavage, acid-induced aspartim-
ide formation [M-17/18], acid-catalyzed disulfide bond reduction by silane [M+2] [9],
and deamidation of carboxamide moieties [M + 1]. Deamidation impurity represents
a serious general concern as chromatographic purification techniques frequently fail
to remove them from the desired peptide products.

Notably, the efficacy of Fmoc-Arg(HCI)-OH coupling might be sequence-depen-
dent. The MP-SPPS strategy does not provide a solution to the use of indispensable
side-chain protection (such as Lys, Asp, and Glu) if the targeted peptide sequence
includes such residues. However, adopting alternative orthogonal protecting groups
could diminish the highly concentrated TFA mixture application. For instance, Pd’-
catalyzed allyl ester cleavage removes the allyl ester protecting group from a carboxyl-
ate side chain of Asp and Glu.

In summary, the MP-SPPS process addresses the high demand for developing
greener chemical processes and lowering peptide manufacturing costs. MP-SPPS aligns
with important Green Chemistry Principles [25], including atom economy (improved
PMI), less hazardous chemical syntheses (TFA), safer solvents/auxiliaries (TFT vs.
DCM), design for energy efficiency (skipping peptide solution concentration through
phase separation), reduce derivatives (elimination of the unnecessary protecting group
introduction-elimination), and inherently safer chemistry for accident prevention (no
TFA evaporation, no handling of bulky highly concentrated TFA solution). Attainable
superiorities in productivity, cost-effectiveness, and E-factor (environmental factor)
constitute the three pivotal pillars for applying the MP-SPPS in industries.

Acknowledgements

The author would like to thank Antoine Blanc, Ph.D., from The State University of
New York College at Oneonta, for reviewing the manuscript.

169



Green Chemistry for Environmental Sustainability — Prevention-Assurance-Sustainability (P-A-S)...

Author details

Yi Yang

Chemical Development, Global Pharmaceutical R&D, Ferring Pharmaceuticals A/S,
Denmark

*Address all correspondence to: yiyang@ferring.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

170



Green Chemistry of Minimal-Protection Solid-Phase Peptide Synthesis

DOI: http://dx.doi.org/10.5772/intechopen.1002253

References

[1] Jadhav S, Martin V, Egelund PHG,
Castro HJ, Kriiger T, Richner F, et al.
Replacing DMF in solid-phase peptide
synthesis: Varying the composition of
green binary solvent mixtures as a tool to
mitigate common side-reactions. Green
Chemistry. 2021;23:3312-3321

[2] Ferrazzano L, Catani M, Cavazzini A,
Martelli G, Corbisiero D, Cantelmi P, et
al. Sustainability in peptide chemistry:
Current synthesis and purification
technologies and future challenges.
Green Chemistry. 2022;24:975-1020

[3] Wegner K, Barnes D, Manzor K,
Jardine A, Moran D. Evaluation of
greener solvents for solid-phase peptide
synthesis. Green Chemistry Letters and
Reviews. 2020;14:153-164

[4] Ferrazzano L, Corbisiero D,

Martelli G, Tolomelli A, Viola A,

Ricci A, et al. Green solvent mixtures

for solid-phase peptide synthesis: A
dimethylformamide-free highly efficient
synthesis of pharmaceutical-grade
peptides. ACS Sustainable Chemistry &
Engineering. 2019;7:12867-12877

[5] Martin V, Egelund PHG,
Johansson H, Le Quement ST,

Woijcik F, Pedersen DS. Greening the
synthesis of peptide therapeutics: an
industrial perspective. RSC Advances.
2020;10:42457-42492

[6] Jaradat DMM, Al Musaimi O,
Albericio F. Advances in solid-phase
peptide synthesis in aqueous media
(ASPPS). Green Chemistry.
2022;24:6360-6372

[7]1 Al Musaimi O, de la Torre BG,
Albericio F. Greening Fmoc/tBu
solid-phase peptide synthesis. Green
Chemistry. 2020;22:996-1018

171

[8] Carpino LA, Shroff H,

Triolo SA, Mansour E-SME,

Wenschuh H, Albericio F. The 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-
sulfonyl group (Pbf) as arginine side
chain protectant. Tetrahedron Letters.
1993;34:7829-7832

[9] Isidro-Llobet A, Alvarez M,
Albericio F. Amino acid-protecting
groups. Chemical Reviews.
2009;109:2455-2504

[10] Yang Y. Peptide fragmentation/
deletion side reactions, intramolecular
cyclization side reactions. In: Side
Reactions in Peptide Synthesis. Academic
Press; 2015. pp. 1-28, 119-156

[11] Yang Y. Peptide global deprotection/
scavenger-induced side reactions. In: Side
Reactions in Peptide Synthesis. Academic
Press; 2015. pp. 63-67

[12] Yang Y, Hansen L, Badalassi F.
Investigation of on-resin disulfide
formation for large-scale manufacturing
of cyclic peptides: A case study. Organic
Process Research and Development.
2020;24:1281-1293

[13] Anuradha MV, Ravindranath B.
Acylation of unprotected amino
acids using ultrasound. Tetrahedron.
1997;53:1123-1130

[14] Gagnon P, Huang X, Therrien E,
Keillor JW. Peptide coupling of
unprotected amino acids through in
situ p-nitrophenyl ester formation.
Tetrahedron Letters. 2002;43:7717-7719

[15] Arenzo HB, Bingenheimer W,
Blanchette R, Morgans JRDJ, Robinson
J III. Temporary serine protection in
solid phase synthesis of LH-RH analogs.



Green Chemistry for Environmental Sustainability —

International Journal of Peptide Protein
Research. 1993;41:342-346

[16] Fernandes RA, editor. Protecting-
Group-Free Organic Synthesis:
Improving Economy and Efficiency.
Wiley; 2018

(17] Taylor JE, Bulla SD, Williams JM]J.
Amidines, isothioureas, and guanidines
as nucleophilic catalysts. Chemical
Society Reviews. 2012;41:2109-2121

(18] Yang Y, Hansen L, Ryberg P. Side-
chain unprotected Fmoc-Arg/His/
Tyr-OH couplings and their application
in solid-phase peptide synthesis through
a minimal-protection/green chemistry
strategy. Organic Process Research and
Development. 2022;26:1520-1530

[19] Vrettos EI, Sayyad N,
Mavrogiannaki EM, Stylos E,
Kostagianni AD, Papas S, et al. Unveiling
and tackling guanidinium peptide
coupling reagent side reactions

toward the development of peptide-
drug conjugates. RSC Advances.
2017;7:50519-50526

[20] Stroup AN, Cole LB, Dhingra MM,
Gierasch LM. Synthesis and crystal
structures of Boc-L-Asn-L-Pro-
OBzIl-CH;0H and dehydration side
product, Boc-p-cyano-L-alanine-L-Pro-
OBzl. International Journal of Peptide
and Protein Research. 1990;36:531-537

[21] Agency for Toxic Substances and
Disease Registry Division of Toxicology
and Environmental Medicine.
Addendum to the Toxicological Profile
for Methylene Chloride. Atlanta; 2010

[22] Ogawa A, Curran DP.
Benzotrifluoride: A useful alternative
solvent for organic reactions currently
conducted in dichloromethane and
related solvents. The Journal of Organic
Chemistry. 1997;62:450-451

172

Prevention-Assurance-Sustainability (P-A-S)...

[23] Hyde AM, Zultanski SL,

Waldman JH, Zhong Y-L, Shevlin M,
Peng F. General principles and strategies
for salting-out informed by the
hofmeister series. Organic Process

Research and Development.
2017;21:1355-1370

[24] Tang YQ, Weng N. Salting-out
assisted liquid-liquid extraction for
bioanalysis. Bioanalysis. 2013;5:1583-1598

[25] Anastas PT, Warner JC. Green
Chemistry: Theory and Practice. New
York: Oxford University Press; 1998.
p- 30



Chapter 9

Renewable Energy and Green
Technology

Suvojit Maity, Soham Sarkar, Kakoli Dutta, Tina De
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Abstract

Our present need is to reduce or minimize the dependency on fossil fuels through a
thorough understanding of the principles and utility of renewable energy along with
green technology. It has been considered that renewable energy as an alternate source
is the best and cheapest source of energy. The unwarranted usage of fossil fuels has a
huge effect on climate change globally. This can be restored by the efficient utilization
of renewable energy resources. Efficient utilization of renewable energy resources
could minimize the impact of climate change globally. Generally, renewable energy is
generated from essentially inexhaustible sources, including wind power, solar power,
geothermal energy, tidal energy, biomass energy, and other sources. Sustainability
researchers have highlighted the importance of green energy and its immediate
impact on the environment. Therefore, transitioning toward green energy is crucial to
reducing the global crisis and achieving sustainable development.

Keywords: green energy, sustainability, fossil fuels, renewable resources,
green technology

1. Introduction

Since early ages, the Earth has depended on various forms of energy for its survival.
From the initial age of the Industrial Revolution, fossil fuels have been used to
generate energy for the needs of our daily lives. The first use of fossil fuels for energy
production dates back to the early 1800s when coal was used to power steam engines.
As the demand for energy increased globally during the Industrial Revolution, there
was a need to create an alternative option besides fossil fuel to generate electricity and
this was followed by the development of oil and natural gas as sources of energy in the
late 1800s and 1900s.

The field of green chemistry has been attracting scientists and researchers for
decades. Green chemistry is an innovative technology that reduces environmental
damage and waste generated during chemical processes. It has introduced new terms

2 « ” <« 2 <«

such as “eco-efficiency,” “sustainable chemistry,” “atom efficiency,” “process intensifi-
cation and integration,” “inherent safety,” “product life cycle analysis,” “ionic liquids,”
“alternate feedstocks,” and “renewable energy sources.” Its sixth principle offers a

new approach for modifying known synthetic reactions in a sustainable manner. This
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involves replacing organic solvents with non-organic media to eliminate the volatility
and corrosiveness of hazardous solvents, which helps to preserve the environment.
The 12 principles of green chemistry are widely accepted criteria for comparing the
environmental acceptability of these two processes. However, these principles do not
fully explain the concept of green chemistry, which includes monitoring the lifecycle
of fundamental processes and products, as well as recovering heat from exothermic or
endothermic reactions [1].

In recent years, the use of fossil fuels such as oil and natural gas for energy produc-
tion has increased dramatically, leading to widespread dependence on non-renewable
energy sources. Unfortunately, this trend has also resulted in significant environmen-
tal consequences. To combat this, a transition toward low-carbon solutions is essential
to reduce energy-related carbon dioxide (CO2) emissions, which make up two-thirds
of all greenhouse gases (GHG). This transition can be made possible through tech-
nological innovation, particularly in the field of renewable energy. Thanks to rapidly
falling costs and competitiveness, renewable energy sources such as solar photovol-
taics (PV) and wind power have seen record new installations. One-quarter of all
electricity worldwide was produced from renewables in the year 2017. However, the
transition is not happening fast enough: After 3 years of steady CO, energy emissions
from 2014 to 2016, they rose by 1.4% in 2017 [1].

Nowadays, about 45% of the total amount of carbon dioxide in the air comes
from the burning of fossil fuels. It also releases other greenhouse gases like meth-
ane and water vapor which trap the heat coming from the Sun leading to “global
warming.” The burning of fossil fuels also releases a range of harmful pollutants,
such as sulfur dioxide (SO,), nitrogen oxides (NOx), and particulate matter into
the air. This leads to air pollution, which has been linked to respiratory and other
idiopathic diseases. Fossil fuels are finite resources and their continued use without
alternative energy sources will lead to their depletion. This could lead to energy
shortages, price spikes, and geopolitical tensions as countries compete for limited
resources [2].

2. Concept of green energy

The word “renewable” means, capable of being renewed. Renewable energy is the
type of energy that is produced from sources that are naturally replenishing and do
not deplete over time such as solar energy, wind energy, hydroenergy, and so forth.
Green energy is that which comes from natural sources, such as the sun, wind, water,
tides, geothermal heat, or algae.

Though there are some differences between green energy and renewable energy,
in most cases, they are considered just the same. In all likelihood solar energy, wind
energy, hydrothermal energy, geothermal energy, vibrational energy, and biomass
energy all are green as well as renewable. The concept of green energy is based
on the principles of sustainable development, which aim to meet the needs of the
present generation without compromising the ability of future generations to meet
their own needs.

Green energy has become increasingly popular in recent years as more individu-
als, businesses, and governments recognize the importance of sustainability and
environmental responsibility. Many countries have set ambitious targets for renew-
able energy adoption, and some have even committed to reaching net-zero emissions
in the coming decades. While there are still challenges to overcome in the adoption
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of green energy, such as the need for energy storage solutions and infrastructure
upgrades, the benefits are clear. By transitioning to renewable energy sources, we
can create a more sustainable and resilient energy system that benefits both current
and future generations [3, 4].

3. The need for green energy

Green energy is becoming increasingly important as the world becomes more
aware of the negative impact of fossil fuels on the environment and the need to reduce
carbon emissions. One of the key benefits of green energy is its ability to reduce
greenhouse gas emissions. Burning fossil fuels contributes to both global warming
and climate change. Renewable energy sources such as wind, solar, and hydropower
produce little or no emissions, helping to mitigate the effects of climate change.

Green energy is also a key driver of economic growth and job creation. The renewable
energy industry employs millions of people around the world, from engineers and
scientists to construction workers and installers. As countries invest in renewable
energy, they are also creating new markets for products and services related to clean
energy, which can boost local economies.

Another important benefit of green energy is its ability to increase energy security.
Countries that rely heavily on imported fossil fuels are vulnerable to price fluctua-
tions and supply disruptions. In contrast, renewable energy sources are typically
domestic and distributed, making them more resilient and less vulnerable to geopolit-
ical instability. Renewable energy can also improve access to electricity in remote and
rural areas. Many developing countries lack access to reliable energy sources, which
can limit economic development and social progress. Renewable energy technologies
such as solar panels and wind turbines can be deployed in these areas to provide clean,
reliable, and affordable energy.

In addition, green energy can help to conserve natural resources and protect the
environment. Fossil fuels are a finite resource, and their extraction and use can have
significant environmental impacts, such as oil spills and land degradation. Renewable
energy, on the other hand, is derived from sources that are replenished naturally and
can be sustainably managed. Finally, green energy can help to promote social and
environmental justice. The negative impacts of climate change and environmental
degradation are often felt most acutely by marginalized and vulnerable communities.
Investing in renewable energy can help to reduce these impacts and create a more
equitable and sustainable future for all.

To conclude, as countries around the world are going to transition to a low-carbon
future, renewable energy will play a key role in building a more sustainable and
resilient world [3].

4. Solar energy

The sun is the only source of energy for all living beings on Earth. Photovoltaic
cells work on the principle that solar energy energizes the electrons in the valence
band and they are transferred to the conduction band. These electrons are then
available for the conduction of electricity. Solar energy can be converted into useful
energy for our daily uses directly using various available technologies. These tech-
nologies are grouped under a few fundamental categories.
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4.1 Solar photovoltaic (PV)

The conversion of solar energy into electrical energy is a relatively newer
concept. This was successfully attempted in the year 1975 through the making of
photovoltaic cells. These solar photovoltaic cells use solar energy from the sun in
order to create electricity via the photoelectric effect. These photovoltaic cells have
the power to directly convert solar energy into electrical energy. Photovoltaic cells
are interconnected with each other to form a photovoltaic module. Photovoltaic
modules are the basic structural and functional units of a photovoltaic system.
These modules are often connected in series or in parallel in order to get the
maximum energy that can be harvested from solar energy. The parallel connec-
tions are responsible for raising the energy in the photovoltaic array, while the
series connections are used to increase the voltage of the photovoltaic array. These
photovoltaic modules often have sizes ranging from 50w to 180w. In direct sunlight,
the output goes to a maximum of 180 W. Researchers are looking to increase this
number to as much as possible. The higher the total surface area of the photovoltaic
cells will be, the higher will be the amount of electrical energy produced for the
same intensity of direct sunlight. These modules are connected together in order to
form a photovoltaic system and their circuits are usually environmentally protected
by lamination [3, 5].

The photovoltaic modules form an integral part of PV systems, as they are posi-
tioned in such a way as to enable utilization for various applications. While the main
cost of the system is linked to the photovoltaic array, the other components and the
overall balance of the system are the main factors determining the reliability, effi-
ciency, and safety of the installation that uses the photovoltaic modules. The sunlight
is converted into direct current, and this direct current is then converted into alter-
nating current and adjusted to meet the power requirements of the users as they need.
Although photovoltaic cells cannot directly convert solar energy into alternating
current, the direct current that is produced has its own functionality. If required the
direct current can be converted into alternating current by the use of generators and
then be used as per the requirements [5, 6].

4.2 Solar thermal

In the solar thermal process, we produce electrical energy by using the heat energy
of the sun radiated through IR radiations. Firstly, solar collectors can be used to
absorb solar radiation in order to provide heating of water or space at lower tempera-
tures. Parabolic mirrors can be utilized to concentrate solar radiation on a larger scale,
generating higher temperatures. When solar thermal power plants are employed, this
solar radiation is focused on a small area to produce high-temperature steam, which
is then directed to a turbine generator. This causes the generator to rotate, creating
electrical energy. This type of solar energy conversion is mainly used in commercial
applications, such as factories [3].

Solar thermal energy can be categorized into two types namely

a.Parabolic trough system

b.Solar tower system
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Parabolic trough reflect

Figure 1.

Pa%aholic trough system - a parabolic trough system captures sunlight using curved mirrors to heat a fluid
in receiver tubes. The heated fluid generates electricity via a turbine or provides heat directly for industrial
uses, offering an efficient solar energy solution. (adapted from: https://www.energy.gov/eere/solar/
linear-concentrator-system-concentrating-solar-thermal-power-basics).

5. Parabolic trough system

The parabolic system uses mirrors that are parabolic troughs in shape to focus
sunlight on a receiver tube. This receiver tube carries a heat transfer fluid, generally,
oil or water and this fluid is then heated up and pumped through heat exchangers
to produce steam. The liquid can be heated up to as much as 423 K to 623 K as it
flows through the receiver and it is then used as a heat source for a power generating
system. This heat is then used to run turbine generators to produce electricity via
the use of a dynamo. In this method, the water or the oil that is used can be reused
after cooling them down to a certain extent. This is one of the most economical ways
of solar energy conversion. This parabolic trough technology is currently the most
proven solar thermal electric technology (Figure1) [3, 7].

6. Solar tower system

Tower systems generally comprise three elements: ground heliostats, a tower, and
a central receiver atop the tower. The heliostats capture solar radiation from the sun
and direct it to the central receiver. Heliostats rotate in two directions, from east to
west and north to south.

Each heliostat is programmed by a computer to follow the sun in order to maxi-
mize the total power output. This ensures that the tower traps the maximum amount
of solar energy that is available at that point. The first commercial solar tower was
built by Abengoa Solar of Spain. It is referred to as PS10 at the Solucar platform in the
Spanish province of Seville. It was first inaugurated by the company Abengoa in order
to push the production of solar electricity in Spain. The Solucar solar farm currently
produces solar electrical energy of almost 3.65 GW. The Solucar solar farm comes
second in order of solar production in the world just after Germany. The operation
was first started in the month of March 2007 and the process is still under develop-
ment by the authorities. The Solucar solar farm is the inspiration for multiple similar
solar farms all over the world (Figure 2) [3, 7].
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Solar tower system

Figure 2.
Solar tower system - a solar tower system uses an arvay of mirrors to concentrate sunlight onto a central tower.

This intense heat drives turbines to generate electricity, making it a promising solar energy technology with high
efficiency and potential for large-scale power genevation [adapted from: https://www.energy.gov/eere/solar/
linear-concentrator-system-concentrating-solar-thermal-power-basics].

7. Merits of solar energy
The merits of solar energy are many.

1. As in the processing of solar energy, no pollutants are released into the atmo-
sphere so solar energy can be deemed as a clean energy

2.Solar energy can be deemed as the mother of all energy that is present on Earth.
Solar energy directly or indirectly gives rise to other forms of energy such as tidal
energy and wind energy, all of which are non-polluting.

3.Solar energy may not be available to us all the time but the amount of solar en-
ergy that is received by us in the daylight, if stored properly, is more than enough
to last us the whole day. To achieve this, photovoltaic cells and batteries are being
used all over the world.

4. As per the researcher’s data, the Earth receives almost 340 W/m” of solar energy
on an hourly basis on a non-cloudy day. This vast amount of energy, if harnessed
could help us eradicate all of Earth’s energy crisis problems [8].

5.There are still areas in the world where there is still no electricity supply. Solar
panels and photovoltaic cells give them an opportunity to gain access to electric-
ity which is like a privilege to them. It helps in giving the underprivileged the
wonders of electricity. The installation of solar panels and photovoltaic cells
is very simple as it does not require wires and receivers. All we need for solar
electrical energy is a solar panel and an installation area. Solar panels help cut
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energy consumption costs by over 20% over an elongated period of time. This
cost-cutting is due to the fact that there is no additional fuel required to run the
solar panel other than sunlight [5, 7].

8. Demerits of solar energy

1. Solar panels that are required to harvest solar energy are very expensive. The
excess solar energy that is harvested must also be stored for future use, and the
available storage solution is also costly. The converters and the inverters that are
required to convert the direct current into alternating current and the device to
ensure that the supply of current is uninterrupted are not cost-effective. This
skyrockets the initial investment of solar panels, which is not affordable by ev-
erybody even if it gets cheaper in the long run.

2.Solar panels produce energy in the range of 50 to 180 W. To get a substantial
amount of energy, the number of solar panels that are required is huge in num-
ber. This creates the problem of area deficiency as a huge number of solar panels
require a large amount of area for the maximum output. This restricts people
from buying solar panels.

3. Solar panels and photovoltaic cells that are required to convert solar energy to elec-
trical energy are non-recyclable. Solar energy although non-polluting, the dam-
aged photovoltaic plates are treated as garbage and add to the waste of the world.

4.The working and the output of the photovoltaic cells are weather-dependent as
they are solely dependent on the amount of solar energy they receive from the
sun on a particular day. If the day is cloudy, then it implies that solar cells cannot
get the desired amount of solar energy they require to fulfill their needs.

5.The photovoltaic cells, solar energy storage, inverters, and converters, all are high
maintenance machines. They require frequent maintenance from trained profes-
sionals otherwise they may lead to functional failure which will then mean both
loss of money and more wastage for the world as they are not bio-degradable.

6.To get the maximum utilization of money and space, we need a huge number
of photovoltaic cells. These photovoltaic cells require the production of single
silicon crystal PV systems, which is very technically difficult, energy-intensive,
and also very time-consuming [6, 7].

9. Wind energy

Wind energy is a renewable source of energy that has been gaining popularity in
recent years due to its clean and sustainable nature. Turbines are used to convert the
kinetic energy of wind into electrical energy. This energy production technique does
not require any fuel, making it an appropriate option for those looking to reduce their
carbon footprint. Wind power is also becoming cost-effective, because of technologi-
cal advances that have made it more efficient and reliable.
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Wind turbines are typically composed of a rotor, which consists of several blades
that capture the wind’s kinetic energy, and a generator, which converts this energy into
electricity. The blades are designed to capture as much wind as possible while minimizing
drag and turbulence. The generator then converts this mechanical energy into electrical
energy, which can be used for various purposes such as powering homes or businesses [3].

The development of wind power has been driven by government policies that have
created a market for renewable energies and by research and development in the field.
Advances in control systems, rotor blade profiles, and power electronics have allowed
for more efficient use of the wind’s kinetic energy. This has resulted in lower costs for
consumers while still providing clean and sustainable electricity.

In addition to providing clean electricity, wind power also has other benefits such
as reducing air pollution from burning fossil fuels and creating jobs in the renewable
energy sector. Wind turbines can also be used to supplement other renewable energies
such as solar energy or hydroenergy [9, 10].

Overall, wind power is an attractive option for those looking to reduce their
carbon footprint while still providing reliable electricity at reasonable costs. With
continued research and development in the field, it is likely that wind power will
continue to become more efficient and cost-effective in the future.

In the case of wind energy production, the most important part of this process is
the conversion of the kinetic energy of the wind into electrical energy. For this con-
version, a wind turbine is used. Over the past few years, average wind turbine ratings
have grown almost linearly with current commercial machines rated at 1.5 MW.

Wind turbines are of two types namely horizontal axis wind turbines (HAWT)
and vertical axis wind turbines (VAWT). The two varieties of the vertical axis wind
turbine (VAWT) are Darrieus and Savonius.

9.1 Horizontal axis wind turbine (HAWT)

A horizontal axis wind turbine, also known as HAWT, is a type of wind turbine that
has a rotor blade assembly mounted horizontally on top of a tower. The rotor assembly
consists of blades that rotate around a central hub, similar to a propeller. As the wind
passes through the rotor blades, it causes the blades to rotate, generating mechanical
energy that can be converted into electrical energy. HAWTs are the most common type
of wind turbine used for large-scale commercial wind farms. They are typically more
efficient than vertical-axis wind turbines and are capable of generating more electricity.

HAWTSs can be installed onshore or offshore, and they can be used in a variety of
wind conditions, making them a versatile option for renewable energy generation. One
advantage of HAWTs is that they can be placed higher off the ground, allowing them to
capture more wind energy. They are also easier to maintain and repair than vertical axis
wind turbines, as the rotor assembly is mounted at ground level, making it easily acces-
sible. However, HAWTs also have some disadvantages. They can be noisy and can pose
a threat to birds and other wildlife. They also require a relatively large amount of space,
which can be a challenge in densely populated areas. Overall, horizontal-axis wind
turbines are an important part of the renewable energy mix and are likely to continue to
play a significant role in meeting the world’s energy needs in the coming years [11].

9.2 Vertical axis wind turbine (VAWT)

Vertical axis wind turbines (VAWTSs) are innovative wind turbines that have been
gaining popularity in recent years due to their unique design and efficiency. Unlike
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traditional horizontal axis wind turbines, VAWTs have their rotor shaft perpendicular
to the ground, which allows them to capture wind.

9.3 Savonius

Unlike the Darrieus VAWT, it is a slow-rotating speed with a high torque machine.
It can start at low wind speed, it does not need any external power source to turn on.
It does not create so much noise as the Darrieus one. So, it is more environmentally
friendly. It does not create any noise pollution. It can work in any wind direction [11].

9.4 Merits of wind energy

Wind energy is a renewable and sustainable source of power that is harnessed
from the natural movement of wind. It has emerged as a popular alternative to
traditional fossil fuels due to its numerous benefits. In this chapter, we will discuss the
merits of using wind energy.

9.4.1 Wind energy is a clean and green source of energy

Wind energy is clean and does not produce any pollutants, such as carbon dioxide, sul-
fur dioxide, or nitrogen oxide, which can have harmful effects on the environment. Unlike
fossil fuels, wind energy does not emit any greenhouse gases, which cause global warming
and climate change. The use of wind energy can help reduce the carbon footprint of our
energy consumption, making it a sustainable and environmentally friendly solution.

9.4.2 Wind energy is abundant and renewable

Wind energy is abundant and widely available in many regions around the world.
Aslong as the sun shines and the Earth rotates, wind energy will continue to be gener-
ated. Wind energy is the fastest-growing renewable energy source in the world, and
it is expected to continue to grow in popularity as technology improves and becomes
more affordable.

9.4.3 Wind energy is cost-effective

The cost of wind energy has decreased significantly over the past decade, making
it increasingly affordable for households, businesses, and governments to invest in.
Additionally, once a wind turbine is installed, it has very low operating costs, making
it an economically viable solution in the long run.

9.4.4 Wind energy can reduce dependence on fossil fuels

Wind energy can help reduce our dependence on fossil fuels, which are finite
resources and have harmful effects on the environment. By using wind energy, we can
reduce our reliance on non-renewable sources of energy such as coal, oil, and natural
gas, and instead invest in sustainable energy solutions.

9.4.5 Wind energy creates jobs and boosts local economies

The wind energy industry creates jobs in many different areas, including manu-
facturing, construction, and maintenance. The development and construction of
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wind farms can also have a positive economic impact on local communities by creat-
ing new business opportunities and increasing revenue.

9.4.6 Wind energy is scalable and versatile

Wind energy can be used on a small or large scale, making it a versatile solution for
avariety of energy needs. Wind turbines can be installed in remote areas to provide
power to off-grid communities, or they can be installed in urban areas to provide
power to businesses and households.

9.4.7 Wind energy can improve energy security

By diversifying our sources of energy, we can improve energy security and reduce
our vulnerability to supply disruptions or price fluctuations. Wind energy is a reliable
and consistent source of power, which can help mitigate the risks associated with
energy supply insecurity.

9.4.8 Wind energy is low maintenance and long-lasting

Wind turbines require little maintenance once they are installed, and they have a
lifespan of around 25 years. This means that they can provide a stable source of power
for many years without significant upkeep costs.

9.4.9 Wind energy is noise-free and non-invasive

Modern wind turbines are designed to be quiet and produce very little noise
pollution. Additionally, they are designed to have a minimal impact on the envi-
ronment and wildlife, making them a non-invasive solution for sustainable energy
production.

In conclusion, wind energy is a clean, abundant, cost-effective, and versatile
source of power that offers numerous benefits over traditional fossil fuels. By invest-
ing in wind energy, we can reduce our carbon footprint, create jobs, boost local
economies, and improve energy security. As technology continues to improve, wind
energy is poised to become an even more attractive and viable solution for sustainable
energy production [12, 13].

9.5 Demerits of wind energy

Wind energy is a popular source of renewable energy, but it has its demerits. In
this section, we will discuss some of the disadvantages of wind energy.

1. Intermittency: Wind energy is an intermittent source of energy, which means
that it is not available all the time. Wind speeds vary depending on weather
conditions, time of day, and season. As a result, wind turbines may not produce
energy at a constant rate.

2.Land use: Wind turbines require a lot of land to produce energy on a large scale.

This can be a problem in areas where land is deficient. Wind turbines can also
have negative impacts on wildlife habitats and migration patterns.
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3. Visual pollution: Wind turbines can be seen as an eyesore by some people. They are
tall and can be seen from miles away. This can be a problem in areas where there
are strict regulations on the use of land and the preservation of natural beauty.

4. Noise pollution: Wind turbines produce noise pollution, which can be a problem
for people living in the vicinity of wind farms. The noise can be constant and
may affect the quality of life of those living near the turbines.

5.Maintenance costs: Wind turbines require regular maintenance to ensure that
they operate at peak efficiency. This can be expensive and time-consuming,
especially in offshore wind farms.

6.Bird and bat mortality: Wind turbines can cause bird and bat mortality. These
animals can collide with the turbines and suffer fatal injuries. This can be a prob-
lem in areas where endangered species are present.

7.Wind energy is weather dependent: As wind energy is dependent on weather, it
cannot be relied on to meet the energy needs of a region entirely. Energy storage
systems like batteries can help to mitigate this problem, but they are still expen-
sive and not widely used.

In conclusion, wind energy is an excellent source of renewable energy, but it is not
without its demerits. The issues of intermittency, land use, visual and noise pollution,
maintenance costs, bird and bat mortality, and weather dependency need to be consid-
ered when evaluating the potential of wind energy as a sustainable energy source [14, 15].

10. Geothermal energy

The word geothermal energy means energy developed from the inside of the
Earth. So, geothermal energy is created by the intrinsic heat of the Earth. The high
temperature and pressure in the Earth’s core result in the melting of the metals where
the high temperature originates from the movement of the tectonic plates and from
the radioactive decay of materials.

Geothermal energy can be used in the generation of electricity or directly in space
heating, aquaculture, laundry, and industrial processes. Geothermal energy can be
found in abundance in hot springs all over the world.

Among these four types, that is, hydrothermal, hot dry rock, magma, and geo-
pressured, only hydrothermal resource is used commercially while the other three
resources are still under development. Although hydrothermal energy is being
commercially applied in many places, other types of geothermal energy are also used
intermittently [3, 16].

10.1 Dry steam technology
Dry steam power plants draw energy from underground resources like steam. The
steam is piped directly from underground wells to the power plant where it is directed

into a turbine or generator unit which in turn generates electricity. Here, the conden-
sate is usually re-injected into the reservoir or used for cooling.
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There are only two known underground resources of stream, The Geysers in
Northern California and Yellowstone National Park in Wyoming [17].

10.2 Flash steam technology

Flash steam power plants are the most common type. They use geothermal
reservoirs of water with temperatures greater than 455 K. This very hot water flows
through wells in the ground under its own pressure. As it flows upward, the pressure
decreases and some of the hot water boils or flashes into steam. The steam is then
separated from the water and used to power a turbine. Any leftover water and con-
densed dew are injected back into the reservoir, making this a sustainable resource.
The remaining hot water may flash again twice or maybe even three times, at progres-
sively lower pressures and temperatures to obtain more steam. They are the least
expensive out of the three geothermal harvesting technologies in both building and
operating. They are also the least prone to chemical precipitation problems due to the
source of energy being the steam that is formed in flash steam technology [17, 18].

10.3 Binary cycle technology

Binary cycle power plants operate on water at lower temperatures of about 380
to 455 K. These plants use the heat from the hot water to boil a working fluid usu-
ally an organic compound with a low boiling point and the working fluid is vapor-
ized in a heat exchanger and used to turn a turbine. The water is then injected back
into the ground to be reheated. The water and the working fluid are kept separated
during the whole process, so there are little to no air emissions. A higher tempera-
ture range provides thermal stability of the working fluid, while the lower tempera-
tures are more feasible in terms of techno-economic and financial factors. Further,
the impacts of corrosion and scaling are not apparent at high temperatures, as there
is no contact between the power generation equipment and the geo-fluid. These
plants are the most versatile of all and the functionality of power is determined by
the second cycle [17].

10.4 Merits of geothermal energy

Geothermal energy is a type of renewable energy that is generated by the Earth’s
internal heat. It has several advantages over other forms of energy, including its avail-
ability, sustainability, reliability, and low environmental impact.

1. Availability: Geothermal energy is a renewable energy source that is available at
any time. Unlike solar and wind energy, geothermal energy is not dependent on
weather conditions or the availability of sunlight or wind. This makes it a reli-
able source of energy that can be used to meet the demands of a wide range of
applications.

2.Sustainability: Geothermal energy is a sustainable energy source because it is
continuously replenished by the Earth’s internal heat. The amount of heat pro-
duced by the Earth’s core is estimated to be about 42 million megawatts, which is
more than enough to meet the world’s energy needs. Unlike fossil fuels, which are
finite resources, geothermal energy will not run out as long as the Earth’s internal
heat is available.
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3.Reliability: Geothermal energy is a reliable source of energy because it is not
affected by weather conditions. Unlike solar and wind energy, which can be
intermittent, geothermal energy can be generated consistently throughout the
year. This makes it a reliable source of energy for base load power generation,
which is the minimum amount of power required to meet the energy demands of
a particular region.

4.Low Environmental Impact: Geothermal energy has a low environmental impact
compared to other forms of energy. The process of generating geothermal energy
does not produce greenhouse gas emissions, which contribute to climate change.
The use of geothermal energy also does not produce harmful pollutants, which
can have negative impacts on human health and the environment. In addition,
the land use requirements for geothermal power plants are relatively small com-
pared to other types of power plants.

5. Cost-effective: Geothermal energy can be a cost-effective source of energy for
power generation. Although the upfront costs of building geothermal power
plants can be high, the operating costs are relatively low compared to other types
of power plants. This is because the fuel source for geothermal power plants is
free, which reduces the overall cost of generating electricity. In addition, the
long lifespan of geothermal power plants, which can last up to 30 years or more,
reduces the need for frequent replacements or maintenance, which can further
reduce the overall cost of generating electricity.

6. Versatility: Geothermal energy can be used for a wide range of applications,
including power generation, heating and cooling. In addition, it can be used in
combination with other renewable energy sources, such as solar and wind en-
ergy, to create hybrid systems that can provide a more stable and reliable source
of energy.

7.Local development: The development of geothermal energy can provide ben-
efits to local communities. For example, geothermal power plants can provide a
source of revenue for local governments, which can be used to fund local projects
and services. In addition, the development of geothermal energy can provide
energy security and independence for local communities, reducing their reliance
on imported fossil fuels.

8.Reduced energy dependence: The use of geothermal energy can reduce a coun-
try’s dependence on imported fossil fuels. This can help to improve energy secu-
rity and reduce the impact of fluctuations in global energy prices. In addition, it
can reduce a country’s carbon footprint [19, 20].

10.5 Demerits of geothermal energy

However, like all sources of energy, geothermal energy also has its demerits that
limit its potential for widespread use.

1. Limited availability: Geothermal energy is not available in all parts of the world.
It can only be harnessed in areas where there is enough heat beneath the Earth’s
surface. These areas are limited to regions with active volcanoes, hot springs, and
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geysers. This means that geothermal energy cannot be used as a primary source
of energy in areas without these natural features.

2. High upfront costs: The initial cost of building a geothermal power plant is rela-
tively high. The cost of drilling, constructing, and maintaining the wells and the
power plant is expensive. The cost of geothermal exploration can also be signifi-
cant. These high upfront costs can make it difficult for companies and govern-
ments to invest in geothermal energy.

3.Environmental impact: Although geothermal energy is a clean source of energy,
it can still have a negative impact on the environment. The construction of geo-
thermal power plants can disrupt natural habitats and wildlife. The drilling and
injection of water into the Earth can also cause earthquakes and other seismic
activities.

4. Limited lifespan of wells: Geothermal wells have a limited lifespan. Over time,
the wells can become clogged with minerals and sediment, reducing their ef-
ficiency. In some cases, the wells can also become contaminated, making them
unusable. This means that geothermal power plants require continuous mainte-
nance and monitoring to ensure their longevity.

5.Energy production fluctuation: Geothermal energy production can be affected
by natural events such as earthquakes and volcanic eruptions. These events can
disrupt the flow of heat and water, reducing the efficiency of the power plant.
This fluctuation in energy production can make it difficult for power plants to
meet the electricity demand.

6. Limited scalability: Geothermal power plants have limited scalability due to the
limited availability of geothermal resources. This means that the energy pro-
duced by geothermal power plants cannot be increased beyond a certain point.
This makes it difficult to use geothermal energy as a primary source of energy
for large-scale industrial operations.

7. Water usage: Geothermal power plants require a significant amount of water to
operate. The water is used to extract heat from the Earth and to generate steam to
power turbines. This can put a strain on local water resources, especially in areas
where water is deficient in nature.

In conclusion, geothermal energy has its demerits, including limited availability,
high upfront costs, environmental impact, limited lifespan of wells, energy production
fluctuation, limited scalability, and water usage. These demerits limit the potential for
widespread use of geothermal energy. However, with continued technological advance-
ments and innovations, it is possible that some of these demerits can be mitigated,
making geothermal energy a more viable source of renewable energy in the future [21].

11. Hydrothermal energy

Hydrothermal energy is classified into two categories. One in which the water
is heated up using other sources and the heated water produces vapors that in turn
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rotates a turbine, and in the process produces energy. Another form of hydrother-
mal energy is decomposing multiple biodegradable materials underwater at a high
temperature and pressure and increasing the carbon and calorific content of the
waste that is being decomposed. This process is globally known as hydrothermal
carbonization.

11.1 Conventional hydrothermal energy

It is well known that tectonic activities along plate margins are controlled by
thermal processes induced by density contrasts and changes in rheology. Vice versa,
the tectonic movements could lead to heat accumulation because of differences in the
thermal capacities of different strata. This heat trapped in different layers can then be
used to heat up the water bodies and produce hydrothermal energy. This hydrother-
mal energy also helps in understanding the tectonic plate movements, the formation
and distribution of geothermal resources, water-rock interactions, and the concentra-
tion of ore-forming elements.

Besides the study of tectonics, the heat anomaly in the hydrothermal reservoir might
be a result of groundwater movement. In a high-temperature and high-pressure envi-
ronment, the coupled effect of water and heat serves as the driving forces of groundwa-
ter flow. It further dominates the dynamics of deep hydrothermal circulations.

Traditionally, hydrothermal systems only refer to the flow and heat transport
processes that redistribute energy and mass in response to circulating fluids such as
groundwater and brine (Figure 3).

The total geothermal energy in these basins is 2.5 x 1022 J, which is about 260
times the total energy consumed in China in the year 2010. The utilization of hydro-
thermal resources is undergoing rapid development and strong growth can be further
expected. Incidentally, there is still a huge potential for hydrothermal systems that
have not been fully exploited. Secondly, the Enhanced Geothermal Systems (EGS) are
still in the experimental and pilot stage, which is far from maturity for commercial
use. Thirdly, the cost of hydrothermal utilization is generally under 2 ¢/kWh for space
heating and 4 ¢/kWh for electric generation, while the lowest possible cost for the
utilization of EGS is 5.43 ¢/kWh.
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Figure 3.
The conceptual model of reservoir engineering in the hydrothermal systems (adapted from [22]).
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We also learned from the case studies that reinjection is absolutely essential for the
sustainable utilization of hydrothermal systems. The drawdown of the groundwater
table during exploitation is a limiting factor to the long-term, sustainable application
of hydrothermal resources.

On the topic of reinjection operation, scientific and technical challenges still
remain. For example, the low permeability of sandstone formations and the clogging
of reinjection wells often lead to higher costs [22-24].

11.2 Sludge preparation by hydrothermal energy

HTC was applied to stabilize and process sludge collected from septic tanks into
hydrochar for practical energy recovery. Hydrothermal carbonization (HTC) is a ther-
mal conversion process that can be used to treat fecal sludge (FS) and convert it intoa
valuable solid product called “Hydrochar” The process requires short reaction times
(1-12 h) at a relatively low-temperature range (180-250°C), with corresponding pres-
sures of up to 30 bar. HTC is applied to stabilize and process FS collected 20 from septic
tanks into hydrochar so that pathogens are destroyed and energy recovery is possible.

The study involved using a 1-L high-pressure stainless steel reactor, fitted with
a pressure gauge, thermocouple, and gas collection ports. An electric heater with a
control panel was used to regulate the reactor temperature and reaction time. The
HTC experiment was carried out three times using 350 mL of FS mixed with different
additives such as catalysts and biomasses. The process was controlled at a heating rate
of 6°C per minute, temperature of 220°C, and reaction time of 5 hours. The pressure
inside the reactor was maintained at 30 bar. After each experiment, the reactor was
rapidly cooled to ambient temperature using water in a cooling jacket at a rate of
about 45°C per minute to stop the reaction. The remaining carbonized FS in the reac-
tor was separated into liquid and solid hydrochar using vacuum filtration (Whatman
filter paper, 1.2 pm). The hydrochar was dried in an oven at 105°C for at least 12 hours
to remove any remaining moisture. The produced hydrochar was analyzed to deter-
mine its characteristics. The mixtures of FS and the selected catalyst or biomass were
further tested in the HTC reactor operating at different temperatures and reaction
times. The study determined the effects of process parameters such as temperature
and reaction time and identified the optimum conditions of the HTC process.

HTC changed the fuel properties of cellulose, along with the results of the
ultimate and proximate analyses. The fixed carbon content of cellulose increased
from 6.1 to 35.0% in response to HTC at 220°C (Figure 4). This result suggests that
the cellulose begins to decompose at 220°C. As the fixed carbon content increased
during HTC, the calorific value of cellulose increased from 16.5 to 18.9, 23.1, 26.5,
and 27.7 MJ/kg at 180, 200, 220, and 280°C, respectively. These increased calorific
values can be used to calculate the final effect of HTC over the quality of the biofuel

Renewable Energy
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|
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Figure 4.
Classification of different types of renewable energy resources.
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(i.e., biochar) obtained from lignocellulosic biomass. This effect can most likely be
attributed to the decomposition or pyrolysis of cellulose during HTC reactions owing
hydrolysis, chemical dehydration, and decarboxylation reactions.

The HTC process can improve the properties of cellulose in a manner similar to the
coalification process. The coalification bands of pure cellulose and its biochar were
compared with the coalification bands of various types of coal.

Cellulose is known to have high H/C and O/C ratios, similar to other biomass
materials. The H/C and O/C ratios of cellulose decreased with the coalification
status between lignite and sub-bituminous coal. This occurred when the cellulose
was converted into carbonaceous products by chemical dehydration reactions dur-
ing HTC [25].

11.3 Merits of hydrothermal energy

Hydrothermal energy is considered a renewable and sustainable energy source
as it takes its heat from the Earth’s core, meaning that it is essentially inexhaustible.
Unlike some other renewable energy sources like wind and solar, hydrothermal
energy is available constantly, providing a consistent source of power.

1.It also produces very low levels of greenhouse gas emissions when compared to
fossil fuels, making it an environmentally friendly option.

2. Geothermal power plants also have relatively low operating costs, providing
stable and predictable energy prices for consumers.

3.Furthermore, they can also provide baseload power, meaning they can meet the
constant electricity demand without fluctuations.

11.4 Demerits of hydrothermal energy

On the other hand, geothermal energy resources are limited to regions with suit-
able geological conditions, meaning its widespread adoption is restricted.

1. Additionally, building a geothermal power plant can be expensive due to the
need for exploration and drilling to identify suitable geothermal reservoirs,
providing a high upfront cost.

2. Lastly, over time, geothermal reservoirs can become depleted, which reduces
energy output and may necessitate the abandonment of a geothermal well. It can
limit the long-term sustainability of individual geothermal projects [25].

12. Biomass energy

Biomass energy is a renewable energy source that is produced from organic matter,
such as plants, trees, and waste materials. Biomass energy is considered a sustainable
alternative to fossil fuels because it is carbon neutral and has the potential to reduce
greenhouse gas emissions. In recent years, the use of biomass energy has increased
due to concerns about climate change, energy security, and the need to diversify
energy sources.

189



Green Chemistry for Environmental Sustainability — Prevention-Assurance-Sustainability (P-A-S)...

Biomass energy can be produced in several ways, including combustion, gasifica-
tion, and anaerobic digestion. Combustion is the most common method of biomass
energy production, which involves burning biomass to produce heat and electricity.
Gasification is a process that converts biomass into a gas, which can be used for
heating or electricity generation. Anaerobic digestion is a process that breaks down
organic matter in the absence of oxygen, producing biogas that can be used for heat-
ing or electricity generation.

Biomass energy can be derived from a variety of sources, including agricultural
and forestry residues, municipal solid waste, energy crops, and algae. Agricultural
and forestry residues include crop residues, such as corn stalks and wheat straw, and
forestry residues, such as tree branches and sawdust. Municipal solid waste includes
household garbage, social waste, and industrial waste. Energy crops are crops that are
grown specifically for energy production, such as switchgrass and sugarcane. Algae
is a type of aquatic plant that can be used to produce biofuels, such as biodiesel and
bioethanol.

Biomass energy has several advantages over fossil fuels. One of the primary advan-
tages of biomass energy is that it is a renewable energy source. Unlike fossil fuels,
which are finite resources that will eventually run out, biomass can be continually
replenished through sustainable practices. Another advantage of biomass energy is
that it is carbon neutral. When biomass is burned or converted into energy, it releases
carbon dioxide into the atmosphere. However, because the carbon dioxide released
during biomass combustion is equal to the carbon dioxide that was absorbed by the
plant during its lifetime, biomass energy does not contribute to a total increase in
atmospheric carbon dioxide (CO,) levels [16].

Biomass energy also has the potential to reduce greenhouse gas emissions. By using
biomass energy instead of fossil fuels, the amount of carbon dioxide emitted into
the atmosphere can be reduced. This is because biomass energy is a low-carbon fuel
source that produces fewer emissions than fossil fuels. Additionally, biomass energy
can help to reduce waste by using organic materials that might otherwise end up in
landfills. Despite its advantages, biomass energy also has some drawbacks. One of the
primary drawbacks of biomass energy is that it can be expensive to produce. Biomass
energy requires significant upfront investment in equipment and infrastructure,
and the cost of biomass feedstocks can be volatile. Additionally, biomass energy can
have negative environmental impacts if it is not produced sustainably. For example,
clearcutting forests to produce biomass energy can result in habitat destruction and
loss of biodiversity.

In conclusion, biomass energy is a renewable energy source that has the poten-
tial to reduce greenhouse gas emissions and diversify energy sources. Biomass
energy can be produced from a variety of sources, including agricultural and
forestry residues, municipal solid waste, energy crops, and algae. While biomass
energy has several advantages over fossil fuels, including its renewability and
carbon neutrality, it also has some drawbacks, such as high production costs and
negative environmental impacts. As research and technology continue to advance,
it is likely that biomass energy will play an increasingly important role in the
global energy mix [26, 27].

12.1 Merits of biomass energy

i.Biomass is a renewable resource as we can regenerate the lost biomass by growing
new crops and trees, making it a sustainable energy source.
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ii. As biomass combustion releases CO,, the same amount of CO, is absorbed by the
plants used for biomass, forming a carbon-neutral cycle. This, in turn, reduces
net greenhouse gas emissions.

iii. Biomass energy is a great alternative to landfills and open burning, as it makes
use of agricultural and forestry residues for energy production, thus cutting back
on waste.

iv. Since biomass can be sourced locally, it promotes energy independence and
reduces reliance on foreign energy sources.

v. We can source biomass energy from a variety of organic materials, providing
flexibility in utilization.

vi. With the cultivation and processing of biomass, rural populations can earn jobs
and income, promoting energy production in such regions [8, 28].

12.2 Demerits of biomass energy

i. While biomass is considered carbon-neutral over the long term, burning bio-
mass releases CO,, methane (CH4), and other pollutants into the atmosphere.
The carbon neutrality assumption depends on the replanting and growth rates of
biomass feedstock, which may not always be guaranteed.

ii. Biomass combustion can produce air pollutants, including particulate matter,
nitrogen oxides (NOx), and volatile organic compounds (VOCs), which can have
adverse health effects and contribute to smog and air quality issues.

iii. Large-scale biomass production can lead to land-use changes, deforestation,
and increased water consumption, potentially impacting ecosystems and water
resources.

iv. Biomass energy conversion processes, such as combustion and gasification, are
often less energy-efficient than other renewable sources like wind and solar,
which can limit their overall environmental benefits.

v. Biomass energy conversion processes, such as combustion and gasification, are
often less energy-efficient than other renewable sources like wind and solar,
which can limit their overall environmental benefits.

vi. Using land for biomass production can compete with food production and
natural habitats, raising ethical and environmental concerns.

vii. Biomass often needs to be transported from rural areas to energy facilities,
which can be logistically challenging and energy-intensive, affecting overall
efficiency [8, 28].

13. Recent works

There has been a plethora of projects on green energy and chemistry that have been
recently adopted by multiple institutions. One of them is the transmission of data
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using green radio. The specific objective of the Green Radio program is to investigate
and create innovative methods for the reduction of the total energy needed to operate
aradio access network and to identify appropriate radio architectures that enable such
a power reduction. These results clearly show that reducing the power consumption
of the base station or access point has to be an important element of this research
program. Studies have indicated that the mobile handset power drain per subscriber

is much lower than the base station component. Hence, the Green Radio project will
mainly focus on base station design issues. This is because the lifetime of a base station
is typically 10-15 years, compared to a typical handset being used for 2 years. In addi-
tion, the energy costs of a base station are shared between multiple mobile subscrib-
ers, leading to a large imbalance in the contribution of embodied energy. From the
point of view of devices, significant efforts need to be put into reducing manufactur-
ing energy costs and increasing their lifetime. The Third Generation Partnership
Project (3GPP) Long Term Evolution (LTE) system has been chosen as the baseline
technology for the research program,; its specifications have recently been completed
with a view to rolling out networks in the next two to 3 years [29].

Energy can also be gained from the recycling of aircraft’s vibration. This can be
achieved using the characteristic properties of piezoelectric that convert the vibra-
tional energy into piezoelectricity. Piezoelectricity is the ability of some materials
to generate an electric potential in response to applied mechanical stress. This may
take the form of a separation of electric charge across the crystal lattice. If the mate-
rial is not short-circuited, the applied charge induces a voltage across the material
[30]. Green chemistry can also be used to produce energy with green technology by
Planet-e from living plants and Bacteria. The Plant-Microbial Fuel Cell (P-MFC) isa
novel technology that generates electricity in a renewable and likely sustainable way.
The P-MFC may mature into a very competitive technology toward other bio-energy
systems as it can deliver a net five times higher energy than other systems. The P-MFC
concept has several attractive qualities, which can provide a significant breakthrough
for sustainable energy production. The plants convert solar energy into organic mat-
ter, which is transformed into electricity by electrochemically active bacteria in the
fuel cell. Still, the high power output must be maintained, and costs must be reduced
to become compatible. Further research and development will reinforce the competi-
tiveness of Europe since P-MFC is worldwide implementable. It has been shown that
both the size and type of carbon granules affect the current density of the PMFC. The
cathode of the P-MFC can limit the power output [31].

14. Barrier

Implementing green chemistry practices in the field of energy efficiency faces
several associated barriers that hinder progress in creating sustainable and envi-
ronmentally friendly energy solutions. One prominent challenge is the inertia of
established industrial processes and technologies, which often resist change due
to their long-standing presence and large investments. What’s more, there can be
economic constraints, as the development and adoption of green chemistry methods
may require upfront investments in research and development, making it difficult for
some companies to justify the costs. Regulatory barriers, such as outdated or inad-
equate environmental regulations, can also impede the adoption of greener practices.
Furthermore, the lack of awareness and education about green chemistry among
stakeholders in the energy sector can slow down its implementation, as it requires a
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shift in mindset and a commitment to sustainability. Finally, the inherent complexity
of energy systems and the need for interdisciplinary collaboration between chemists,
engineers, and policymakers pose challenges in developing holistic green chemistry
solutions for energy efficiency. Addressing these barriers will be essential to drive
the widespread adoption of green chemistry principles in the pursuit of sustainable
energy solutions [32].

15. Conclusion

This review highlights the various forms of green energy that we have at our
disposal. Though we look at green energy as an alternative source of energy for us in
the future, in reality, it might be the only source of energy left for us to explore. The

utility of renewable energy and green technology also minimizes the dependency on
fossil fuels in the era of global development.
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