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Abstract

This paper focused primarily on green chemistry,; the background to its emergence,
its definition, origin, importance and need. The benefits of green chemistry were
listed as waste reduction, efficient use of natural resources, its positive effects on
health, safety and environment (HSE), use of benign feedstocks and renewable
sources of energy, as well as an ideal platform of innovation for sustainable
development among others. The paper also discussed numerous innovations and
accomplishments in green chemistry, barriers and impediments against
implementation and adoption of green chemistry principles by industry, academia
and government. These barriers were enumerated as economic, technical, cultural,
organizational etc. Ways to overcome these barriers and thus promote the
implementation of green chemistry practice in the industry and academia were
discussed as well. The conclusion drawn, was that implementation of green
chemistry principles in Nigeria will not only require the collaborative effort of
government, industry and academia, but will also move the chemical sector to the
center of various challenging issues of the present and future generations and thus
promote development towards more sustainable solutions.
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Introduction

Chemistry has played, and continues to play a fundamental role in almost every
aspect of modern society (Pasquate & Michael, 2019). The range and varieties of
chemical products in today's society is enormous. These products make an
invaluable contribution to the quality of human lives (Umesh, 2023). In medicine,
the design and manufacture of pharmaceutical products has enabled us to cure
diseases that have ravaged humanity throughout history (Dara &Umare, 2013). The
world's food supply has increased dramatically, as a result of synthesis of crop
protection and growth enhancement chemicals. Petroleum products have
revolutionized the transportation sector, semiconductors have made possible
computers and other electronic devices. In fact, chemistry changed forever the
quality of man's life (Surabhi, 2021).

In recent times, however, the negative effects of chemistry have become obvious.
There is no denying that in years past, and even at present, chemistry (chemical
knowledge and practice) has been abused and/or misused in many respects (Sri,
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Ravichandran,&Suneetha, 2021). This has resulted in the release of toxic substances
and non-biodegradable materials into the air, water and land. These discharged
substances have caused the deterioration of the environment and untold negative
impact on plants, animals and humans.

The biggest challenge for the chemists and the chemical enterprise in this twenty first
(21") century is to design chemical manufacturing processes in such a way that the
waste products are reduced to the minimum. This means that chemists should
continue to provide the benefits of chemistry to humanity without the adverse health
safety and environmental effects. This has led to the practice of chemistry moving
steadily towards environmental friendliness and resource sustainability. “This
practice of chemistry in a manner that maximizes its benefits while at the same time
minimizing its adverse impacts has come to be known as green chemistry (United
Nations, 2017).

Green Chemistry: Definition and Concept

The concept of Green Chemistry (GC) was coined by Paul Anestas of United States
of America Environmental Protection Agency (USEPA) in 1991 and is known as the
father of G C (Dara & Umare, 2013). GC is defined as the design of chemical
products and processes that reduce or eliminate the use and generation of hazardous
substances. International Union of Pure and Applied Chemistry (IUPAC, 2010),
defines GC as the invention, design and application of chemical products and
processes to reduce or eliminate the use and generation of hazardous substances.

GC represents an innovative approach in chemistry practice, aimed at providing
insight towards the effective use of raw materials, the optimization of waste streams,
and the removal of hazardous reagents and solvents, in the manufacture and
application of chemical products. It is an umbrella concept that has grown
substantially, since it fully emerged about three decades ago. It is concerned with the
development of processes and technologies that result in more efficient chemical
reactions, that generate little waste and fewer environmental emissions than
traditional chemical reactions do. GC encompasses all aspects and types of chemical
processes that reduce negative impacts to human health and the environment relative
to the current state-of-the-art practices, in traditional chemistry (Sunita, 2013).
According to Sri, etal (2021), Gc embodies two main components. First, it addresses
the problem of efficient utilization of raw materials and the concomitant elimination
of waste. Second, it deals with the issue of health, safety and environment (HSE)
associated with the manufacture, use and disposal or reuse of chemicals.

GC is commonly presented as a set of twelve (12) principles. The principles include
instructions for professional chemists to synthesis new chemical compounds and
new technological processes. Adhering to these principles prevents pollution and
waste, leads to synthesis of chemicals in less hazardous and more efficient ways,
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promotes the use of renewable, biodegradable and benign feedstocks; and in addition
leads to the design of safer chemicals.

The Need for GC

The global chemical industry releases about five (5) billion tons of chemical wastes
annually to the environment, and also spends over three hundred billion dollars
annually for treatment, control and disposal of these chemical wastes, according to
(United States Environmental Protection Agency [US EPA], 2019). Those poses a
formidable challenge for chemists, chemical engineers and other stakeholders to
review the design, manufacture and use of chemicals and then to further accomplish
improvements or change in the design of new products and processes. These new
ideas and innovations are essential to meeting industry and society's growing needs.
For a continually growing population with rapidly depleting natural resources,
increasing energy prices and numerous other drivers, are forcing scientists and
engineers to seek for new and sustainable sources of resources for future chemicals,
energy and materials for production. In fact, the innovation must be planned and
implemented in such a way, that they are sustainable both economically and
environmentally. From the stand of environmental protection, many industries
globally have made significant progress in reducing emissions. Yet, even with these
improvements, the impact of industrial processing, use and disposal of chemicals on
environment is staggering.

The environmental protection in many countries was based on promulgation of
status and regulations, and implementing them using command and control
approach. In order to implement the environmental regulations, industries had to
install a variety of waste handling, treatment, control and disposal systems, which
require new equipment with high capital cost.

On the societal level, this means increase in the price of the consumer goods. In
addition, the true costs of the environmental impacts due to the manufacture, use, and
disposal have not been fully incorporated into the price of the goods produced. These
costs include site remediation, ecosystem destruction and health impact. It is
precisely in this context, that green chemistry emerged to provide the best
opportunity for manufacturers and users of chemicals to carry out their works in the
most economical and environmental beneficial way. Ge is already demonstrating the
potential to develop new technology, techniques and methodology that will enable
industries to minimize impact of chemical production and usage.

Innovations/Accomplishments in GC

The research, development and implementation of GC has led to significant
economic gains for many chemical firms with accompanying HSE benefits for
society. The breadth of GC's applicability seen through its many areas of innovative
accomplishments spanning agriculture, energy, materials, electronics, automotive,
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consumer goods etc. Several industrial sectors have been true pioneers in their
adoption of GC principles by recreating the approach to designing the next
generation of chemicals and materials. These include polymer manufacturers, textile
producers and pharmaceutical developers.

Anumber of noteworthy successes thatis accomplishments resulting from adoption
of GC principles, which can serve as illustrative examples to the chemical
community and the entire public as to potentials of GC. Some of these
accomplishments; adapted from Srietal (2021) include:

1. Synthesis of a dramatically more effective fire extinguishing agent that
eliminates halon and utilizes water in combination with an advance
surfactant.

2. Production of large scale pharmaceutical active ingredients without the
typical generation of thousands of pounds of toxic waste per pound of
product.

3. Elimination of arsenic from wood preservatives that are used in lumber
applied to decks and playground equipment.

4. Higher performance automotive coatings that remove the substantive lead
content and replace with the relatively benign element yttrium.

5. A class of pesticides that focus exclusively on the unique characteristics of
the target pest and biodegrading to innocuous by-products after use or active
time in the environment.

6. Making of computer chips using chicken feathers. The process involves
converting the protein, keratin found or obtained from the feather to make
fiber form that is both light and tough enough to withstand mechanical and
thermal stresses. The result is feather-based printed circuit board that actually
works at twice the speed of traditional circuit board.

7. Replacement of perchloroethylene, a known ground water contaminants and
a suspected caranogen with liquid carbon (IV) oxide and surfactant for dry-
cleaning clothes.

There are other GC innovations that are at different stages of development. Few are
listed below, as adapted from Sunita (2013).

Synthesis, Use and Development of Alternative Solvent

Solvents are used in almost all areas of chemistry and in variety of unit operations
such as extractions dissolution of solids for ease of handling etc. Many of the
commonly used solvents are volatile organic compounds (VOCs). These VOCS pose
serious HSE concerns. However, the principles of GC guide us to use less of VOCs, if
at all, if not, to use safer, more environmentally friendly solvents. This is to help
reduce or eliminate the negative impacts of VOCs. As a result, a class of safer
solvents called green solvents has been synthesized. These green solvents or
biosolvents (since they derived from agricultural/biological sources) are

Journal of Research in Science & Technical Education (JOREST) 57



ISSN: 2408-7538

Journal of Research in Science and Technical Education
Volume 4, No. 1, pp. (54-63), July 2024, Available at: www.jorest.org

environmentally friendly solvents. Ethyl lactate, for example, is a green solvent
derived from processing corn. It is mainly used in the paints and coating industry, and
have numerous attractive advantages such as 100% biodegradable, easy to recycle,
non-corrosive, non-carcinogenic and non-ozone depleting properties.

The use of water as solvent for organic reactions is one of the finest solutions to the
problem of solvent toxicity and disposals. The chemistry in natural system (i.e.
biochemical reaction) is based on water. The use of water as solvent for synthetic
chemistry hold great promise for the future, in terms of its cheaper and non-
hazardous, non-toxic, non-flammable, and renewable nature

Synthesis and Use of Biodiesel or Biofuels

Other than long-term supply issues, the main drivers for moving away from fossil
fuels resources is pollution. As a result, there is therefore growing need for
alternative energy feedstock to replace fossil resources. There are several options of
renewable and sustainable energy sources including wind, solar, water as well as
biomass. The production of biofuel from biomass is a promising possibility. As the
name indicates, biofuels is produced exclusively from cultivated plant oil. Most
research into biofuel is focused on vegetable oils such a soya bean, sunflower, palm
oil and rap seed oil. Palm oil can now compete favourably with mineral oil, even in
the production of petrol and natural gas. The new drilling fluid based on plant-
derived esters of palm oil is an example. The resulting rock powder can be returned to
the sea without any HSE concerns. The advantages ofusing biofuels are many;

a. Itis a fuel from renewable resource

b. Contrary to fossil fuel diesel oil, the combustion of biodiesel does not
generate waste like Sulphur compound.

C. Biofuel generally does not increase the amount of carbon (IV) oxide, (Co,) in
the atmosphere.

Use of Biocatalysts and Alternative Feedstock

Biocatalysts by virtue of its merits such as selectivity, sustainability and
environmental safety, holds a strong promise to discover new and, novel production
pathways for very useful chemical compounds. Recently, new polymeric materials
are being produced from biological/agricultural wastes, such as polysaccharides
using biocatalytic, transformation. These polymeric substances often called eco-
plastics are produced annually from corn waste in a bio refinery, and are used mainly
for routine packaging. These processes simultaneously address several GC
objectives and environmental concerns such as;

. Use of environmentally benign feedstocks

. Use of biocatalyst transformation rather than the organic monomers and
harsh environmental conditions

. Addresses the HSE concerns of persistent polymers and plastics by paving

the way for manufacture of biodegradable polymers and plastics.
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Examples of GC's innovation and accomplishments listed above illustrate how GC
impacts a wide array of fields and offer a pathway to a better world.

GC and Sustainable Development

Fundamental to the GC concept and principles is the idea of sustainability. GC
provides an ideal platform of innovation for sustainable development. Presently, the
chemical enterprise and practice, presents challenges to the health, safety,
environment, economy and society, but the emergence of GC also offers unique
opportunity to advance the goal of sustainability, through innovation in chemical
product and process design. Sustainability as defined by the Brundtland Commission
calls for meeting the needs of the current generation while preserving the ability of
future generation to meet their needs. The role of scientists, engineers and policy-
makers on all scales is central and essential to determining if and how quickly we
move towards a sustainable future. GC, along with the complementary fields of
green engineering industrial ecology and sustainability science represents examples
of'the critical emerging disciplines necessary to realize this goal. GC however, is one
of the most fundamental of these fields, in that, it focuses on the molecular level, to
design chemical processes and materials to be inherently non hazardous and non-
polluting. Given the expansive use of chemicals and chemical products, throughout
the economy and society, creating benign feed stocks will have far-reaching effects
or consequences by providing engineers, scientists, industrial ecologists with the
necessary building blocks in the design of sustainable products, processes and
systems. Hence, GC concept and principles are fundamental tools for achieving
sustainability.

Barriers to Implementation of GC in Nigeria

While the benefits, accomplishments and prospects of GC have been and continue to

be demonstrated across the chemical enterprise, its widespread penetration and

implementation has been impeded by its fundamental and disruptive nature.

According to Matus, Paul, William, Clark, & Kai (2007), there are six major classes

ofbarriers to the implementation of GC which are;

l. Chemical enterprise: Complex and intertwined: The sections of
industries that fall under the chemical enterprise umbrella are both large and
diverse. They range from pharmaceuticals to textiles, pesticides, paper,
petroleum products; specialty chemicals such as perfumes, cosmetics,
fertilizers, plastics and just about everything in-between. The variety and
ubiquitousness of the use and production of chemical within industry,
represents the first barrier. Many firms that fall within or into the chemical
umbrella may not see them as such, which makes the dissemination of
information to these areas much more difficult. Many of the sectors in the
industry are highly intertwined, which means that firms within the chemical
enterprise occupy a variety of positions along the supply chain, from primary
production all the way to consumer products.
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Economic and financial barrier: Building new chemical infrastructure can
be very expensive, and the high cost can be a significant barrier to
implementation of green chemical processes. In addition, within the
chemical industry, a new product or process based on GC must meet two
criteria; economic and environmental performance. The new product and/or
process must not only represent an improvement for health, safety and
environment, but it must also be more profitable. A small decrease in costs
associated with waste, or the use of less hazardous or more efficient process,
may not be enough to justify large changes, which can be a significant barrier
to GC implementation.

Regulatory Bamer: The significant growth in environmental regulation
over time has had an important impact on the chemical enterprise. Given the
increasing globalization of the chemical enterprise, many firms must also
cope with. The regulations (which may differ significantly in all of the
countries where they produce and sell their products) This means that many
firms find themselves in situation where they must spend precious resources
onregulatory mandated, and often expensive, instead of investing in research
and development to move towards inherently safer products and processes.
There are also regulatory barriers that emerge from the particular details of a
given set of regulation, such as those that surround certification of product,
financial regulations can also create barrier e.g. the accounting system.

Technical Barrier: The science behind is often complex and multi-
disciplinary. There is a huge variety of technical knowledge within the
industry, much of'it highly contextual and specialized.

The number of disciplines involved in GC also creates a technical barrier. For
example, a chemist typically does not have a working knowledge of
toxicology or ecology or chemical engineering. Similarly, chemical engineer
does not have extensive knowledge of either ecology or toxicology. This lack
of a broader technical background in the training of chemists, including the
ability to think in a more global systems level, has emerged as an important
barrier to the implementation of green chemistry.

Organizational Barrier: Within a chemical enterprise or firm, the
implementation of GC can run into problems, that are the result of the
organizational structure. For example, organizational barrier can occur when
the 'champions' and advocates of a green product or process are not in the
position of power.

Cultural Barriers: One of the most important cultural barriers is awareness.
While GC has made significant progress, it is unknown or misunderstood by
a large number of chemists and the general public. Hence, it is not part of the
standard curriculum in schools. Some may even habour misconception
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regarding the actual nature of GC. There are also cultural barriers that arise from the
differences between the research interests of chemists in the academia and
chemists within industry. Academia is concerned with providing an
education that produces first-rate chemists and the definition of what that
education includes have remained remarkably constant for a long time.
Changes in chemical education have been difficult, while efforts of chemists
in the industry are concentrated on particular problem which they are
attempting to solve, in an arena where speed, effectiveness and cost
efficiency are very important to their personal success. In addition, the
degree to which the culture of a firm shuns or encourages innovation in
general can create a significant barrier to the implementation of GC.

7. Barriers regarding: Definitions and Metrics: An important burrier emerge
from questions about what exactly constitute GC. The term 1is often used
interchangeably with sustainable chemistry and are often grouped together
with green engineering and sustainable development. Is it a branch of
chemistry like organic, physical etc. This kind of definitional fuzziness can
be very negative and has led to conclusion and argument about whether a
given reaction, product or process really represents GC. This impediment is
further compounded by the absence of metric or certification for GC. One of
the consequences that emerge from the loose definition and current lack of
metrics is that it is hard to point to a given product and declare it green.

Overcoming These Barriers and Promoting GC

The challenge of promoting greater adoption of GC research and innovations is
substantial. This is because GC is a disruptive emerging technology embedded in a
complex scientific, political, regulatory, economic, organizational and cultural
framework. Accomplishments in GC are innovations in a large system that spans
border between nations, between industries and between scientific disciplines.

1. Support by Politics/Government: To ensure a sustainable and wealthy
future, politics must give science especially GC a higher priority. This means
government should create incentives for the development and implementations of
innovations in GC. This entails more financial funding for GC research and
education. Politics, also should not miss the chance to make people part of the
solution. In this regard, government should facilitate linkages, networks and
collaborations that positively impact the exchange of information, expertise, tools
etc. [t also requires politics or government to act as a facilitator for multi-stakeholder
initiatives to create and enforce GC metrics and standards. Promote actions this
makes HSE impaperlcts a larger part of the decision calculus, and support research,
knowledge creation and educational efforts toward GC, across a range of disciplines
and problem areas.
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Father, politics have a heavy responsibility to guide the industry's development
towards GC, its guiding principles and rising demand. Hence, a regulatory frame
work is required, with strict sanctions for non-GC actions by companies. Likewise,
chemical firms conducting or implementing GC principles and innovations could
benefit from incentives such as tax reductions or rewards that give GC products
competitive advantages.

1l. Support through Science and Education: To face the challenges of
developing GC products and processes, fundamental and applied research, as well as
awell-educated and skill workforce with innovative ideas is required. More practical
classes and interdisciplinary teaching should thoroughly prepare them for the tasks
ahead. There is therefore need for the chemical industry to participate in science
education e.g. by sponsored scholarships, training programs or the provision of well-
equipped laboratories. There is also need for education in science, especially
chemistry, in schools to start much earlier, with modern teaching techniques and use
of everyday examples where chemistry improves our lives. This could increase
children's interest in chemistry and its impact on individual as well as on other
disciplines

According to Pasqualle and Michael (2019), the necessary key competences
individuals should have for promoting sustainable development includes systems
thinking, strategic normative, anticipatory and inter personal competence. However,
these are not sufficiently imparted in adult education in Nigerian. Adult education is
still devoid of teaching these proposed sustainability competences. Consequently,
education in chemistry needs to be rethought and updated to the needs and
aspirations of the twenty first (21") centuries. This is the most effective way to adopt
GC research and industry to these needs. In fact, according to Ritcher and Dobbelaar
(2022), GC should be made the norm rather than the novelty.”

In addition, GC education should not be only for schools and universities, but also as
a life-long education and learning process for professionals. This includes regular
exchange and a cooperative discourse among stakeholders from other disciplines.

It is important to note that, the training of next generation of scientists and engineers
in the methodologies, techniques and principles that are central or essential to GC is
vital to its success. To this end, professional societies, private industry and
educational community should work together to develop comprehensive
curriculum, textbooks, case studies, laboratory experiments and training
opportunities for students and teachers. Finally, private industry should begin to
retrain their current workforce, encouraging GC innovation through in-house award
programs, salary bonus incentives and promotions.
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Conclusion

From the foregoing, it is obvious that GC aims to develop new practice of chemistry
with rules which, not only provides platform for achieving sustainability but also
provides resolutions to problems facing humanity today, such as, pollution, climate
change, diminishing natural resources among others. Promoting implementation of
GC, practice is a fundamental approach in shaping a sustainable economic growth. It
not only affects chemical production, but also has impact on industrial and consumer
products, including effects on HSE, working conditions as well as economic growth.
Promoting implementation and adaption of GC principles, although not without its
serious barriers and setbacks requires a collaborative effort of industry, academia,
government and other stakeholders. GC would help, when adequately implemented
to build a more sustainable, safer, progressive and prosperous mother planet for all
humanity.
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