© December 2025 | IJIRT | Volume 12 Issue 7 | ISSN: 2349-6002

Green and Sustainable Chemistry for Materials, Energy,

and the Environment

Averi Guha
Assistant Professor, Dept. of Chemistry, Surendranath Evening College, Kolkata

Abstract—Sustainability has emerged as one of the most
pressing challenges of the twenty-first century, driven by
climate change, environmental pollution, depletion of
natural resources, and rapid population growth. As the
central science, chemistry provides a unifying
framework  that  connects physics, biology,
environmental science, and engineering, enabling
solutions that address these interconnected challenges. In
recent decades, chemistry has evolved from a discipline
focused primarily on material transformation to one that
actively promotes sustainable development. This review
critically examines the role of chemistry in building a
sustainable future, highlighting advances in green
chemistry, renewable and sustainable materials, clean
energy technologies, environmental protection and
remediation, and sustainable agriculture. Emphasis is
placed on chemical strategies that enhance efficiency,
promote circularity, and reduce ecological impact. The
discussion underscores that continued innovation in
chemistry is essential for achieving long-term
environmental, economic, and societal sustainability.

Index Terms—Sustainable chemistry; Green chemistry;
Renewable materials; Clean energy; Environmental
remediation; Circular economy

[. INTRODUCTION

Chemistry is often described as the central science,
bridging physics, biology, environmental science, and
engineering. The accelerating demand for energy,
materials, food, and clean water has placed
unprecedented stress on the Earth’s ecosystems.
Industrialization and urbanization, while improving
quality of life, have contributed significantly to
greenhouse gas emissions, pollution, and resource
depletion. Addressing these challenges requires
technologies that are efficient, economically viable,
and environmentally benign. Today, as humanity faces
pressing challenges such as climate change, pollution,
resource depletion, and population growth, chemistry
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is proving to be more than a foundational discipline it
is becoming a driver of sustainable innovation. This
review examines the role of chemistry in promoting
sustainability, highlighting recent advances in green
chemistry, renewable materials, energy technologies,
environmental protection, and sustainable agriculture.
The potential of chemical innovation to underpin a
sustainable future is analysed, emphasizing strategies
that integrate efficiency, circularity, and ecological
responsibility. Global population growth, rapid
industrialization, and climate change have intensified
the need for sustainable technological solutions.
Chemistry, which provides the foundational
understanding of matter and its transformations, is
uniquely positioned to address these challenges. From
designing environmentally benign processes to
developing renewable materials and energy systems,
chemical research is central to sustainable
development. Green chemistry, formalized through
the twelve principles proposed by Anastas and
Warner, aims to minimize environmental impact by
reducing the use and generation of hazardous
substances in chemical processes. The replacement of
finite, non-renewable materials with sustainable
alternatives is essential for a circular economy. Energy
production and storage are major contributors to
greenhouse gas emissions. Chemistry provides critical
solutions. Chemical technologies play a central role in
monitoring and mitigating environmental pollution.
Chemistry is a fundamental enabler of sustainable
development. Through innovations in green
chemistry, renewable materials, clean energy,
environmental  remediation, and  sustainable
agriculture, the discipline provides solutions that
balance human needs with ecological constraints.
Advancing sustainable chemical practices is not only
a scientific imperative but a societal necessity. The
continued integration of efficiency, circularity, and
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environmental responsibility will ensure that
chemistry remains central to a sustainable future.
Sustainable chemistry aims to design chemical
products and processes that reduce or eliminate
hazardous substances, minimize waste, and conserve
energy and resources. The concept aligns closely with
the United Nations Sustainable Development Goals
(SDGs), particularly those related to clean energy,
responsible consumption and production, climate
action, and food security. This review surveys the
major contributions of chemistry to sustainability and
highlights emerging trends that are shaping a more
resilient and circular future.

II. GREEN CHEMISTRY: REDEFINING
INDUSTRIAL PRACTICES

Green chemistry provides the philosophical and
practical foundation for sustainable chemical
innovation. The twelve principles of green chemistry,
proposed by Anastas and Warner, emphasize waste
prevention, safer chemical design, energy efficiency,
and the use of renewable feedstocks.
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2.1 Atom Economy and Waste Minimization
Traditional chemical synthesis often generates large
quantities of waste, particularly in fine chemical and
pharmaceutical industries. Atom economy focuses on
maximizing the incorporation of all reactants into the
final product. Multicomponent reactions and cascade
processes have been shown to significantly improve
atom economy while reducing purification steps and
solvent wuse. Such strategies directly lower
environmental burden and production costs.
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2.2 Safer Solvents and Reaction Media

Solvents account for a major fraction of industrial
chemical waste. The replacement of volatile organic
compounds (VOCs) with water, supercritical carbon
dioxide, ionic liquids, or deep eutectic solvents has
gained increasing attention. These alternative solvents
reduce toxicity, flammability, and atmospheric
emissions while maintaining high reaction efficiency.
However, life-cycle analysis remains essential to
ensure that these substitutes provide true
environmental benefits.

2.3 Catalysis for Sustainable Synthesis

Catalysis is a cornerstone of green chemistry, as it
enhances reaction selectivity and lowers energy
requirements. Homogeneous and heterogeneous
catalysts, as well as biocatalysts, are widely used in
sustainable chemical processes. Recent research
highlights the potential of metal-organic frameworks
(MOFs) as tunable catalysts with high surface area and
selectivity. Enzyme-based catalysis further offers
exceptional specificity under mild conditions,
reducing energy consumption and byproduct
formation.

Catalysis for Sustainability
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2.4 Design for Degradation

Persistent chemicals and polymers contribute to long-
term environmental contamination. Designing
molecules that degrade into non-toxic products after
use is a key green chemistry strategy. Biodegradable
polymers and environmentally benign additives
exemplify this approach, helping to mitigate
accumulation in soil and aquatic environments.
Industrial adoption of green chemistry has enabled
more  sustainable  pharmaceutical  syntheses,
biodegradable plastics, and eco-friendly coatings,
demonstrating its feasibility beyond laboratory scale.
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III. RENEWABLE AND SUSTAINABLE
MATERIALS

The transition from linear “take—make—dispose”
models to circular material cycles is essential for
sustainability. Chemistry plays a vital role in
developing renewable materials and recycling
technologies.

3.1 Bio-based Polymers

Bio-based polymers such as polylactic acid (PLA),
polyhydroxyalkanoates ~ (PHA), and cellulose
derivatives are derived from renewable biomass and
offer alternatives to petroleum-based plastics. These
materials reduce dependence on fossil resources and
often exhibit improved biodegradability. However,
studies emphasize that renewability alone is
insufficient, and environmental performance must be
evaluated across the entire life cycle (Onwukamike et
al., 2019).

3.2 Chemical Recycling of Plastics

Mechanical recycling of plastics often leads to
material degradation and limited reuse. Chemical
recycling, in contrast, enables the depolymerization of
plastics into monomers or valuable chemicals,
supporting closed-loop recycling. Rahimi and Garcia
(2017) demonstrated that chemical recycling can
transform plastic waste into feedstocks for new
materials, significantly reducing plastic pollution and
resource loss. Recent advances include solvent-free
and catalytic upcycling of polymer waste using
functionalized ionic liquids, which enhance efficiency
and sustainability (Manal et al., 2024).

3.3 Advanced Functional Materials

Emerging materials such as self-healing polymers,
biodegradable composites, and stimuli-responsive
hydrogels combine advanced functionality with
sustainability. These materials extend product
lifetimes and reduce material consumption, aligning
with circular economy principles.

IV. CHEMISTRY-DRIVEN CLEAN ENERGY
SOLUTIONS

The global transition to low-carbon energy systems
relies heavily on chemical innovation.
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4.1 Photovoltaic Materials

Perovskite and organic solar cells have attracted
significant attention due to their high power
conversion efficiencies and low fabrication costs.
Perovskite materials, in particular, offer tunable
optoelectronic properties, making them promising
alternatives to silicon-based photovoltaics. Challenges
remain regarding long-term stability and lead toxicity,
which are active areas of chemical research.

4.2 Energy Storage Technologies

Efficient energy storage is critical for integrating
renewable energy sources. Lithium—sulfur and solid-
state batteries offer higher energy densities and
improved safety compared to conventional lithium-ion
batteries. Redox-flow batteries further provide
scalable solutions for grid-level energy storage.
Chemical design of electrodes, electrolytes, and
separators remains central to improving performance
and recyclability.

4.3 Hydrogen Production and Fuel Cells

Hydrogen is widely regarded as a clean energy carrier.
Chemistry enables efficient hydrogen production
through water splitting using advanced photocatalysts
and electrocatalysts, such as graphitic carbon nitride-
based systems. Proton-exchange membrane fuel cells
further convert hydrogen into electricity with high
efficiency and zero carbon emissions.

V. ENVIRONMENTAL PROTECTION AND
REMEDIATION

Chemistry contributes not only to pollution prevention
but also to remediation of contaminated environments.
5.1 Water Treatment Technologies

Advanced oxidation processes, photocatalysis, and
membrane filtration are widely used to remove organic
pollutants, heavy metals, and pathogens from water.
These chemical technologies are essential for ensuring
access to clean and safe water, particularly in
developing regions.

5.2 Carbon Capture and Utilization

Carbon capture and utilization (CCU) technologies
aim to convert carbon dioxide into fuels, polymers,
and construction materials. Such approaches not only
reduce greenhouse gas emissions but also create
economic value from waste carbon streams. Carbon
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dioxide is the primary driver of climate change, so
capturing and converting it is a major scientific focus.
After capture, CO: can be stored underground through
mineralization or used as a feedstock to create fuels,
polymers, and chemicals. This closes the carbon cycle
and reduces dependence on fossil carbon.

Key Applications & Importance

Decarbonizing Heavy Industry: Essential for sectors
like cement, steel, and chemicals where emissions are
hard to eliminate.

Reliable Power: Allows fossil fuel power plants to
remain operational with reduced emissions,
supporting energy security.

Negative Emissions: When combined with biomass
(BECCS) or DAC (Direct Air Capture), it can remove
existing atmospheric CO,.

Low-Carbon Hydrogen: Capturing CO> during
hydrogen production creates cleaner hydrogen.

CARBON CAPTURE UTILIS?\TiON AND STORAGE (CCUS)

CAPTURE

Enhanced
Oil/Gas
Recovery

5.3 Soil and Air Remediation

Nanomaterials and chemical adsorbents enable
targeted removal of contaminants from soil and air.
These technologies offer high efficiency and
selectivity, though their long-term environmental
impacts must be carefully assessed.

VI. SUSTAINABLE AGRICULTURE AND FOOD
SECURITY

Agriculture must meet growing food demand while
minimizing environmental degradation.
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6.1 Controlled-Release Fertilizers

Conventional fertilizers often suffer from low
nutrient-use efficiency, leading to runoff and
eutrophication. Controlled-release fertilizers,
designed through chemical encapsulation and polymer
coatings, improve nutrient uptake and reduce
environmental losses.

6.2 Eco-friendly Pesticides and Biocides

The development of natural product-based and
chemically optimized pesticides enables targeted pest
control with reduced toxicity to non-target species.
Such approaches align agricultural productivity with
environmental conservation.

6.3 Soil Health and Growth Regulators

Chemical soil conditioners and growth regulators
improve water retention, nutrient availability, and
microbial activity, contributing to sustainable crop
yields.

VII. CHALLENGES AND FUTURE
PERSPECTIVES

Despite significant progress, several challenges hinder
the widespread adoption of sustainable chemical
technologies. These include high initial costs,
scalability issues, and the need for comprehensive life-
cycle assessments.  Additionally, translating
laboratory-scale innovations into industrial practice
requires  supportive  policy frameworks and
interdisciplinary collaboration. Future research should
integrate chemistry with materials science, biology,
and engineering to develop holistic solutions.
Education and policy alignment will also be critical in
accelerating the transition toward sustainable chemical
practices.
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VIII. CONCLUSION

Chemistry is a fundamental enabler of sustainable
development. Advances in green chemistry, renewable
materials, clean energy, environmental remediation,
and sustainable agriculture demonstrate the
discipline’s capacity to address global challenges. By
prioritizing efficiency, circularity, and environmental
responsibility, chemistry will continue to play a
central role in shaping a sustainable future. The
continued integration of scientific innovation with
societal needs is essential for achieving long-term
sustainability
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