E-ISSN: 2709-9423

P-ISSN: 2709-9415

Impact Factor (RJIF): 5.29
JRC 2025; 6(2): 201-203

© 2025 JRC
www.chemistryjournal.net
Received: 02-08-2025
Accepted: 06-09-2025

Sateesh Kumar Beepala
Lecturer, Department of
Chemistry, Government
Degree College Tekkali,
Srikakulam, Andhra Pradesh,
India

Peddada Surya Sunitha
Lecturer, Department of
Chemistry Government Degree
College(W), Srikakulam,
Andhra Pradesh, India

Srividhya Maripi
Lecturer, Department of
Chemistry, Government
Degree College(W),
Marripalem, ASR (Dist.)
Andhra Pradesh, India

Correspondence

Sateesh Kumar Beepala
Lecturer, Department of
Chemistry, Government
Degree College Tekkali,
Srikakulam, Andhra Pradesh,
India

Journal of Research in Chemistry 2025; 6(2): 201-203

Towards sustainable environmental chemistry: A
comprehensive review

Sateesh Kumar Beepala, Peddada Surya Sunitha and Srividhya Maripi

DOI: https://www.doi.org/10.22271/reschem.2025.v6.i2c.225

Abstract

Environmental chemistry has evolved into a sustainability-focused discipline that addresses global
issues like pollution, resource depletion, and climate change. Modern research combines green
chemistry concepts, circular economy frameworks, and renewable technology to reduce the
environmental impact of chemical processes. This study critically examines the evolution of
sustainable environmental chemistry, with an emphasis on recent advances in renewable catalysis,
waste valorisation, artificial intelligence-driven environmental monitoring, carbon capture, and
bioremediation. It also looks at the role of legislation, education, and digitalization in supporting
sustainable chemistry practices. By synthesizing insights from global literature, the review reveals new
trends and persistent constraints, as well as strategic initiatives for incorporating sustainability into the
heart of chemical science and industry.
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1. Introduction

Environmental chemistry, which was originally primarily concerned with detecting and
quantifying contaminants, has evolved into a forward-looking profession that emphasizes
sustainability, prevention, and systems thinking > 2. Today's environmental chemists not
only investigate toxins, but also develop materials and procedures to prevent pollution at its
source.

Climate change, biodiversity loss, microplastic accumulation, and chemical pollution have
all highlighted the importance of a sustainable chemical paradigm [l Sustainable
environmental chemistry aims to strike a balance between industrial productivity and
environmental integrity by combining green chemistry principles, life-cycle assessment
(LCA), renewable feedstocks, and energy-efficient technology. The modern notion is closely
related to the United Nations Sustainable Development Goals (SDGs), including SDGs 6
(Clean Water), 12 (Responsible Consumption and Production), and 13 (Climate Action) 4,

2. Historical Evolution of Environmental Chemistry Towards Sustainability

From the environmental disasters of the 1960s (e.g., Minamata disease, Silent Spring) to the
climatic concerns of the twenty-first century, the discipline has shifted from pollution control
to prevention. The 1990s were a watershed moment when green chemistry was developed to
reduce harmful reagents and byproducts 4,

In the 2000s, life-cycle thinking and sustainable process design became popular Bl. Recently,
the discipline has included digital tools, Al-based environmental modelling, and renewable-
energy-powered synthesis, all of which have reshaped how chemistry interacts with natural
systems [6:7],

3. Literature Review

An extensive body of literature supports the movement toward sustainable environmental

chemistry. A few notable trends include:

e Green synthesis and catalysis: Bio-based and non-toxic catalysts are rapidly replacing
hazardous chemicals, with better selectivity and recyclability. & 41,
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e Nanomaterials for remediation: Engineered
nanoparticles have shown remarkable adsorption and
photocatalytic destruction capabilities for persistent
contaminants [20- 111,

e Carbon capture and utilization (CCU): Scalable climate
solutions include innovative MOF-based systems and
electrochemical approaches for CO2 removal 12 131,

e Circular chemistry and waste valorization: Industrial
symbiosis and zero-waste processes are redefining
material flows (561,

o Digital sustainability: Artificial intelligence and
Internet of Things sensors are changing pollution
monitoring, predictive modelling, and process
optimization 171,

Table 1: Selected Research Contributions in Sustainable
Environmental Chemistry (2010-2025)

Year| Research Focus Key Innovation Reference

Biocatalysts for eco-friendly] 8l

2010| Green catalysis

oxidation
2015| Waste valorization Biochar from_b_lomass for (18]
water purification
Nano-TiO: for pesticide [10]

2018| Nanoremediation .
degradation

LCA in chemical |Quantitative cradle-to-grave| 5

2020

processes impact analysis
2022|Al in sustainability Predlctlye analytlgs for [l
pollution modeling
2023 Bio-based PHA and PLA bi_oplastics 20]
polymers for packaging

MOF-based catalytic CO: [13]
conversion
Zero-waste industrial [16]
symbiosis systems

2024| Carbon capture

2025| Circular chemistry

4. Core Principles of Sustainable Environmental
Chemistry

4.1 Green Chemistry and Benign Design

Green chemistry’s 12 principles ™! remain the foundation of
sustainability. Methods such as microwave-assisted
synthesis, ionic liquid catalysis, and enzymatic
biotransformation ~ minimize  solvent use, energy
consumption, and toxic waste [,

4.2 Renewable Feedstocks and Biocatalysis

Fossil-based feedstocks have been replaced with renewable
resources such as algae and lignocellulosic biomass. For the
sustainable manufacturing of fine compounds, enzyme-
mediated processes hold great promise I,

4.3 Life-Cycle Assessment (LCA)

LCA offers quantitative sustainability evaluation at all
stages, from raw material extraction to product disposal I,
This integrative approach helps prevent "problem shifting"
between environmental compartments.

4.4 Pollution Prevention and Remediation

Photocatalysis, adsorption, and bioremediation are all
examples of rapidly evolving techniques. Hybrid materials
that include graphene, zeolites, and biopolymers
demonstrate outstanding effectiveness in eliminating heavy
metals and organic pollutants [,

4.5 Waste Valorization and Circular Economy
The transition from linear (“take-make-dispose™) to circular
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models promotes resource recovery, material reuse, and
zero-waste design [ 161 Examples include converting
agricultural residues into biofuels and carbon-rich
adsorbents.

5. Emerging Technologies and Innovations

5.1 Artificial Intelligence and Smart Environmental
Monitoring

Artificial intelligence-powered systems employ sensor data
in real time to predict pollution and optimize processes.
Machine learning methods detect pollution hotspots and
forecast chemical reactions in the environment [6 171,

5.2 Carbon Capture and Utilization (CCU)

Recent research on metal-organic frameworks (MOFs) and
electrocatalytic CO: reduction offers opportunities to
convert waste carbon into fuels and polymers %1, The use of
renewable energy sources (solar/wind) improves the
sustainability of these systems.

5.3 Sustainable Energy Integration

The utilization of green hydrogen, solar-assisted chemical
synthesis, and bio electrochemical systems connects
environmental chemistry to clean energy transitions [° 22,

5.4 Bioremediation and Synthetic Biology

Genetically engineered microorganisms capable of digesting
plastics, hydrocarbons, and insecticides have demonstrated
enormous potential 24,

Phytoremediation using hyperaccumulator plants also aids
in soil detoxification.

5.5 Sustainable Materials and Biopolymers

Innovations in bio-based composites, starch blends, and
PHA/PLA copolymers are replacing conventional plastics.
These materials are biodegradable and compatible with
circular economy principles 21,

6. Interdisciplinary Applications and Sectoral Impact

Environmental

Sustainable Practices Outcome

Sector

Reduced emissions
and energy use

Industrial
Manufacturing

Solvent-free catalysis,
waste heat recovery

Biofertilizers, slow- Decreased soil

Agriculture - -
release nano nutrients contamination
Water Biochar filters, nano Cleaner drinking
Management adsorbents water
Energy Green hydrogen, CO--to- Lower carbon

fuel conversion footprint

Waste Pyrolysis, composting, Resource circularity

Management recycling loops

Sustainability in environmental chemistry depends on
interdisciplinary collaboration among chemists, engineers,
data scientists, and policymakers.

7. Challenges and Limitations

Despite promising progress, challenges remain:

a) Economic Viability: Green technologies often have
high capital costs [*41,

b) Policy and Regulation: Inconsistent environmental
standards across nations delay implementation (141,

c) Technological Scalability: Many green chemistry
innovations remain at laboratory or pilot scale.
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d) Education and Awareness: Integration  of
sustainability in chemistry curricula remains limited.

e) Data Gaps: Comprehensive databases for LCA and
material sustainability assessments are lacking.

8. Future Prospects and Research Directions

e Digitalization and Al Integration: Environmental
digital twins will optimize chemical processes before
physical implementation 1171,

e Green Hydrogen and Synthetic Fuels:
Electrochemical and photochemical CO; reduction will
power carbon-neutral industries %2,

e Biorefineries: Multi-product conversion of biomass
into chemicals, fuels, and materials.

e Sustainable Education: Embedding sustainability and
ethics into chemical education programs.

e Global Collaboration: Shared databases, policy
harmonization, and sustainable financing mechanisms.

The convergence of green chemistry, environmental
engineering, and data science will define the next decade of
sustainable environmental chemistry.

9. Conclusion

Sustainable environmental chemistry has arisen as a
transformative field that combines scientific innovation and
environmental responsibility. By shifting from pollutant
detection to prevention and sustainable design, it provides a
comprehensive  framework  for  solving  modern
environmental concerns. The combination of green
chemistry concepts, renewable resource usage, and circular
economy models is leading the way for cleaner production
and lower environmental impact. Green catalysis,
bioremediation, carbon capture, and artificial intelligence-
driven environmental monitoring are altering the role of
chemistry in achieving global sustainability. However,
achieving large-scale impact necessitates strong policy
support, interdisciplinary  collaboration, and  the
incorporation of sustainable principles into education and
industry. Society may strike a balance between ecological
preservation and technological advancement by integrating
chemistry with engineering, data science, and environmental
ethics. In the end, sustainable environmental chemistry is a
key component of the green transition, supporting
ecosystems, empowering industries, and directing
humankind toward a more resilient, safe, and clean planet.
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