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Abstract

Green chemistry is an approach to chemical science that focuses on designing processes and products in a way
that reduces or eliminates the use and generation of hazardous substances. The term was first introduced by
Paul Anastas and John Warner in the 1990s, and since then it has become an important field that connects
chemistry with environmental sustainability. Unlike traditional chemistry which focused mainly on yield and
efficiency, green chemistry asks a broader question: how can we do chemistry in a way that is safer for people

and the planet?

This review paper is an attempt to explore the major concepts and applications of green chemistry from an
undergraduate perspective. The paper discusses the 12 Principles of Green Chemistry in detail, compares green
and conventional chemical approaches using tables, and provides several real-world examples and industrial
case studies that show how these principles work in practice. The paper also covers important tools like atom
economy, the E-factor, biocatalysis, and green solvents. Finally, the current challenges and future scope of

green chemistry are discussed.

It is hoped that this review will help fellow undergraduate students understand why green chemistry matters and

how it can be applied in everyday chemical practice.
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Introduction
When we think about chemistry, we usually think about reactions happening in laboratories or factories —

things like synthesizing medicines, making plastics, producing fertilizers, or manufacturing dyes. For a long
time, the main goal in all of these processes was to get a good yield of the desired product, as cheaply and
quickly as possible. Not much attention was paid to where the waste went, whether the solvents being used

were toxic, or what happened to the environment around the factory.

But starting in the late 20th century, people began to realize that this approach was causing serious harm.
Industrial accidents, chemical spills, and slowly accumulating pollution were damaging ecosystems and
affecting human health in ways that were hard to reverse. Events like the Bhopal gas tragedy in India (1984),
where toxic methyl isocyanate gas leaked from a pesticide plant and killed thousands of people, and the Love
Canal disaster in the United States (1978), where a residential neighborhood was built over a chemical waste

dump, shocked the world and showed that chemistry needed to take environmental responsibility seriously.

Green chemistry was born from this realization. It is defined as the design of chemical products and processes
that reduce or eliminate the use and generation of hazardous substances (Anastas and Warner, 1998). It is not
just about cleaning up pollution after it happens — it is about designing chemistry so that pollution does not
happen in the first place. This is called pollution prevention at the source, which is a fundamentally different

way of thinking.

Paul Anastas, who worked at the U.S. Environmental Protection Agency (EPA), is considered the father of
green chemistry. Along with John Warner, he wrote the book Green Chemistry: Theory and Practice in 1998, in
which they laid out the 12 Principles that form the foundation of green chemistry thinking. These principles
guide chemists on how to design reactions, choose solvents, select feedstocks, and evaluate the overall impact

of a chemical process.
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In this review paper, we will look at all of these concepts in a structured way. We will start with the historical
background of how green chemistry developed, then discuss the 12 Principles in detail, compare green
chemistry to traditional approaches using tables, look at real-world case studies, and finally discuss what the

future of green chemistry might look like. The aim is to give a clear and practical understanding of this

important field.

2. Historical Background

2.1 Chemistry Before the Green Era
For most of the 19th and early 20th century, chemistry developed at a fast pace. New drugs, synthetic dyes,

fertilizers, pesticides, and polymers were being discovered and manufactured on a large scale. The chemical
industry became one of the most economically important sectors in the world. However, this rapid development

came with a heavy environmental cost.

Factories used chlorinated solvents, toxic heavy metals like mercury and lead, and strong acids or bases, and
they often disposed of waste by dumping it into rivers or burying it underground. There was little regulatory
oversight, and the long-term effects on health and ecosystems were not well understood. Chemicals like DDT
were widely celebrated as revolutionary before their devastating effects on wildlife (especially birds of prey)

were discovered by Rachel Carson and documented in her famous 1962 book Silent Spring.

These events slowly led to the environmental movement, and governments began passing legislation to protect
the environment. The U.S. Clean Air Act (1970), Clean Water Act (1972), and the Toxic Substances Control
Act (1976) were important milestones. But these laws mostly focused on controlling pollution after it was
generated — they did not require companies to prevent it in the first place.

2.2 The Birth of Green Chemistry

The Pollution Prevention Act passed in the United States in 1990 was a turning point. It officially recognized
for the first time that it is better to prevent waste than to manage it after it is produced. This provided the

philosophical basis for green chemistry.
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Paul Anastas started developing a formal framework for green chemistry while working at the EPA in the early
1990s. He coined the term 'green chemistry' and worked with John Warner to develop the 12 Principles. The
publication of their book Green Chemistry: Theory and Practice in 1998 is considered the founding document

of the field. That same year, the U.S. Presidential Green Chemistry Challenge Awards were established to

recognize industry and academic achievements in green chemistry.

The Royal Society of Chemistry (RSC) launched the journal Green Chemistry in 1999, which quickly became
one of the leading scientific journals in the field. Universities around the world started incorporating green

chemistry into their curricula, and industrial companies began investing in research to redesign their processes.

2.3 Global Recognition
Over the 2000s and 2010s, green chemistry gained global recognition. Organizations like the International

Union of Pure and Applied Chemistry (IUPAC), the United Nations Environment Programme (UNEP), and the
World Health Organization (WHO) all began incorporating green chemistry into their sustainability agendas.
Today, green chemistry is considered essential for achieving several of the United Nations Sustainable
Development Goals (SDGs), particularly those related to health, clean water, responsible production, and

climate action.

3. The 12 Principles of Green Chemistry

The 12 Principles of Green Chemistry, as given by Anastas and Warner (1998), are the core of the entire field.
They provide a set of guidelines that chemists can use to evaluate and improve the environmental friendliness
of chemical processes and products. Each principle targets a specific aspect of chemical practice. Table 1 below
gives an overview of all 12 principles, followed by a more detailed explanation of some of the most important

ones.
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Table 1: The 12 Principles of Green Chemistry (Anastas and Warner, 1998)

No.

1
2

10

11

12

3.1 Detailed Discussion of Key Principles

Principle
Prevention

Atom Economy

Less Hazardous Syntheses

Designing Safer Chemicals

Safer Solvents &

Auxiliaries
Design for Energy
Efficiency
Use of Renewable
Feedstocks

Reduce Derivatives

Catalysis

Design for Degradation

Real-time Pollution

Prevention

Inherently Safer Chemistry

3.1.1 Principle 1 — Prevention

This is probably the most fundamental principle of all. The idea is simple: it is always better to prevent waste
from being formed than to deal with it after the fact. Treating or disposing of chemical waste costs money, time,
and energy, and it never fully eliminates the problem. Prevention solves the problem at its root. This principle

drives the entire philosophy of green chemistry — design the process right from the beginning so that waste is

minimized or completely avoided.

3.1.2 Principle 2 — Atom Economy

Atom economy is a concept introduced by Barry Trost in 1991. It measures how efficiently a reaction converts

Brief Description
Prevent waste rather than treating it after it is formed.

Design reactions so that maximum atoms of reactants end up in the
final product.

Use and produce substances with little or no toxicity to human health
and environment.

Design chemical products that are effective yet have low toxicity.

Avoid auxiliary substances (solvents, separation agents) or use
innocuous ones.

Minimize energy requirements; run reactions at ambient temperature
and pressure if possible.

Use renewable raw materials and feedstocks rather than depleting ones.

Avoid unnecessary derivatization steps which require extra reagents
and generate waste.

Use catalytic reagents (as selective as possible) in preference to
stoichiometric reagents.

Design products to break down into harmless substances after use;
avoid environmental persistence.

Develop real-time monitoring to detect and control formation of
hazardous substances during synthesis.

Use forms of substances and processes that minimize risk of accidents,
explosions, and fires.

all atoms from the starting materials into the final desired product. It is calculated using a simple formula:

Atom Economy (%) = (Molecular weight of desired product + Total molecular weight of all reactants) x 100
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A reaction that produces only the desired product (like a rearrangement reaction) has 100% atom economy.
Reactions that produce a lot of byproducts have low atom economy. For example, the traditional Wittig reaction
for making alkenes has poor atom economy because it produces triphenylphosphine oxide as a byproduct for

every mole of product formed. Atom economy encourages chemists to choose reactions that are inherently

more efficient.

3.1.3 Principle 5 — Safer Solvents
Solvents are one of the biggest environmental problems in chemistry. In pharmaceutical manufacturing,

solvents can account for over 80% of the total mass of materials used in a process. Many traditional solvents —
like dichloromethane (DCM), chloroform, benzene, and acetonitrile — are toxic, carcinogenic, or contribute to
air pollution. Principle 5 encourages chemists to either avoid solvents altogether or replace them with safer

alternatives like water, supercritical CO2, or bio-based solvents.

3.1.4 Principle 9 — Catalysis
Catalysts allow reactions to happen under milder conditions and without being consumed in the process. They

are far more efficient than stoichiometric reagents, which need to be used in equal or excess amounts and often
become waste. Green chemistry strongly favors catalytic approaches, particularly biocatalysts (enzymes), which
work under mild conditions in water and are completely biodegradable. For example, lipase enzymes are used

industrially to make biodiesel in a much cleaner way than traditional acid-catalyzed processes.

3.1.5 Principle 10 — Design for Degradation
When a chemical product is no longer needed, what happens to it? Traditional plastics, synthetic pesticides, and

many pharmaceutical compounds persist in the environment for years or decades, accumulating in soil, water,
and even in the tissues of animals and humans. Principle 10 says that chemicals should be designed so that they
break down into harmless substances after they have served their purpose. Examples include biodegradable

polymers (PLA, PHA) and biopesticides that degrade naturally in soil.
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4. Green Chemistry vs. Traditional Chemistry

To really understand what makes green chemistry different, it helps to directly compare it with the traditional
way of doing chemistry. The table below compares both approaches across several important parameters. This
comparison shows that the differences are not just technical — they reflect a completely different mindset about

what good chemistry means.

Table 2: Comparison Between Traditional and Green Chemistry Approaches

Parameter

Waste Generation

Solvents

Energy Consumption

Raw Materials

Atom Economy

Toxicity

Catalysts

Product Fate

Cost (long-term)

Traditional Chemistry

Large amounts of waste are produced and
treated later

Chlorinated solvents like
chloroform, CCl4

DCM,

High temperature/pressure processes are
common

Petroleum-based, non-renewable

Often low; many atoms become waste

Toxic reagents like heavy metals, strong
acids are routine

Stoichiometric amounts of metal salts

used

Persistent in environment; hard to degrade

Higher due to waste disposal and
environmental fines

Green Chemistry

Waste generation is prevented at the
design stage itself

Water, supercritical CO2, ionic liquids,
bio-based solvents

Designed to work at room temperature
and pressure if possible

Renewable resources like biomass or

agricultural waste

Maximized; most atoms end up in the
desired product

Non-toxic or low-toxicity reagents are
preferred

Recyclable, enzymatic, or heterogeneous
catalysts used

Designed to biodegrade into harmless
substances

Lower due to prevention of waste and
efficient processes

Looking at the comparison above, it becomes clear that traditional chemistry operated on a 'react now, clean up
later' model. This was functional in the short term but caused huge environmental and economic problems over
time. Green chemistry, on the other hand, tries to get things right at the design stage itself. By choosing safer
solvents, more atom-efficient reactions, renewable feedstocks, and catalytic conditions, it is possible to make

the same products with much less waste and risk.

It is important to mention that the shift from traditional to green chemistry is not always easy or immediate.
Some processes cannot be easily replaced, and green alternatives may initially be more expensive or difficult to

scale up. But as more research is done and more companies invest in green chemistry, the gap is closing. Many
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green processes are now actually cheaper than traditional ones in the long run, because they generate less waste

(which costs money to dispose of) and use less energy and raw material.

5. Important Tools and Metrics in Green Chemistry

5.1 Green Chemistry Metrics
To objectively measure how 'green’ a process is, chemists use quantitative metrics. The most important ones

are:

. Atom Economy (AE): Developed by Barry Trost (1991). Measures what percentage of reactant atoms
end up in the desired product. Formula: (MW of product / sum of MW of all reactants) x 100.

. E-factor (Environmental Factor): Developed by Roger Sheldon (1992). Calculated as the mass of total
waste produced per kilogram of desired product. A lower E-factor means a greener process. Bulk chemicals
typically have E-factors below 1-5, while complex pharmaceuticals can have E-factors above 100, meaning
100 kg of waste per 1 kg of product!

. Process Mass Intensity (PMI): Total mass of materials used (including solvents, water, and reagents)
divided by the mass of the product. The pharmaceutical industry's ACS Green Chemistry Institute adopted this
as a standard benchmark.

. Carbon Efficiency: The fraction of carbon atoms in the starting materials that appear in the final
product. Useful for evaluating carbon utilization.

5.2 Green Solvents
Solvents are a major environmental problem in chemistry — they are used in huge amounts, many are toxic or

flammable, and their recovery and disposal is expensive. Green chemistry encourages replacing hazardous

solvents with safer alternatives. Some important green solvents are:

. Water: The most abundant and non-toxic solvent on Earth. Many reactions like Diels-Alder
cycloadditions and certain aldol reactions actually work better in water than in organic solvents. The challenge
is that many organic substrates are not soluble in water.

. Supercritical CO2 (scCO2): Above its critical temperature (31°C) and pressure (73.8 bar), CO2
becomes a supercritical fluid with solvent-like properties. It is non-toxic, non-flammable, and the CO2 can be

recycled. It is used commercially in decaffeination of coffee and dry cleaning.
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. lonic Liquids: Salts that are liquid at room temperature, with virtually zero vapor pressure. They are
non-volatile so they do not contribute to air pollution. However, some are toxic and their biodegradability is a

concern.

. Deep Eutectic Solvents (DES): Mixtures of two or more compounds (like choline chloride and urea)

that form a liquid at room temperature. They are cheap, biodegradable, and easy to make.

. Bio-based solvents: Solvents made from renewable materials, like ethyl lactate (from lactic acid), 2-
methyltetrahydrofuran (from furfural derived from corn cobs), and limonene (from citrus peel).

5.3 Biocatalysis
Enzymes are biological catalysts that carry out chemical reactions with remarkable precision and efficiency.

They are highly selective — meaning they work on specific molecules and give specific products — and they
operate under mild conditions (neutral pH, room temperature, water as solvent). These properties make them

ideal green catalysts.

Biocatalysis is now widely used in the pharmaceutical industry for making chiral compounds (compounds with
a specific 3D arrangement, which is often critical for drug activity). For example, lipases are used to make
enantiomerically pure drugs, and ketoreductases are used to make alcohol intermediates for statins. A landmark
case is the enzymatic synthesis of Sitagliptin (an anti-diabetic drug by Merck) which completely eliminated a

metal-catalyzed asymmetric hydrogenation step and reduced waste by 80%.

5.4 Flow Chemistry
In traditional batch chemistry, reactions are carried out in flasks or large vessels. In flow chemistry, reactants

are continuously pumped through tubes or microreactors where the reaction takes place. This has several green
chemistry advantages: better heat transfer (safer for exothermic reactions), faster reactions, less solvent needed,
ability to safely handle hazardous intermediates in small quantities, and easier scaling up. Flow chemistry is

increasingly used in pharmaceutical manufacturing.
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6. Industrial Case Studies

One of the best ways to understand green chemistry is through real examples of how it has been applied in

industry. Table 3 below gives an overview of six important case studies from different fields, followed by more

detailed discussion of two of them.

Table 3: Real-World Applications of Green Chemistry Principles

Case Study Sector Green Approach Used Key Outcome

Ibuprofen (BHC Pharmaceutical 3-step catalytic synthesis replaced Atom economy jumped from
Process) a 6-step Boots process ~40% to ~77%; 99% less waste
Polylactic Acid Bioplastics Fermentation of corn starch to Replaces petroleum plastic;
(NatureWorks) make biodegradable PLA polymer  compostable within 90 days
Supercritical CO2 Cleaning Liquid CO2 used instead of toxic Eliminates carcinogenic solvent;
Dry Cleaning Industry perchloroethylene (PERC) CO2 is recycled in process

Taxol Semi-synthesis Pharmaceutical Plant cell fermentation route Saved thousands of Yew trees;

(BMS) replaced extraction from Yew bark  reduced chemical waste by 80%

Biodiesel via Energy/Fuel Enzymatic conversion of vegetable Renewable diesel fuel; ~78%

Transesterification oils with methanol lower CO2 over lifecycle

Spinosad Agriculture Derived by fermentation of soil Highly specific; degrades in soil;

Biopesticide bacterium Saccharopolyspora safe for mammals and birds
spinosa

6.1 Case Study 1: Synthesis of Ibuprofen
Ibuprofen is one of the most widely used pain-relief drugs in the world — sold under brand names like Brufen,

Advil, and many others. It was first synthesized by the Boots Company in the UK in the 1960s using a six-step
process that had an atom economy of only about 40%. This means that more than half of the atoms from the
starting materials ended up as waste. The process used stoichiometric amounts of aluminum chloride and

produced large amounts of salt and organic byproducts.

In the 1990s, a new process was developed by the Hoechst Celanese Corporation (later BHC Company) in just
three steps using catalytic chemistry. The new route uses HF catalyst (which is recovered and recycled),
produces only acetic acid and water as byproducts (both of which are reused), and achieves an atom economy
of about 77%. Waste was reduced by over 99%. This process won the U.S. Presidential Green Chemistry
Challenge Award in 1997 and is one of the most cited examples of green chemistry success in the

pharmaceutical sector.
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6.2 Case Study 2: Polylactic Acid (PLA)
Conventional plastics like polyethylene and polypropylene are made from petroleum and are non-biodegradable

— they can persist in the environment for 500 to 1000 years. PLA (polylactic acid) is a biopolymer made from
lactic acid, which is produced by fermentation of corn starch or sugarcane. It is both biobased and compostable
— in industrial composting conditions, it breaks down completely within 90 days. NatureWorks LLC (a joint
venture between Cargill and Dow) commercialized PLA production at large scale in the early 2000s. PLA is
now used in packaging, cups, cutlery, 3D printing filaments, and medical devices. It represents a successful

application of Principles 7 (renewable feedstocks) and 10 (design for degradation) at industrial scale.

7. Applications of Green Chemistry in Different Fields

7.1 Pharmaceutical Industry
The pharmaceutical industry produces some of the most chemically complex products in the world, and

traditionally it also generates some of the highest amounts of waste (with E-factors often above 50-100). Green
chemistry has made significant inroads here. The ACS Green Chemistry Institute Pharmaceutical Roundtable
includes major companies like Pfizer, Merck, AstraZeneca, and GSK, who share data and work together on

green chemistry metrics and best practices.

Important achievements include the enzymatic synthesis of Sitagliptin (mentioned earlier), the development of
a continuous flow synthesis for certain drug intermediates, and the replacement of chlorinated solvents with

greener alternatives like 2-MeTHF and ethanol in several drug manufacturing processes.

7.2 Agriculture
Traditional chemical pesticides are often broad-spectrum — meaning they Kill not just the pest but also

beneficial insects, birds, and soil organisms. Many persist in soil and water for years. Green chemistry has
supported the development of biopesticides, which are derived from natural sources like bacteria, fungi, and

plants.

A good example is Spinosad, derived from a soil bacterium called Saccharopolyspora spinosa. It is produced by
fermentation, is highly specific to its target insects, degrades rapidly in the environment, and has very low

toxicity to mammals and birds. It has replaced many synthetic pesticides in organic farming. Similarly,
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pheromone-based pest management systems use synthetic versions of insect pheromones to disrupt mating,

with no environmental toxicity.

7.3 Materials and Polymers
Traditional synthetic polymers depend on petrochemicals and do not degrade easily. Green chemistry has

driven the development of bio-based monomers, biodegradable polymers, and improved recycling methods. In
addition to PLA, polyhydroxyalkanoates (PHAS) are another class of biopolymers produced by bacteria from
organic waste. They are fully biodegradable in soil and marine environments, making them suitable

replacements for conventional plastics in packaging and agriculture.

7.4 Energy
Green chemistry plays a role in the development of renewable energy technologies. This includes developing

better catalysts for solar cells and fuel cells, designing more efficient batteries using less hazardous materials,
and converting biomass into biofuels using catalytic or enzymatic processes. The production of biodiesel from
vegetable oils using lipase enzymes (instead of sodium hydroxide catalyst, which generates soapy waste) is a

commercially important example.

7.5 Everyday Consumer Products
Green chemistry has reached household products too. Green surfactants made from plant oils (like alkyl

polyglucosides) are now used in many commercial detergents and personal care products. They are made from
renewable raw materials, are biodegradable, and are less irritating to skin than petroleum-based surfactants.

This is an area where consumer demand for 'eco-friendly' products has also driven industrial change.
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8. Challenges and Limitations

While green chemistry has made remarkable progress, it also faces several real challenges that slow down its
adoption. It is important to be honest about these limitations rather than presenting green chemistry as a

complete solution to all chemical problems.

8.1 Economic Challenges
Developing a new green process often requires significant research investment and time. Companies that have

already invested in existing infrastructure may be reluctant to switch processes, even if the green alternative is
better in the long run. The short-term cost of change can be a major barrier, especially for smaller companies.
Additionally, because the environmental costs of traditional processes are often not fully reflected in market
prices, green alternatives can appear more expensive on paper even when their true total cost (including

environmental and health impacts) would be lower.

8.2 Technical Limitations
Not every chemical reaction has a green alternative yet. Some reactions genuinely require harsh conditions,

toxic reagents, or non-renewable feedstocks because no better chemistry has been developed. Enzymes, while
excellent catalysts, can be sensitive to temperature, pH, and organic solvents — making them unsuitable for
some industrial processes without extensive protein engineering. Green solvents like water and supercritical

CO2 also have limitations in terms of what they can dissolve.

8.3 Scale-Up Problems
A reaction that works beautifully in a small laboratory flask often behaves very differently when scaled up to an

industrial reactor. Heat management, mixing, and reagent addition become much harder at larger scales. Some
green chemistry processes that work at the bench scale have not yet been successfully scaled up to commercial

levels.

8.4 Lack of Awareness and Education
In many countries, green chemistry is still not a standard part of undergraduate or even postgraduate chemistry

curricula. Many working chemists were trained without much exposure to green chemistry principles. There is
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also sometimes a perception that 'green’ means compromising on performance, which is not generally true but is

a misconception that slows adoption.

8.5 Regulatory Gaps
In some countries, environmental regulations are not strict enough to compel companies to adopt greener

processes. When pollution is cheap (because penalties are low), there is less economic incentive to change.
Stronger and better-enforced environmental regulations would create a bigger push for green chemistry

adoption globally.

9. Future Scope and Emerging Trends
The future of green chemistry looks very promising. Several exciting new technologies and approaches are

emerging that could dramatically expand the scope and impact of green chemistry in the coming years.

Table 4: Future Trends in Green Chemistry

Trend
Al & Machine Learning

Solar Photocatalysis

CO2 as a Feedstock
(Ccu)

Biocatalysis & Enzyme
Engineering

Flow Chemistry

Deep Eutectic Solvents
(DES)

Circular Chemical

Economy

Current Stage

Used in research labs to predict
molecular properties

Lab-scale reactions using TiO2
and visible light

Pilot projects converting CO2 to
methanol and carbonates

Widely used in pharma for chiral
synthesis

Adopted in
manufacturing

pharmaceutical

Actively researched in academia

Policy-level discussions and pilot
programs

Future Potential

Could speed up discovery of safe and green
chemicals by years

Possibility of sunlight-powered chemical
manufacturing

Carbon-neutral chemistry using greenhouse
gas as raw material

Will expand to bulk industrial chemicals and
new reactions

Safer handling of hazardous steps; efficient
and scalable

Cheap, biodegradable solvent alternatives for
many processes

Full industrial shift to zero-waste, closed-loop
processes

9.1 Artificial Intelligence in Green Chemistry
Al and machine learning tools are being used to predict the toxicity, biodegradability, and reactivity of

molecules based on their structure alone. This means that instead of synthesizing thousands of compounds and
testing each one for safety, computers can screen them first and shortlist only the most promising and greenest
options. Platforms like IBM RXN use Al to suggest synthetic routes, including green pathways. This could save

years of research and enormous amounts of chemical waste.
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9.2 Solar Photocatalysis
Solar photocatalysis uses sunlight to drive chemical reactions, usually with the help of a catalyst like titanium

dioxide (TiO2). This has been applied to the degradation of organic pollutants in wastewater, and researchers
are now working on using it for useful synthesis reactions too. The idea of using sunlight — a completely free
and renewable energy source — to drive chemical reactions is very appealing from a green chemistry

perspective.

9.3 CO2 as a Chemical Feedstock
Carbon dioxide is the main greenhouse gas responsible for climate change, and it is produced in enormous

amounts by burning fossil fuels. An exciting idea in green chemistry is to capture CO2 and convert it into
useful chemicals and fuels, such as methanol, formic acid, or polymer carbonates. This approach, called carbon
capture and utilization (CCU), would turn a waste product into a raw material, which is a very elegant green

chemistry solution. The challenge is finding catalysts that can activate the very stable CO2 molecule efficiently.

9.4 Circular Economy
The concept of a circular economy means designing systems where materials are reused, repaired, and recycled

in closed loops rather than following a 'make-use-dispose’ pattern. Green chemistry is central to making this
happen at the molecular level — by designing materials that can be chemically recycled back to their
monomers, developing catalysts that can efficiently break down waste plastics, and creating closed-loop

industrial processes where the waste of one step becomes the input of the next.

9.5 Electrosynthesis
Electrochemical synthesis uses electricity to drive chemical reactions, with electrons replacing chemical

oxidants and reductants. When the electricity comes from renewable sources (solar, wind), this approach
provides a completely sustainable route to chemical manufacturing. Recent advances in electrodes and cell
design have made electrosynthesis applicable to a growing number of useful reactions, and it is an area of very

active research.
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10. Conclusion

Green chemistry is not just a trend or a buzzword — it is a necessary evolution of how chemical science is
practiced. As this review has tried to show, it is grounded in clear and practical principles, supported by real
and measurable tools like atom economy and the E-factor, and demonstrated through successful real-world

examples in pharmaceuticals, agriculture, materials, and energy.

The 12 Principles of Anastas and Warner give chemists a practical framework to start thinking about how to
improve any chemical process. The comparison with traditional chemistry shows that the shift to green
approaches is not just about being environmentally friendly — it is also about being more economically
efficient and scientifically elegant. Preventing waste is cheaper than treating it. Using renewable feedstocks is
safer than depending on depleting resources. Designing products to degrade is more responsible than creating

persistent pollutants.

Of course, there are challenges. Not all processes can be immediately converted to green alternatives, costs and
scaling can be problems, and awareness still needs to be improved in many parts of the world, including in

education at the undergraduate level. But the direction is clear, and the momentum is strong.

From a personal perspective as an undergraduate student, learning about green chemistry has changed the way |
think about chemical reactions — not just as steps to get a product, but as processes with real consequences for
the world. I believe that as the next generation of chemists, we have both the opportunity and the responsibility
to put these principles into practice in our research and careers. Green chemistry is not a limitation on what we

can do in chemistry — it is an invitation to do it better.
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