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Introduction

The world is currently facing a crucial
challenge in decarbonizing energy
production and getting rid of greenhouse
gases to counter and mitigate climate
change (Shinnar, Ruel and Francesco).!
Here I explain how the chemical sciences
play an important role, providing inno-
vative solutions that can transform large
scale manufacturing, energy production
and agricultural processes.> By harness-
ing recent advancements in chemistry,
the global community can shift towards
sustainable practices such as decreasing
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reliance on fossil fuels and hence
reducing environmental impact.

Implementing green chemistry in
industrial production

The traditional processes of
manufacturing mostly depend on waste-
ful practices, use of hazardous chemicals
and high-energy reactions which result in
depletion of resources and considerable
environmental pollution. The principles
of green chemistry advocate for designing
sustainable manufacturing processes
which minimize the generation of waste,
employ renewable feed stocks and reduce
the consumption of energy.®* The chem-
ical sciences play a vital role in the
development of environmentally-friendly
alternatives to traditional industrial

Utilizing advancements in chemical sciences for
decarbonization: a pathway to sustainable emission
and energy reduction

processes across various sectors, such as
material  processing, agrochemicals,
pharmaceuticals and polymers.*

A key aspect of green chemistry is the
design of more sustainable and safer
chemical reactions.® The use of atom-
efficient synthesis, solvent-free reactions
and catalytic processes maximize product
selectivity and yield while minimizing
impact on the environment.> An example
is the use of biocatalysts such as micro-
organisms and enzymes which enable
selective and mild transformations in
ambient conditions, hence eliminating
the use of hazardous reagents and
reducing energy requirements.® Bio-
catalytic routes are now used in bio-
based polymer manufacturing, the
synthesis of pharmaceuticals and in the
production of fine chemicals, which in
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turn offer sustainable alternatives to
traditional ~ processes  which  use
hazardous chemicals.”

In addition, green chemistry high-
lights the use of bio-based materials
made from agricultural residues,
biomass, or waste streams and renewable
feedstocks. Bio-based polymers such as
polyhydroxyalkanoates (PHAs), polylactic
acid (PLA) and cellulose derivatives, act
as eco-friendly options to plastics and
fibers based on petroleum. Bio-based
polymers and monomers with increased
biodegradability and reduced environ-
mental footprint are being produced
using chemical processes such as enzy-
matic conversion, fermentation and
chemical depolymerization. Further-
more, use of bio-friendly approaches
promotes efficiency of resources and can
be circulatory in the manufacturing
industry by integrating biochemical,
chemical and thermochemical processes
to make use of biomass in an array of
highly valuable products such as
biochemicals, biofuels and bio-plastics.®

Use of catalysis for production of clean
energy

Catalysis plays a vital role in various
energy conversion processes such as fuel
cells,” hydrogen production* and carbon
capture.'* Catalysts are substances which
accelerate chemical reactions and foster
the efficient conversion of raw materials
into desired products while minimizing
waste generation and energy input. For
example, during the production of
hydrogen using water electrolysis, cata-
lysts enable the splitting of water mole-
cules into oxygen and hydrogen gases.
Traditional methods of electrolysis
depend on energy-intensive and costly
catalysts such as platinum. Catalysts
based on transition metals such as
cobalt, iron and nickel indicate the
potential for improving efficiency and
lowering costs in the production of
hydrogen.™

Furthermore, catalysts are vital in fuel
cell technologies. These technologies
directly convert chemical energy into
electrical energy without the use of
combustion. Solid oxide fuel cells
(SOFCs)** and  proton  exchange
membrane fuel cells (PEMFCs)** depend

on catalysts to carry out electrochemical
reactions at electrodes, thereby facili-
tating the conversion of fuels into elec-
tricity. Recent advances in catalyst design
aim to improve the durability and selec-
tivity of catalysts used in fuel cells,
reducing costs and improving overall
performance.

Another application of catalysis that is
showing potential is in carbon capture
and utilization (CCU) technologies.* CO,
can be selectively captured directly from
the atmosphere or from industrial flue
gases, by employing catalysts such as
metal-organic frameworks or amine-
functionalized  materials.  Successive
chemical reactions enable conversion of
the captured CO, into useful products
such as chemicals, fuels and building
materials. For example, captured CO, can
be converted into methanol using cata-
lysts such as copper-zinc oxide-
aluminum oxide (Cu-ZnO-Al,0;).** Such
CCU processes contribute to the devel-
opment of a circular carbon economy by
recycling CO, as a feedstock for various
industries, mitigating the emission of
greenhouse gases."”

Carbon capture and utilization (CCU)

The continuous rise of CO, levels in the
atmosphere because of anthropogenic
activities poses a substantial threat to
ecosystem health and climate stability.
Use of carbon capture and utilization
(CCU) technologies provide potential
strategies for alleviating CO, emissions
from industrial processes and tackling
the growing demand for carbon-neutral
material and fuels.® Chemical sciences
play a vital role in developing cost effec-
tive and efficient CCU processes through
process optimization, innovative material
design and life cycle analysis.

One method in carbon capture
involves chemical absorption.” In this
approach, CO, is absorbed by sorbents or
solvents in secondary combustion flue
gases.” Amine based solvents can be
regenerated for repeated use and exhibit
high CO, absorption. These amine-based
solvents include amine-functionalized
porous materials and monoethanol-
amine (MEA). Ongoing research focuses
on improving the stability, selectivity and
energy efficiency of sorbents used to
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capture CO, through process integration,
surface modification and material
synthesis. In addition, recent emerging
technologies for carbon capture such as
cryogenic distillation" and membrane-
based separation, provide alternative
ways to capture CO, with reduced envi-
ronmental and energy footprints.

After CO, is captured, it can be trans-
formed into useful products by utilizing
chemical processes such as hydrogena-
tion, carbonation and electrochemical
reduction. An example is that CO, can
react with alkaline materials such as
magnesium silicate or calcium oxide
producing stable carbonate minerals
which can be used for construction or
geological sequestration.”® In addition,
the hydrogenation of CO, catalyzed by
transition metal catalysts gives alcohols,
hydrocarbons and other chemical feed-
stocks providing a sustainable pathway
for production of carbon neutral fuel.
Also, reduction of CO, by electrochemical
processes using renewable sources of
electricity makes it possible to synthesize
value-added chemicals such as methane,
formic acid or ethylene, with high energy
efficiency and selectivity.”® Ongoing
research in CCU is exploring reaction
pathways, novel catalysts and strategies
for process integration, to increase the
environmental merits of carbon utiliza-
tion technologies and economic viability.

Storage and conversion of renewable
energy

Renewable sources of energy such as
wind power and solar are known to offer
clean and abundant alternatives to fossil
fuels.”?> However, their continued use
poses challenges regarding supply reli-
ability and grid stability.”> Chemical
sciences play an important role by devel-
oping conversion technologies and effi-
cient energy storage to curb these
challenges.

Batteries are vital for storage and
delivery of electricity from renewable
sources which in turn enables manage-
ment of loads and balance. The battery
market has been dominated by lithium-
ion batteries (LIBs) because they have
a long-life cycle and a high energy
density.”® However, due to safety
concerns and the limited availability of
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lithium, research efforts have been
focused on alternatives. Some potential
sustainable and low-cost alternatives to
LIBs being explored, include magnesium-
ion batteries (MIBs),>* potassium-ion
batteries  (PIBs) and  sodium-ion
batteries (SIBs). Furthermore, advances
in battery technologies such as flow
batteries provide better scalability, safety
and long-life cycle, paving the way for the
wide use of renewable systems for energy.

Apart from batteries, chemical
processes are being used for storage and
conversion in fuel-based systems. For
instance, hydrogen gas produced
through biomass conversion or electrol-
ysis from renewable sources, can be used
as a carrier of clean energy with many
applications in transportation, fuel cells
and industrial processes. Chemical
means of storage such as reversible
chemical reactions* and hydrogenation
of organic compounds, make it possible
to store hydrogen safely and efficiently for
long periods. Ongoing research efforts
are looking to develop advanced mate-
rials for storage of high-density hydrogen
with  better thermodynamics and
improved kinetics. These advanced
materials include chemical hydrides,
metal hydrides and porous frameworks.

Technologies for conversion of solar
energies such as solar thermal systems
and photovoltaics utilize sunlight to
produce heat or electricity. Photovoltaic
devices utilize inorganic, organic and
hybrid materials to harness sunlight
which is then converted into electrical
energy. Promising alternatives to the
outdated solar cells based on silicon
include perovskite solar cells which have
low cost of fabrication, high efficiency
and tunable optoelectronic properties.
Optimization of the structure, stability
and composition of perovskite materials
is a crucial role played by chemical
sciences for practical application of solar
cells.

Conclusions

The chemical sciences provide diverse
opportunities to reduce the emission of
greenhouse gases from agricultural
processes and large-scale manufacturing
and to decarbonize the production of

energy. Through technological
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advancements, innovative research and
the adoption of sustainable practices, it is
possible to build a more environmentally
resilient future and eliminate climate
change. It is essential for policymakers,
communities, industries and scientists to
collaborate to make it possible to achieve
a low-carbon economy and to ensure that
the planet is sustained for future gener-
ations. By making use of the trans-
formative power of chemistry, it is
possible to address the challenges of
environmental stewardship and energy
sustainability, making way for a more
prosperous and greener world.
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