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Abstract

Green chemistry and nano-engineering are aimed at increasing products efficiencies in the chemical supply chain and reduc-
ing health and environmental hazards. This study stresses how principles and measurements of green chemistry can affect,
from design through disposal, the complete life cycle of a chemical. Nanotechnology, as a rapidly developing field, provides
an educational framework for investigating the influence and implementation of Green Chemistry in the real world. Both
are propelled by a wide range of inventiveness, and both are intended to usher in a new era of technological advancement. In
this paper, the application and impact of modern green technologies, as well as future potential for transdisciplinary interac-
tion, are discussed. The 12 Green Chemistry Principles, initially published in 1998, give a framework accepted by not only
chemists, but also designers and policymakers. The implementation of the principles was prompted by decades of inadvert-
ent environmental harm and the effects on human health from chemical production and use of dangerous chemicals. But
the principles for the synthesis and manufacture of engineered nanomaterials (ENMs) are employed for more than decades.
Even while the entire scientific community promotes advancements in nanotechnology, there remain considerable research
gaps and a possibility for safe, responsive application of ENMs’ great economic, social and environmental benefits. In the
context of the notion of the ‘Green Economy’, the social relationship and economic between the environment and economy
can be properly managed. The green nanotechnology concept intends to use nano-innovation in materials science and engi-
neering to support the construction and maintenance of a society to generate energy-efficient products and processes that
are environmentally and economically sustainable.
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Introduction

Society initiates new requirements for better and novel
technologies that are more forward-leaping than the current
ones. In the direction of clean and green technological devel-
opment, green nanotechnology is a subfield of environmen-
tal science. Environmentally friendly technology is defined
as that technology, which safeguards the environment and
prevent the harmful waste production and incorporates the
principles of green chemistry and green engineering. It is
the future technology and will impact all fields, viz. medical,
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agriculture, environment, nanotechnology and electronics
with unimagined potential [1, 2]. It is a unique multidiscipli-
nary platform that integrates engineering, biology, physics
and chemistry. Scientists are working on the development of
gadgets that are based on the concepts of quantum mechanics
and nanotechnology, and which are predicted to have a pro-
found impact on society [3]. Nanotechnology has emerged
in all aspects of synthesis procedures, product develop-
ment and technological innovations. Nanomaterials or its
derived products directly can handle toxic wastes, assist
in development of nano-medicines biomarkers and drug
delivery, treat saline water and sense organic and inorganic
pollutants, monitor toxic gases. Other applications include
lightweight materials or components for automobiles, nano-
composites, electronic devices, servers and systems, and fuel
cells, clean fuels, light emitting diodes (LEDs), catalytic
materials, self-cleaning nano-sized coatings, energy storage
devices and bulk chemicals utilizing green synthesis. The
potential of nanotechnology is extensive and exciting and
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attracts considerable interest and research. Although nano-
technology is described in numerous ways, simply defining,
it is the design or use of materials having nano-dimensional
structures generally in the size below 100 nm. In compari-
son to conventional materials, nanoscale compounds have a
higher surface-to-volume ratio, which is the primary cause
for their reactivity, magnetic, optical, and electrical capabili-
ties, that’s why they are more effective and more sizeable,
as well as reactive [4—6]. Despite considerable progress in
nanotechnological arena, the toxicity and danger associated
with the nanomaterials are a point of critical concern. These
nanomaterials can enter our body and can cause many health
hazards; hence, nano-toxicology continues to be a source
of key concern and deciding factor across the broad field
of nanotechnology. The environmental, health, and safety
consequences of exposure to nanoparticles and their asso-
ciated hazards remain unresolved and there is less data on
toxicological studies of nanoparticles investigations. The
two biggest problems: poor knowledge of the novel risks of
nanotechnology and the absence of regulatory legislation
about nanotechnology are key obstacles to the widespread
deployment of nanotechnology in the sectors of human exist-
ence. The notion of 'green chemistry' is gradually emerging
to address some of the possible hazards related to nano-
technology. Green chemistry is an environmentally friendly
means to synthesize products from biodegradable and safe
components with less use and minimized creation of hazard-
ous chemicals. Green approaches of synthesizing, though
not entirely effective, can address a wide range of challenges
relating to nanotoxicology. [5—8]. Green synthesis, some-
times referred to as green nanotechnology, has the potential
to alter large-scale processes into nanosynthesis and rep-
resents a new platform for the development of innovative
products that benefit human and environmental health. In
the future, the environmental and biological segments of
nanotechnology applications aim to be improved by these
methods to green nanomaterials. According to Wu yan
et al., the perovskite-type LaFeO,/g-C;N, photocatalyst of
the Z-scheme supports the growth of photocatalysis and has
great promise for environmental remediation [9]. When it
comes to the development of sustainable green energy sys-
tems, the investigation of extremely reliable photocatalysts
for hydrogen evolution reaction is a major concern. [10, 11].
For photocatalytic materials in the future, nanostructures
with doping will be evaluated as interesting candidates for
further investigation [12]. Green Chemistry's major pillars
are the use of resources that are harmless, biodegradable,
eco-friendly, energy-efficient and bearing low cost. These
green and eco-friendly synthesis properties benefit swiftly
from nanotechnology and the research is underway. Nano-
particles from plants, micro-organisms, or other natural
resources have been produced in a large number [4]. Even
though green nanotechnology portrays a rosy vision of a
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clean, ecologically friendly, and safe future, there are some
concerns, as it faces challenges not only to address the poten-
tial toxicity problems but also of building a new ground for
the production of sustainable nanomaterials while taking
into account of the environmental and health issues [13].

Clean and green nanotechnology

The nanomaterial quality developed by the technique of
green synthesis is comparable to its chemical equivalents,
and the properties of nanomaterials can be manipulated in
the same manner by modifying reaction parameters such
as temperature, and pH. But there are many barriers and
activities that must be solved in this context [9]. The main
challenges in green nanotechnology have been:

(1) Stability of the nano-products and structures
(i) Handling and managing nanomaterial toxicity,
(iii)) Regulatory guidelines for nano-material synthesis
and
(iv) Industrial applications of methodologies used to
increase scale-up.

In order to characterize nanomaterials and determine
their effects on in vitro and in vivo functions, nanotoxicol-
ogy relies on a variety of analytical methodologies, which
include attempting to define and categorize the health con-
sequences induced by artificial nanomaterials, to ascertain
structural and functional links among nanoparticles and the
associated toxicity. As seen from the standpoint of analyti-
cal chemistry, this burgeoning discipline presents numerous
interesting issues that will call on the experience of both
nanomaterial and bio-analytical chemistry experts in the
field to solve those [14]. The investigation of in vitro nano-
entities accumulation and localized effect is strongly inter-
twined to cyto-toxicological impacts related to nano-entity
organism-cell interaction. Transmission electron micros-
copy, elemental analysis, and fluorescence spectroscopy are
some of the analytical procedures that are utilized for char-
acterization of nanomaterials along with XRD, FTIR, XPS
analysis [15, 16]. When it comes to nano-toxicology, in vitro
toxicity evaluation is a crucially significant tool. If compared
it to in vivo investigations, the advantages of in vitro analysis
include being fairly rapid, less expensive, providing control
over method and decreasing ethical problems by limiting the
test animals used in research and development.

This green (clean) issue of nanosynthesis is not yet imple-
mented, and the change from concept to reality continues to
be an important milestone. Excellent applications for green
nanomaterials production have been proposed by researchers
around the world e.g. solar energy storage and nano-sensing,
nano-catalysis and nano-medicine. On the other hand, due to
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paucity of defined frameworks for manufacturing, fast toxic-
ity analysis for determining health friendly nano-entities and
uncertain market requirements limit the extent of the usage and
marketing prospects of nanomaterials [6].

Although there appear to be numerous obstacles and issues
related to green nanotechnology, the promise of this new and
sustainable method does not appear to be diminished. [17, 18]
The least routed approach is green nanotechnology, yet it can
modify the faces of the traditional production of nanomateri-
als. The combination of nanotechnology and green chemis-
try is progressively bringing technology advancements into
tandem and can be seen as the future of sustainable nano-
synthesis. Dr. James Hutchison has clubbed both these as
"Green chemistry is an excellent method to do nanotechnol-
ogy responsibly". [19]. It takes time for the new technologies
to develop, similarly green nanotechnology happens to be yet
in its infancy. The face of traditional synthesis processes, as
well as the use of industrial protocols for the commercial pro-
duction of nanomaterials, needs to be transformed far more
into greener practices. The foundations will be laid for envi-
ronmentally sound and sustainable nanotechnology via green
synthesis with a better understanding of the underlying pro-
cesses of green approaches and improved characterization
techniques and data analyses. Nanotech and nanotechnology
are the art and science in which the components are measured
in nanometres produce complex, usable devices with atomic
precision [20].

Due to the absence of common substantive knowledge, this
is not a traditional scientific discipline; the unifying attribute
is "smallness", which means it is more ideal for nanoscale
research and development to be a strategy, instead of a field.
“There's plenty of space in the base” as said by Cal Tech,
Nobel laureate Richard Feynman in his1959 talk. Richard
Feynman had widely recognized the possibility to work on
non-radioactively active materials at the atomic level, and he
was without a doubt an inspiration for working on the nano-
science, which began to evolve gradually [21]. Now, much of
this kind of study is quite common, whereas nanotechnology
enthusiasm and fear are mostly due to the dramatic notions
initially formulated in K. Eric Drexler's Engines of Creation:
The Coming Age of Nanotechnology, a then MIT graduate
student. This visionary/fictional 1986 account of non-technical
readers created a production system that would produce func-
tional things from the ground up and position individual atoms
precisely where the makers wanted to. He contrasted this to
modern manufacture, starting with large, readymade chunks
of raw materials, then clumsily mixing, moulding, cutting, and
transforming into useful stuff [22].

The green economy

In the mainstream of policy decisions, the concept of the
“green economy’” has been brought to fore by the global finan-
cial crisis, with an expected increase in over one third of world
energy demand between 2010 and 2035, increased commodity
prices, and urgent challenges in energy, environmental and
health sectors [23-25].

In a breakthrough, in an United Kingdom Government
study in1989, a group of top environmental economists coined
the term "green economy" which refers principally concern-
ing to the concepts of sustainable development. The United
Nations' definition of green economy is most widely and
trustworthy. It includes along with sustainable production,
the lowest carbon footprint, efficiency in resources and social
inclusion [26].

A series of concepts, aims, and actions can alternatively be
classified as the green economy:

(1) equality between and across the different generations,
(i) firmness and stability towards sustainability princi-
ples,
(iii) social and environmental precautionary approach.

The concept of green economy can change the way econo-
mies and people manage the environmental, social and wealth
issues. Nanotechnology, generally defined as the material man-
agement within 1-100 nm dimensions—provides the chance to
create new, energy-efficient and economically and eco-friendly
green innovations in the form of small, large-scale surface to
mass-related structures [27-30].

But the sustainability of green nanosolutions is now unclear
and should be addressed with caution, although it is expected
to have a major influence on society, economy and industry.
Indeed, it can result in environmental and health hazards, ethi-
cal problems, market uncertainty and customer receptiveness,
and stiff competition for traditional technologies, as well as the
benefit of incorporating nanomaterial (NMs) into processes
and products which contribute towards sustainable outcomes
[31].

Concerning green economy principles, this review focusses
on several perspectives and practical issues that nano-applica-
tions face when they are applied to the environment. Exam-
ples of the some nanoapplications, include, but not limited
to, energy production and storage. Decreasing raw materi-
als burdens the production cycles, clean-up technologies are
required and support for sustainable manufacturing products
are needed. [32].

@ Springer



664

Nanotechnology for Environmental Engineering (2022) 7:661-673

The possible impact of nanotechnology
on green initiatives

The meretricious features of NMs which are incorporated into
nanoproducts and NM applications must take into account
green nanotechnology as relevant to the entire value chain
[27]. But most prospective green technology remedies are
still at the stage of laboratory/start-up, while only a limited
number of products are available in actual market. For evaluat-
ing the applicability, effectiveness, and long-term viability of
nanotechnology in more realistic contexts, additional research
should be carried out, along with validation of nano-enabled
products vis-a-vis to traditional/existing technologies. Nano-
medicine, nano-manufacturing and nano-catalysts are some of
the prospective areas for green nanotechnology breakthroughs
[33]. Nanotechnological goods, processes, and applications,
as well as the reduction in greenhouse gases and hazardous
wastes, are predicted to contribute greatly to environmental
and climatic protection. Therefore, the use of nanomateri-
als promises some environmental benefits and sustainability
consequences. However, notice that, in research or actual
implementations, nanotechnology plays a very minor role in
environmental protection. Nanotechnology is of modest value
to environmental engineering companies themselves. Increas-
ing raw material and energy prices, as well as increased con-
sumer environmental consciousness, has resulted in a glut
of goods in the market promising specific climate and envi-
ronment friendly benefits in exchange for a premium price.
Nanomaterials have unique physical and chemical properties
that make them appealing for use in the development of new
products that are both environmentally friendly and useful.
Some examples here include e.g. enhanced durability of
substances subjected to fatigue, mechanical stress or ageing,
which contributes to extending the life cycle of the product.
Similarly, dirt proof and water-resistant films/coatings based
on nanotechnology for anti-ageing purposes; new insulating
materials for improving heat transfer and building energy effi-
ciency; the addition of nanoparticles to materials for weight
reduction and energy efficiency has provided savings in the
transport sector. Nanomaterials in the chemical industry are
used to enhance energy and resource efficiency based on their
particular catalytic capabilities and nanomaterials can replace
chemicals with environmental problems in some application
domains [34]. Nano-optimized products and processes are now
in the development phase and are intended to make substan-
tial contributions towards climate protection and to solve our
energy concerns in the future.
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Nanomaterials for energy conversion

The photovoltaic technology happens to be the most capa-
ble and trustworthy renewable energy technology. Sun-
light can be instantly transformed into electricity. Carbon
nanomaterials such as C-60-fullerene, nanotubes and gra-
phene are used to evaluate effective electron receivers in
solar cells, polymer and quantum dot cells [35]. At its
nascent phase, dye sensitizing solar cells still have great
potential. The nanofilm is deposited on the nanocrystalline
mesoporic titanium dioxide (TiO,) film into a transpar-
ent, conductive substrate with the charge dye's monolayer
associated with their surface [36, 37]. The enormous NM
surface area for colouring chemisorption is due to their
strong energy conversion efficiency and the short period of
migration. Nanotechnology, other than solar cells, has had
a significant effect on the direct transformation of chemical
electricity into fuel cells [4, 38—40]. When it comes to key
electrode based oxidation/reduction reactions in fuel cells,
nano-metals bearing high surface area, lower specific den-
sity, and a high concentration of surface chemicals, can be
very effective electrocatalysts. While the platinum-based
electrode exhibits time-modulated drift and CO, deactiva-
tion, platinum nanoparticles (PtNPs) have been identified
as the most effective catalyst material for fuel-cells. Minia-
ture metallic-Pt alloys prove to be extra efficient with their
improved electro-catalytic activity and resistance [41].
CNTs and graphene based catalyst-supported devices for
fuel cells are currently used as metal-free catalysts, which
reduce loading of precious metals, and increase catalytic
activity. Their advantages include a large surface area,
meso-porosity, high conductivity, improved mechanical
strength, small weight and exceptional corrosion resist-
ance, among other characteristics.

For energy conversion and storage technology there are
at least two main factors. To solve the intermittent avail-
ability of renewable resources, whether geothermal, wind,
or solar, it is important to convert and store energy using
highly efficient devices. Renewable sources of energy
should also be turned into diverse types of energy, such
as chemical energy in batteries that may be extracted as
energy wherever needed to facilitate sustained acceptance
in our daily lives. Second, the availability of electricity on
demand is crucial to satisfying increasingly mobile social
needs. Also chemical storage devices, like fuel cells, bat-
teries and super capacitors, have been explored and uti-
lized. The development of energy conversion and storage
technologies depends on the availability of appropriate
materials, as is true in many other domains. The depend-
ence on the themes described may be particularly signifi-
cant because the performance of conversion and storage
devices is limited by the problems associated with normal
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materials. New materials such as 2D nano-materials are
now available and are emerging. Although the parame-
ters that characterize ideal energy conversion and storage
materials are different, they typically share a striking com-
monality, i.e. the characteristic charging length scale. The
nanoscale is this length scale. There have been consider-
able attempts to synthesize, characterize and utilize nano-
materials [42]. Control of nanoscale materials is certain
to be decisive for any breakthrough in the future, based on
and driven by renewable energy sources. Figure 1 depicts
the nanoscale entities that can be produced for various
targeted applications [43].

Principles of green chemistry

(1) Prevent waste: Preventing waste is better than
treating or cleaning trash after production [44-46].
Design chemical syntheses to prevent waste and to
avoid the waste that can be processed or utilized.

(ii)) Atom Economy: To maximize assimilation into the
finished product of all processing ingredients, syn-
thetic procedures should be created. The reactants are
covered, however, frequently other materials like sol-
vents or separators are utilized in the synthesis, also
with a chemical reaction. These materials normally
constitute the bulk of the material input, and hence,
the waste produced by them must also be taken into
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account. To be entirely successful, chemical products
must have minimal toxicity [47].

(iii) Design non-hazardous chemical synthesis: The
product synthesis design formulated for targeted
application should be least toxicity. Synthetic proce-
dures should always be conceived wherever practi-
cal for the usage and generation of compounds with
minimal or no environmental toxicity [13, 17, 47].
The chemical substances and materials used in the
manufacture of chemicals are of great importance
and chemists must pay greater attention towards the
selection and use of materials and chemicals; ideally
go for green materials and synthesis. All the other
things can be easily managed, but great care about
choosing the correct synthetic pathway must be taken
so that it leads to the production of the green prod-
ucts.

(iv) Use renewable feedstocks: Utilize renewable and
non-depletable raw materials and feedstocks. Feed-
stocks are usually obtained from agricultural or other
process wastes; waste feedstocks can either obtained
from industrial residues or obtained from fossil fuels
(oil, natural gas, or coal). A fascinating suggestion,
which at first glance appears unfeasible, is to manu-
facture all of the fuels, chemicals, and materials
derived from feedstocks that would never deplete
or degrade, so environment friendly and renewable
feedstock should be carefully chosen. Coal, petro-
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Fig. 1 Illustrates the architectures of various nanovectors and phar-
maceutical components that may be efficiently targeted, delivered,
and engineered to carry a variety of compounds, including medicines,
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enzymes, peptides, proteins, DNA, and other molecules. [43][ Repro-
duced with permission from ACS omega 2019, 4 (5), 8804-8815]
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v)

(vi)

leum and natural gas are all extracted from beneath
the ground surface to be used as fossil fuels, as well
as the extraction of useful minerals for profit. Par-
ticularly, with the expected increase in world popu-
lation and the expansion of energy-intensive busi-
nesses across many continents, our fossil fuels for
carbon-based chemicals and materials will indeed
be depleted as a result of global climate change, in
a relatively short period. In the next 50 years, our
scientists and policy makers will observe a signifi-
cant impact on human health and the environment,
according to predictions [18, 48].

Employ catalysts, and not stoichiometric chemi-
cal reagents: By employing catalytic reactions, mini-
mize thermal energy and reduce waste. Catalysts in
modest quantities are utilized and can repeatedly per-
form a given reaction. They are better than stoichio-
metric reagents, which can work selectively as per
given reactants or sometimes do not react at normal
conditions. The prime objective of green chemistry
is to decrease the production of waste substances
and associated side products, or preferably to elimi-
nate them: as is often said; 'preventing is better than
curing'. This will require an overall shift from one
focusing on chemical yield, to the other that attaches
importance to waste minimization. The key concept
is of nuclear economy: “synthetic procedures should
be developed to optimize the formation of end prod-
ucts by all participating elements employed in the
process”. For example, if the, decrease in reduction
of ketone to secondary alcohol, using sodium boro-
hydride (SBH) and molecular hydrogen is compared,
it is observed that SBH has a nuclear economy of
81%, whereas hydrogen route is 100% atomic, which
means that all the product ends up and there is no
waste generated. Sustainable nanotechnology with
aid of green chemistry will help in producing envi-
ronment friendly and safer products. Hence sustaina-
ble strategies, decision-making support and guidance
to facilitate sustainable manufacturing processes is
the key to green nanotechnology and minimization
of waste [49-52].

Avoid chemical derivatives: In green chemistry, one
of the main concepts is the reduction in the usage
of derivatives and protective groups in the synthesis
of desired molecules. If feasible, avoid unnecessary
derivatives, because such operations necessitate the
use of extra chemicals and can result in waste. A
strategy that has proven to be very helpful in this
regard is the application of enzymes. Enzymes have
a unique property that they can frequently react on
a single site while leaving the rest of the molecule
alone and hence reduce the use of protective groups.
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(vii)

(viii)

(ix)

A classical example green chemistry application and
of use of enzymes to avoid protective groups, is the
production of semi-synthetic penicillin.

Design safer chemicals and products: Syntheses are
designed so that a maximum proportion of the begin-
ning materials is included in the final result without
causing toxicity and harm to living beings. Handling
toxicity is one of the most challenging factors in the
development of safe products and processes while
preserving function and efficiency of products. To
achieve this objective, we need not only to compre-
hend the fundamentals of green chemistry, but also
of toxicology, sustainability and environmental sci-
ence [18, 48-53]. Different studies related to pol-
lutants degradation and utilizing green chemistry in
synthesizing green nanoparticles have been reported
[54-57]. Chemists utilize highly reactive chemicals
to produce goods, because they are precious to affect
molecular processes. But these chemicals react with
unanticipated, ecological and biological targets,
which have undesirable health impacts. The qualified
molecular chemists sometimes also are not able to
handle these hazard issues, due to lack of structural
risk knowledge and associated toxicity.

Employ harmless solvents and safe reaction proce-
dures: Solvents, reagents and other auxiliary chemi-
cals affect the greenness of the process or reactions
and energy consumption required. If toxic chemi-
cals need to be utilized, they should be used with
proper care and ensuring safety of the overall pro-
cess. Whereever possible, it should be made a prac-
tice not to utilize the auxiliary toxic substances (for
example solvents, separating agents, etc.) and harm-
ful reagents. Sometimes, there would be no reactions
if the solvents and/or mass separation agents are not
present [44]. Mass and energy transfer are depend-
ent on solvents and separation agents utilized, and
many reactions will not proceed without their pres-
ence. Hence there is great importance and utility of
chemical reagents and solvents utilized for particular
processes or reactions.

Increase energy efficiency: Use as little energy as
feasible to carry out chemical reactions at room tem-
perature and pressure. Environmental and economic
consequences of increasing energy demand should
be recognized. In the twenty-first century, energy is
the most significant concern [44]. Most part of the
current energy sources are from fossils fuels. And
during conversion and transmission, the majority of
the energy provided to the point of consumption is
lost, as compared to what was available at the begin-
ning i.e. present in fuel. It is also evident that a large
percentage of fossil fuel energy is utilized by trans-
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portation services, while space heating and cooling
ranks as the second most important use of fossil fuel
energy. There is a great need and opportunity to
improve this energy use by the technocrats into use-
ful life cycle of fossil fuel based energy into useful
applications and with minimal wastage.

(x) Design chemicals and products to degrade after
use: Design chemical products to break down into
safe compounds in order to not to get accumulated
in the environment after usage. Chemicals should
be designed to degrade into innocuous degradation
products rather than to persist in the environment
after they have completed their job, to avoid pollut-
ing the ecosystem. Green chemists aim to optimize
a chemical's commercial utility, while reducing its
associated risk and hazard. The hazard associated
with a chemical is an intrinsic feature arising from
a chemical’s stereochemistry. However, to limit the
danger or the likelihood of an injury, principle ten
governs the design of entities that will degrade after
their commercial use of a chemical is completed.
The risk associated with a chemical or compound
depends both upon the inherent hazard capability
of the molecule its exposure to another chemical.
Degradation via bio-route, hydrolysis or photolysis/
photo-catalysis can reduce significant exposure to
chemicals and minimize the risk [44]. The life cycle
of a material is depicted in Fig. 2.

(xi) Real-time analysis to abate pollution: To avoid
or curb the generation of by-products, during the
syntheses, real-time control and monitoring are
implemented in-process. To enable in-depth moni-
toring and monitoring in real time before harmful
compounds are formed, analytical procedures must
be further developed. Laboratory analysis from the
undergraduate studies is well known to most chem-
ists. Process analysis chemistry is a sub-discipline of
chemistry that can be used in a chemical plant and
can be performed in-line or online. For example, it is
possible to identify temperature, pressure and/or pH
variations in the process before a reaction goes out of

v ® Material Extraction and Processing ]
v ¢ Manufacturing ]
v e Use ]
‘ ® End of Life ]

Fig.2 Synthesis and life cycle of materials

control, to detect catalyst poisoning, or to detect any
other harmful event before any big accident occurs.
Minimize scope of hazards and accidents: The
choice of chemical compounds used in different pro-
cesses should reduce the risk of accidents, includ-
ing explosions, fires, and environmental releases
(solid, liquid, or gas). In order to reduce the likeli-
hood of chemical accidents, the choice of ingredients
(chemical entities) and form of a material utilized in
a chemical process must be carefully decided. With
regards to an acceptable level of risk, safety could
be described as a measure to control the recognized
dangers. The green chemistry principle 12 (safety
principle) is the logical result of many of the other
principles. Laboratory safety must practice green
chemistry since it is “primarily oriented at decreasing
or eliminating the use or manufacturing of hazardous
compounds”. Although there are certain exceptions,
the majority of the Green Chemical Principles result
in a safer environment. [47, 52].

(xii)

Sustainable nanotechnology

The framework for efficient design and sustainable pro-
duction is based on Green Chemistry fundamentals. It is
utilized for the designing processes, products and methods
required to manufacture molecules and materials to enable
safety against health and the environmental hazards, which
is essential for survival [50-53]. The framework has been
built to serve as a proactive component to the multiple reac-
tive strategy currently in use today, employed over the years
to fix damaged items and inefficient activities. However,
following the introduction of new chemical substances into
trade (and the environment), monitoring and mitigation
measures are utilized to overcome the wastage of resources.
Green chemistry has thus been developed as a preventive
strategy which has been employed since the introduction of
new chemicals. While many systems based on engineering
design and management principles aim to eliminate waste
or to boost energy efficiency, all of these aims, and many
more are being achieved utilizing green chemistry. Green
chemistry takes the entire life cycle into account and applies
its principles to help optimizing the design framework as
depicted in Fig. 3. This is important because a benign target
molecule or chemical, which is possible to produce a life-
saving drug, can also result in a damaging and polluting
manner at the end of life-cycle of that drug, which is other-
wise beneficial to the society.

On the other side, approaches are available to develop a
method of manufacture or synthetic technique that is envi-
ronmentally friendly and economical and results in a prod-
uct which can be utilized safely till end of its life cycle.
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Fig.3 The stages of the life
cycle related to each of the

Twelve Principles of Green
Chemistry

Avoid chemical
derivatives

Design safer chemicals
and products

Minimize the
potential
foraccidents

Assuming only a single phase of the life cycle, for instance,
severe unanticipated effects have previously occurred. Sus-
tainable technologies utilizing green and natural materials
and characterization techniques and tools can help producing
new materials and catalysts which have distinct advantages
over tradition materials, which have resulted in useful scien-
tific literature in the recent past [58—63]. Given our existing
technical capabilities, the development of the Green Chem-
istry Principles, as with every multiparameter system, may
lead to a compromise between principles. However, because
there is no proof that one of these potential compromise
agreements is intrinsically better than the other—Principles
must always be diametrically opposed—it is simply a design
difficulty that enables synergies to be maximized and the
principles to be aligned with the best solutions. Feedstock
origins (Principle 7), which are one of the 12 principles,
are based on renewability rather than depletion of initial
resources, to commence the approach to life cycles, where
possible [64]. While the term “renewable” is often used to
identify bio-based feedstocks rather than fossil-based car-
bon, generally, only a subset of engineered nanomaterial
(ENM) classes is relevant (i.e. newly synthesized or rapidly
cycling). Many ENMs must be investigated in order to assess
whether the elements originate from harmful minerals or
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Design less hazardous

Atom Economy chemical synthesis

Use renewable
feedstocks

Use catalysts, not
stoichiometric reagents

Use safer solvents and
reaction conditions

Increase energy
efficiency

eal time monitoring

g Design for
and process control

degradation

are safe. In various cases, environmental, geopolitical and
economic variables can influence feedstock supplies. For
instance, medicines are thought to be of extremely small
volume and value and are yet significantly concerned for
human and ecological health, as well as their release and
persistence in the environment. Various ideas link directly
to the production cycle (Principles 1-3, 8, 11). First of all,
it is desired that each atom entering the production process
will end up as product instead of trash. Several measures
have been designed to estimate how close a process nears to
this aim, such as the atomic economy and the environmental
factor (E-factor). Recent studies have showed that some of
these conditions are not well met by ENM synthesis, which
can cause considerably more waste than in the synthesis
of medicines and chemicals otherwise, hence the material
and the energy consumption processes are evaluated very
critically [65-67]. However, exposure of ENMs at organelle
level e.g. cells and tissues, shows that the effects are widely
different on various organisms and species and therefore the
need of the hour is to evolve standard procedures to study
the impact of ENMs on humans and other species [68]. The
use of nanoparticles of TiO, in a photocatalytic reactor using
computational fluid dynamics, modelling and its effects on
kinetics have been reported in the literature, describing the
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scale up-studies and mesh effects [69]. Similarly, studies on
photocatalytic detoxification of amaranth dye on immobi-
lized TiO, and correlation between biochemical and chemi-
cal oxygen demand have been reported [70, 71]

Synthesis of green nanoparticles, scope,
applications, and limitations

Green nanotechnology is a term used to describe nanoparti-
cles (nanomaterials) synthesized from natural pathways such
as microbes, fungus or plant-based extracts using different
biotechnological approaches. The resulting nanoparticles
are free from hazardous substances and are environmentally
beneficial. Nanoparticles can be generated in a greener way
by utilizing plant parts for the bio-reduction of metal ions
[72]. Green synthesis has been used to make a variety of
nanoparticles. Table 1 enlists details of some nanoparticles
that have been synthesized by the green approach, including
silver [73], gold [74], palladium [75], iron [76], and zinc
oxide [77]. The green synthesis of silver nanoparticles is
depicted in Fig. 4 below.

To create nanoscale conditions, such as nanoscale chan-
nels nano-arrays, for polymers made from nucleotides, like
DNA, nanotechnology can be very helpful. It can also be

employed in the development of computerized nano-based
sensors and electrodes, analytical and diagnostic devices and
other applications where DNA is a target or serves as a ‘con-
veyor belt’ for connected particles. Using nanotechnologi-
cal approaches, different synthetic polymers, e.g. molecular
motors with ‘smart’ polymers, can be created to manage
biological processes [78]. There are numerous applications
of nanotechnology as discussed in the literature; however,
there are some limitations to green synthesis of nanoparti-
cles also. Also generation and stabilization of nanoparticles
generated by biological sources are controlled by a variety
of process conditions e.g. pH, process temperature, pres-
sure and reaction time [72]. There are certain limitations
for synthesizing nano-entities like nano-particles from bio
based routes e.g. micro-organisms include maintenance of
large cultures for synthesis, pathogen activity and slowness
of synthesis process [79].

Recommendations for the better
implementation of green nanotechnology

Green infrastructure and economically efficient eco-
engineering are the key to massive scientific restoration
and endurance. It aims to reduce environmental issues by

Table 1 Nanoparticles

. . Nanomaterial produced Biotic individual or sources Size of the particle References
synthesized employing
microbes and plants Silver (Ag) Reetha and Shikakai leaves extract, ~30 nm [81],
components Pongamia pinnata, (Small, 515 nm) [82],
A. indica leaf extract and (large, [83],
Algae 22-25 nm) [84],
Chenopodium murale leaf extract 15-35 nm [85],
Rhodococcus NCIM 2891 2—-15 nm [86],
Aspergillus fumigatus (Fungus) 30-50 nm [87],
Fusarium oxysporium (Fungus) 10 nm [88],
MKY3 (Yeast) 5-25 nm [89]
5-15 nm
2-5 nm
Gold (Au) Colletotrichum sp. (Fungus) 20-40 nm [90],
Avena sativa (Plant) 5-20 nm (at pH 3 [91],
Fusarium oxysporium (Fungus) and 4), 25-85nm  [92],
Pseudomonas aeruginosa (Bacterium) (at pH 2) [93],
P. jadinii (Yeast) 20-40 nm [94],
Cladosporium cladosporioides fungus 15-30 nm [95],
isolated from seaweed Few to 100 nm [96]
Hibiscus leaf extract Within 100 nm
16-30 nm
Iron (Fe) Eucalyptus leaf extract 95+5 nm [97],
Eucalyptus leaves 70+20 nm [98]
Palladium (Pd) Desulfovibrio desulfuricans (Bacterium) - [99]
Zinc Oxide (ZnO) Rosa canina Less than 50 nm [100],
Leaf extract of Azadirachta indica 9.6-25.5 nm [101],
Ocimum basilicum L 50 nm [102],
Seaweeds 36 nm [103],
Limonia acidissima L. leaf 12-53 nm [104]
L. nobilis L. leaves 21-25 nm [77]
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Plant Extract

AgNO3
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Fig.4 Green production of silver nanoparticles

energy efficiency improvements, lowering pollution or
greenhouse gases, and limiting fossil fuel-based feedstock
consumption. Green chemistry aims to promote green
synthesis, sustainable production and at the same time,
minimizing waste production. There are still many limita-
tions in transition towards green synthesis of materials,
but the potential opportunities of utilizing nanoscience and
nano-engineering is propelling the scientific endeavours
in green nanotechnology and sustainable chemistry to a
great extent [80].

Some critical recommendation for the near future can be
summarized as follows:

a- The first step in green chemistry is to examine applica-
tions and implications of green synthesis and methods.
This comprehensive approach to technological devel-
opment should stimulate interdisciplinary research that
can promote successful communication with the society.
This opportunity must be taken to engage all stakehold-
ers, since the public anticipation and acceptance are
ultimately the success of every new technology.

b- To develop novel synthesis processes or equipment,
enhancing large-scale production of nanomaterials is
required for all practical applications and commercial
manufacturing.
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nanoparticles

Anticancer, antibacterial,
antioxidant, antidiabetic, and
medication delivery (drug) are

some of the applications.

X-diffraction, transmission
electron microscopy,
scanning electron
microscopy,
photoluminescence, and
UC-vis spectroscopy were
used to characterise the
samples.

c- Guidelines to produce synthetic nanomaterials should
be framed to motivate industries adopt green nanotech-
nology based manufacturing. Also, blending of green
nanomaterials with the synthetic ones should be tested
to check on the effectiveness of the materials.

d- Tremendous amount of mystery around green nano-
particles necessitates thorough investigation. This is
only conceivable if university-level and peer research is
included and promoted. Toxicologists' inputs would also
be helpful to bridge the gap between green production
and associated impacts more effectively.

Conclusions

Green nanotechnology aims for various green solutions that
utilize the physicochemical characteristic of materials and
employ green-synthesis, energy-efficient and environmen-
tally sustainable applications with predictable outcomes
and exciting impacts on a wide variety of economies. These
solutions may lead to minimizing the strain on traditional
raw materials in the energy sector and increasing the
energy availability for future, efficiency and reliability of
the energy production system. The application of different
green chemistry methods and principles helps us to create
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better products, although improvements are always possible.
It is natural and appealing to most scientists and scholars,
but sometimes it perplexes policymakers, corporate execu-
tives and consumers, who often want clear solutions. It is
crucial for scientists and engineers to approach the public, to
aware them about green synthesis and nanotechnology, pre-
vent weak legislation and tackle greenwashing campaigns.
The applications and the ramifications of new technolo-
gies must be explained to the public. The crucial param-
eters influencing the synthesis of nanomaterials employing
greener approaches must be explained and care must be
taken to showcase the best products and technologies hav-
ing actual waste minimization potential and environmental
safeguarding rather than widespread greenwashing. Sustain-
able research in the field of nanotechnology should be envi-
sioned, incorporating toxicological studies, societal impacts
and industrial manufacturing.
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