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Abstract:

Green chemistry represents a transformative approach to chemical science and industry aimed at
reducing or eliminating hazardous substances in the design, manufacture, and application of
chemical products. It promotes sustainability through efficient resource utilization, renewable
feedstocks, catalysis, and non-toxic solvents. This review discusses the evolution and core
principles of green chemistry, along with its advantages, limitations, and broad applications.
Particular emphasis is placed on the role of green solvents and the integration of green chemistry
principles in nanotechnology. The discussion demonstrates that green chemistry not only
safeguards human health and the environment but also drives innovation in sustainable materials
and process design.
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Introduction

The concept of green chemistry emerged as
a response to the increasing environmental
impact of traditional chemical industries. In
the late 20th century, environmental
awareness and legislative measures such as
the U.S. Pollution Prevention Act of 1990
prompted chemists to rethink conventional
processes that produced hazardous waste
and consumed excessive energy. Paul T.
Anastas and John C. Warner formally
introduced the term Green Chemistry in
1998 through their foundational book
“Green Chemistry: Theory and Practice” [1].
They defined it as the utilization of a set of
principles that reduces or eliminates the use

and generation of hazardous substances in
chemical processes. Green chemistry
focuses on designing chemical products and
processes that are inherently safe and
efficient, rather than managing pollution
after it occurs. Unlike traditional
environmental strategies that rely on
treatment and disposal, green chemistry
emphasizes prevention at the molecular level
[2]. This paradigm shift integrates
sustainability, economics, and innovation
within chemistry, making it a cornerstone
for  sustainable  development  across
chemical, pharmaceutical, and materials
industries.
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Principles of Green Chemistry

The twelve principles of green chemistry
provide the foundation for designing safer,
more efficient, and sustainable chemical
processes. These principles include waste
prevention, atom economy, less hazardous
chemical  synthesis, designing  safer
chemicals, wusing safer solvents and
auxiliaries, energy efficiency, renewable
feed stocks, reduction of derivatives,
catalysis, design for degradation, real-time
pollution prevention, and inherently safer
chemistry for accident prevention [3].

Each principle addresses a specific
environmental or safety concern. For
instance, atom economy focuses on
maximizing the incorporation of all
materials used in a process into the final
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Figure 1: Green Chemistry

product, reducing by-products and waste [4].
Catalysis promotes efficiency by enhancing
reaction selectivity, often enabling reactions
under milder conditions and minimizing the
need for stoichiometric reagents. The use of
renewable feed stocks encourages the shift
from petrochemical-based resources to bio-
based materials, thus reducing carbon
footprints.  Designing for degradation
ensures that chemical products decompose
into harmless substances at the end of their
lifecycle. The principle of real-time analysis
enables early detection of potential hazards,
while inherently safer chemistry aims to
reduce risks of chemical accidents.
Collectively, these principles act as guiding
pillars that direct chemists to create
sustainable innovations and environmentally
responsible solutions.
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Figure 2: Principle of Green Chemistry

6|Page




Saini et al.

Journal of Drug Discovery and Therapeutics (JDDT)

Advantages of Green Chemistry

Green  chemistry  offers  significant
advantages across environmental, economic,
and social dimensions. One of the primary
benefits is the reduction in hazardous waste
generation, thereby minimizing the impact
on air, water, and soil ecosystems [5]. It also
reduces energy consumption by promoting
reactions that proceed under ambient
temperature and pressure. From an
economic standpoint, green chemistry leads
to cost savings by improving process
efficiency, reducing raw material use, and
minimizing waste disposal costs [6]. The use
of catalytic systems instead of stoichiometric
reagents can significantly cut down reagent
costs and improve yield. Green chemistry
enhances safety in laboratories and industrial
setups by substituting toxic substances with
safer alternatives, thus reducing risks of
accidents, fires, and exposure-related
illnesses. It also drives innovation, leading
to the discovery of new materials and
processes that combine performance with
sustainability. Moreover, green chemistry
contributes to sustainable industrial growth,
aligning with the United Nations’
Sustainable Development Goals (SDGs). By
prioritizing environmental and human
health, green chemistry bridges the gap
between scientific innovation and ecological
balance.

Limitations of Green Chemistry

Despite its numerous advantages, green
chemistry faces certain challenges and
limitations. One major limitation is the
economic feasibility of implementing green
technologies in existing industrial setups.
Transitioning to new, sustainable processes
often requires high initial investment and re-
optimization of production systems [7]. In
some cases, the green alternatives may yield
lower efficiency or productivity compared to
traditional methods, necessitating extensive
research to improve their performance.

Another limitation lies in the availability of
renewable feedstocks, which can fluctuate
seasonally and geographically. Some
proposed green solvents or catalysts, such as
ionic liquids, though less volatile, may pose
other environmental issues like poor
biodegradability or high toxicity upon
disposal [8]. Furthermore, the integration of
green chemistry principles into large-scale
industrial operations requires
multidisciplinary expertise in chemistry,
engineering, and environmental science.
Lack of awareness and training among
chemists and engineers also slows the
adoption of green chemistry practices.
Finally, while green chemistry aims for
sustainability, comprehensive life-cycle
assessments are often needed to ensure that
the overall process indeed offers net
environmental benefits rather than shifting
burdens elsewhere.

Applications of Green Chemistry

Green chemistry has found applications
across various sectors, including
pharmaceuticals, agrochemicals, polymers,
and materials science. In pharmaceutical
manufacturing, it enables cleaner synthesis
routes, improved atom economy, and
reduction of solvent wuse, leading to
processes that are both environmentally
friendly and cost-effective [9].

The development of catalytic and solvent-
free reactions has reduced hazardous waste
generation and simplified purification steps.
In polymer chemistry, green chemistry
promotes the use of bio-based monomers
derived from renewable sources such as
starch, cellulose, and lactic acid, resulting in
biodegradable plastics that help combat
plastic pollution. In agriculture, green
chemistry has contributed to the formulation
of eco-friendly pesticides and fertilizers that
degrade safely without contaminating soil
and  water bodies.  Energy-efficient
technologies, such as photocatalysis and
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biocatalysis, exemplify the integration of
green chemistry in renewable energy and
biofuel production. Additionally, green
chemistry principles are employed in
environmental remediation through the
design of materials that absorb or degrade
pollutants without generating secondary
waste. The integration of green chemistry
into product design has led to safer
consumer goods, from cleaning products to
cosmetics, thus broadening its societal
impact.

Green Solvents in Green Chemistry

Solvents play a vital role in chemical
reactions, but traditional organic solvents are
often toxic, volatile, and environmentally
harmful. Therefore, the development of
green solvents is one of the central focuses
of green chemistry.

A green solvent is characterized by low
toxicity, biodegradability, renewability, and
minimal environmental impact [10]. Water,
supercritical carbon dioxide (scCOs:), ionic
liquids, and bio-based solvents like ethanol
and ethyl lactate are popular examples.
Water is the most benign solvent and is used
in various organic reactions and biocatalytic
processes. Supercritical CO2, formed above
its critical temperature and pressure, acts as
a non-toxic, non-flammable solvent with
easy separation from products upon
depressurization [11].

Ionic liquids, which are salts in liquid form
at room temperature, provide excellent
solvation properties and can replace volatile
organic solvents, though their environmental
persistence requires further study. Deep
eutectic solvents (DES), a newer class of
green solvents, are gaining attention due to
their biodegradability, tunable properties,
and low cost. The careful selection of green
solvents can significantly reduce the
environmental  footprint of  industrial
chemical processes, aligning solvent choice

with the principles of safety and
sustainability.

Conclusion

Green chemistry has revolutionized modern
chemical science by embedding
sustainability into its core design principles.
It has demonstrated that environmental
responsibility and economic competitiveness
can coexist through intelligent chemical
innovation. Although challenges such as
high implementation costs, technical
limitations, and regulatory barriers persist,
ongoing research continues to expand the
frontiers of green chemistry. The integration
of green solvents, catalysis, renewable
feedstocks, and  nanotechnology-based
innovations is paving the way toward a
sustainable future. As industries,
policymakers, and scientists increasingly
adopt green chemistry frameworks, the
chemical sector is poised to play a vital role
in achieving global sustainability goals.
Ultimately, the future of chemistry lies in
designing materials and processes that meet
present needs without compromising the
ability of future generations to meet theirs.
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