
J. Chil. Chem. Soc., 66, N°1 (2021) 
 

*Corresponding author email: parthasupur@gmail.com 5075
 

GREEN CHEMISTRY – A NOVEL APPROACH TOWARDS SUSTAINABILITY  

PARTHA MUKHERJEE a,b* 

aCentre of Studies in Surface Science and Technology, School of Chemistry, Sambalpur University, Jyoti Vihar, Burla – 768019, INDIA. 
bHIL (India) Limited, A-4 Industrial Growth Centre, Mansa Road, Bathinda-151001, INDIA. 

ABSTRACT 

A study on the emergence and twelve principles of Green chemistry has been thoroughly discussed. Syntheses of polymers and nanoparticles with the aid of greener 
method have been elucidated. Phase transfer catalysis is found to play Key role in the synthesis of various multistep processes to one pot cascade reaction. Ionic 
liquids have emerged out as alternative green solvent in synthetic chemistry replacing traditional organic ones due to environmental and health concerns. Non ionic 
surfactants notably due to their characteristic temperature induced clouding phenomena and subsequent phase separation above cloud point have been found potential 
application in the field of preconcentration and extraction of various metal ions, organic and inorganic industrial pollutants and pesticides. 
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1. INTRODUCTION 

Green chemistry, a concept developed in early ’90s by the US environmental 
protection agency (EPA), has become a magic wand in the present chemical 
scenario. Common chemical practices, such as setting up of chemical industries 
in the field of petroleum, essential laboratory chemical agents, metal and solvent 
extraction processes, drug industries, fertilizer factories, and many more have 
become a blessing for the humanity. However, it is an irony that these industries 
have completely changed the natural atmosphere on the earth by inviting 
unnecessary pollution of soil, water, air and the whole of the basic necessities 
through solid waste production, gaseous emission and fluid spilling. It is high 
time to control the pollution in every avenue of life by adopting alternative 
pathways in production of chemical substances and their uses. The more 
intellectual approach to solve this problem is to follow the oldest proverb 
“prevention is better than cure” by developing methods and innovating 
technologies, which do not create any harm to the environment directly or 
indirectly. The pollution caused by synthetic chemicals has resulted in an 
increased demand for environmentally friendly chemical processes. Such an 
approach to prevent pollution for saving humanity from dangerous chemical 
hazards, which began intensively in economically developed countries in the 
1990s, acquired the somewhat unusual name of green chemistry (1). 

Green chemistry leads to the search for new processes and technologies which 
from the very beginning are aimed to prevent or cut short environmental 
pollution by reducing the volumes of chemical wastes and their toxicity, using 
harmless materials or materials safer than those currently used, as the starting 
materials. This science is currently in a stage of explosive growth and 
development. The development of “Green Chemistry” has emerged as a new 
avatar to solve this problem in order to secure the environment for the future 
(1,2).  Heterogeneous catalysis, bio-catalysis, solvent-less synthesis, use of 
microwaves and ultrasound, etc. are part of green chemistry. However, many 
argue that green chemistry is not a new concept as it is made to believe, rather, it 
is the proverbial ‘old wine in a new bottle (3).  

The origin of green chemistry can be traced back to the Solvay process 
invented in 1811 for the manufacture of soda ash (NaCO3) from common salt 
and CaCO3. By 1873, the Solvay process came to the centre stage replacing the 
polluting Le- Blanc process, based on CaCO3 and Na2SO4, which was practiced 
since 1787, wherein Na2SO4 was produced from NaCl and H2SO4. The irritating 
problems of disposal of CaSO4 were never suitably solved, and enormous 
quantities of left-over calcium sulphate are still indisposed in Europe.  

Various organizations have defined green chemistry in varieties of ways. The 
International union of pure and applied chemistry (IUPAC) defines green 
chemistry as “the invention, design, and application of chemical products and 
processes to reduce or to eliminate the use and generation of hazardous 
substances”; the EPA gives the definition, “the use of chemistry for source 
reduction”; and the Organization for Economic Cooperation and Development 

(OECD) gives the definition, “sustainable chemistry”. These definitions seem to 
be different from the way they are expressed, but they lead to the same meaning 
and goal, that is, the objectives of green chemistry are to design, manufacture 
and use of efficient, effective, safe and more environmentally benign chemical 
products and process leading to the control of environmental pollution. 

2. PRINCIPLES OF GREEN CHEMISTRY 

The basic principles of green chemistry have been suggested for the first time 
by Paul Anastas and John Warner in 1998. According to them green chemistry 
consists of twelve principles which later on get a wider acceptance to give a brand 
new concept of green chemistry (1,4-12).  

1. Prevention. It is better to prevent waste than to treat or clean up waste after 
it has been created.  

2. Atom Economy. Synthetic methods should be designed to maximize the 
incorporation of all materials used in the process into the final product. 

3. Less Hazardous Chemical Syntheses. Wherever practicable, synthetic 
methods should be designed to use and generate substances that possess little 
or no toxicity to human health and the environment. 

4. Designing Safer Chemicals. Chemical products should be designed to affect 
their desired function while minimizing their toxicity. 

5. Safer Solvents and Auxiliaries. The use of auxiliary substances (e.g., 
solvents, separation agents, etc.) should be made unnecessary wherever 
possible and innocuous when used. 

6. Design for Energy Efficiency. Energy requirements of chemical processes 
should be recognized for their environmental and economic impacts and 
should be minimized. If possible, synthetic methods should be conducted at 
ambient temperature and pressure. 

7. Use of Renewable Resources. Use of raw materials and feedstocks that are 
renewable rather than depleting. Renewable feedstocks are often made from 
agricultural products or are wastes of other processes; depleting feedstocks 
are made from fossil fuels (petroleum, natural gas or coal) or are mined.  

8. Reduce Derivatives. Unnecessary derivatization (use of blocking groups, 
protection/ deprotection, temporary modification of physical/chemical 
processes) should be minimized or avoided if possible, because such steps 
require additional reagents and can generate waste. 

9. Use catalysts, not stoichiometric reagents. Minimize wastes by using 
catalytic reactions. Catalysts are used in small amounts and can carry out a 
single reaction many times. They are preferable to stoichiometric reagents, 
which are used in excess and work only once. 

10. Design for Degradation. Chemical products should be designed so that at 
the end of their function they break down into innocuous degradation 
products and do not persist in the environment. 

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. 

12. Inherently Safer Chemistry for Accident Prevention. Substances and the 
form of a substance used in a chemical process should be chosen to minimize 
the potential for chemical accidents, including releases, explosions, and fires. 
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3. GREEN CHEMISTRY APPLICATIONS IN SYNTHESIS  

3.1. Synthesis of polymer 

a. Synthesis of polycaprolactone 

Poly (ε-caprolactone) (PCL) is an important biocompatible and biodegradable 
polymer, which could be used as a synthetic material in multiple biomedical and 
environmental applications such as prostheses and controlled drug release matrix 
for active substances. This polymer is obtained by ring-opening polymerization 
of ε-caprolactone (Figure 1). 

 

Figure 1 

A wide variety of catalysts could be used for this synthesis (13-16) and 
lanthanide-based catalytic systems proved to be highly active in ring-opening 
polymerization (17-21). Stuerga et al. (22) has reported a new synthetic pathway 
of PCL using microwave irradiation without any solvent, using nontoxic, 
biologically acceptable lanthanide halides as initiators instead of using expensive 
lanthanide alkoxides.  

b. Synthesis of polyurethane 

Polyurethane is widely used in the manufacture of plastic foams, cushions, 
rubber goods, synthetic leathers, adhesives, paints and fibers. Enzyme-catalyzed 
polymerization and degradation can play an important role in both the synthesis 
and chemical recycling of green and sustainable polyurethane. Novel synthetic 
routes to polyurethane production without using diisocyanate have recently been 
developed. Kihara et al. (23) synthesized optically active polyurethane bearing 
hydroxyl and carboxyl groups by the polyaddition of L-lysine hydrochloride and 
a bifunctional five-membered cyclic carbonate (Figure 2).  

 

 Figure 2 

Tomita et al. (24) synthesized   a series of polyhydroxyurethane by the 
polyaddition of the bifunctional five-membered cyclic carbonate and diamine 
(Figure 3).  

 

Figure 3 

Rokicki and Piotrowska et al. (25) synthesized polyurethanes from 
commercially available ethylene carbonate, diamines, and diols (Figure 4). 

 

Figure 4 

Neffgen et al. (26, 27) and Kusan et al. (28) introduced an alternative route to 
synthesize poly (trimethylene urethane) and poly(tetramethylene urethane) by 
cationic ring opening polymerization of trimethylene urethane and 
tetramethylene urethane in a melt at 100°C (Figure 5). 

 

Figure 5 

Schmitz et al. (29) described the copolymerization of 2, 2-dimethyltrimethylene 
carbonate with tetramethylene urea as a new route to polyurethane containing the 
urethane bond (Figure 6).  

 

Figure 6 

Ihata et al. (30) reported the novel synthesis of thermoresponsive polyurethane 
from 2-methylaziridine and supercritical carbon dioxide to give a polymer with 
a high content of urethane units and unique temperature-sensitive phase 
transitions in water (Figure 7). 

 

Figure 7 

3.2. Synthesis of Resoacetophenone (2,4-Dihydroxyacetophenone) 

2,4-Dihydroxyacetophenone, also known as resoacetophenone, finds wide 
applications as an intermediate in the manufacture of pharmaceuticals, 
perfumes(31), fine chemicals (32), cosmetics (33) and leukotriene antagonists 
(34). Resoacetophenone is used in spectrophotometric determination of iron (35) 
and its application in sunscreen composition has also been reported (36). It is 
employed as intermediate for the preparation of allergy therapeutic agents (37), 
UV-screening cosmetics (38), food preservative (39) and as a honey bee repellent 
(40). It is generally prepared by the acylation of resorcinol with acetic acid in the 
presence of a molar excess of zinc chloride, which leads to waste disposal 
problems. The most frequently used acylating agents such as acetic anhydride 
and acetyl chloride have several disadvantages and need to be replaced by cheap 
and benign agents. 

Yadav et al. (41) synthesized 2,4- dihydroxyacetophenone from resorcinol and 
acetic acid by employing various solid acid catalysts (Figure 8). Amberlyst-36 
was found to be the most suitable catalyst for this acylation reaction.   

 

Figure 8 
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3.3. Green chemistry in nano synthesis 

Nanomaterials have gained momentum in the field of science and technology. 
Various chemical and mechanical methods are being adopted for the preparation 
of nanomaterials. Mechanical stimulation helps in enhancing chemical reaction 
overcoming activation energy barrier easily (42). Mechanochemical synthesis 
has emerged as an alternative route and waste free ecologically safe method for 
the synthesis of composite formation (43). Mechanochemical processes allow the 
synthesis of materials with controlled homogeneity and nanocrystaline form as 
well as mixing the components at atomic level. Wieczorek-Ciurowa et al. (44) 
reported the successful spreading of vanadium oxide on chromia surface using 
high energy ball milling. This enrichment of surface catalyst with vanadium 
increases the catalytic activity and can be used for the oxidative dehydrogenation 
of propane (45).  Wieczorek-Ciurowa et al. (46,47) reported the synthesis of Cu–
Al/Al2O3 nanocomposite from two different systems of precursors, i.e. CuO–Al 
and Cu2(OH)2CO3–Al, using a high-energy ball mill. Cr1.23Al0.77O3, a pigment 
based on chromia, has been visualized as green pigment.  

The synthesis of this green pigment was reported by mechanochemical method 
at room temperature using Cr2O3 as a precursor. This method was based on high-
energy ball milling created the possibility of obtaining the nanocrystalline form 
of pigment (48-51). 

Zeng et al. (52) have reported a unique “green” method for the synthesis of 
copper nanoparticles with average diameter less than 5 nm in aqueous solution 
with natural vitamin C i.e., ascorbic acid as reductant and antioxidant (Figure 9) 
in the presence of polyvinylpyrrolidone (PVP) as a stabilizer. 

 

Figure 9. Antioxidation mechanism of ascorbic acid 

Gonzal et al. (53) reported successful synthesis and characterization of H2V3O8  
nano belts about 100 nm wide and several micrometers long from commercial 
V2O5 powder using fast and eco friendly microwave-hydrothermal method. An 
environmental friendly ex-situ synthetic route of silver nanocomposite films was 
depicted using colloidal silver dispersion and potato starch/glycerol matrix. Size 
and distribution of nanoparticles were optimized with the variation of glucose 
content in polymer matrix and reaction time (54). Synthesis of extracellular silver 
nanoparticles with the application of facile, rapid and inexpensive aqueous leaf 
extract technology was described and characterized by Fourier transformed 
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron 
microscopy and transmission electron microscopy (TEM) (55). Synthesized 
silver nanoparticles were reported to manifest antibacterial properties. 

4. GREEN CHEMISTRY IN CATALYSIS 

Aromatic nitro compounds found their importance as intermediate in 
agrochemicals, pharmaceuticals, dyestuffs, urethanes and other industrially 
important products (56-58). Numerous methods for the reduction of aromatic 
nitro compounds have been developed in recent times using catalytic 
hydrogenation processes (59-83). However, these methods are associated with 
(i) serious environmental pollution from residue, (ii) significant limitations based 
on safety and handling considerations, (iii) strong acidic or alkaline media, and 
(iv) reaction conditions leading to destruction of many sensitive functional 
groups. Hence, recently more attention is being paid to “green chemistry”.  

Zheng et al. (84) have reported the use of Ni/SiO2 catalyst as an efficient, mild 
and practical method for the reduction of aromatic nitro compounds. They 
successfully prepared and characterized the catalyst by XRD, FT-IR, TEM, and 
SEM and reported that the catalyst passivated with a gas mixture could be stored 
safely in air below 423 K and could be used without farther activation. 

Phase transfer catalysis (PTC) has emerged as an important area of green 
chemistry. PTC reactions have been exploited for their selectivity engineering 
and environmental aspects (85, 86). Fenvalerate, a widely used synthetic 
pyrethroid insecticide, was synthesized by a multistep process. In order to 
remove the complexities in fenvalerate synthesis, Yadav et al. (87) reported a 

unique one pot cascade engineered phase transfer catalysis method (CEPTC) 
using tetrabutyl ammonium bromide (TBAB) to minimize the generated waste 
of few steps of fenvalerate synthesis. CEPTC method has widely been exploited 
for the conversion of   benzyl chloride into various industrially important 
products such as benzyl alcohol (through hydrolysis), dibenzyl ether (through 
hydrolysis), phenylacetonitrile (through nitrile substitution), benzyl esters 
(through esterification), phenyl acetic acid (through the hydrolysis of 
phenylacetonitrile) (Figure10). The cascade reaction system itself is novel where 
from one starting material a variety of products are obtained by changing the 
parameters. 

 

Step-I 

 

Step-II 

 

Step-III 

Figure 10 

Marui et al. (88) oxidized benzhydrols in a unique method under an 
atmosphere of O2 using water as the green solvent replacing organic solvents 
catalyzed by oxovanadium-4,4′-t-Bubpy (4,4′-di-tert-butyl-2,2′-bipyridyl) 
complex. 

5. SOLVENTS IN GREEN CHEMISTRY 

The largest amount of auxiliary waste is associated with the use of solvent in 
any chemical reaction. In a classical chemical process, solvents are used 
extensively for dissolving reactants, extracting and washing products, separating 
mixtures, cleaning reaction apparatus, and dispersing products for practical 
applications. There has been marvelous advancement in chemistry with the 
invention of exotic organic solvents as well as the legacy of such solvents leading 
to various environmental and health concerns. At such a juncture, green 
chemistry has come out as savior through the   evolution of a variety of cleaner 
solvents replacing the exotic solvents (89). Among the most widely explored 
greener solvents are ionic liquids (90), supercritical CO2 (91) and water (92). 
These solvents complement each other nicely both in properties and applications.  
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Importantly, the study of green solvents goes far beyond just solvent 
replacement. The use of green solvents has led science to uncharted territories. 
For example, the study of ionic liquids made large-scale supported synthesis 
possible for the first time (93) and the utilization of supercritical CO2 has led to 
breakthroughs in microelectronics and nanotechnologies (94). Although water is 
the most abundant natural and non-toxic solvent on earth, it has been traditionally 
treated as a nuisance in most chemical productions. However, Breslow’s report 
on the acceleration of Diels–Alder reactions in aqueous media (95) led to re-
examine this solvent for chemical applications. The commercialization of 
aqueous-based hydroformylation and hydrogenation processes allow product 
separation and catalyst recycling readily (96). The development of aqueous 
organometallic reactions simplifies protection–deprotection of functional groups 
and allows the direct use of biomass-based feedstocks for synthetic purposes 
(97). The innovative ‘‘on-water’’ concept (98), water-tolerant Lewis acids (99) 
and aqueous organocatalyses (100) led to new understandings of fundamental 
chemical reactivities. 

5.1. Ionic liquids as green solvent  

The most of ionic liquids (ILs) are clear, colorless low melting viscous liquid 
possessing a unique array of physico-chemical properties such as high electrical 
conductivity, high thermal stability, low nucleophilicity and capability of 
providing weekly coordinating or noncoordinating environment, very good 
solvents properties for an extensive diversity of organic, inorganic, 
organometallic and polymeric compounds (101).  These solvents can be readily 
removed and recycled (102-104) and these properties enable room temperature 
ionic liquids (RTIL) to give a wider acceptance as possible "green" solvents, 
which substitute classical volatile organic solvents in a variety of processes, 
including industrially essential chemical process (105, 106).  

ILs have gained application in polycondensation reactions (101, 107-110). 
Mallakpoor et al. (111) have explored for the first time the tetrabutylammonium 
bromide (TBAB), a molten ionic liquid(MIL),  to act as a novel and efficient  
green media for the synthesis of polyamides (PA) from the reaction of 
dicarboxylic acids with diisocyanates replacing toxic and volatile organic solvent 
N-methylpyrrolidone (NMP) with or without dibutyltin dilaurate (DBTDL) as a 
catalyst (Figure 11).  

 

Figure 11. It was also observed that molten TBAB can act both as solvent and 
catalyst. 

Several new functionalized imidazolium-based ionic liquids were prepared in 
a green ultrasound assisted route and characterized by spectroscopic studies 
(112).    

6. SURFACTANTS IN GREEN CHEMISTRY  

Green chemistry deals with the utilization of renewable resources, combined 
with recycling in order to develop chemical reactions combined with enzymatic 
action (chemoenzymatic) at moderate temperatures, pressures, and pH conditions 
(113-116). Sugar-based surfactants developed from renewable resources such as 
sorbitan esters, sucrose esters, alkyl polyglycosides, and fatty acid glucamides 
(117), were found to satisfy the demands of performance, consumer safety and 
environmental compatibility. Due to their characteristic surface activity and/or 

tendency to form molecular self-assembly, surfactants can control and modify 
both physical and chemical properties of the phase boundary between different 
phases such as liquid (water)–liquid (oil), which are encountered in almost all 
chemical reactions. Most of the chemical reactions occur in organic media to 
maintain the homogeneity of reaction medium and accelerate the reaction rate. 
Green chemistry promotes the use non-organic solvents or the innovation of such 
system which does not require organic solvent. Surfactants have emerged to 
control reactions based on different phases such as liquid (water)–liquid (oil) in 
a nonorganic solvent reaction system due to their appropriate hydrophobic-
lipophobic balance (HLB). Thus surfactant system leads to achieve several 
objectives including a nonorganic water solvent system, clean reaction 
conditions, high yields of halide-free products, waste reduction, simplicity of 
operation (product separation), cost effectiveness (catalyst recycling), etc. (118). 

Surfactants play their crucial role in phase transfer catalysis. Alkyl ammonium 
salts, specially tetrabutylammonium bromide, is widely used as phase transfer 
catalyst (PTC) in many chemical reactions. Sato et al. (119) reported the 
oxidation of primary and secondary alcohols under entirely halide-free 
conditions (organic/aqueous biphasic conditions) using 3–30% hydrogen 
peroxide in the presence of a tungsten catalyst and lipophilic quaternary 
ammonium hydrogen sulfate, as PTC (Figure 12). 

The quaternary ammonium hydrogen sulphate plays a crucial role for higher 
reactivity due to its acidity. Epoxidation of olefins using the similar type of phase 
transfer catalyst have also been reported (120). 

 

Figure 12 

Preconcentration or extraction of metal ion using cloud point technology 
(CPT) has been widely studied since the last decade of twentieth century as it 
fulfills the criteria of green chemistry replacing the solvent extraction technique. 
Nonionic and zwitterionic surfactants in their aqueous solution above their 
critical micellar concentration or in microemulsion, when heated above certain 
temperature, become turbid leading to phase separation. CPT has got importance 
due to its potential application in removing industrial pollutants and hazardous 
chemicals. Feng et al. (121) extracted phenol and vanadium ion   using cloud 
point technology in aqueous solution formed by the combination of CO2 and 
Triton X-100.  

They also reported the synthesis gold nanoparticles in micellar solution of TX-
100 in presence of CO2.  Farajzadeh et al. (122) extracted Cu(II), Cr(III), Fe(III), 
Mn(II), Pb(II), Cd(II) and Zn(II) from water samples using the TX-114 surfactant 
and 8-quinolinol ligand. Genc et al. reported (123) extraction and determination 
of Vanadium using 4-(2-thiazolylazo) resorcinol in TX-100. Mukherjee et al. 
(124-125) and S.K. Padhan et al.  (126) utilized the clouding behavior of 
microemulsions of pseudoternary mixtures of Tween 80/ butanol/water and 
kerosene or hexane as oil for the preconcentration of some styryl pyridinium dyes 
and metal ions like Ni, Cu and Co. Triazine, a recognized herbicide, widely used 
in agro industry was preconcentrated utilizing cloud point extraction technology 
prior to determination by High-performance liquid chromatography in milk 
samples (127). Makukha et al (128) reported extraction of nimesulide, a 
nonsteroidal anti-inflammatory drug in biological samples using TX-100 and 
TX-114.  

7. CONCLUSION 

The rapid industrialization and urbanization in modern era only to achieve 
economic growth lead the Globe, creature of GOD to uncertain destiny as a 
consequence of pollution of soil, water and air, the three pillars of living 
kingdom. Various incurable diseases are the manifestation of consequences of 
environmental pollution. Green chemistry has emerged out as necessity at this 
juncture. To safeguard and sustenance of living kingdom, it is mandatory to 
restore ecological balance. This can only be achieved with the advent, use and 
production of green chemicals and carrying out chemical transformations 
through procedures laid down by practitioners of green chemistry. The earth and 
all the living creatures exist in it are to be saved from the ensuing disaster through 
such practices only. 
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