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Abstract: Green chemistry is an innovative approach that follows a set of principles to minimize the use
and generation of hazardous substances in chemical processes. Instead of remediating pollution, it focuses
on designing eco-friendly chemical reactions that prevent environmental damage. The twelve principles of
Green Chemistry encompass key concepts such as pollution prevention, atom economy, less hazardous
chemical synthesis, safer solvents and auxiliaries, energy-efficient processes, renewable feedstock,
catalysis, and degradation-friendly design. This field integrates into various branches, including organic
chemistry, inorganic chemistry, biochemistry, analytical chemistry, and physical chemistry.

With increasing concerns over environmental pollution, green materials are classified into green reagents
(e.g., dimethyl carbonate, polymer-supported reagents), green catalysts (e.g., acid catalysts, oxidation
catalysts, photocatalysts, biocatalysts), and green solvents (e.g., supercritical CO,, water, ionic liquids).
Additionally, modern advancements in green chemistry involve emerging techniques like photochemistry,
microwave chemistry, sonochemistry, and electrochemistry, which enhance energy efficiency and waste
minimization. By emphasizing sustainable practices, non-toxic reagents, and renewable resources, green
chemistry promotes environmentally benign and resource-efficient chemical processes, ensuring a
sustainable future for industrial and scientific applications.
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L. INTRODUCTION
Green Chemistry is a scientific approach that focuses on the invention, design, development, and application of
chemical products and processes to reduce or eliminate the use and generation of hazardous substances. Unlike
conventional chemistry, which often deals with waste treatment and pollution control after harmful substances have
already been produced, Green Chemistry proactively prevents pollution at the source.
This field integrates environmental sustainability with chemical innovation, ensuring that chemical processes are not
only efficient but also safe for human health and the environment. It applies across various branches of chemistry,
including organic, inorganic, analytical, physical, and biochemistry, promoting the use of renewable resources, energy-
efficient methods, and non-toxic reagents.
The 12 Principles of Green Chemistry, developed by Paul Anastas and John Warner, serve as fundamental guidelines
for designing safer, cleaner, and more sustainable chemical processes. These principles emphasize waste prevention,
atom economy, the use of safer solvents, renewable feedstocks, catalysis, real-time pollution monitoring, and accident
prevention. By implementing these principles, industries and researchers can reduce environmental impact, enhance
process efficiency, and develop eco-friendly alternatives to traditional chemical methods.
Green Chemistry has gained significant attention due to growing concerns over global pollution, climate change, and
resource depletion. It is widely applied in various industries, including pharmaceuticals, agriculture, food packaging,
and energy production, offering innovative solutions to reduce toxicity, lower energy consumption, and promote
sustainability.
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Green Chemicals:

The increasing local and global concern for environmental pollution has led to the exploration of new green materials,
which can be categorized into three parts:

Green Reagent

Green Catalyst

Green Solvent

I. Green Reagents:

Green reagents are selected based on efficiency, availability, and minimal environmental impact during the
transformation of feedstock into target molecules. Common green reagents include:

i) Dimethyl Carbonate (DMC):

DMC is a non-toxic, environmentally safe reagent used as a green alternative in organic synthesis.

It is used in the methylation of aromatic amines and active methylene compounds, eliminating the production of
inorganic salts.

ii) Polymer-Supported Reagents:

These are reagents bound to a polymer support, enhancing reaction efficiency and recyclability.

Example: Polymer-supported peracid is used for the epoxidation of alkenes.

II. Green Catalysts:

Catalysts play a crucial role in the chemical industry by improving reaction efficiency, reducing energy consumption,
and minimizing environmental impact. Green catalysts are essential for developing eco-friendly chemical processes and
products. The following types of catalysts are commonly used in green chemistry:

i) Acid Catalysts:

Acid catalysts are used to enhance reaction rates in organic synthesis. Traditional acid catalysts can be corrosive and
generate hazardous waste, whereas green acid catalysts offer safer alternatives.

Bead Polymers for Epoxidation: One widely used epoxidizing reagent is meta-chloroperoxybenzoic acid (m-
CPBA), known for its mild reaction conditions and high yield. However, m-CPBA has drawbacks, such as the
production of chlorinated waste and potential explosiveness.

Bead polymers are a green alternative used for the epoxidation of cyclohexene without hazardous byproducts.

Boric Acid in Amide Synthesis:

Boric acid is an environmentally friendly Lewis acid catalyst used in the synthesis of amides from acids and amines.

It has been effectively used for preparing symmetrical N,N'-alkylidenebisamides, offering benefits like mild reaction
conditions, simple procedures, and high yields.

ii) Oxidation Catalysts:

Oxidation catalysts facilitate the selective oxidation of organic substrates, reducing the need for harsh reagents.
Titanium and Vanadium-Based Molecular Sieves:

Molecular sieves, such as titanium silicates (TS-1), are used in the hydroxylation of phenol.

This process produces a mixture of hydroquinone, catechol, and resorcinol, key compounds in pharmaceuticals and
dyes.

These catalysts enhance selectivity and efficiency while minimizing waste.

iii) Basic Catalysts:

Basic catalysts accelerate reactions involving base-promoted mechanisms. While solid acid and oxidation catalysis have
seen widespread adoption, solid base catalysis is still underutilized in liquid-phase reactions.

Example: Alkylation of Phenol :

The alkylation of phenol is an important industrial process where basic catalysts improve reaction rates and product

selectivity.
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These catalysts are used in the production of alkylated phenols, which serve as intermediates in lubricants, resins, and
antioxidants.

iv) Photocatalysts:

Photocatalysis is a sustainable technique where a semiconducting material generates free radical pairs upon exposure
to light, leading to chemical transformations.

Example: Photocatalytic Degradation of Chloral Hydrate:

Chloral hydrate, a common environmental pollutant, can be broken down using photocatalysts in an aqueous
semiconductor suspension.

Hydroxyl (-OH) radicals generated in the reaction act as strong oxidizing species, leading to the degradation of chloral
hydrate into less harmful substances.

This process is widely used for wastewater treatment and environmental remediation.

v) Phase Transfer Catalysts (PTCs)

PTCs improve reaction efficiency by facilitating the transfer of reactants between immiscible phases (e.g., organic and
aqueous). They enable the use of milder conditions and greener solvents.

Working Principle:

PTCs shuttle ions or organic molecules between different phases, enhancing reaction rates and selectivity.

They reduce the need for toxic organic solvents and harsh reaction conditions.

Example: Esterification Reaction:

Crown ethers and polyglycol ethers are commonly used PTCs.

These catalysts enable the esterification of carboxylic acids with alcohols, an essential reaction in the production of
flavors, fragrances, and pharmaceuticals.

vi) Polymer-Supported Catalysts:

Polymer-supported catalysts enhance reaction efficiency and allow for catalyst recycling, reducing waste.
Polystyrene Aluminium Chloride (PS-AICI3):

Used for the formation of ethers from alcohols.

This catalyst provides high selectivity and can be easily separated from the reaction mixture.
Polymer-Supported Phase Transfer Catalysts (PS-PTC):

Used for the conversion of haloalkanes into nitriles.

This method eliminates the need for toxic cyanide salts, making it a safer alternative for nitrile synthesis.

vii) Biocatalysts:

Biocatalysts (enzymes and microorganisms) enable reactions under mild conditions without the formation of toxic
byproducts. They are increasingly used for the sustainable production of valuable chemicals.

Examples of Biocatalytic Reactions:

L-Malate Production:

Fumarase enzyme from Breviabacterium flavum converts fumarate to L-malate via hydration.

L-Malate is widely used in the food and pharmaceutical industries.

Oxidation of Allyl Alcohol to Acrolein:

This reaction is catalyzed by aldehyde dehydrogenase.

Acrolein is an important intermediate in the synthesis of acrylic acid and other industrial chemicals.

Green Solvents and Green Methodologies in Organic Synthesis:

Traditional organic solvents, such as acetone, tetrahydrofuran (THF), benzene, and diethyl ether, generate significant
environmental waste and pose health risks. Green solvents provide eco-friendly alternatives that minimize toxicity and
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waste production. Several strategies have emerged to reduce solvent use and promote sustainable chemistry, including
the use of supercritical fluids, water, and ionic liquids.

1. Green Solvents:

i) Supercritical CO; as a Green Solvent:

Supercritical carbon dioxide (SC-CO,) is an environmentally friendly solvent that exhibits properties of both gases and
liquids under supercritical conditions (above its critical temperature of 31.1°C and pressure of 73.8 atm). It is widely
used in green chemistry due to its non-toxic, non-flammable, and readily available nature.

Applications of Supercritical CO5:

Catalytic Hydrogenation Reactions: Asymmetric catalytic hydrogenation of organic compounds can be carried out in
SC-CO, with high efficiency.

Esterification of Phthalic Anhydride with Methanol: SC-CO, facilitates esterification, reducing the need for
hazardous organic solvents.

Replacement of VOCs in Spray Paints: SC-CO,; replaces volatile organic compounds (VOCs) in industrial spray
coatings, reducing air pollution.

Advantages of Supercritical CO;: Non-toxic and non-flammable Inexpensive and widely availableHigh purity and
easily separable Ideal replacement for hazardous solvents Does not degrade solutes

ii) Water as a Green Solvent:

Water is one of the most sustainable solvents in organic synthesis due to its abundance, non-toxicity, and ability to
facilitate various reactions at high temperatures.

Reactions Promoted by Water:

Diels-Alder Reactions: Water enhances reaction rates and selectivity due to hydrogen bonding effects.

Benzoin Condensation: A reaction between benzaldehydes catalyzed in aqueous media.

Synthesis of a-Cyano-B-arylnitroethenes: Achieved through a one-pot reaction of aryl aldehydes and nitroacetonitrile
in water.

Preparation of Conjugated Nitroalkenes: Conducted in aqueous-organic media using sodium nitrite and iodine.
Advantages of Water as a Green Solvent: Environmentally benign Safe and non-toxic Facilitates novel synthetic
methodologies Reduces waste and cost

Enhances reaction selectivity

iii) Ionic Liquids as Green Solvents:

Ionic liquids (ILs) are salts composed entirely of ions and remain liquid below 100°C. Their negligible vapor pressure,
thermal stability, and ability to dissolve a wide range of compounds make them highly suitable for green chemistry
applications.

Common Ionic Liquids:

Cations: Pyridinium, Imidazolium, Pyrrolidinium, Thiazolium

Anions: Hexafluorophosphate (PF¢™), Tetrafluoroborate (BF,™), Chloroaluminate (AlCl,™), Trifluoromethanesulfonate
(CF3S8037)

Applications of Ionic Liquids:

Hydrogenation of 2-Arylacrylic Acid: The ionic liquid [bmim][BF,4] combined with [Ru-BINAP] acts as a
homogeneous catalyst for enantioselective hydrogenation, achieving high yields with 80% enantiomeric excess (ee).
Esterification of Carboxylic Acids: Carried out in Brensted acidic ionic liquids such as 1-methylimidazolium
tetrafluoroborate.

Advantages of Ionic Liquids: High reaction yields and selectivity Enhanced reaction rates Reusable and renewable
Negligible solvent evaporation (low volatility)
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2. Organic Synthesis in Solid State:

Green chemistry principles emphasize minimizing solvent use. Solid-state organic synthesis offers a cleaner and more
energy-efficient approach.

i) Solid-Phase Organic Synthesis (Without Solvent):

Example: Condensation of Substituted Benzaldehydes and Cyanoamides

In the presence of piperidine catalyst, nitro derivatives are obtained in high purity.

Eliminates the need for hazardous organic solvents.

ii) Solid-Supported Organic Synthesis (Using Solvent):

Example: Dieckmann Condensation of Diethyl Adipate and Pimelate

Conducted in the presence of powdered tert-Butoxide (tBuOK).

The solid support enhances reaction efficiency.

Advantages of Solid-State Synthesis: Reduces solvent waste Saves energy and minimizes hazardous reagents
Provides higher product purity

3. Green Methodologies in Organic Synthesis:

Emerging techniques in green chemistry involve the use of alternative energy sources like light, microwave,
ultrasound, and electricity to make reactions more efficient and sustainable.

i) Photochemistry (Light-Induced Reactions)

Photochemical reactions use light energy to drive chemical transformations.

Example: Photooxidation of organic compounds in wastewater treatment.

Advantage: Eliminates the need for harsh oxidizing agents.

ii) Microwave Chemistry

Microwave irradiation provides rapid and uniform heating, reducing reaction times significantly. Example:
Microwave-assisted synthesis of heterocyclic compounds. Advantage: Shortens reaction duration from hours to
minutes.

iii) Sonochemistry (Ultrasound-Assisted Reactions)

Ultrasound waves enhance reaction rates and efficiency by generating localized high-energy cavitation bubbles.
Example: Sonochemical synthesis of nanoparticles. Advantage: Increases reaction speed and yield.

iv) Electrochemistry (Electricity as a Driving Force)

Electrochemical reactions use electricity to initiate redox transformations, reducing the need for external reagents.
Example: Electrosynthesis of organic molecules without metal catalysts. Advantage: Reduces reagent waste and
enhances selectivity.

Green Solvents and Green Methodologies in Organic Synthesis

Introduction

Green chemistry aims to develop sustainable and environmentally friendly chemical processes. Traditional organic
solvents such as benzene, diethyl ether, and acetone contribute significantly to pollution and health hazards. Green
solvents and methodologies provide viable alternatives that minimize toxicity and waste generation. This document
explores various green solvents such as supercritical CO,, water, and ionic liquids, alongside eco-friendly
methodologies including photochemistry, microwave chemistry, sonochemistry, and electrochemistry.

I. Green Solvents

1. Supercritical Carbon Dioxide (SC-CO3)

Supercritical carbon dioxide is an eco-friendly solvent that combines gas-like diffusivity with liquid-like solvating
power above its critical temperature (31.1°C) and pressure (73.8 atm). It is widely used in industrial and laboratory
settings due to its non-toxic, non-flammable, and recyclable nature.
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Applications of SC-CO;:

Catalytic Hydrogenation: Asymmetric catalytic hydrogenation of organic molecules using transition-metal catalysts
in SC-CO,, results in high efficiency.

Esterification of Phthalic Anhydride: SC-CO, facilitates esterification reactions without generating hazardous waste.
Extraction of Natural Products: Used for decaffeination of coffee and extraction of essential oils.

Advantages of SC-CO;: Non-toxic and non-flammable Readily available and inexpensive Easily separable after
reaction Enhances reaction efficiency and selectivity

2. Water as a Green Solvent

Water is an ideal solvent for green chemistry due to its non-toxic, abundant, and recyclable nature. It enhances reaction
kinetics and selectivity in many organic transformations.

Reactions Promoted by Water:

Diels-Alder Reaction: Water accelerates Diels-Alder reactions due to hydrogen bonding stabilization of the transition
state.

Benzoin Condensation: Aqueous conditions facilitate this reaction between benzaldehydes.

Hydrolysis Reactions: Various hydrolytic transformations occur efficiently in water.

Advantages of Water as a Green Solvent: Environmentally benign and safe Reduces energy consumption Enhances
reaction selectivity Cost-effective

3. Ionic Liquids as Green Solvents

Ionic liquids (ILs) are salts that remain liquid below 100°C, making them useful for eco-friendly organic synthesis.
They exhibit negligible vapor pressure, high thermal stability, and excellent solvation properties.

Common Ionic Liquids:

Cations: Pyridinium, Imidazolium, Thiazolium

Anions: Hexafluorophosphate (PFg"), Tetrafluoroborate (BF,™)

Applications of Ionic Liquids:

Hydrogenation Reactions: Ionic liquids enhance selectivity in catalytic hydrogenation.

Esterification of Carboxylic Acids: Conducted in Brensted acidic ionic liquids.

Green Catalysis: Used as recyclable solvents in Suzuki coupling and Heck reactions.

Advantages of Ionic Liquids: High reaction yields Recyclable and reusable Non-volatile and non-flammable

I1. Green Methodologies in Organic Synthesis

1. Photochemistry (Light-Induced Reactions)

Photochemical reactions occur when molecules absorb light, promoting them to an excited state. This energy can drive
various chemical transformations efficiently.

Examples of Photochemical Reactions:

Cleavage of Dithianes and Benzyl Ethers: Visible light facilitates their cleavage.

Acylhydroquinone Synthesis: A sunlamp induces the reaction of 1,4-benzoquinone with aldehydes, avoiding salt
byproducts.

Advantages of Photochemistry: Eliminates hazardous reagents Utilizes renewable energy sources Enhances reaction
selectivity

2. Microwave Chemistry

Microwave-assisted organic synthesis (MAOS) provides rapid heating through selective absorption of microwave
energy by polar molecules.

Benefits of Microwave Chemistry:

Accelerated reaction rates

Improved yields
Copyright to IJARSCT

www.ijarsct.co.in

DOI: 10.48175/IJARSCT-24742 226

7 1sSN

| 2581-9429 |}
R\ UARSCT /7




({ IJARSCT

xx International Journal of Advanced Research in Science, Communication and Technology
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

ISSN: 2581-9429 Volume 5, Issue 10, March 2025 Impact Factor: 7.67

Reduction in side products

Limited solvent usage

Success where conventional methods fail

Examples of Microwave-Assisted Reactions:

Esterification of Alcohols: Conducted in ethanol.

Schiff Base Synthesis: Achieved using ethanol as a solvent.

Solvent-Free Synthesis: N-arylamines synthesized via aryl halide amination in the presence of basic Al,Os.

3. Sonochemistry (Ultrasound-Assisted Synthesis)

Sonochemistry involves the use of ultrasonic waves to enhance chemical reactivity via cavitation-induced energy
release.

Examples of Sonochemical Reactions:

Hydrolysis Reactions: Ultrasonication accelerates hydrolysis of esters and amides.

Strecker Synthesis of Aminonitriles: Sonochemical conditions improve efficiency.

Combination with Other Techniques: Synergistic effects observed with microwave and photocatalysis.

Advantages of Sonochemistry: Enhances reaction rates and selectivity Reduces reaction time and energy consumption
Increases yield

4. Electrochemistry (Electricity-Driven Synthesis)

Electrochemical synthesis employs electric currents to drive redox reactions, reducing reagent waste.

Applications of Electrochemistry:

Electrosynthesis of 3-Bromothiophene: Demonstrates eco-friendly advantages over conventional bromination. Metal-
Free Organic Transformations: Used in oxidation-reduction reactions.

Advantages of Electrochemical Synthesis: Water-based, mild conditions Atom-efficient with minimal waste Energy-
efficient

II. CONCLUSION
Green chemistry is a crucial approach toward sustainable industrial and academic chemical synthesis. It does not
entirely replace conventional methods but serves as a complementary strategy to minimize environmental impact. By
incorporating green solvents like SC-CO,, water, and ionic liquids, along with advanced methodologies such as
photochemistry, microwave chemistry, sonochemistry, and electrochemistry, we can reduce pollution, enhance reaction
efficiency, and promote eco-friendly innovations in chemical synthesis.
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