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Abstract
Green Chemistry is expanding its wings from academic laboratories to industrial units. Sustainable practices include 
replacement of volatile organic solvents which constitute the bulk of a reaction material, developing recyclable cata-
lysts, developing energy efficient synthesis and encouraging the use of renewable starting material. By following the 
principles of green chemistry, turn-over of many companies have increased immensely leading to both environmental 
as well as economic benefits. This review explores various examples wherein green chemistry has enhanced the sustain-
ability factor of industrial processes immensely and suggests the measures which should be taken to promote as well as 
popularize the green practices in synthesis.
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1  Introduction

The 20th century has seen a phenomenal growth of global 
economy and a continuous improvement of standard of liv-
ing in the industrialized countries. The increasingly competi-
tive economic outlook and the shrinking graph of natural 
resources on the planet pose an urgent need to reduce the 
energy expenditure as well the production of waste. Sus-
tainability is one of the main drivers for innovations in order 
to allow the technical industries to work for the well-being 
of consumers in a safe and healthy environment. The most 
attractive concept towards achieving sustainability is “Green 
Chemistry”—a term coined at United States Environmental 
Protection Agency by Anastas and Warner [1], and is defined 
as the utilization of a set of principles that reduces or elimi-
nates the use or generation of hazardous substances in the 
design, manufacture and application of chemical products 
[2–4]. The term ‘hazardous’ is used in its broadest context 
which includes physical (e.g. explosive, flammable), toxi-
cological (e.g. carcinogenic, mutagenic) and global (e.g. 
ozone depletion, climate change) factors. The tools of green 

chemistry are alternative feedstock, solvents and reagents, 
and catalytic versus stoichiometric processes. Developing 
green methodologies is a challenge that may be viewed 
through the framework of the “Twelve Principles of Green 
Chemistry” (Designed by P.T. Anastas and Warner).

2 � The twelve guiding principles of green 
chemistry

Since its inception in early 1990s, green chemistry has grown 
into a significant, internationally engaged focus area within 
chemistry [5–8]. Green chemistry is basically a proactive 
approach aimed at designing a synthesis/process in a sus-
tainable way right from the beginning. Preventing waste 
formation rather than devising methods to cleaning it up, 
developing atom efficient technologies based on renew-
able feedstock using minimum energy requirements and 
inherently safer chemicals, discouraging the use of volatile 
organic solvents and replacing them by greener alternatives 
are the main aims of green chemistry. To develop sustainable 
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processes stoichiometric reagents should be replaced by cat-
alytic reagents, end products should be bio-degradable and 
analytical methodologies should allow real time in-process 
monitoring. It is not always possible to incorporate all the 
principles in a particular process, however efforts should be 
made to follow as many principles as possible.

3 � Industrial applications of green chemistry

Green Chemistry is not a lab-curiosity; instead it aims at big 
objective of creating a sustainable tomorrow. Increasing 
number of green methodologies developed by academic 
and industrial researchers enables companies to commer-
cialize these ideas. Industry, from small businesses to large 
corporations, has already made strategic moves towards sus-
tainability by adopting the principles of green chemistry. The 
development of less hazardous processes and commercial 
products, the shift from inefficient chemical routes towards 
bio-based synthesis, and the replacement of oil-based feed 
stocks by renewable starting materials are only a few exam-
ples of the major decisions taken that will ultimately have 
vast consequences for the world chemical markets.

As per the analysis of Environmental Protection Agency, 
the US drug industry has decreased the use of VOCs by 50% 
between 2004 and 2013 by adopting principles of green 
chemistry. In the same time span, the amount of chemical 
waste released to air, land and water decreased by 7% as per 
Toxics Release Inventory (TRI) of EPA.

Recently four industrial drug units located in 
Hyderabad region of India has been closed on account of 
creating pollution [9]. China, too, has strict environmen-
tal concerns and has taken regulatory action on 40% of 
the industrial units located in thirty provinces [10]. These 
changes in policy suggest that it has become imperative 
to follow green practices.

Plastics, in spite of several uses, have a bad reputa-
tion owing to their origin from polymers derived from 
non-renewable petrochemicals and their non-bio-
degradable nature. However, the same can be made 
from renewable feedstock as shown by a study carried 
out by Utrecht University [11]. Studies by Utrecht Univer-
sity also show that the market of bio-plastics will grow 
by approximately 37% per year till 2013 and at a rate of 
6% between 2013 and 2020. Many marketing hubs have 
joined the initiative to replace plastics with bio-plastics. 
Wal-Mart has been using bio-plastics in packaging wher-
ever possible [12]. On similar lines Nokia, a mobile mak-
ing company, used 50% bio-plastics in Nokia 3111 Evolve 
phone cover as well as in Nokia C7 phone [13].

Procter & Gamble replaced most of the PVC based 
materials with greener alternatives [14]. Along with 
other companies P&G have taken the initiative to 
develop new solvents so as to replace volatile organic 
carbons in glossy paints.

Greener synthesis of Ibuprofen launched by BASF 
involves half the number of steps as compared to tradi-
tional method. Atom efficiency of new process is almost 
double than the old synthesis. In pursuit for the devel-
opment of sustainable methodologies, BASF developed 
BASIL™ (Bi-phasic Acid scavenging utilizing ionic liquids) 
process involving the production of generic photo initiator 
precursor alkoxyphenylphosphine [15]. Using this technol-
ogy the yield increased from 50 to 98%.

The Warner Babcock institute for Green Chemistry has 
developed a green hair-dye “Hairprint” which is a non-
toxic, vegetable based product providing an alternative 
to the toxic, skin irritating and carcinogenic dyes [16].

USA based Merck & Co., Inc. has successfully applied 
the principles of green chemistry to the synthesis of anti-
viral drug (cytomegalovirus infection) Letermovir which 
is currently in phase III of clinical trials. Cytomegalovirus 
(CMV) is a common virus whose infections are generally 
asymptomatic in healthy individuals but can cause severe 
damage in patients with immuno-depressed systems. The 
importance of this drug can be judged from the fact that 
it has been granted Fast-Track status by FDA and Orphan 
product designation by European Medicine agency for the 
prevention of CMV viremia in high risk population.

An evaluation of its traditional synthesis scheme 
revealed several areas for improvements like a very low 
overall yield of 10% due to a late stage resolution to access 
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a stereogenic center, the use of nine different solvents, 
high palladium loading in Heck coupling. Moreover, no 
recycling of solvents and reagents had been there in the 
scheme.

Greener synthesis, as published by Merck, involves a 
novel cinchonidine based PTC-catalyzed Aza-Michael reac-
tion for configuring the  single stereocenter as shown in 
Scheme 1 [17]. Also, there is an increase in overall yield by 
60%, reduction in raw material cost by 93% and reduction 
in water usage by 90%. It has been estimated that, once 
operational, this optimized process will lead to reduction 
of more than 15,000 MT of waste over the life time of Leter-
movir. Life-Cycle Assessment reveals that the green pro-
cess is expected to decrease the carbon foot-print by 89%. 
It is quite evident from the green synthesis of Letermo-
vir that the Green Chemistry is not only environmentally 
friendly but also economically lucrative. This scheme has 
won the EPA’s Presidential green chemistry award under 
the category “Greener synthetic pathways” in 2017 [18].

Of the various technologies used in green chemistry, 
biocatalysis holds an important place [19]. Most of the 
reactions occurring in physiological systems are cata-
lyzed by enzymes which are nature’s catalysts. Enzymes 
are not only biodegradable but are renewable as well due 

to the ease of production by fermentation of sugar etc. In 
order to achieve the aims of sustainability, more and more 
companies are working in the area of designing and using 
enzymes as biocatalysts. An impressive case highlighting 
the impact of biocatalysis on pharmaceutical manufactur-
ing is the greener synthesis of Pregabalin, an active ingre-
dient of neuropathic pain reliever Lyrica®. In 2008, Pfizer 
improved the classical route for the synthesis of Pregabalin 
by adopting biocatalysis as a key step which led to 90% 
reduction in solvent usage, 50% reduction in the require-
ment of raw materials besides energy savings [20]. Solvent 
and energy saving in the process is equivalent to reducing 
3 million tons of CO2 emissions which is actually equiva-
lent to taking 1 million Indian cars off the road for a year. 
Schemes 2 and 3 compare the classical and greener route 
for the synthesis of pregabalin.

Not only in drug synthesis, biocatalysts also find impor-
tant applications in the synthesis of plastics. Now a days, 
research is mainly targeted towards the synthesis of bio-
degradable plastics from renewable resources.

California based start-up “Newlight Technologies”, 
founded in 2003, took a funding of $9.2 million for devel-
oping a carbon negative technology that combines 
air with methane emissions to produce Aircarbon™ a 

Scheme 1   Green synthesis of Letermovir

Scheme 2   Conventional synthesis of Pregabalin
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thermoplastic. Aircarbon™ is approximately 40% oxygen 
from air and 60% carbon and hydrogen from methane 
emissions. The technology itself was not new but the 
use of a proprietary biocatalyst by Newlight Technolo-
gies made it actually commercially viable by increasing 
the yield nine times and decreasing the cost by a factor of 
three thereby making Aircarbon cheaper than oil based 
plastics. With the commercial scale-up in 2013, Aircarbon™ 
was adopted by a number of leading brands like Dell, 
Hewlett-Packard, IKEA, Sprint, The Body Shop and Vinmar 
for manufacturing their respective products. In recogni-
tion of the company’s commercial achievements, New-
light was named “Most innovative company of the year” 
in 2013 and Aircarbon™ was named “Tech innovation of 
the year” by The American Business Awards [21]. For the 
green attributes of the process involving capturing and 
using greenhouse gases, Newlight technologies has been 
awarded the prestigious EPA’s Presidential Green Chemis-
try Challenge award in 2016 [22].

Most chemical processes involve solvents in the reac-
tion and separation step to dissolve solids, reduce vis-
cosity, modulate temperature, and recover products by 
means of extraction or recrystallization as reaction media 
or for cleaning purposes. Solvents not only dissolve the 
reactants but they also affect the rates, chemo-, regio- 
and stereoselectivities of reaction. However, majority of 
the organic solvents used in industry, despite their inher-
ent advantages, are associated with several ill-effects on 
human health and environment. Moreover, these solvents 
are derived from non-renewable resources like petroleum. 
These parameters are in contradiction to the very basics of 
Green Chemistry. Due to these reasons, the only alterna-
tive available is to substitute these environmentally harm-
ful solvents with some benign solvents. Hungerbuhler 
et al. [23] discussed the following four directions towards 
the development of green solvents

1.	 Substitution of hazardous solvents with one that show 
better EHS (Environment, Health, Safety) properties 
such as increased biodegradability or reduced ozone 
depletion potential [24].

2.	 Use of “bio-solvents” i.e. solvents produced from 
renewable resources such as ethanol produced by 
fermentation of sugar-containing feeds, starchy feed 
materials or lignocellulosic materials [25].

3.	 Substitution of organic solvents with supercritical CO2 
in polymer processing avoids the use of chlorofluoro-
carbons, and reduces the ozone depletion [26].

4.	 With ionic liquids that show low or negligible vapour 
pressure, and thus fewer emissions to air [27].

Fabric dyeing consumes a lot of water. About 7 gal-
lons of water is used up to dye a T-shirt and lot of energy 
is wasted in drying the dyed material. A Dutch start-up 
recently launched water-free dyeing using supercritical 
carbon dioxide as a solvent under pressure and at elevated 
temperature. As no water is used so energy required in 
drying is also saved [28].

Elevance Renewable Sciences, Inc., used a nobel prize 
winning metathesis technology developed by Grubb’s to 
produce two green solvents

In collaboration with the surfactant manufacturer 
Stepan, Elevance produced a surfactant called STEPOSOL 
MET-10U as a replacement for N-methyl pyrrolidone and 
dichloromethane in adhesive removers and paint strip-
pers. This surfactant can also be used in household and 
industrial cleaners in place of glycol ethers. STEPOSOL 
MET-10U is a unique unsaturated di-substituted amide 
derived from a bio-based feedstock [29]. With a Kauri-
Butanol value greater than 1000, STEPOSOL MET-10U 
provides superior cleaning performance and is environ-
mentally friendly due to a low vapor pressure, high boiling 
point, and Biorenewable Carbon Index (BCI) of 75%.

Scheme 3   Enzyme catalyzed synthesis of Pregabalin
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Another heavy-duty green degreasing solvent devel-
oped by Elevance Renewable Sciences is Elevance Clean™ 
1200 which is a VOC free bio-based solvent [30]. In 2015, 
Elevance Clean™ 1200 was awarded bio-based product 
innovation of the year at WBM bio business awards for its 
out-standing cleaning performance. Being produced from 
natural oils this non-flammable solvent meets the various 
restrictive environmental regulations. Therefore, Elevance 
Clean™ 1200 is

	 (i)	 VOC exempt (Directive 2004/42/CE of the European 
Parliament and the Council)

	 (ii)	 REACH registered
	 (iii)	 Readily biodegradable (by OCED method)
	 (iv)	 Free of components listed in the EU dangerous sub-

stances directive (Regulation No. 1272/2008).

The various advantages of Elevance Clean™ 1200 are 
enlisted below

	 (i)	 Strong solvency characteristics greater than even 
of d-limonene, dibasic esters, vegetable esters and 
isoparaffins on the Kauri butanol (Kb) scale.

	 (ii)	 Excellent performance across a broad range of 
cleaning applications which includes metal clean-
ing, industrial and institutional degreasing, trans-
portation and food processing.

	 (iii)	 Being non-flammable, it is easy to handle. It works 
very well in the neutral pH range (6–9) thereby 
eliminating the need of caustic cleaning products.

In 2014, Solberg Company won the first Insight Innova-
tion award at the 3rdannual THINC for its environmentally-
friendly fire-fighting foam concentrate RE-HEALING. Con-
ventional firefighting foams use fluorinated surfactants 
which are hazardous for the environment. The RE-HEALING 
firefighting foam concentrate use a blend of non-fluori-
nated surfactants, sugars, solvent and corrosion inhibitor 
leading to far less environmental impacts. Control, extin-
guishing time, and re-ignition resistance are necessary for 
the safety of fire-fighters and RE-HEALING fulfills all these 
conditions. The company also won the 2014 EPA Presiden-
tial Green Chemistry award for this innovation. [31].

Using catalytic reagents over stoichiometric reagents is 
one of the principles of green chemistry. Developing recy-
clable and recoverable catalyst adds to the green profile 
of a technology. Exhausts from the automobile engines 
pose a major threat to the environment. Inside the engine, 
temperature being very high, oxygen and nitrogen react 
to form nitric oxide (NO). Conversion of NO to NO2 is highly 
desirable for the removal of oxides of nitrogen. However, 
this reaction is, in general, quite slow. A team of scientists 
from U.S, China and South Korea developed the catalyst 

using Mn-Mullite (Sm, Gd) Mn2O5–manganese–mullite 
materials containing either Samarium or Gadolinium to 
convert the toxic diesel engine exhaust product nitric 
oxide to a more benign nitrous oxide [32]. Over a range 
of temperatures, the new catalyst performed better than 
platinum (around 64% better at 300 °C and 45% better at 
120 °C).

RCHEM Pvt. Ltd. Hyderabad, in collaboration with 
Chaudhuri et al. [33] developed a green synthesis of anti-
ulcer drug Ranitidine. The conventional synthesis gen-
erates dimethylsulfide which is a hazardous to human 
health. Prof. Chaudhuri, from IIT Guwahati, and Prof. Kan-
tam from IICT Hyderabad developed vanadium-titanium 
and titanium phosphorous based solid supported cata-
lysts. In the presence of these heterogeneous catalysts 
H2O2 acts as an oxidant to convert the dimethylsulfide to 
colourless odourless liquid dimethyl sulfoxide (DMSO). The 
DMSO generated is further used in the manufacturing pro-
cess of drug thereby reducing the cost of production by 
20%.

There are numerous applications where green chem-
istry has marched beyond the research laboratories and 
finding commercial applications. However, a lot more 
efforts are required, particularly in the area of life-cycle 
analysis so as to evaluate the environmental impact of 
the various “green” drugs after these traverses the human 
physiological system. Terry Collins, from the University of 
Pittsburg, developed a series of tetra-amido macrocyclic 
ligand based catalysts modelled on peroxidase enzymes 
[34]. Collins proposed that addition of these at a late stage 
in the sewage treatment process could help break down 
a wide variety of chemical residues from the drugs before 
they can affect the environment.

4 � Challenges

Just being green is not enough for a process to be a com-
mercial success. Regulatory, economic, political and tech-
nical challenges often impede the industrial implementa-
tion of a green process.

Current regulations are focused on reducing risk 
through reductions in exposure while green chemistry 
promotes the reduction of inherent risk by reduction of 
hazard. In U.S, the regulations require that every time a 
manufacturer changes the production process, it has 
to undergo a re-certification process with the FDA. This 
process is both costly and time- consuming, and hence 
serves to dissuade firms that would otherwise invest in 
developing atom efficient chemistries that reduce waste. 
Changes to more benign processes are inhibited by cost-
intensive, control-oriented regulation. Lack of awareness 
among the different stake-holder groups poses a barrier to 
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the implementation of green processes. Developing a suc-
cessful green process is not only about green chemistry, 
it involves the knowledge of green engineering, biotech-
nology, economics and above all toxicology. The chemists 
generally lack the training in these disciplines which fur-
ther hampers the implementation of green chemistry on 
an industrial scale. Even if all factors are the in the favour of 
a green process, it can be rejected on a commercial-scale if 
it fails to be economically attractive. Green industrial pro-
cesses should be comparable to the traditional processes 
in terms of costs of the products.

There are a number of examples of technically robust, 
environmentally-friendly processes that have been started 
at first but were withdrawn at a later stage due to commer-
cial implications. It does not always pay to be green in the 
chemicals sector. Thomas Swan and Company in Consett, 
UK, implemented the work of Martyn Poliakoff (Nottingham 
University), to start world’s first continuous-flow reactor 
using supercritical carbon dioxide as a solvent [35]. Sc-CO2 
system lead to selective hydrogenation of isophorone to 
3,3,5-trimethylcyclohexanone without any by-product 
formation. This lead to elimination of an expensive and 
energy-intensive separation required by the conventional 
technique. But due to the lack of government subsidies, the 
plant could not provide chemicals more cheaply than those 
made by the traditional non-green methods. Therefore, after 
commercially running from 2002 to 2009, this plant was 
taken out of production.

Similar things happen with the process involving isomeri-
zation of 3,4-epoxybut-1-ene to 2,5-dihydrofuran in a phos-
phonium iodide ionic liquid developed by Eastman Chemi-
cal Company.

Capital investment also prevents the commercialization 
of a green technology. IFP (France) used ionic liquids, as 
solvent as well as co-catalyst, on a large scale for the nickel 
catalyzed dimerization of alkenes, named as Difasol process 
[36]. This is a biphasic process wherein the product forms 
a separate layer above the ionic liquid layer and thus can 
be easily separated. Compared to the conventional Dimer-
sol process, this method has many advantages like better 
catalytic activity, ease of separation of product, better dimer 
selectivity and higher reactor space time yields. However, 
the cost of capital equipment posed a hurdle towards its 
commercial implementation.

The commercialization of green processes also requires 
many changes in all part of the long and global supply 
chain. Eden Organic foods developed a BPA-free coating 
for food packaging which was found to be compatible with 
some foods like beans but not for highly acidic tomato 
sauce. Switching to different coating type for different food 
type implies a smaller market size and change in manu-
facturing machines and consequently a higher cost. The 

implementation of such initiatives requires that everyone in 
the value chain agrees and is willing to accept the changes.

As most of the industries have been driven by monetary 
profits therefore voluntary adoption of the sustainable 
practices seems less feasible. A strong, attractive and bal-
anced regulation is required so as to enforce the greener 
practices. The most promising and significant regulation 
is the REACH (Registration, Evaluation, Authorization and 
Restriction of Chemical substances) regulation framed and 
launched by European Union in 2007 [37]. On one hand 
REACH makes it mandatory for the chemical companies 
to disclose more information on the environmental and 
health risks of their products; on the other hand it grants 
potential exemptions on registration for five years for a 
process which favours new sustainable innovation. This 
move of European Union has motivated other countries 
to devise similar regulations so as to create a sustainable 
chemical industry.

5 � Prospects

Green chemistry holds the key to a sustainable society. It 
has the inherent potential to bridge the gap between soci-
ety and science. Innovations, backed by sound policies and 
regulations, will accelerate the large-scale implementation 
of green processes. Next generation of chemists should be 
taught the basics of green chemistry at a very early stage 
so that they can think green and develop safer method-
ologies. Interdisciplinary and multidisciplinary research 
can help in solving the various technical hurdles for com-
mercializing this philosophy. Subsidizing the greener ini-
tiatives and tax exemptions to the companies adopting 
green processes will have a positive impact. Industries 
should realize the fact that getting a new greener process 
registered and making capital investment is a one-time 
investment which can have positive impacts on various 
aspects of society and environment. Collective and sincere 
efforts by researchers, engineers, corporates and policy- 
makers can actually make the chemistry Green.
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