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Green chemistry is known as sustainable chemistry or environmentally benign
chemistry [1]. Itis a field of chemistry that focuses on the design and development of chemical
products and processes that cut down the use of hazardous substances. It aims to promote
sustainability, reduce pollution, and minimize the environmental impact of chemical processes

and products throughout their lifecycle [1].

Need of green chemistry

Environmental Protection

Green chemistry aims to minimize the use and generation of hazardous substances,
reducing their impact on ecosystems, wildlife, and human health. By adopting sustainable
practices, it helps protect the environment for current and future generations [3, 4].

Resource Conservation

Green chemistry promotes the efficient use of raw materials and energy, reducing the
depletion of valuable resources. This is especially crucial as the world faces challenges of

resource scarcity and increasing demand for products [3, 4, 5].
Climate Change Mitigation

Green chemistry plays a role in developing technologies that reduce greenhouse gas
emissions and contribute to the fight against climate change. This includes carbon capture and

utilization, sustainable energy production, and more efficient processes [3, 4].
Health and Safety

By minimizing the use of toxic substances and reducing waste, green chemistry
improves safety conditions for workers and consumers alike. It decreases the risk of accidents

and exposure to harmful chemicals [3, 4, 5].
Economic Benefits

Embracing green chemistry can lead to economic advantages by promoting innovation
and efficiency. Companies can save on raw materials, reduce waste disposal costs, and access

new markets with environmentally conscious consumers [3, 4, 5].




Sustainable Development

Green chemistry aligns with the principles of sustainable development, which seeks to
meet present needs without compromising the ability of future generations to meet their needs.

It ensures a balanced approach to economic, environmental, and social well-being [3, 4].
Public Perception and Regulatory Compliance

In an era of increasing environmental awareness, consumers, investors, and
governments are more inclined to support and require environmentally friendly practices.
Green chemistry helps industries stay compliant with regulations and meet customer

expectations [3, 4, 5].
Long-term Viability of Industries

Industries that adopt green chemistry practices are more likely to remain viable in the
face of changing regulations, consumer demands, and resource constraints. It allows businesses

to future-proof their operations and maintain a competitive edge [3, 4, 5].
Collaboration and Innovation

Green chemistry encourages collaboration between scientists, engineers, and other
experts from different fields. This interdisciplinary approach fosters innovation and creative

problem-solving [3, 4].
Global Impact

With the challenges of pollution, climate change, and resource scarcity being global
issues, green chemistry's widespread adoption can contribute to a more sustainable and resilient
planet [3, 4, 5].

Overall, the need for green chemistry is evident in the face of environmental and
societal challenges. Embracing sustainable and responsible practices in chemistry and related

fields is crucial for the well-being of humanity and the planet [5, 6].

The principles of green chemistry

It involve the following concepts:

Prevention




It is better to prevent production of waste material and environmental pollution than to
clean it up afterward. Green chemistry promotes the design of processes that minimize or

eliminate the use of hazardous substances and the generation of waste [7, 8].
Atom economy

The goal is to maximize the efficiency of chemical reactions by utilizing the maximum
number of atoms from the starting materials in the final product. This reduces the generation

of by-products and waste [3, 7, 8].
Less hazardous synthesis

Green chemistry encourages the use of safer reagents and solvents. It seeks to minimize
or eliminate the use of toxic substances and prioritize the use of substances that are less harmful

to human health and the environment [3, 7, 8].
Safer chemical design

Green chemistry promotes the development of chemical products with reduced toxicity.
By considering the potential hazards of a chemical during its design phase, chemists can create

safer alternatives that still perform the desired function [3, 7, 8].
Energy efficiency

Green chemistry emphasizes the use of energy-efficient processes. By optimizing
reaction conditions and exploring alternative energy sources, it aims to minimize energy

consumption and reduce greenhouse gas emissions [9, 10].
Renewable feedstocks

Green chemistry promotes the use of renewable raw materials derived from sustainable
sources, such as biomass, instead of relying solely on fossil fuels and non-renewable resources
[11, 12].

Life cycle thinking

The environmental impact of a chemical process or product is assessed throughout its
entire life cycle, from raw material extraction to disposal. Green chemistry encourages the
consideration of factors such as resource use, energy consumption, and waste generation at
each stage [13-15].




By integrating these principles into chemical research, development, and
manufacturing, green chemistry aims to provide sustainable solutions that are economically
viable, socially acceptable, and environmentally friendly. It plays a crucial role in advancing

the goal of a more sustainable and greener future [15].
Difference between green chemistry and cleaning of pollution

Green chemistry and cleaning of chemicals are two distinct concepts, although they are
both related to environmental sustainability. Here's a breakdown of the difference between

green chemistry and cleaning of chemicals [16].
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Focus and Scope

Green chemistry

Green chemistry focuses on the design and development of chemical products and
processes that are environmentally friendly, economically viable, and socially responsible. It
encompasses the entire life cycle of chemicals, from raw material extraction to final disposal,

with the goal of minimizing environmental impact and reducing pollution [17-20].

Cleaning of chemicals




Cleaning of chemicals refers to the process of removing contaminants, impurities, or
unwanted substances from chemical products or surfaces. It involves techniques, such as
purification, filtration, distillation, or other methods, to ensure that chemicals are clean and
meet specific quality or safety standards. The focus is primarily on the cleanliness and purity

of the chemicals themselves rather than their environmental impact [21].
Objectives

The key objectives of green chemistry include:

Reducing Waste

One of the primary objectives of green chemistry is to prevent waste. This involves
designing chemical syntheses and processes that minimize the generation of by-products and

waste materials [22-25].
Eliminating Toxic Substances

Green chemistry aims to minimize or eliminate the use of toxic and hazardous
substances in chemical processes. This not only includes the substances used in reactions but

also the products and by-products generated [26].
Designing Safer Chemicals

A significant goal of green chemistry is to design chemicals that are effective but less

harmful to human health and the environment [27].
Designing Degradable Products

It also focuses on the design of chemical products that break down to innocuous

substances after use to minimize environmental impact [28].
Improving Catalysis

Catalysis is a key aspect of green chemistry because catalysts can increase reaction
efficiency and selectivity, decreasing waste. Research into developing better catalysts is an

important objective [29].
Promoting Real-time Analysis for Pollution Prevention

Green chemistry encourages the development of methods for real-time, in-process

monitoring and control during syntheses to prevent the formation of hazardous substances [30].




Minimizing the Potential for Accidents

Chemical processes should be designed to minimize the potential for chemical

accidents including explosions, fires, and releases to the environment [30].
Innovation and Education

One of the goals of green chemistry is to drive innovation in chemistry and related

disciplines and to promote education in this area.

By achieving these objectives, green chemistry hopes to create more sustainable and
environmentally friendly chemical processes and products, thus reducing the overall
environmental impact of the chemical industry and contributing to a more sustainable future
[30].

Approach

Green chemistry

Green chemistry takes a proactive and preventive approach by integrating sustainable
principles and strategies into the design and development of chemicals and processes. It
emphasizes the use of greener solvents, the reduction of hazardous substances, the

maximization of atom economy, and the consideration of the entire life cycle of chemicals [31].
Cleaning of chemicals

Cleaning of chemicals is a reactive approach that involves targeted methods and
techniques to remove specific impurities or contaminants from chemicals. The cleaning process

may vary depending on the nature of the impurities and the desired level of purity [31].

Green chemistry focuses on the sustainable design and development of chemicals and
processes to minimize environmental impact, while cleaning of chemicals is primarily
concerned with the purification and removal of impurities from chemicals for specific
applications or quality standards. Both concepts contribute to environmental sustainability, but
they address different aspects and objectives within the realm of chemical-related practices
[32].

Greener approach for the synthesis of heterocyclic compounds

Heterocyclic compounds have a wide variety of uses across multiple sectors, including

pharmaceuticals, agrochemicals, and dyestuffs. However, traditional methods of synthesis can




often involve hazardous materials, generate waste, and require high energy inputs, which goes
against the principles of green chemistry. Green chemistry promotes the design of chemical
products and processes that reduce or eliminate the use and generation of hazardous substances
[31].

The synthesis of heterocyclic compounds can be made greener by adopting several
strategies:

Water as a Solvent and its benefits

Water is an excellent solvent for many green chemistry applications, as it is non-toxic,
non-flammable, and plentiful. There are many reactions for heterocyclic synthesis that can be
carried out in water. For example, the one-pot synthesis of 1, 4-dihydropyridines (a type of

heterocyclic compound) can be carried out in water with high yield [33].

Water is one of the most eco-friendly solvents available, given its non-toxicity, non-
flammability, and abundance. The use of water as a solvent in green synthesis processes aligns
with several of the principles of green chemistry, which seek to reduce the environmental
impact of chemical processes.

Here are a few reasons and examples why water is used as a solvent in green synthesis:
No harmful by-products

Unlike many organic solvents, water doesn't produce harmful by-products or residues
when used as a solvent [33, 34].

Abundant and cheap

Water is plentiful and cheap, making it an excellent choice for sustainable, cost-effective

chemical processes [33, 34].
High heat capacity

Water has a high heat capacity, which means it can absorb a lot of heat without its
temperature rising excessively. This characteristic makes it ideal for reactions that generate
heat [34].

Promotes selectivity

Water can encourage selectivity in reactions due to the "hydrophobic effect,” where
non-polar entities tend to group together to minimize their exposure to water [34].




Various Reactions in Water

Many types of chemical reactions can be performed in water, including condensation
reactions, catalytic reactions, and organic reactions. For example, a type of reaction called the
Diels-Alder reaction can be carried out in water, resulting in increased reaction rates and yields
[33].

Despite these advantages, there are challenges that come with using water as a solvent.
For example, many organic compounds are insoluble in water, making it hard to use for certain
reactions. Furthermore, water can react with some reagents or products, which may impact the
reaction outcome. Researchers are continuously developing methods to address these

challenges and expand the use of water in green chemistry [33].

COOR,
0 bmin]OH y
0 or R,00C COOR,
£ R " \ l [bmin]OH . / \
OH H,O
R Cl R; N R
NH, COOR, H

(1) @ 3) @)
R = Me, Ph, 4-MeCgH,, 4-CICH,, 4-NO,CH,
R, = i-Bu, sec-Bu, Bu, Ph
R, = Me, Et

R

InCly (20 mol%
_ =
H,0, MW, 90 °C

R, R
R =Cl, Br, Me, OMe, NO, R, = Me, CF;, Ph, OEt 71-94%
(5) (6) g
Q
EtO
—= 7\
o] O NH2
R N
Zn(C104); (5 mol%) 2
R OEt + R-| NHz 412 O H ?I 765’70
Water (10)
NG R, = Ph, Het(Ar) EtO
®) ©) / \
NHR,
R = Me, CH(CH;),, Ph, Het(Ar) R ’
H 70-83%

(1)
Various reactions using water as solvent (A. Kathuria at. el. 2022)




Microwave-assisted Synthesis

Microwave-assisted synthesis can significantly reduce the reaction times required to

form heterocyclic compounds, which can improve energy efficiency [34]. The process also

usually requires less solvent and can often be done under milder conditions than conventional

heating [35].
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Use of Biocatalysts

Biocatalysts uses natural catalysts, such as protein enzymes, to conduct chemical
reactions. This can be a more sustainable alternative to traditional catalysis methods as it

often takes place under mild conditions and produces fewer by-products [36].
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Enzyme-catalysed synthesis of 5’-O-methacryloylcytidine by using Lipase Novozym 435

enzyme and Microwave radiation (S. Chea at el 2022)

Cyclotrimersization of Alkynes

Cyclotrimerization of alkynes under the catalysis of some transition metals has emerged
as a highly efficient strategy for the synthesis of aromatic heterocycles. The procedure often

eliminates the need for leaving groups, which reduces waste and avoids the use of toxic

reagents [36]. R
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Some examples of cyclotrimerization by microwave irradiation (A.C. Regan, 1995)

Click Chemistry

Click chemistry, such as the Huisgen 1,3-dipolar cycloaddition, is a type of chemical
reaction that is reliable, specific, and environmentally friendly. It can be used to produce a wide

range of heterocyclic compounds [34].
Green Oxidation Methods

Certain oxidation reactions can be done using greener reagents. For example, the use
of hydrogen peroxide (H20z) in certain oxidation reactions is considered a green method since

water is the only by-product [34].

In all cases, it's important to evaluate the process's sustainability using a lifecycle
assessment, which looks at the environmental impact of all stages of a product's life from raw
material extraction through materials processing, manufacture, distribution, use, repair and
maintenance, and disposal or recycling. This holistic view can help identify any unforeseen

environmental impacts and ensure that the process is genuinely sustainable [33].




Cycloadditions

Cu'-catalyzed Huisgen 1,3-dipolar cycloadditions of azides and alkynes
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Green chemistry and new research

Many researchers are doing various type of Research in this field, such as -
Green Solvents

Many chemical reactions traditionally require the use of harmful organic solvents.
Research is underway to develop safer, more sustainable alternatives, including water,

supercritical fluids, ionic liquids, and bio-derived solvents [35, 36].
Carbon Dioxide Utilization

Rather than treating carbon dioxide as a waste product, researchers are exploring
ways to use it as a raw material for chemical reactions. This could both reduce greenhouse

gas emissions and provide a sustainable source of carbon for the chemical industry [36].
Plastic Alternatives

With plastic pollution a growing concern, researchers are working on developing
biodegradable alternatives. This includes plastics derived from plant materials, as well as

polymers designed to break down under environmental conditions [36].
Recycling Technologies

Traditional recycling methods can be energy-intensive and ineffective. Research is
underway to develop new methods for recycling plastics and other materials that are more

efficient and less harmful to the environment [36].
Energy Storage and Conversion

In the context of a renewable energy future, green chemistry has a crucial role to play
in developing sustainable methods for energy storage (like advanced battery technologies)

and energy conversion (such as efficient and environmentally-friendly fuel cells) [36].
Green Synthesis Methods

Many traditional chemical syntheses involve harsh conditions, dangerous reagents,
and generate significant waste. Green chemistry seeks to develop new synthesis methods that

are safer, more efficient, and produce less waste [36].

Some draw backs of green chemistry




Green chemistry, also known as sustainable chemistry, aims to design chemical
products and processes that minimize the use and generation of hazardous substances [36].
While green chemistry holds considerable potential for reducing environmental harm and
improving sustainability, it is not without its drawbacks [37]. Here are a few to consider:

Economic Costs

The upfront costs associated with transitioning to green chemistry methods can be quite
high. This includes the cost of redesigning and refitting existing manufacturing facilities,
training personnel, and investing in research and development for new processes and materials.

Small and medium-sized enterprises might struggle with these upfront costs [37].
Limited Scope

Green chemistry is largely preventive and focuses on making chemical processes less
harmful. However, it doesn't necessarily address the issues of energy use, waste generation,
and material efficiency that arise during the actual production, use, and disposal of the products

themselves [38].
Technology and Knowledge Limitations

Despite significant progress, green chemistry is still an emerging field. Many desired
reactions and processes cannot yet be achieved efficiently and cost-effectively using green
chemistry methods. It also requires a broad range of knowledge, combining chemistry with
engineering, biology, environmental science, and other fields, which can be challenging to
integrate [37].

Regulatory Barriers

Sometimes, regulations may not keep up with the pace of scientific advancement.
Innovations in green chemistry can face regulatory hurdles, as current laws might not fully

consider the nuances of newer, more sustainable technologies and processes [37].
Slow Adoption Rate

Even when green alternatives are available, industries may be slow to adopt them due
to lack of awareness, resistance to change, or concern about the costs and risks associated with

implementing new technologies [37].

Reliability and Performance Concerns




In some cases, the products and processes derived from green chemistry may not
perform as well as those developed through traditional methods. This can limit their market

acceptance, especially in sectors where performance is a crucial factor [38].
Scale-up Issues

A process or product may work well on a small, lab-based scale, but scaling it up to an
industrial level can be problematic. Challenges include efficiency, cost, resource availability,

and managing the by-products of these processes [38].

Scope of green chemistry

Despite these drawbacks, the potential benefits of green chemistry, in terms of reduced
environmental impact and improved sustainability, are significant and make it an important

area of focus for future scientific and industrial development [38].
Here are some areas where green chemistry is expected to have a significant impact:
Industrial Manufacturing

Green chemistry principles can help reduce waste, improve efficiency, and minimize
the use of hazardous materials in a wide range of industries. This not only benefits the

environment but can also lead to cost savings in the long term [39].
Pharmaceutical Industry

The pharmaceutical industry traditionally relies on chemical processes that can generate
significant waste and use hazardous materials. Green chemistry can help develop safer, more
efficient methods for drug synthesis, potentially reducing the industry's environmental
footprint [40].

Energy Production

Green chemistry plays a role in the development of cleaner, more sustainable energy

sources. This includes research into biofuels, fuel cells, and materials for solar panels [40].
Plastics and Materials Science

Green chemistry can lead to the development of new materials with reduced
environmental impact. This includes biodegradable plastics, as well as materials that are easier

to recycle [40].




Education

By integrating the principles of green chemistry into education, future chemists and
other scientists can be equipped with the knowledge and skills they need to design processes

and products that are environmentally friendly []40.
Agriculture

Green chemistry can contribute to more sustainable agricultural practices, such as the

development of safer pesticides and fertilizers [40].
Clean Water

Green chemistry technologies can help improve water quality by removing pollutants

and restoring natural ecosystems.

In all these areas, green chemistry has the potential to create processes and products
that are not only less harmful to the environment, but also economically competitive with
traditional methods. By reducing waste and improving efficiency, green chemistry can also
help industries save money in the long term. Despite the challenges, the potential benefits of

green chemistry make it an exciting and rapidly growing field [40, 41].

Future of green chemistry

The future of green chemistry looks promising and holds potential for numerous

applications across various industries. Here are a few trends that may characterize its future:
Greater Adoption in Industry

As the benefits of green chemistry become increasingly apparent, more and more
industries are likely to adopt its principles. This adoption could span various sectors, including

pharmaceuticals, agriculture, textiles, and energy production, among others [41].
Technological Innovations

Ongoing research in the field is likely to yield new and innovative technologies that can
facilitate the implementation of green chemistry. These could include advanced catalytic

materials, environmentally friendly solvents and more [40].

Increased Government Support




With rising concerns about environmental sustainability and health, it is likely that
governments worldwide will promote and incentivize the adoption of green chemistry. This

could involve financial incentives, legislation or both [40].
Advancements in Education

As green chemistry principles become more integrated into chemical education,
upcoming generations of chemists are expected to be more proficient in designing and

implementing sustainable chemical processes [41].
More Collaborative Research

Given the interdisciplinary nature of green chemistry, we can anticipate more
collaboration between chemists, engineers, environmental scientists, and policy-makers. Such
collaboration will help solve complex problems related to sustainability and chemical

production [42].
Development of Biodegradable Materials

Green chemistry will likely play a significant role in developing new materials,
particularly biodegradable and recyclable materials, to replace conventional plastics and reduce
environmental pollution [42].

Wider Social Acceptance

As people become more aware of environmental issues, there may be more consumer
pressure on industries to adopt green practices. Companies that embrace green chemistry may

thus gain a competitive advantage [43, 44].
Artificial Intelligence and Machine Learning

Al and machine learning are increasingly being used in chemistry to predict and
optimize chemical reactions. This could greatly aid the development of green chemistry by

predicting the most efficient and least harmful ways to conduct chemical processes [42, 43].

Overall, the future of green chemistry holds the promise of a more sustainable and
environmentally friendly approach to chemical production and use, which is crucial for the

well-being of our planet [43].
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