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Abstract

Green chemistry is an eco-friendly and rapid emerging field of chemistry which offers a green al-
ternative to conventional chemistry practices. It focuses on the reduction, recycling and removal
of the use of toxic and hazardous chemicals through innovative alternative routes making desired
products with minimum environment impact. Its growing importance is in exploitation of maxi-
mum possible resources in such a way that, there is minimum production of undesired chemical
wastes. It is helpful to chemists and chemical engineers in research, development and production
for improvement of more eco-friendly and efficient products which may also have significant fi-
nancial benefits. The green chemistry movement is part of a larger movement that leads to sus-
tainable development, sustainable economics and sustainable living practices. Sustainable chem-
istry is a scientific concept that seeks to improve the efficiency with which natural resources are
used to meet human needs for chemical products and services. It encompasses the design, manu-
facture and use of efficient, effective, safe and more environmentally benign chemical products
and processes. This has enormous potential to contribute in renewable energy technologies, syn-
thesis of new molecules and development of pollution prevention technologies. The aim of this re-
view is to raise awareness on the fundamental aspects, necessities and benefits of green chemis-
try.
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1. What Is Green Chemistry?

“Green chemistry” is essentially a way of thinking rather than a new branch of chemistry and is about utilizing a
set of principles that seek to reduce the environmental impact of chemical processes and products. The term
green chemistry, also known as clean or benign or sustainable chemistry, refers to the design of chemicals and
formulation of processes that reduce the risk to humans and minimize environment pollution. The goal of green
chemistry solutions is to lessen or eliminate hazardous impacts of chemicals over a chemical product’s life-cycle.
Key guidelines associated with green chemistry are outlined in the US Environmental Protection Agency’s
“Twelve Principles of Green Chemistry”, which serve as the basis of this novel set of ideas.

2. Why Green Chemistry?

There is no doubt that our lives have been enhanced by chemistry. That is something chemists and chemistry
learners need to celebrate. However, environmental problems such as biomagnification of DDT, ozone layer de-
pletion, the Cuyahoga River calamity (caught fire in 1969, mobilized the nation, made basis for passage of the
US Clean Water Act in 1972), the Love Canal tragedy (neighborhood of Niagara Falls, New York, used to con-
ceal over 21,000 tons of toxic wastes in 1950’s by the then Hooker Chemical Company, caused a public health
disaster and an urban planning disgrace in 1978), the Bhopal disaster (world’s worst industrial disaster, occurred
on the night of 2-3 December 1984 at the Union Carbide India Limited pesticide plant, almost 20,000 people
died), the Chernobyl disaster (catastrophic nuclear explosion occurred on 26 April 1986 at the Chernobyl Nu-
clear Power Plant, Ukraine, USSR) and the latest Fukushima Nuclear Power Plant tragedy (meltdown of three of
the plant’s six nuclear reactors, when hit by the tsunami triggered by the Tohoku earthquake on 11 March 2011)
are all too familiar examples of chemistry gone wrong. In responding to the growing concern, governments in-
troduced regulations to limit pollution and exposure to hazardous chemicals. Green chemistry represents a fun-
damental shift from this model toward a pollution avoidance paradigm. Its premise is that a chemically benign
process and substance presents no risk.

2.1. The Backdrops

Rachel Louise Carson (1907-1964), an American marine biologist, conservationist and nature writer, wrote the
landmark scientific book Silent Spring in 1962 (Pub. Houghton Mifflin, US) about the ill effects of synthetic
pesticides that brought environmental issues to the attention of the American public and later, the world. This
book showed the way to a nationwide environmental movement that ultimately led to the foundation of US En-
vironmental Protection Agency (EPA) in 1969. Its goal was to prepare and maintain conditions under which
man and nature can coexist in productive harmony. The EPA’s first notable decision was to ban the use of DDT
and other chemical pesticides.

Until 1980s, the chemical industry and the EPA were focused mainly on pollution clean-up, but a major char-
acteristic shift began to occur among chemists. Scientists, who came of age during the decades of growing envi-
ronmental awareness, started to find avenues of preventing pollution in the first place. The Organization for
Economic Co-operation and Development (OECD), an international association of over 30 industrialized coun-
tries, held meetings through the 1980s addressing environmental concerns. They made a series of international
recommendations which focused on a co-operative change in existing chemical processes and pollution preven-
tion [1].

e In 1993 the Interuniversity National Consortium—Chemistry for Environment [2]. (INCA Consortium; Italy)
was established by 5 founder member universities. INCA’s ongoing mission is to gather, coordinate, and in-
tegrate the research activities of its member academic groups. One of INCA’s focus areas is pollution pre-
vention through research for cleaner reactions, products and processes.

e In August 1996, IUPAC approved the foundation of a Working Party on Synthetic Pathways and Processes
in Green Chemistry following their rules and regulations [3]. The aim of this subcommittee is to develop ac-
tions devoted to the cause of green chemistry and for its wider benefit towards the future of chemistry and
society as whole.

e Also in 1997, the ACS Green Chemistry Institute (GCI), a non-profit organization was established [4], with
the mission to enable, catalyze and implement green chemistry and green engineering ideas throughout the
global chemical enterprise. Also its main focus was to promote green chemistry by facilitating industry-
government partnerships with universities and national laboratories to develop economically sustainable
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clean-production technologies. In 2001, the Green Chemistry Institute became a part of the American
Chemical Society, the largest professional scientific society and membership organization for chemists in the
world. The two organizations coupled to pursue their joint interests in the discovery and design of chemical
products and processes that eliminate generation and use of hazardous materials.

e In 1998 upon EPA proposal, the OECD formed a directive committee for the development of chemistry
practices which initiated a program called “sustainable chemistry” aimed at pollution prevention and better
industrial performance [5]. USA and Japan were appointed co-leaders in the field of research and develop-
ment while Italy was appointed leader of the Educational Act. Paul T. Anastas and John C. Warner of
USEPA co-authored the groundbreaking book, Green Chemistry: Theory and Practice (Oxford Univ. Press)
in 1998. The famous “12 Principles of Green Chemistry” outlined in this book illustrates a basic philosophy
that motivated governments, scientists and industries at the time and still continues to guide the green chem-
istry movement. The first books and journals on the subject of green chemistry were introduced in the nine-
ties that include Green Chemistry (Royal Society of Chemistry, 1999), one of the most popular journals of
this category.

The Nobel Prizes in Chemistry were won for research in the areas of chemistry that were largely seen as being
green chemistry in both 2001 (WS Knowles, R Noyori and KB Sharpless) and 2005 (Y Chauvin, RH Grubbs
and RR Schrock). These Nobel Prizes reinforced the importance of research in green chemistry and helped cre-
ate an improved awareness among scientists and administrators. In this decade, a number of chemistry associa-
tions and institutes were established, several journals were launched, lots of valuable books were written and
numerous conferences were held all over the world whose prime importance were to uplift the standard and
open newer avenues of green chemistry.

2.2. The Famous 12 Principles of Green Chemistry

Green chemistry is commonly presented as a set of twelve principles proposed by P. T. Anastas and J. C. War-
ner [6] [7]. The principles comprise instructions for mainly professional chemists to implement new chemical
compounds, new routes of syntheses and new environmentally benign technologies. The first principle describes
the basic idea of green chemistry, protecting the environment from pollution. The remaining principles are fo-
cused on several vital issues like atom economy, toxicity, choice of solvent, consumption of energy, use of raw
materials from renewable resources and degradation of chemical products to nontoxic substances that are
friendly for our environment.

In short, the 12 principles for green chemistry are:

1) Prevention: It is better to prevent waste than to treat or clean up waste after it is formed. This is a funda-
mental principle. Several thoughts among scientists developed in the last decades can be changed dramatically
by the preventative action. Most of the chemical processes and synthetic routes followed today produce plenty
of wastes and toxic secondary substances. Green chemistry can prevent these by-products by redesigning the
feedstocks and the chemical processes in advance and with inventive alteration. It recalls the old proverb “an
ounce of prevention is worth a pound of cure”. For example, solventless reaction technique can be a good effort
in this regard [6].

2) Maximize synthetic methods, Atom Economy: Synthetic methods should be designed to maximize the in-
corporation of all materials used in the process into the final product. Almost all synthetic methods until now are
wasteful and their yields are between, on an average, 70% - 90%. Green chemistry supports that synthetic routes
can be directed towards maximizing the incorporation of all substrates employed in the chemical process into
the final product, eliminating the need to recycle unwanted by-products. Atom economy is a method of express-
ing how efficiently a particular reaction makes use of the reactant atoms [8]. This principle gets into the actual
chemistry of how products are made. We know, atoms are assembled to make molecules and the molecules
come together to make materials. According to this principle it is best to use all the atoms in a process. The atom
economy is a simple calculation that can be expressed as A.E. = Formula Weight (FW) of Product divided by
the FW of all of the reactants. A well known example is hydrogenation of carboxylic acids to aldehydes using
solid catalysts.

3) Less Hazardous Chemical Synthesis: Whenever practicable, synthetic methodologies should be designed to
use and generate substances that possess little or no toxicity to human health and the environment. Green chem-
istry approach makes every effort, wherever practical, to design safer synthetic schemes which deal with less
toxic starting materials as well as the products of the synthesis. Handling of less toxic materials means less pol-
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lution to the environment as well as less hazards to the workers in industries and research laboratories. This
principle is focused on how we make molecules and materials. The goal is to reduce the hazards of the chemi-
cals that are used to make a product (solvents, reagents etc.). Throughout the history of evolution and develop-
ment of chemical sciences, chemists have traditionally not serious about the health impacts of the chemicals they
are using and the hazards that are associated with them. Traditionally they have used whatever means necessary.
Today green chemistry initiatives have established that less hazardous reagents and chemicals can be used in a
process to make desired products and many times they are made in a more efficient manner. For example, adipic
acid synthesis by oxidation of cyclohexene using hydrogen peroxide [9].

4) Designing Safer Chemicals: Designing must become a fundamental aim of green chemists to affect the de-
sired function and properties of the chemical product while minimizing their toxicity to human and the envi-
ronment. Presently, there are around 100,000 recognized chemical substances in the market. Most of these sub-
stances have been characterized according to their physicochemical properties and toxicities, but there is lack of
ecotoxicological data for most of them. Commencing for 1980s, many countries have introduced and reformed
stringent regulations from time to time and new chemicals are monitored more effectively. To be specific, pesti-
cides are a class of compounds which are designed to be toxic to the pests but non-toxic to the surrounding wild-
life and ecosystem. For example new and less hazardous bio-based pesticide Spinosad [10].

5) Safer Solvents and Auxiliaries: Use of auxiliary substances viz., solvents, separating agents etc. should be
made unnecessary wherever possible and innocuous when used. Most of the chemical reactions are performed in
a solvent or a mixture of them. A large number of organic solvents are volatile (VOC’s) in nature and subse-
quently pose a threat to the environment and highly dangerous to humans. This principle focuses on creating
products in such a way that they use less hazardous solvents. For example supercritical fluid extractions, syn-
theses in ionic liquids etc. [11].

6) Design for Energy Efficiency: Energy requirements should be acknowledged with respect to their envi-
ronmental and economic impacts and should be minimized. As far as practicable, synthetic methods should be
conducted at ambient temperature and pressure. Today there is a focus on renewable energy and energy conser-
vations. Energy is mainly used for transportation purposes and to provide electricity to our homes, businesses
and industries. It is established that traditional methods for generating energy contribute to global environmental
problems and plays important role in determining costs of the products [12]. This principle focuses on creating
products and materials in a highly efficient manner so that associated pollution and costs are minimized.

7) Use of Renewable Feedstocks: A raw material or feedstock should be renewable rather than deplete when-
ever technically and economically practical. Starting raw material for synthetic processes as well as most of the
products we use in our everyday life are mostly petrochemical products. This principle seeks to shift our de-
pendence on petroleum and to make products from renewable materials that can be collected or produced locally.
Biodiesel is one example of this where researchers are trying to find alternative fuels that can be used for trans-
portation. Other examples include bio-based plastics (polylactic acid), made from renewable feedstocks such as
corn and potato wastes, eco-friendly surfactants etc. [13].

8) Reduce Derivatives: Unnecessary derivatizations (e.g., blocking group, protection/deprotection, temporary
modification of physical/chemical processes) should be avoided whenever possible. This principle is perhaps the
most abstract principle for a non-chemist. The methods that chemists use to make products are sometimes highly
complicated and many involve preparation of derivatives of the intermediate products in order to shape the
molecules into what they want them to look like. These derivatizations use additional reagents, are wasteful and
produce large amounts of by-products. This principle aims to simplify the chemical processes and to look at
natural systems in order to design products in a simplified manner. For example, application of on-fiber deri-
vatization to the analysis of volatile carbonyl compounds (VOCs) [14].

9) Catalysis: Catalytic reagents, as selective as possible, are superior to stoichiometric reagents. In a chemical
process catalysts are used in order to reduce energy requirements and to make reactions happen more efficiently.
Another benefit of using a catalyst is that generally small amounts are required to have an effect. And, if the
catalyst is truly a “green” catalyst, it will have little to no toxicity and it will be able to be used over-and-over
again in the process. Enzymes are wonderful examples of catalysts that have been proven to perform amazing
chemistry. Catalytic reagents with great selectivity can be superior to stoichiometric reagents. Development of
new catalysts and more emphasis on catalytic processes are the future of green chemistry techniques. For exam-
ple efficient Au(ll1)-catalyzed synthesis of -enaminones from 1,3-dicarbonyl compounds and amines [15].

10) Design for Degradation: Chemical products should be designed so that at the end of their function they do
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not persist in the environment and instead break down into innocuous degradation products. Most chemical
products and today’s consumer items do not degrade easily, thus causing massive environmental problems.
Green Chemistry aims at designing products so that at the end of their useful life they break down into innocu-
ous materials. Plastics, for example, do not degrade in our landfills and pharmaceutical drugs, pesticides etc.
build up in our environment and animal bodies. This principle seeks to design products in such a way so that
they perform their intended function and then, when they are disposed of, will degrade into safe, harmless by-
products. For example, synthesis of biodegradable polymers are gaining widespread acceptance for their various
ecological benefits [16].

11) Real-time Analysis for Pollution Prevention: Analytical methodologies need to be further developed to
allow for real-time in-process monitoring and control prior to the formation of hazardous substances. Most
chemists are familiar with laboratory analysis from their undergraduate training. But analysis can also be per-
formed off-line, at-line, on-line or in-line in a chemical plant [17] a subdiscipline known as process analytical
chemistry [18]. Such analysis can detect changes in process temperature, pressure, pH etc. prior to a reaction
going out of control, poisoning of catalysts and other deleterious events before a major incident occurs. For ex-
ample, use of on-line analyzers for waste water monitoring [19].

12) Inherently Safer Chemistry for Accident Prevention: Substance and the form of a substance used in a
chemical process should be chosen so as to minimize the potential for chemical accidents, including releases,
explosions and fires [20]-[22]. This principle focuses on safety for the worker and the surrounding community
where an industry resides. It is better to use materials and chemicals that will not explode, light on fire, ignite in
air, etc. when making a product. For example, dimethyl carbonate is an environmentally friendly substitute for
dimethyl sulphate or dimethyl halides for methylation reactions [23] [24].

2.3. From Research to Practice

Chemists from all over the world are applying their creative and innovative skills and ideas to develop new
processes, synthetic methodologies, environmentally benign reaction conditions and catalysts under green che-
mistry conception. Commercial applications of green chemistry have led to novel academic research to examine
alternatives to the existing synthetic methods. Some of the new developments which have been materialized un-
der green chemistry provisions in recent past are:

e The use of phosgene (COCI,) and methylene chloride (CH,CI,) in the synthesis of polycarbonates has been
replaced by fairly gentle diphenylcarbonate [25] [26].

e One of the most polluting reactions in industry is oxidation. Implementation of green chemistry has led to the
use of comparatively less polluting reagents e.g., metal ion contamination is minimized by using molecular
0, as the primary oxidant and use of extremely high oxidation state transition metal complexes [27] [28].

o A convenient green synthesis of acetaldehyde is by Wacker oxidation of ethylene with O, in presence of a
catalyst, replacing its synthesis by oxidation of ethanol or hydration of acelylene with H,SO, [29].

o If we go through the comprehensive list of the highly honored “US Presidential Green Chemistry Challenge
Awards” (three awards) staring from 1996 through 2013 [30], we will see that each winner demonstrates a
commitment to designing, developing and implementing a green chemical technology that is scientifically
innovative, economically feasible and less hazardous to human health and environment. For example, in
1996, The Dow Chemical Co., USA, won (also in 2013) “Greener Reaction Conditions Award” for their
100% use of relatively environmentally benign carbon dioxide as blowing agent for preparation of polysty-
rene foams replacing the notorious CFC.

Propylene oxide (PO) is a chemical building block for a variety of products including detergents, polyure-
thanes, food additives etc. Traditional PO production uses chlorohydrin which leads to formation of several by-
products and wastes. Dow Chemical and BASF (Badische Anilin und Soda Fabrik, in English: Baden Aniline
and Soda Factory, headquartered in Ludwigshafen, Germany, one of the largest chemical company in the world)
have jointly developed a new greener route to make PO with hydrogen peroxide and propylene that eliminates
most of the undesired wastes [31].

AkzoNobel, Netherlands, has developed a readily biodegradable and cost-effective chelating agent GLDA [32]
(glutamic acid diacetic acid tetrasodium salt, marketed as “Dissolvine® GL”) produced from natural and sus-
tainable raw materials, with a high solubility over a wide pH range compared to EDTA and NTA (2,2’,2°’-nitri-
lotriacetic acid or 2-[bis(carboxymethyl)amino]acetic acid, N(CH,CO,H);). Most appreciably, GLDA is readily
biodegradable and replaces phosphate based detergents which diminishes environmental hazard (mainly eutro-
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phication, meaning, excessive accumulation of nutrients in water-body which causes a dense growth of algae,
lowers amount of dissolved oxygen suffocating fish and other aquatic life) to a great extent.

Spinosad [33]-[36] (of Dow AgroSciences, USA) insecticide, based on a compound found in the bacterial
species Saccharopolyspora spinosa, is a low-risk pesticide in widespread use on crops. Natular™ (of Clarke,
USA), a spinosad based mosquito larvicide that provides excellent control in aquatic environments is about
fifteen times less toxic than the usual organophosphate alternatives [37].

BIOCANE™ (of Swiss Biostadt Limited, formerly Ciba-Geigy), a successful bio-pesticide, based on a natu-
rally occurring fungus Metarhizium anisopliae, is claimed to be particularly effective against greyback cane-
grub Dermolepida albohirtum (Waterhouse) [38]. Efficient processes have been devised that converts waste
biomass into industrial chemicals, fuels and animal feed [39] [40]. Another process converts waste biomass
such as municipal bio-waste, sewage sludge, livestock and agricultural residues to useful products, including
hydrogen, ethanol, acetic acid etc.

For mass production of carboxylic acids, improved and efficient fermentation methods are being used [41].
Ethyl lactate, a non-toxic organic solvent is now cost-effectively and eco-friendly prepared from corns. Be-
cause of its nontoxic nature, it is widely used in pharmaceutical preparations, food additives etc. [42].

A new environmentally friendly technology is revealed to recover heavy metals like iron, chromium, man-
ganese, zinc etc. from waste pickle liquor [43]. Pickle liquor, a solution containing strong acids, is used to re-
move the surface impurities such as stains, inorganic contaminants, rust and scales from ferrous alloys, cop-
per and aluminum alloys etc.

Because of health and environmental toxicity, demand for non-ionic surfactants [44] (e.g., TERGITOL of

Dow Chemical Co.) is growing and a new substrate of this kind, alkyl glycoside, obtained from saccharides is
now used extensively [45]. Few coconut oil-based cleansing liquids have also been developed in this connection.

3.

Feedstock recycling of plastic/polymer wastes into valuable chemicals useful as fuels or raw materials is
given utmost importance in industrial process planning [46] [47]. The production of integrated circuits (IC)
and chips involve a number of discrete steps which utilize hazardous or regulated solvents. Scientists at the
Los Alamos National Laboratory, New Mexico, have developed a process that uses supercritical carbon di-
oxide in one of the steps of chip preparation and it significantly reduces the quantities of chemicals, energy
and water needed to produce chips [48].

Merck & Co., Inc. and Codexis, Inc., both of USA, developed a second-generation green synthesis of sitag-
liptin, the active ingredient in Januvia™, a treatment for type 2 diabetes [49]. This collaboration lead to an
enzymatic process that reduces waste, improves yield and safety and eliminates the need for a metal catalyst.
Originally sold under the brand name of Zocor®, the drug, simvastatin, is a leading prescription drug for
treating high cholesterol. The traditional multistep procedure to make this medicine involve large amounts of
hazardous chemicals and produced a large amount of toxic byproducts in its synthesis. Professor Yi Tang, of
the University of California, LA, reported [50]. A synthesis of simvastatin using an engineered enzyme and a
low-cost feedstock.

NatureWorks LLC of Minnesota, USA, makes food containers from the polymer of polylactic acid sold in
the market under the brand name of Ingeo™ [51]. The scientists at NatureWorks discovered a technique
where microorganisms convert cornstarch into a resin that is just as strong as the rigid petroleum-based
polymers currently used for making containers such as water bottles, mixing bowls etc. BASF is also mar-
keting a fully biodegradable biopolymer Ecovio®, prepared from petrochemical based Ecoflex® and polylac-
tic acid obtained from maize starch [52].

Traditional oil-based “alkyd” paints emits large amounts of volatile organic compounds (VOCs) as they get
dried and cured imparting hazardous environmental impacts. Procter & Gamble Co., and Cook Composites
and Polymers, both of USA, through collaborative efforts created “Chempol MPS”, a Sefose® oil (obtained
from soya oil and sugar)—based alkyd resin that enables formulation of paints and coatings with significant-
ly fewer volatile organic compounds (VOCs) than conventional, solvent-borne alkyd paints [53]. Subse-
quently, Sherwin-Williams Co., USA, developed water-based acrylic alkyd paints with low VOCs that can
be made from recycled bottle plastics (PET), acrylics, and soybean oil. These paints combine the perform-
ance benefits of alkyds and low VOC content of acrylics [54].

“Green” Fields in Synthesis and Industrial Processes

1) Use of Alternative Feedstocks. There are already many new developments in this field, but the emphasis on
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renewable raw materials and a shift from fossil fuels is very desirable for sustainability. The starting materials
for the chemical industry must be renewable and less toxic for workers and the environment [55].

2) Use of Less Hazardous Reagents. Presently, there are enough data for the toxicological and long term
ecotoxicological properties of most of the chemicals used in academic institutes and industries [56]. Chemists
and technologists must divert their efforts to use less dangerous raw materials and reagents for the synthetic
routes of the production of chemical products. But if there are major obstacles they must choose less toxic sub-
stances and change their technologies accordingly. The systematic development and application of design rules
for reduced hazard is one of the most important challenges facing green chemistry.

3) lonic Liquids in Synthesis. lonic liquids are used extensively in recent years as alternative solvents in or-
ganic synthesis. These substances are variously called liquid electrolytes, ionic melts, ionic fluids, fused salts,
liquid salts or ionic glasses. lonic liquids have many applications, as powerful solvents and electrically conduct-
ing fluids [57]-[59].

4) Synthesis in Water. Although water is considered a problem for organic synthesis since, especially, the pu-
rification and drying of final products are very cumbersome, in recent years water is considered as a good sol-
vent for organic reactions. A good example is the Diels-Alder reactions in which the hydrophobic properties of
some reagents make water an ideal solvent [60]. Water as a solvent accelerates some reactions because some
reagents are not soluble and provides selectivity. The low solubility of oxygen is also an advantage for some re-
actions where metal catalysts are employed [61]-[65].

5) Synthesis in Perfluorinated Phases. In a newly developed methodology, chemists use perfluorinated bi-
phasic solvents to dissolve catalysts with long perfuorinated chain. These catalysts can be very effective and
provide high yields in some types of reactions where the catalysts play an important role. Another advantage is
that after the reaction the catalyst can be separated and recycled [66] [67].

6) Supercritical Carbondioxide and Supercritical Water. A supercritical liquid is at a temperature and pressure
above its critical point, where distinct liquid and gas phases do not exist. The supercritical liquid can effuse
through solids like a gas, and dissolve materials like a liquid. In addition, close to the critical point, small
changes in pressure or temperature result in large variation in density, allowing several properties of a super-
critical fluid to be “fine-tuned”. Supercritical liquids have been found to be suitable as a substitute for organic
solvents in a large number of industrial and laboratory processes. Carbondioxide and water are the most com-
monly used supercritical fluids. In a wealth of scientific literature [68]-[70] supercritical CO, and water are de-
scribed as “green” solvents providing high yields and selectivities.

7) Organic Synthesis in Carbonic Esters. Carbonic esters, such as dimethyl carbonate (CH;O0COOCH;, DMC)
are considered a new class of “green” solvents in many organic reaction processes. They can replace methyl-
chlorides and dimethylsulphate esters which are very toxic and hazardous [71]. That DMC can be used in me-
thylation reactions of phenols, anilines and carboxylic acids especially in presence of 1,8-diazabicyclo [5.4.0]
undec-7-ene (DBU) for methylation of phenols, indoles and benzimidazoles have been established in a number
of reports [72] [73].

8) Use of “Green” Catalysts. The area of catalysis is sometimes referred to as a “foundational pillar” of green
chemistry [74]. It is thought that not only the “green” solvents will change the face of chemical reactions but
also the use of “green catalysts” will improve substantially the effectiveness of many reactions and industrial
processes. A true green catalyst offers little to zero toxicity to our environment. Use of green catalysts is, there-
fore, considered a keystone for innovative changes in chemical processes. Green catalysts affect energy use, re-
action time, increase yields, reduce use of solvents and lower production of undesired by-products and wastes
[75]-[77].

9) Replacement of Toxic Solvents with Lesser Toxic Ones. Through long past, process of replacement of
toxic or hazardous organic solvents is still continuing. Success of this endeavor includes replacement of benzene
with toluene, cyclohexane instead of carbon tetrachloride, dichloromethane instead of chloroform etc. The sci-
entific literature contains many examples and practices with replacement of the most toxic and hazardous sol-
vents [78] [79]. In fact, use of solvent affects a number of basic concepts of green chemistry and so, it is not as-
tonishing that chemistry research towards the use of greener alternative solvents has grown enormously. If pos-
sible we should try to avoid using them and if needed, we should try to use harmless substances. In some case,
particularly in the manufacture of bulk chemicals, it is possible to use no added solvent or so-called “solvent free”
conditions. Though in some instances, including speciality and pharmaceutical products, a solvent is required to
assist the process and transportation of substances. Alternative solvents suitable for green chemistry are those
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which have low toxicity, are easy to recycle, are inert and do not contaminate the products. The so-called green
solvents have been used in diverse areas, for example, polymer chemistry, biocatalysis, nanochemistry, analyti-
cal chemistry etc. Truly, there is no perfect green solvent that can be applied to all situations and therefore, deci-
sions have to be made. There are several ways in which organic solvents may be replaced, and a good argument
can often be made for doing so on green chemistry grounds. However, it is important to remember that changing
solvents may require additional energy (e.g. stronger heating), and organics may still be needed for work-up/
purification steps. A suggestive concise list of common solvents under the head of undesirable, usable and pre-
ferred is given below.

Undesirable Usable Preferred

Pentane, hexane(s), di-isopropy!l ether, Cyclohexane, heptanes, toluene, Water, acetone, ethanol, 2-propanol,

diethyl ether, dichloromethane, methylcyclohexane, methyl t-butyl ether, 1-propanol, ethyl acetate, isopropyl
dichloroethane, chloroform, DMF, NMP, isooctane, 2-methyl THF, cyclopentyl acetate me’thanol methy’I ethyl ketone
pyridine, DMA, acetonitrile, THF, dioxane,  methyl ether, xylenes, DMSO, acetic acid, 1-butaﬁo| t-butan’OI etc '
DME, benzene, carbon tetrachloride etc. ethylene glycol etc. ' '

10) Use of Microwave Heating in Synthesis. Use of microwave heating in synthetic chemistry has been
started in 1986 [80] and its success with “green” criteria is well documented. By now, there are numerous re-
search papers regarding green applications of microwave heating in synthetic chemistry illustrating high yields,
without solvents, less reaction time and waste and very low energy consumption [81]-[83].

11) Use of Sonochemical Techniques for Synthesis. Sonochemical reactions by ultrasound waves are consid-
ered advanced green techniques. There are three classes of sonochemical reactions: homogeneous sonochemistry
of liquids, heterogeneous sonochemistry of liquid-liquid or solid—liquid systems and overlapping with the pre-
vious techniques i.e., sonocatalysis. Ultrasonic protocol has beneficial applications in mixed phase synthesis,
materials chemistry, biomedical uses etc. High yields, low energy requirements, low waste, no or very little use
of solvents are some of the fundamental advantages of these sonochemical techniques [84]-[86].

12) Minimizing Energy Consumption. This is a very important objective considering the energy savings and
the climatic change which has become a global environmental problem. The chemical industries have invested
enough resources to reduce energy demands with innovations and changes in synthetic pathways. Green chem-
istry is interested to contribute through research to minimize energy consumption [87] in every step of the in-
dustrial process. For example an ammonia manufacturing unit in UK provides waste heat and carbondioxide
both derived from fossil fuels to large commercial tomato greenhouses [88]. Making use of this waste resources,
tomato growing seasons are extended, fuel consumption to heat greenhouses is reduced, air miles are saved by
lowering imports and consumers are getting fresher produce (Figure 1).

13) Other Greener Protocols. In addition to the above methodologies advanced in the last few decades are
techniques of biocatalysis, self-thermoregulated systems, soluble polymers, etc. Green chemistry covers all these
aspects of eco-friendly methods and promotes their use in chemistry laboratories as well as in industrial syn-
thetic processes [89] [90].

4. Economic Ways towards Implementation of Green Chemistry: Instances From
Some Developed Nations

e Build a green chemistry (GC) and design for the environment (DfE) research and development fund. Estab-
lish a Government controlled grant fund to promote green chemistry research. Choose proposals in consulta-
tion with a higher education expert review panel. Other similar alternatives may include a green chemistry
research challenge or public-private research joint venture. For example, The Green Chemistry Research
Fund was identified as an option in Green Chemistry Options for the State of California. The California
Green Chemistry Initiative (CGCI) [91] is a six-part initiative to diminish public and environmental exposure
to toxins through improved knowledge and regulation of chemicals. Governments may also remodel existing
programs to fund GC and DfE research e.g., New York Empire State Development offers financial support
for projects that produce measurable outcome in pollution prevention, reuse and recycling [92].

e Provide green chemistry and design for the environment tax incentives. Maintain research and development
efforts of companies attempting to develop and market safer, less toxic products through targeted tax breaks.
For example, The Washington Business and Occupation Tax Incentive for High Technology is an annual
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Figure 1. These tomatoes are growing in a greenhouse heated using waste steam from a nearby
chemical plant making ammonia in UK. Waste carbondioxide from the plant is also used by in-
jecting it into the greenhouse atmosphere to promote growth of the fruit (Image source [88]).

credit of up to $2 million for research and development in specific high technology classes, including envi-
ronmental technology [93].

o Make available investment tax credits, low-interest loans, loan guarantees or subsidies for green chemistry
manufacturing equipments or products. Provide financial capital to companies at preferential terms through
the means chosen to encourage GC and DfE. For examples, Green Chemistry Options for the State of Cali-
fornia [94].

Offer reduced-interest loans to businesses investments in the production of green products like France [95].
Promote GC and DfE through industrial parks, brownfields (lands that are abandoned or underused and are
potential site for redevelopment), or low-impact development. For example, The Modernizing Washington
Manufacturers Program provides $2 million for modernizing existing manufacturing processes, retaining
jobs and converting them to “green” jobs through the existing Washington Manufacturing Services Fund
[96].

5. Developing World and Green Chemistry

In the countries of developing world, the introduction of green chemistry is still in a stage of early-life even
though it has significant need and endless scopes to play considerable role in these regions. Many of the prac-
tices in developing countries are still far from the conception of safety, pollution prevention and design of en-
ergy efficiency. Environmental pollution and waste management are some of the painful evils these countries
are suffering from. Many of the reasons behind these problems lie in planning and course of action adopted that
are based on end-of-pipe treatment, rather than prevention of pollution at source or implementing life cycle view
in handling waste problems. Moreover, income generation activities are dependent on an efficient use of energy
and other resources such as water and land which may pose some serious problems to future generations. Green
chemistry could play a pivotal role in retrieving many of the problems of these nations starting from drinking
water, energy and skilled man power insufficiency to atom economy, biodegradation and recycling of the wastes.
Green chemistry can also have a very strong impact on water sufficiency issues particularly in that part of the
developing world where water resources are polluted. It is through the implementation of a cleaner production
and the use of safe and biodegradable chemicals that a huge volume of wastewater could be re-used to satisfy
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the emerging, critical need of water in many of these countries [97].

5.1. Role of Academia

The role of the academia is to bring about a mass understanding about the importance of green chemistry. They
will make appropriate curricular instructions and write adequate learning resources. Colleges and universities
can prepare students entering the workforce with the skills to help solve regional and global environmental is-
sues. In addition, community education service may play an important role to educate the greater part of citizens
on how they are relevant and germane to the environment protection and sustainability issues. The science and
technology agencies of the country, responsible for funding of scientific activities must give adequate preference
to the development of greener science and technology education and research. Recently, the German and Japa-
nese Chemical Societies have assumed leadership roles in promoting green chemistry education within their
own countries [98]. Educational initiative in green chemistry include textbooks, case studies, laboratory experi-
ments, student organizations, summer schools, faculty training, secondary teacher training, resource tools, edu-
cational symposia and professional workshops [99] [100].

In short, educational institutions are crucial to advance the GC and DfE approaches by:

Educating the future workforce of the green economy.

Discovering new green chemistry and product options.

Supporting efforts to overcome application challenges.

Analyzing policy options.

Serving as the common platform for needed dialogues between researchers and industries and businesses
communities.

5.2. Role of Industries

Though it is true that many industries and research organizations are yet to implement the principles of green
chemistry, nevertheless, some of them have begun to realize that the “think green” culture is more than just a
fashion [101] [102]. Winds of changes have already started blowing and the more successful chemistry re-
searchers and chemical technologists are opting eco-sustainable pathways especially in newly constructed proc-
ess units. Industries in countries like India still need to make significant improvement from the environmental
point of view. Most of the industrial R&D section is mainly concerned with cost efficiency rather than eco-
friendly processes. Though there has been some combined effort between academia and industries, still there is
ample opportunity for increased partnership. There is immediate need for technology transfer from academic
labs to industrial plants for meaningful application of green research. One of the big examples is the green ap-
proach of enzyme usage in various industries ranging from drugs to leather. The textile industry is one of the
highly revenue generating industries in India and they are now switching over to microbial decolorization and
degradation. So, a successful coordination between industry and academia may play an effective role to solve
these problems in a greener way, obviously, without ubiquitous governmental red-tapism.

5.3. Role of the Governments

Government can take a lot of welfare steps for the cause of green chemistry by bringing and enforcing strict en-
vironmental legislations and by up-lifting the level of public awareness [103]. As in India, for example, one of
the moderately recent and controversial instances of government initiative is the conversion of diesel-run auto-
mobiles to compressed natural gas-run ones in order to reduce air pollution. Moving of industries into industrial
areas away from residential zones is another bold step taken by the Delhi government (recall the Special Eco-
nomic Zone controversy). Besides, the governments are also emphasizing on new projects such as fuel pellets
from municipal waste, aspirated H-cylinder engines for light commercial vehicles, meeting latest emission
norms, battery-powered cars for pollution-free driving etc. The government should also increase funding to en-
courage research in green chemistry. By introducing green chemistry education at all levels, the governments
can build a solid foundation toward green chemistry.

6. Common Barriers to Implementation of Green Chemistry [104]-[106]

e Absence of a “level playing field”, i.e., the lack of global harmonization on regulation and environmental
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policy.

¢ Rigid notification and authorization processes which hinder new products and novel process development.

e The frequent need for speed and certainty of outcome caused by short-term planning perspectives.

Burden of additional cost. Although green chemistry is often financially beneficial this is not invariably the

case.

Unsophisticated accounting practices which do not encompass total costs.

The difficulty of obtaining research and development funding.

Insufficient guidance on best practices of green chemistry.

There are nations, industries and firms that are resistant to new technologies, or lack a culture that provides

incentives for innovative activities—a kind of cultural barriers.

e Bureaucrats, in most of the cases, are not properly aware of green chemistry and green engineering and its
potential benefits.

e Scientists and engineers who are needed to develop and implement green chemistry and green engineering,
in cases, do not have the necessary and adequate background and training—a kind of workforce training bar-
riers

e With many competitors, it may be difficult for financier to recover the cost of their investment, especially if
there is a low value-add to their products. Network effects, monopolies and other market failures can also
promote such market barriers.

7. Expected Future

If chemists are to fully embrace all facets of sustainable chemical processes, an exemplary shift in the way

chemistry and engineering are taught and practised is required. Many challenges still lie ahead and the solutions

will be found not only in the discipline of chemistry but also at its interfaces with engineering, physics and bi-

ology. More attention needs to be given to the whole manufacturing process and life cycle of both products and

wastes. Only by combining the best ideas from the areas of science and technology the desired aim can be ac-

complished. Concepts such as renewable feedstock, atom economy, energy efficient reactions and eco-friendly

solvents should be more prominent in basic chemistry education and there should be less emphasis on the very

narrow concept of immediate product yield and end-of-pipe cleaning mind set. Obviously, there are plentiful

future challenges to research in achieving green chemistry principles. In a nut shell, some of the challenges are:

o Use of water as an efficient source of energy.

e Improvement of environmentally benign solvent systems.

o Development of a synthetic methodology “toolbox” that is both atom economical and gentle to human health
and our environment.

e Introduction of plastics and polymers properly designed for safe degradation through the use of addi-
tives-free design.

o Materials designed for recyclable/reusable/recoverable decisions based on implanted life cycle.

Expansion of “preventative toxicology” where escalating knowledge of biology and environmental sciences

act together continuously for designing new chemical produce.

Enlargement of non-combustion, non-material intensive energy resources.

Consumptive utilization of CO, and other greenhouse gases with value-addition at high volume.

Refinement of organic methodologies targeting diminished use of functional group protection/deprotection.

Development of materials and especially, their surfaces, that are long-lasting, robust and do not require coat-

ings/paints and cleaners.

8. Conclusion

In coming days, expansion of green chemistry needs to increase at an accelerated pace if molecular science is to
meet challenges of sustainability. We need the relevant scientific, engineering educational and other communi-
ties to work together for sustainable future through green chemistry. In fact, the practice of a new kind of human
ethics and the practice of green chemistry are virtually inseparable. It is commonly said that the revolution of
one day becomes the new convention of the next. If the twelve principles of green chemistry are successfully
incorporated as an integral part of everyday chemistry, there will no longer be a need for focusing, highlighting
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and renaming of green chemistry. And when that day comes, the challenges that chemistry will meet cannot be
imagined. Furthermore, the success of green chemistry depends on the training and education of a new genera-
tion of chemists. Student at all levels have to be introduced to the philosophy and practice of green chemistry.
Regarding the role of education in green chemistry, it is evident that the biggest challenge of green chemistry is
to implement its rules in practice. In this context we can recall the famous saying of Albert Einstein “The sig-
nificant problems we face today cannot be solved at the same level of thinking we were at when we created
them”.

Note

Several excellent examples of green chemistry may be found in the literature. This reference list is not meant to
be all-inclusive, but includes a representative selection of green chemistry tools.
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