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[[ FULL SYLLABUS--DSE3T: Green Chemistry       Credits 04  
Course Contents:  
Introduction to Green Chemistry:  
What is Green Chemistry? Need for Green Chemistry. Goals of Green Chemistry. Limitations/ Obstacles in the pursuit of the 
goals of Green Chemistry  
Principles of Green Chemistry and Designing a Chemical synthesis:  
Twelve principles of Green Chemistry with their explanations and examples and special emphasis on the following:  
• Designing a Green Synthesis using these principles; Prevention of Waste/ by products; maximum incorporation of the materials 
used in the process into the final products, Atom Economy, calculation of atom economy of the rearrangement, addition, 
substitution and elimination reactions.  
• Prevention/ minimization of hazardous/ toxic products reducing toxicity. risk = (function) hazard × exposure; waste or pollution 
prevention hierarchy.  
 
• Green solvents– supercritical fluids, water as a solvent for organic reactions, ionic liquids, fluorous biphasic solvent, PEG, 
solventless processes, immobilized solvents and how to compare greenness of solvents.  
 
• Energy requirements for reactions – alternative sources of energy: use of microwaves and ultrasonic energy.  
• Selection of starting materials; avoidance of unnecessary derivatization – careful use of blocking/protecting groups.  
 
• Use of catalytic reagents (wherever possible) in preference to stoichiometric reagents; catalysis and green chemistry, 
comparison of heterogeneous and homogeneous catalysis, biocatalysis, asymmetric catalysis and photocatalysis.  
 
• Prevention of chemical accidents designing greener processes, inherent safer design, principle of ISD “What you don’t have 
cannot harm you”, greener alternative to Bhopal Gas Tragedy (safer route to carcarbaryl) and Flixiborough accident (safer route 
to cyclohexanol) subdivision of ISD, minimization, simplification, substitution, moderation and limitation.  
 
• Strengthening/ development of analytical techniques to prevent and minimize the generation of hazardous substances in 
chemical processes.  
 
Examples of Green Synthesis/ Reactions and some real world cases:  
1. Green Synthesis of the following compounds: adipic acid, catechol, disodium iminodiacetate (alternative to Strecker synthesis)  
 
2. Microwave assisted reactions in water: Hofmann Elimination, methyl benzoate to benzoic acid, oxidation of toluene and 
alcohols; microwave assisted reactions in organic solvents Diels-Alder reaction and Decarboxylation reaction  
 
3. Ultrasound assisted reactions: sonochemical Simmons-Smith Reaction (Ultrasonic alternative to Iodine)  
4 Surfactants for carbon dioxide – replacing smog producing and ozone depleting solvents with CO

2 
for precision cleaning and 

dry cleaning of garments.  
 
5 Designing of Environmentally safe marine antifoulant.  
6 Right fit pigment: synthetic azopigments to replace toxic organic and inorganic pigments.  
 
7 An efficient, green synthesis of a compostable and widely applicable plastic (poly lactic acid) made from corn.  
 
8 Healthier Fats and oil by Green Chemistry: Enzymatic Inter esterification for production of no Trans-Fats and Oils  
9 Development of Fully Recyclable Carpet: Cradle to Cradle Carpeting  
Future Trends in Green Chemistry:  
Oxidation reagents and catalysts; Biomimetic, multifunctional reagents; Combinatorial green chemistry; Proliferation of 
solventless reactions; co crystal controlled solid state synthesis (C2S3); Green chemistry in sustainable development. ]] 

 
[Syllabus] What is Green Chemistry? 

Green chemistry, also called sustainable chemistry, is an area of chemistry and chemical engineering 
focused on the designing of products and processes that minimize or eliminate the use and generation 
of hazardous substances. Green chemistry is the design of chemical products and processes that reduce 
or eliminate the use or generation of hazardous substances. Green chemistry applies across the life cycle 
of a chemical product, including its design, manufacture, use, and ultimate disposal. 
 [Syllabus] Need for Green Chemistry 

Green chemistry principles enable scientists and engineers to protect and benefit the economy, 
people and the planet by finding creative and innovative ways to reduce waste, conserve energy, 
and discover replacements for hazardous substances. 
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Hence, there is an essential need to improve the synthetic and engineering chemistry either by 
environmental friendly starting materials or by properly designing novel synthesis routes that reduce the 
use and generation of toxic substances by using modern energy sources. 
[Syllabus] Goals of Green Chemistry 

Green chemistry aims to design and produce cost-competitive chemical products and 
processes that attain the highest level of the pollution-prevention hierarchy by reducing pollution 
at its source. Green chemistry is very helpful in prevention of pollution at the molecular level, it 
gives innovative scientific solutions, it reduces the negative impacts of chemical products on 
human and the environment health 
[Syllabus] Limitations/Obstacles in the pursuit of the goals of Green Chemistry  

The barriers of green chemistry include lack of policy incentives, insufficient funding and expertise in GC, 
lack of green solutions for some processes, and lack of effective metrics to track GC impacts. Advancing 
global adoption of GC along the entire supply chain requires more radical actions including smarter and 
globally coordinated regulations, restructuring of current markets, supporting greater consumer 
awareness and demand for green products, investment in GC training and application, and a means to 
assess the global impact of GC implementation on environmental performance over time. 
[Syllabus] The Future of Green Chemistry 

As it stands, green chemistry has not yet gone mainstream. Green chemistry has the potential to reduce 
the carbon footprint on the environment by enhancements in solvent technologies, catalysis, and 
synthetic efficiency. However, the evolution of green chemistry is changing rapidly. The growth of value-
chain collaboration is increasing and there are multiple new chemistries being developed. In terms of 
awareness and education, that too is growing. However, the real challenge for green chemistry is to take 
the game to the mass market from its current niche form. 
[Syllabus] Twelve Principles of Green Chemistry 
1: Waste Prevention 

This tenet simply states that chemical processes should be optimised to produce the minimum amount 
of waste possible. A metric, known as the environmental factor (or E factor for short), was developed to 
gauge the amount of waste a process created, and is calculated by simply dividing the mass of waste 
the production process produces by the mass of product obtained, with a lower E factor being better. 
Drug production processes historically had notoriously high E factors, but the application of some of the 
other green chemistry principles can help to reduce this. Other methods of assessing amounts of 
waste, such as comparing the mass of the raw materials to that of the product, are also used. 
2: Atom Economy 
Atom economy is a measure of the amount of atoms from the starting material that are present in the 
useful products at the end of a chemical process. Side products from reactions that aren’t useful can lead 
to a lower atom economy, and more waste. In many ways, atom economy is a better measure of reaction 
efficiency than the yield of the reaction; the yield compares the amount of useful product obtained 
compared to the amount you’d theoretically expect from calculations. Therefore, processes that maximise 
atom economy are preferred. 
3: Less Hazardous Chemical Synthesis 
Ideally, we want chemicals we create for whatever purpose to not pose a health hazard to humans. We 
also want to make the synthesis of chemicals as safe as possible, so the aim is to avoid using hazardous 
chemicals as starting points if safer alternatives are available. Additionally, having hazardous waste from 
chemical processes is something we want to avoid, as this can cause problems with disposal. 
4: Designing Safer Chemicals 

This principle links closely to the previous one. Chemists must aim to produce chemical products that 
fulfil their role, be that medical, industrial, or otherwise, but which also have minimal toxicity to humans. 
The design of safer chemical targets requires a knowledge of how chemicals act in our bodies and in the 
environment. In some cases, a degree of toxicity to animals or humans may be unavoidable, but 
alternatives should be sought. 
5: Safer Solvents & Auxiliaries 

Many chemical reactions require the use of solvents or other agents in order to facilitate the reaction. 
They can also have a number of hazards associated with them, such as flammability and volatility. 
Solvents might be unavoidable in most processes, but they should be chosen to reduce the energy 
needed for the reaction, should have minimal toxicity, and should be recycled if possible. 
6: Design for Energy Efficiency 

Energy-intensive processes are frowned upon in green chemistry. Where it is possible, it is better to 
minimise the energy used to create a chemical product, by carrying out reactions at room temperature 

http://greenchemistry.yale.edu/green-chemistry-future
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and pressure. Considerations of reaction design also have to be made; removal of solvents, or processes 
to remove impurities, can increase the energy required, and by association increase the process’s 
environmental impacts. 
7: Use of Renewable Feedstocks 

The perspective of this principle is largely towards petrochemicals: chemical products derived from crude 
oil. These are used as starting materials in a range of chemical processes, but are non-renewable, and 
can be depleted. Processes can be made more sustainable by the use of renewable feedstocks, such 
as chemicals derived from biological sources. 
8: Reduce Derivatives 

Protecting groups are often used in chemical synthesis, as they can prevent alteration of certain parts of 
a molecule’s structure during a chemical reaction, whilst allowing transformations to be carried out on 
other parts of the structure. However, these steps require extra reagents, and also increase the amount 
of waste a process produces. An alternative that has been explored in some processes is the use of 
enzymes. As enzymes are highly specific, they can be used to target particular parts of a molecule’s 
structure without the need for the use of protecting groups or other derivatives. 
9: Catalysis 
The use of catalysts can enable reactions with higher atom economies. Catalysts themselves aren’t used 
up by chemical processes, and as such can be recycled many times over, and don’t contribute to waste. 
They can allow for the utilisation of reactions which would not proceed under normal conditions, but which 
also produce less waste. 
10: Design for Degradation 

Ideally, chemical products should be designed so that, once they have fulfilled their purpose, they break 
down into harmless products and don’t have negative impacts on the environment. Persistent organic 
pollutants are products which don’t break down and can accumulate and persist in the environment; they 
are typically halogenated compounds, with DDT being the most famous example. Where possible, these 
chemicals should be replaced in their uses with chemicals that are more easily broken down by water, 
UV light, or biodegradation. 
11: Real Time Pollution Prevention 

Monitoring a chemical reaction as it is occurring can help prevent release of hazardous and polluting 
substances due to accidents or unexpected reactions. With real time monitoring, warning signs can be 
spotted, and the reaction can be stopped or managed before such an event occurs. 
12: Safer Chemistry for Accident Prevention 

Working with chemicals always carries a degree of risk. However, if hazards are managed well, the risk 
can be minimised. This principle clearly links with a number of the other principles that discuss hazardous 
products or reagents. Where possible, exposure to hazards should be eliminated from processes, and 
should be designed to minimise the risks where elimination is not possible. 
 
[Syllabus] Green solvents– supercritical fluids, water as a solvent for organic reactions, ionic 
liquids, fluorous biphasic solvent, PEG, solventless processes, immobilized solvents and how to 
compare greenness of solvents 
[Syllabus] supercritical fluids—Supercritical fluids are a class of solvents, alternative to organic 

solvents, for a more sustainable chemical industry.  They were the first real alternative to hazardous 
organic solvents, and a way to design sustainable chemical engineering processes. The new classic 
examples of natural product extraction have been practised in industry for more than twenty years on 
various scales. In many of these cases, supercritical CO2 or scCO2, penetrates into a solid substrate to 
remove a desired product or an unwanted component or impurity. In chemical reactions, scCO2 is used 
as a solvent for reagents and/or catalysts to facilitate their intimate contact. These and many more 
applications rely on the solvent power of scCO2 and hence exploit in particular the liquid like properties 
of scCO2. 

[[What is supercritical CO2? Supercritical carbon dioxide (sCO2) is a fluid state of carbon dioxide where it is held at or above 

its critical temperature and critical pressure. Carbon dioxide usually behaves as a gas in air at standard temperature and 
pressure (STP), or as a solid called dry ice when frozen. If the temperature and pressure are both increased from STP to be at 
or above the critical point for carbon dioxide, it can adopt properties midway between a gas and a liquid. More specifically, it 
behaves as a supercritical fluid above its critical temperature (304.25 K, 31.10 °C, 87.98 °F) and critical pressure (72.9 atm, 

7.39 MPa, 1,071 psi, 73.9 bar), expanding to fill its container like a gas but with a density like that of a liquid.]] 
[Syllabus] water as a solvent for organic reactions— The use of water as solvent features many 

benefits such as improving reactivities and selectivities, simplifying the workup procedures, enabling the 
recycling of the catalyst and allowing mild reaction conditions and protecting-group free synthesis, in 

https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/Critical_temperature
https://en.wikipedia.org/wiki/Critical_pressure
https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Air
https://en.wikipedia.org/wiki/Standard_conditions_for_temperature_and_pressure
https://en.wikipedia.org/wiki/Standard_conditions_for_temperature_and_pressure
https://en.wikipedia.org/wiki/Solid
https://en.wikipedia.org/wiki/Dry_ice
https://en.wikipedia.org/wiki/Temperature
https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Critical_point_(thermodynamics)
https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Supercritical_fluid
https://en.wikipedia.org/wiki/Density
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addition to being benign itself. Following nature's lead, we should think of water as a versatile solvent for 
organic chemistry. In many cases, due to hydrophobic effects, using water as a solvent not only 
accelerates reaction rates but also enhances reaction selectivities, even when the reactants are sparingly 
soluble or insoluble in this medium. In manufacturing, it is both a “green” solvent and an inexpensive one. 
The finding that some of the effects seen in water solution can be seen also in water suspensions 
suggests that even insoluble compounds might be better used in water. However, the major real reason 
to pursue water as a solvent is that the hydrophobic effect leads to such remarkable new chemistry not 
otherwise achievable. The hydrophobic effect was used in substrate binding, in aromatic chlorination, in 
acylations by esters, in mimics of metalloenzymes and of ribonuclease, and amino acid syntheses and 
reactions, heterocyclic carbene chemistry, aldol condensations, Diels–Alder reactions, carbonyl 
reductions, and selective oxidations. The hydrophobic effect was also used to determine the geometries 
of transition states for some important reactions. 
[Syllabus] ionic liquids— Ionic liquids are organic salts, usually consisting of an organic cation and a 
polyatomic inorganic anion, which are liquid under 100°C. The most relevant properties of ionic liquids 
are their almost negligible vapour pressure. Furthermore, their physical and chemical properties can be 
fine-tuned by the adequate selection of the cation and anion constituents. Ionic liquids have been 
recognized as environmental benign alternative to volatile organic solvents. Ionic liquids have emerged 
as an environmentally friendly alternative to the volatile organic solvents. Being designer solvents, they 
can be modulated to suit the reaction conditions, therefore earning the name “task specific ionic liquids.” 
Though primarily used as solvents, they are now finding applications in various fields like catalysis, 
electrochemistry, spectroscopy, and material science to mention a few. Ionic liquid is defined as a salt 
with melting point below the boiling point of water. Ionic liquids are known by several different names like 
neoteric solvents, designer solvents, ionic fluids, and molten salts. Most of the ionic liquids are composed 
of organic cation and inorganic anions. In order to be liquid at room temperature, the cation should 
preferably be unsymmetrical; that is, the alkyl groups should be different. Polarity and 
hydrophilicity/hydrophobicity of ionic liquids can be tuned by suitable combination of cation and anion. It 
is this property of ionic liquids which has earned them the accolade “designer solvents.” 
[[In the recent past, considerable attention has been focused on the use of the ionic liquids as green solvents to replace 
traditional environment-damaging organic solvents. Ionic liquids have many interesting environment-friendly properties such as 
(a) Low vapor pressures (b) Ease of reuse (c) Absence of flammability (d) Tolerance for large temperature variations. Ionic 
liquids which are liquids at room temperature (RTIL), particularly find application as alternatives to traditional organic solvents. 
The past 50 years have seen the melting point of ionic liquids drop from +800 °C to -96 °C. Extensive research has been done 
on N-butylpyridinium chloride-aluminium (III) chloride, 1-ethyl, 3-methyl imidazolium chloride-aluminium (III) chloride etc. A range 
of available anions and cations have been explored enormously in the past decade to manipulate and modify the physical 
properties of ionic liquids to enable their application as alternative solvents in chemical reactions. Some examples of ionic liquids 
are  1-n-butyl-3-methylimidazolium hexafluorophosphate [bmim][PF6], 1-butyl-3-methylimidazolium nitrate [BMIM][NO3],  N-
butylpyridinium tetrafluoroborate [N-bupy][BF4], 1-octyl-3-methylimidazolium hexafluoride [C8mim][PF6] etc]] 

 
[Syllabus] fluorous biphasic solvent—The characteristic feature of fluorous solvents is that they mix 
with neither common organic solvents nor water at room temperature thus forming biphasic systems, and 
they dissolve fluorine-rich compounds well. Solvents containing fluorine with a relatively large component 
in molecules are called fluorous solvents. Most fluorous solvents have high thermostability and 
chemostability and are low in toxicity. 

 
To utilize these features, a method of separation and purification called a fluorous biphase system (FBS) 
has been developed. In this synthetic manner, after the reaction of substrates having a perfluoroalkyl 
group with some reactants in a mixture of fluorous organic solvents, the fluorous compounds can be 
selectively recovered from phase-separated fluorous layer. On the other hand, organic compounds 
without fluorine containing functional groups are recovered from the phase-separated organic layer, so 
that the FBS allows some purification processes such as column chromatography to be omitted. For 
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example, Curran et al. applied FBS to the Stille coupling reaction of organotin compounds having a 
fluoroalkyl group with aryl bromides. Generally, organotin byproducts are hard to remove but fluorinated 
organotin by-products in FBS are easily dissolved in the phase-separated fluorous layer, and can be 
simply removed by extraction. 

 
 
[Syllabus] solventless processes—A dry media reaction or solid-state reaction or solventless reaction 

is a chemical reaction system in the absence of a solvent. Solid state reaction follows the fifth principle 
of green chemistry which avoid using toxic solvents in the chemical reaction. A dry media reaction or 
solid-state reaction or solventless reaction is a chemical reaction system in the absence of a solvent. The 
advantages of the development of dry media reactions in chemistry is: • Economics (save money on 
solvent) • Not required to remove a solvent after reaction completion ultimately purification step not 
required • Reaction rate is high due more availability of reactants. • Environmentally friendly because 
solvent is not required. • More efficient with more selectivity compared to reactions carried out in solvents. 
• Reactions are simple to handle, reduce pollution, comparatively. • Cheaper to operate and are 
especially important in industry. 
Some examples of solventless processes: 
Halogenation: Bromination of powdered (E)-o-stilbene carboxylic acid with bromine vapour or with 

powdered pyridine. HBr.Br2 complex in solid state at room temperature gave selectively erythro-1,2-
dibromo-1,2-dihydro-o-stilbene carboxylic acid. However, Bromination with bromine in solution gives 
trans 4-bromo-3-phenyl-3,4-dihydroisocoumarin as the major product.   

COOH
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C5H5N.HBr.Br2

C Br

BrH

H
OHO

Erythro-1,2-dibromo-1,2-dihydro-o-
stilbene carboxylic acid
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H

O

Br

Trans 4-bromo-3-phenyl-3,4-
dihydroisocoumarin
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Michael Addition: The Michael addition of chalcone to 2-pheny1cyc1ohexanone under PTC conditions 

give 2,6-disubstituted cyclohexanone derivative in high diatereoselectivity (99% ee). 

Ph
O

+
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OPh HO
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Aldol Condensation: The aldol condensation of the lithium enolate of methyI-3,3-dimethylbutanoate 

with aromatic aldehydes gives (the reaction is carried out by mixing freshly ground mixture of the lithium 
enolate and powdered aldehyde in vacuum for 3 days at room temperature) a 8:92 mixture of the syn- 
and anti-products in 70% yield. 

But

OLi

OMe
+ RCHO

Solid

3 days vacuum
at room temp

R
OMe

OOH

tBu

+
R

OMe

OOH

tBu
Syn Anti

 
From Aldol To Chalcones: In the absence of any solvent, some aldol condensation proceed more 

efficiently and stereoselectively. In this method, appropriate aldehyde and ketone and NaOH is grounded 
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in a pestle and mortar at room temperature for 5 min. The product obtained is the corresponding 
chalcone. In this method the initially formed aldol dehydrates more easily to the chalcone in the absence 
of solvent. 
 

ArCHO + Ar'COMe
NaOH Solid Ar-CH(OH)-CH2-CO-Ar'

Ar

COAr'

Chalcone

an Aldol

 
[[GRIGNARD REACTION • The reaction of benzophenone with powdered Grignard reagent gives more 
of the reduced product of the ketone than the adduct.  
REFORMATSKY REACTION Treatment of aromatic aldehydes with ethyl bromo acetate and Zn-NH4Cl 
in the solid state give the corresponding Reformatsky reaction products. 
Pinacol-Pinacolone Rearrangement USUAL TREATMENT • In the presence of CCl3CO2H (in place of p-
TsOH) gives major amount of the isomeric product (B). GREEN SYNTHESIS • Pinacol-pinacolone 
rearrangements proceed faster and more selectively in solid state. [p-TsOH (Solid)]. 
BENZIL-BENZILIC ACID REARRANGEMENT- USUAL TREATMENT • This rearrangement is carried 
out by heating benzil and alkali metal hydroxides in aqueous organic solvent. GREEN SYNTHESIS • It 
is found that this reaction proceeds more efficiently and faster in the solid state The reaction takes 0.1 to 
6 hr and the yields are 70-93%. 
ARMOATIC SUBSTITUTION REACTIONS Nuclear bromination of phenols with (NBS) USUAL 
TREATMENT • In solution a mixture of mono and dibromo derivatives is obtained. GREEN SYNTHESIS 
• The reaction of 3,5- dimethylphenol with NBS in the solid state for 1 min gave the tribromo derivative in 
45% yield. 
OXIDATIVE COUPLINGS OF PHENOLS— USUAL TREATMENT • Oxidative couplings of phenols in 
solution with metal salts such as FeCl3 or Manganese tris(acetylacetonate), although the latter one is too 
expensive to use in a large quantity. GREEN SYNTHESIS • In 1989, Toda et al, have reported, Oxidative 

coupling of phenols in presence of FeCl3.6H2O proceed much faster in the solid state than in solution. 
BECKMANN REARRANGEMENT—USUAL TREATMENT • Beckmann rearrangement of oximes of 
ketones are converted into anilides by heating with acidic reagents like PCl5, HCOOH, SOCl2 etc. GREEN 
SYNTHESIS • Oxime of a ketone is mixed with montmorillonite and irradiated for 7 min in microwave 
oven to give corresponding anilide in 91% yield. 
Solventless reactions of organic compounds has gained much popularity. • It is one of the best techniques 
in green chemistry by which many important compounds can be synthesized in an efficient and 
environment friendly manner.]] 
Drawbacks of solventless processes • Homogenous reactants should mix to a system. • Solvents are 
often still required during work-up (e.g., extraction) • Unsuitable for solvent assisted chemical reactions. 
[Syllabus] immobilized solvents—With solvents being of extremely high volume and very broad 
breadth of applicability, their potential for negative impact on human health and the environment is very 
large. Therefore, the immobilization of such solvents helps in reduction of hazards. Immobilized solvents 
or solvent molecules tethered (or tied) to a polymeric backbone follow the same logic as the ionic liquids. 
By creating a system where a known solvent, e.g., THF, is tethered properly, it can still maintain its 
solvency but is incapable of manifesting any hazard by exposing humans or the environment. However, 
these types of solvents are expensive and difficult to handle.  The concept of “immobilized” or 
“heterogenised” liquids is well-known from supported liquid phase catalysts. The immobilization process 
aiming to transfer the desired catalytic properties of the liquids to a solid catalyst could combine the 
advantages of ionic liquids (nonvolatility, high solvent capacity, etc.) 
[Syllabus] how to compare greenness of solvents— 
The objective is to develop a means to improve the process of drug development through solvent 
replacement. A solvent selection table, using a common spreadsheet software routine, is developed for 
the purpose of allowing a user to compare the greenness between two different process routes. This 
table includes over 60 solvents and associated chemicals common in the pharmaceutical and chemical 
industries. 
 
[Syllabus] Prevention of chemical accidents, designing greener processes, inherent safer design, 
principle of ISD “What you don’t have cannot harm you”, greener alternative to Bhopal Gas 
Tragedy (safer route to carcarbaryl) and Flixiborough accident (safer route to cyclohexanol) 
subdivision of ISD, minimization, simplification, substitution, moderation and limitation. 
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[Syllabus] Principle of ISD: Inherently Safer Design (ISD) addresses the immediate impact of single 

events (chemical accidents) on people, the environment, property and business. In 

a chemical processing plant, this generally means the immediate impacts of fires, explosions and 
the release of toxic materials. 
ISD eliminate or reduce the hazard by changing the process or materials to use materials or 
conditions which are non-hazardous or less hazardous.  Integral to the product, process, or plant 
- cannot be easily defeated or changed without fundamentally altering the process or plant 
fundamentally altering the process or plant design. Example: Substituting water for a flammable 
solvent (latex paints compared to oil base paint) 
 
[Syllabus] Greener alternative to Bhopal Gas Tragedy (safer route to carcarbaryl): 

Carbaryl (1-naphthyl methylcarbamate) is a chemical in the carbamate family used chiefly as an 
insecticide. It is a white crystalline solid commonly sold under the brand name Sevin, a 

trademark of the Bayer Company. 

 
1) The way Union Carbide used to make carbaryl (in India):  
alpha-naphthol + Methyl isocyanate  → carbaryl 
C10H7OH + CH3NCO → C10H7OC(O)NHCH3 
Economics:  
Methyl-isocyanate (57 grams/mole ) purchased at $2.50/kg and  
Alpha-naphthol (144 grams/mole) purchased at $3.99/kg  
Carbaryl (201 grams/mole) sold at $5.81/kg  
Profit per kg of carbaryl = $5.81 - $2.50 x 0.057 x 4.98 - $3.99 x 0.144 x 4.98  
= $5.81 - $0.71 - $2.86 = $2.24  
2) The optimum solution from an environmental perspective:  
alpha- naphthol + Methyl formamide  → carbaryl + hydrogen  
Economics: 
Methyl formamide (59 grams/mole) purchased at 1.54/kg  
Alpha- naphthol (144 grams/mole) purchased at $3.99/kg  
Hydrogen (2 grams/mole) sold at $0.10/kg  
Carbaryl (201 grams/mole) sold at $5.81/kg  
Profit per kg of carbaryl = $5.81 + $0.10 x 0.002 x 4.98 - $1.54 x 0.059 x 4.98 - $3.99 x 0.144 x 
4.98 = $5.81 + $.001 - $0.45 - $2.86 = $2.50 
Routes of Carbaryl/Sevin synthesis: 
1) Using 1-naphthol and phosgene: 

 
2) Using 1-naphthol and methyl isocyanate: 
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3) Using 1-naphthol and methylcarbamoyl chloride: 

 
In these routes of synthesis of Carbaryl highly toxic substances such as phosgene, methyl isocyanate 
and methyl carbamoyl chloride are used. 
However, one of the safer route is 1-naphthol with N,N-dimethyl urea:  

 
 
[Syllabus] Flixiborough accident (safer route to cyclohexanol): 
The Flixiborough disaster was an explosion at a chemical plant close to the village 
of Flixiborough, North Lincolnshire, England on Saturday, 1 June 1974. It killed 28 people and seriously 
injured 36 out of a total of 72 people on site at the time. The casualty figures could have been much 
higher, if the explosion had occurred on a weekday, when the main office area would have been 
occupied. The disaster involved (and may well have been caused by) a hasty modification. There was 
no on-site senior manager with mechanical engineering expertise (virtually all the plant management had 
chemical engineering qualifications); mechanical engineering issues with the modification were 
overlooked by the managers who approved it, nor was the severity of the potential consequences of its 
failure appreciated. [The chemical works, owned by Nypro UK (a joint venture between Dutch State 
Mines (DSM) and the British National Coal Board (NCB)) had originally produced fertiliser from by-
products of the coke ovens of a nearby steelworks. Since 1967, it had instead produced caprolactam, a 
chemical used in the manufacture of nylon 6.[a] The caprolactam was produced from cyclohexanone. This 
was originally produced by hydrogenation of phenol, but in 1972 additional capacity was added, built to 
a DSM design in which hot liquid cyclohexane was partially oxidised by compressed air.] It was a failure 
of the cyclohexane plant that led to the disaster. A major leak of liquid from the reactor circuit caused the 
rapid formation of a large cloud of flammable hydrocarbon. When this met an ignition source (probably a 
furnace at a nearby hydrogen production plant[B]) there was a massive fuel-air explosion. The 
plant control room collapsed, killing all 18 occupants. Nine other site workers were killed, and a delivery 
driver died of a heart attack in his cab. Fires started on-site which were still burning ten days later. Around 
1,000 buildings within a mile radius of the site (in Flixiborough itself and in the neighbouring villages 
of Burton upon Stather and Amcotts) were damaged, as were nearly 800 in Scunthorpe (three miles 
away); the blast was heard over thirty miles away in Grimsby and Hull. 
 
[Syllabus] subdivision of ISD, minimization, simplification, substitution, moderation and limitation: 

Designing Inherently Safer Chemical Processes by The Centre for Chemical Process Safety (CCPS, 
2009) has categorized strategies for designing inherently safer processes into four groups: 1) 
Minimization: Use small quantities of hazardous materials or reduce the size of equipment operating 

under hazardous condition (e.g., high temperature, pressure). For example: •Nitroglycerine can be made 
in a continuous pipe reactor with a few kilograms of batch instead of a large batch reactor with several 
thousand kilograms of batch. •Loop reactors have been used to reduce the size of chemical reactors in 
many applications, including polymerization, ethoxylation and chlorination. •A reactive distillation process 
for manufacture of methyl acetate reduces the number of major vessels and columns from 10 to three as 
compared to an older process where the reaction and distillation operations are performed in separate 
equipment. 2) Simplification: Eliminate unnecessary complexity and design user friendly plants. For 

example: •Old piping was removed from a plant because of process modifications, making it impossible 
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to accidentally transfer material into a reactor through that piping because of either operating error or 
leaking valves. •Confusing control system layouts, equipment on/off switches and equipment labeling in 
the plant were simplified to reduce the potential for error. 3) Substitution: Use less hazardous materials 
and chemical processes. For example: •An alternate synthesis chemistry for acrylic acid manufacture by 
propylene oxidation eliminates the use of carbon monoxide, nickel carbonyl, anhydrous hydrogen 
chloride and acetylene used in an earlier process. •Water-based latex paints eliminate fire, toxicity and 
environmental hazards associated with solvent-based paints. 4) Moderation: Reduce hazards by 

dilution, refrigeration or process alternatives that operate at less hazardous conditions. For example: 
•Combustible solid was handled as a pellet instead of a fine powder, reducing the dust explosion hazard. 
•Off-site risks were reduced by replacing anhydrous ammonia with aqueous ammonia for a neutralization 
application. •Storage of monomethylamine under refrigerated conditions significantly reduced the hazard 
to the surrounding community by reducing the amount of material transported into the atmosphere in 
case of a leak from the storage tank.  
[Syllabus] [KKR-Nowhere limitation was found] 
[Syllabus] Strengthening/ development of analytical techniques to prevent and minimize the 
generation of hazardous substances in chemical processes. [KKR-specifically found nowhere] 
 
[Syllabus] Examples of Green Synthesis/ Reactions and some real world cases:  
1. Green Synthesis of the following compounds: adipic acid, catechol, disodium iminodiacetate 
(alternative to Strecker synthesis) 
[Syllabus] Green Synthesis of adipic acid: 

Green Process for Adipic Acid Synthesis: Adipic acid was synthesized by the oxidation of cyclohexene using 

30% hydrogen peroxide in a microemulsion in the presence of sodium tungstate as catalyst. The green 
process is environmentally friendly since catalyst and surfactant are recycled and pure adipic acid is 
produced in high yield (70% to 79%). 

C6H10 (cyclohexene)+ 4H2O2 + Na2WO4 + H2SO4 + Benzalkonium chloride → HOOC-CH2CH2CH2CH2-COOH (adipic acid)+ 
4H2O 

[Benzalkonium chloride, also known as BZK or BKC or BAC, is a type of cationic surfactant. It is an 

organic salt classified as a quaternary ammonium compound. It has three main categories of use: as a 
biocide, a cationic surfactant, and as a phase transfer agent. 

 ] 
[Syllabus] Green Synthesis of catechol: 

Guaiacol, obtained from lignin, an intermediate biowaste, can be converted to catechol via an efficient 
and novel chemical sequence. The route “lignin–guaiacol–catechol” is feasible. High conversion of 
guaiacol and yield of catechol were obtained with1 MPa hydrogen pressure at pH=1.8 for 3 h at 2800C. 
o-C6H4(OMe)OH (Guaiacol) + H2 + Cat. HCl ----→ o-C6H4(OH)OH (Catechol) 
[Syllabus] Green Synthesis of disodium iminodiacetate (alternative to Strecker synthesis): 

Traditionally, disodium iminodiacetate (DSIDA or HN(CH2COO-)2Na+2) was synthesised using the 
Strecker process requiring ammonia, formaldehyde, hydrochloric acid and hydrogen cyanide. Hydrogen 
cyanide is acutely toxic and requires special handling to minimize risk to workers, the community, and 
the environment. The Green Method: the copper-catalysed dehydrogenation of diethanolamine 
[HN(CH2CH2OH)2]. The raw materials have low volatility and are less toxic. Process operation is 
inherently safer, because the dehydrogenation reaction is endothermic and, therefore, does not present 
the danger of a hot reaction condition. 

HN(CH2CH2OH)2 + 2OH-  + Cu ----→ HN(CH2COO-)2Na+2 

[Syllabus] 2. Microwave assisted reactions in water: Hofmann Elimination, methyl benzoate to 
benzoic acid, oxidation of toluene and alcohols; microwave assisted reactions in organic 
solvents Diels-Alder reaction and Decarboxylation reaction  
[Syllabus] Hofmann Elimination: On Microwave irradiation in water-chloroform media, the quaternary 

ammonium salts yield thermally unstable Hoffman elimination product 
  p-EtO-C6H4-CH2-CO-CH2-CH2-N+(CH3)I- ------H2O-CHCl3/MW/1min.----→ p-EtO-C6H4-CH2-CO-
CH=CH2 

[Syllabus] methyl benzoate to benzoic acid: Saponification of methylbenzoate in aqueous sodium 

hydroxide under microwave conditions (2.5 min) gives5 84% yield of the benzoic acid 
C6H5-COOCH3   ------aq. NaOH/MW/ 2.5min.----→ C6H5-COONa  ----dil. HCl→ C6H5-COOH 
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[Syllabus] oxidation of toluene: Microwave-assisted organic synthesis can be most conveniently 

conducted at atmospheric pressure in reflux conditions, for example, oxidation of toluene to benzoic acid 
with KMnO4 under normal conditions of refluxing takes 10-12 hours compared to reaction in microwave 
conditions, which takes only 5 minutes. 

C6H5-CH3   ------aq. KMnO4/aq. KOH/MW/ 5min.----→      C6H5-COOH 
[Syllabus] oxidation of alcohols: A fast and facile microwave accelerated oxidation of primary alcohols 

to carboxylic acids and secondary alcohols to ketones has been reported. The reactions were carried 
out under organic-aqueous bi-phasic conditions using 30% aqueous H2O2 in the presence of sodium 
tungstate and tetrabutylammonium hydrogen sulphate (TBAHS) as a phase-transfer catalyst. 

R-CH2-OH  ------Na2WO4/TBAHS/MW/20min.----→         R-COOH 
R-CH(OH)-R  ------Na2WO4/TBAHS/MW/10min.----→   R-CO-R 

 
[Syllabus] microwave assisted reactions in organic solvents—Diels-Alder reaction: The reaction 

involves 1,4-addition of an alkene (e.g., maleic anhydride) to a conjugated diene (e.g. anthracene) to 
form an adduct of six membered ring. Under usual conditions the reaction requires a reflux period of 90 
min. However, under microwave conditions diglyme is used as a solvent and 80% yield of the adduct is 
obtained in 90 sec. 

+  =  OR  
[Syllabus] microwave assisted reactions in organic solvents—Decarboxylation reaction: 

Conventional decarboxylation of carboxylic acids involve refluxing in quinoline in presence of copper 
chromate and the yields are low. However, in the presence of microwaves, decarboxylation takes place 
in much shorter time. 

N

COOH

H3CO
N

COOH

H3CO

MW 12 min.

Quinoline

 
[Syllabus] 3. Ultrasound assisted reactions: sonochemical Simmons-Smith Reaction (Ultrasonic 
alternative to Iodine)  

The Simmons-Smith cyclopropanation reaction is a classic method used to install a cyclopropane moiety 
from a parent alkene. The reaction is typically conducted using diiodomethane in combination with 
metallic zinc and copper (Zn/Cu). Zn/Cu can be replaced with diethylzinc (Et2Zn), which is known as the 
Furukawa modification. The Simmons-Smith reaction has considerable advantages over other 
cyclopropanation methods as it does not require the use of the highly hazardous diazomethane.  
 

 
 

https://www.tcichemicals.com/en/eu/product/name_reaction/eshopURL/commodity/D0610/
https://www.tcichemicals.com/en/eu/product/name_reaction/eshopURL/commodity/D3214/
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In green approach, sonochemically activated zinc and methylene iodide are used. The generated 
carbene adds on to an olefinic bond to give 91% yield of the cyclopropane derivative compared to 51% 
yield by the normal route. 

(CH2)7COOMeMe(H2C)7 (CH2)7COOMeMe(H2C)7
Zn, CH2I2

ultrasound, )))) 50KHz
91%

 
[Syllabus] 4. Surfactants for carbon dioxide – replacing smog producing and ozone depleting 
solvents with CO2for precision cleaning and dry cleaning of garments.  

Dry cleaning using CO2  has found application in many industries and technical areas, including 
aerospace, automotive, electronics, medical, manufacturing, basic and applied research, and optics. The 
different carbon dioxide cleaning methods can remove gross 
contamination, paint, overlayers, grease, fingerprints, particles down to nano meters in 
size, hydrocarbon and organic residues, and radioactive residues. Materials cleaned include metals, 
polymers, ceramics, and glasses. The key limitation is that the contamination must be on the surface, 
not buried within the material. Carbon dioxide cleaning refers to several different methods for parts 
cleaning, making use of all phases of CO2 basic methods include solid dry ice pellets, 
liquid CO2, CO2 snow (a hybrid method), and supercritical CO2. 
Why carbon dioxide is considered as an alternative solvent for dry cleaning ? 

This is because of the fact that CO2 is 
• Preferable to Volatile Organic Compounds (VOCs) and Halogenated Organic Compounds 

(HOCs) 
• Nonflammable, nontoxic, and chemically unreactive  
• Available as a cheaply recovered byproduct from the production of ammonia and from natural 

gas wells (Hydrogen is produced from reaction of methane and steam: CH4 + H2O = 3H2 + CO, 
the CO so produced is treated with excess steam to produce CO2 and more H2. CO + H2O = H2 
+ CO2) 

• The used carbon dioxide can easily be recovered, purified, and reused.  
Solubility of substances in CO2: 

• Carbon dioxide a non-polar molecule since the dipoles of the two bonds cancel one another.  
• Carbon dioxide will dissolve smaller non polar molecules  

 hydrocarbons having less than 20 carbon atoms 
 other organic molecules such as aldehydes, esters, and ketones 
 But it will not dissolve larger molecules such as oils, waxes, grease, polymers, and 

proteins, or polar molecules.  
Which are surfactants? 

• A molecule that contains a polar portion and a non polar portion.   
• A surfactant can interact with both polar and non polar molecules. 
• A surfactant increases the solubility of the otherwise insoluble substances.  
• In water, surfactant molecules tend to cluster into a spherical geometry  

  non polar ends on the inside of the sphere  
  polar ends on the outside 
 These clusters are called micelles 

Micelle Structure of a Surfactant 

 
 
A Surfactant for Liquid or Supercritical Fluid CO2: 

• Must have both CO2-philic (CO2 loving) and CO2 -phobic functionality.  
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• In 1994, Joseph M. DeSimone of the University of North Carolina and North Carolina State 

University published his discovery that polymers such as that shown below are soluble in liquid 
or supercritical CO2. 

 
Block Copolymers are Used to make a Surfactant for CO2: 

DeSimone synthesized copolymers with a  CO2-phobic portion and a CO2-philic portion.   

 
Micelle Structure for a CO2 Surfactant: 

 
Background behind replacing PERC: 

• The dry cleaning industry typically uses the solvent perchloroethylene (PERC), as the cleaning 
agent.  

  
Perchloroethylene 

• 344 million  lb  of  PERC were produced in the United States in 1998.   
• The dry cleaning industry uses approximately 50% of the PERC produced each year ~ 172 million 

pounds of the solvent. 
• EPA has classified PERC as a groundwater contaminant and a potential human health hazard.   
• PERC is a suspected human carcinogen and a known rodent carcinogen.   
• Breathing PERC for short periods of time can adversely affect the central nervous system.  
• These effects are not likely to occur though at levels of PERC that are normally found in the 

environment, but people who work in the dry cleaning industry have the greatest risk for exposure.  
Current Use of CO2 Surfactants: 
• Micell Technologies, a company founded in 1995, has made the CO2 surfactant technology available 

commercially.  
• Micell's  Micareô system is a commercial washing machine that utilizes  CO2 and a  CO2 surfactant instead 

of PERC, thereby eliminating the need for PERC.  

 
[Syllabus] 5 Designing of Environmentally safe marine antifoulant. (antifoulants are marine pesticides) 
Fouling of the underwater area of ships with algae, other micro-organisms and small invertebrates has a 
serious impact on the operational costs of shipping, due to increased fuel consumption. This unwanted 
growth of plants and animals on a ship's outer surface, costs the shipping industry approximately $3 
billion a year, largely due to increased fuel consumption to overcome hydrodynamic drag. Increased fuel 
consumption contributes to pollution, global warming, and acid rain. The main compounds used 
worldwide to control fouling are the organotin antifoulants, such as tributyltin oxide (TBTO). While 
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effective, they persist in the environment and cause toxic effects, including acute toxicity, 
bioaccumulation, decreased reproductive viability, and increased shell thickness in shellfish. Few 
manufacturers searched for an environmentally safe alternative to organotin compounds. Compounds 
from the 3-isothiazolone class were chosen as likely candidates and over 140 were screened for 
antifouling activity. The 4,5-dichloro-2-N-octylisothiazol-3-one (Sea-NineTM antifoulant of Rohm and Haas 

Company) was chosen as the candidate for commercial development. 

                                         
 
[Syllabus] 6 Right fit pigment: synthetic azopigments to replace toxic organic and inorganic 
pigments. 

RightfitTM azo pigments contain calcium, strontium, or barium; they replace conventional heavy-metal-
based pigments containing lead, hexavalent chromium, or cadmium. Azo dyes are organic 
compounds bearing the functional group Ar−N=N−Ar′. They are a commercially important family of azo 
compounds, i.e., compounds containing the linkage C-N=N-C. Azo dyes are widely used to color textiles, 

leather articles and some foods. Chemically related to azo dyes are azo pigments, which are insoluble 
in water and other solvents. Azo pigments, which contain a nitrogen group, account for most of the 
organic red, orange and yellow pigments. Copper phthalocyanines provide brilliant, strong blues and 
greens that are unusually colourfast for organic colours. 
Azo dyes are coloured because they contain alternating single and double bonds, known as a conjugated 
system. This creates areas of delocalisation above and below the reference plane of the molecule. This 
area of delocalisation lowers the gap between the electron energy levels, meaning the energy of the light 

needed to excite the electrons to higher energy levels is less. From the equation E=h, lower energy 
corresponds to lower frequency, meaning the light absorbed by the compound is in the visible part of the 
spectrum. The frequency of light absorbed corresponds to the complementary colour of the colour we 
see in azo dyes. 
Historically, pigments based on lead, chromium(VI), and cadmium have served the red, orange, and 
yellow colour market. However, when the U.S. EPA began regulating heavy metals, color manufacturers 
typically turned to high-performance organic pigments to replace heavy-metal-based pigments. But these 
organic pigments were also associated with following difficulty: 
(1) their higher cost (2) their production uses large volumes of organic solvents (3) some require large 
quantities of polyphosphoric acid, resulting in phosphates in the effluent, and (4) some are based on 
dichlorobenzidine or polychlorinated phenyls. 
Engelhard (Engelhard Corporation is an American company headquartered in Iselin, New Jersey, USA) 
has developed a wide range of environmentally friendly RightfitTM azo pigments that contain calcium, 
strontium, or sometimes barium instead of heavy metals. True to their name, the RightfitTM pigments have 
the right environmental impact, right color space, right performance characteristics, and right cost-to-
performance value. 
RightfitTM pigments eliminate the risk to human health and the environment from exposure to heavy 
metals such as cadmium, chromium(VI), and lead used in the manufacture of cadmium and chrome 
yellow pigments. They are expected to have very low potential toxicity based on toxicity studies, physical 
properties, and structural similarities to many widely used food colorants. Because they have low 
potential toxicity and very low migration, most of the RightfitTM pigments have been approved both by the 
U.S. Food and Drug Administration (FDA) and the Canadian Health Protection Branch (HPB) for indirect 
food contact applications. In addition, these pigments are manufactured in aqueous medium, eliminating 
exposure to the polychlorinated intermediates and organic solvents associated with the manufacture of 
traditional high-performance pigments. 
[Syllabus] 7 An efficient, green synthesis of a compostable and widely applicable plastic (polylactic 
acid) made from corn.  
Polylactic acid or polylactide (PLA) is a thermoplastic aliphatic polyester derived from renewable 

resources. In 2010, PLA had the second highest consumption volume of any bioplastic of the 
world, although it is still not a commodity polymer. Its widespread application has been hindered by 
numerous physical and processing shortcomings. The name "polylactic acid" does not comply 
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with IUPAC standard nomenclature, and is potentially ambiguous or confusing, because PLA is not a 
polyacid (polyelectrolyte), but rather a polyester. 
Conversion of Corn to Dextrose: Corn must first be converted to corn sugar (dextrose, the common 
commercial name for D-glucose) through a process that begins with wet milling, a mechanical process 
in water that separates starch, as well as other valuable components, from the corn kernel. The starch is 
then heated with acid or enzymes, or both, to completely hydrolyze the starch to dextrose. The dextrose 
is isolated by crystallization or used as a liquid concentrate. 
Conversion of Dextrose to L-Lactic Acid: Glycolysis is the first energy-yielding step in metabolism of 

D-glucose by plants, animals and many microorganisms. The process converts glucose into two 
molecules of pyruvate, along with two molecules of ATP and two of NADH. Pyruvate can be metabolized 
further in several ways depending on the organism and environment. When oxygen is available, animals, 
plants and some microorganisms oxidize pyruvate completely to CO2 through a process known as 
respiration. On the other hand, in an anaerobic environment where oxygen is not available, pyruvate can 
suffer one of two fates: 
– Reduction to lactate (the conjugate base form of lactic acid), with the hydrogen supplied by oxidation 
of NADH back to NAD+. This route is favoured by some microorganisms and also occurs in animal muscle 
tissue during vigorous exercise, when oxygen transport can’t keep up with demand. 
– Conversion to ethanol by decarboxylation to acetaldehyde and reduction of acetaldehyde by NADH. 
Microorganisms such as yeast prefer this route, which readers will recognize as the technology that 
supports the beer, wine, liquors and biofuels industries. 
The energy yielding process that involves either of these two conversions is known as fermentation, 
which is the biochemical extraction of energy in the form of ATP from carbohydrates such as glucose in 
the absence of oxygen.  
L-Lactic acid, then, is a product of fermentation of glucose. Industrial production of lactic acid by 
fermentation is an old technology, dating back to the late 19 th century. 
[The monomer is typically from fermented plant starch such as from corn, cassava, sugarcane or sugar 
beet pulp. Several industrial routes afford usable (i.e. high molecular weight) PLA. Two main monomers 
are used: lactic acid, and the cyclic di-ester, lactide. The most common route to PLA is the ring-
opening polymerization of lactide with various metal catalysts {typically tin(II)octoate*} in solution or as 
a suspension. The metal-catalyzed reaction tends to cause racemization of the PLA, reducing its 
stereoregularity compared to the starting material (usually corn starch). 

* Tin(II) octoate or  tin(II) 2-ethylhexanoate or  stannous octoate (Sn(Oct)2) is a compound of tin. Produced by the 
reaction of tin(II) oxide and 2-ethylhexanoic acid, it is a clear colorless liquid at room temperature, though often 
appears yellow due to impurities, likely resulting from oxidation of Sn(II) to Sn(IV).  It is sometimes used as 
a polymerization catalyst, such as for the production of polylactic acid.] 

Lactic acid (2‐hydroxy propionic acid), the single monomer of PLA, is produced via fermentation or 
chemical synthesis. Its 2 optically active configurations, the L(+) and D(−) stereoisomers are produced 
by bacterial fermentation of corn carbohydrates. [Industrial lactic acid production utilizes the lactic 
fermentation process rather than synthesis because the synthetic routes have many major limitations, 

including limited capacity due to the dependency on a by‐product of another process, inability to only 
make the desirable L‐lactic acid stereoisomer, and high manufacturing costs.] 
The homofermentative* method is preferably used for industrial production because its pathways lead 

to greater yields of lactic acid and to lower levels of by‐products. The general process consists of using 
species of the Lactobacillus genus such as Lactobacillus delbrueckii, Lactobacillus amylophilus, 
Lactobacillus bulgaricus, and Lactobacillus leichmanii, a pH range of 5.4 to 6.4, a temperature range of 

38 to 42 °C, and a low oxygen concentration. Generally, pure L‐lactic acid is used for PLA production. 

Another route to PLA is the direct condensation of lactic acid monomers. This process needs to be carried 
out at less than 200 °C; above that temperature, the entropically favoured lactide monomer is generated. 
This reaction generates one equivalent of water for every condensation (esterification) step. The 
condensation reaction is reversible and subject to equilibrium, so removal of water is required to generate 
high molecular weight species. Water removal by application of a vacuum or by azeotropic distillation is 
required to drive the reaction toward polycondensation. Molecular weights of 130 kDa can be obtained 
this way. Even higher molecular weights can be attained by carefully crystallizing the crude polymer from 
the melt. Carboxylic acid and alcohol end groups are thus concentrated in the amorphous region of the 
solid polymer, and so they can react. Molecular weights of 128–152 kDa are obtainable thus. 
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What is Polylactic Acid (PLA)? 

PLA material is different from the commonly available form of thermoplastic polymer materials. It is 
primarily derived from renewable resources like corn starch or sugar cane. 
Mostly plastics are derived through a common process termed as polymerization utilizing the non-
renewable sources of energy. However, PLA plastic is a form of bioplastic derived from biomass. 
It is a kind of biodegradable plastic with the characteristics similar to all other polymers such as 
Polypropylene (PP), Polyethylene terephthalate or Acrylonitrile Butadiene Styrene (ABS) 
Poly lactic acid is applicable for a variety of uses including the production of plastic films, plastic bottles 
and medical devices (biodegradable in nature). It is even used 3D printing along with producing objects 
to hold hot liquids (e.g. cups). 
Different Types of Polylactic acid 

There are many types of polylactic acid available including Racemic PLLA (Poly-L-lactic Acid), Regular 
PLLA (Poly-L-lactic Acid), PDLA (Poly-D-lactic Acid), and PDLLA (Poly-DL-lactic Acid). 
Each of them is slightly different in their characteristics but are produced in a similar way from renewable 
sources (lactic acid). 
History of Polylactic Acid 

PLA was first discovered by Wallace Carothers (who also invented nylon) in 1920. He was aiming to 
produce an environmentally-friendly plastic for DuPont. In initial days the commercial use of PLA material 
was very costly. 
Further, in 1989 Dr. Patrick R. Gruber along with his wife Sally, discovered the process of producing this 
material by corn on his stove at home, which reduced the manufacturing cost. 
Nowadays this is the most commonly used environment-friendly thermoplastic at the global level. 
How is Polylactic Acid Produced? 

This material is produced by usage of two basic monomers which are lactic acid and lactide (cyclic ester). 
Two different processes are involved in producing PLA are condensation and polymerization. 
The most commonly used process is polymerization process. It is termed as ring-opening 

polymerization of lactide with various metal catalysts (tin(II)octoate) in solution, melt form or even as 
suspension. This process results in metal catalyst combining with lactide to form larger pla molecules. 
The condensation process is very similar to the polymerization process. The principal difference in both 
the processes is temperature during the process and the by-products (condensates) released after the 
reaction. 
This process is carried out at less than 200°C, as above this temperature entropically favored lactide is 
generated. At initial level of the process lactic acid is first oligomerized to PLA oligomers. Afterwards, 
poly-condensation is done in melt or solution where short oligomers combine and produce high molecular 
weight PLA. 
Use of PLA: PLA plastic is used in three different forms- Rigid thermoforms, biaxially oriented films and 
bottles for a variety of applications.  These applications are as follows: 
 As rigid thermoforms PLA plastic are applicable for following uses: 

 Meat trays and opaque dairy (yogurt containers) 
 Bakery, fresh herb, and candy containers 
 Disposable articles (for consumables) and cold drink cups 
 Consumer displays and electronics packaging 
 Clear fresh fruit and vegetable clamshells 
 As biaxially oriented films PLA plastics are used for: 

 Envelop and display carton windows 
 Candy twist and flow & floral wraps 
 Lamination films 
 Tapes, stand-up pouches & die cut labels 
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 Cake mix, cereal & bread bags 
 Lids of containers. 
 PLA plastics are used to manufacture the following kind of bottles: 
 Short-shelf life milk bottles 
 Bottles used for edible oils 
 Bottled water 
Poly (lactic) acid fiber applications 

The physical properties of this material make it an ideal choice for the textile industry to be used in form 
of fibers. As fibers it has following application in different segments: 
 Apparel- Use for casual (sports-), active, and underwear fashion item 
 Nonwovens- In wipes, hygiene products, diapers, shoe liners, automotive head and door liners 
 Industrial Carpets- For residential/institutional broadloom and carpet tiles. Even for agricultural and 

geo-textiles. 
 Fiber Fill- Use widely in pillows, comforters, mattresses, Duvets, and furniture 
Advantages and Disadvantages of Polylactic Acid 
PLA plastic materials have a number of advantages over their competing polymers which make them preferred 
choice of manufacturers among all. These advantages are: 

 More environment-friendly in nature. 

 Shinier and smoother appearance with a glossy finish. 

 Emits sweet smell during the printing process. 

 No harmful fumes are produced in the production of the final good. 

 Can be easily printed even on the cold surface. 
Though it has unique properties which make this material suitable for a number of applications (Primarily in en-
segment industries) but, still it has some disadvantages which are: 

 As compared to other polymers it has relatively low glass temperature. 

 It is a little more brittle in nature primarily for 3D prototyping. 

 Can be deformed because of heat. 

[*homofermentative: producing a fermentation resulting wholly or principally in a single end product —used especially 

of economically important lactic-acid bacteria that ferment carbohydrates to lactic acid.] 

  

[Syllabus] 8 Healthier Fats and oil by Green Chemistry: Enzymatic Inter esterification for production 
of no Trans-Fats and Oils  

The physical properties of oils and fats depend on their chemical properties, such as unsaturation, 
saturation, chain length, and distribution of the three hydroxyl groups of glycerol in the fatty acids. These 
characteristics change by hydrogenation, fractionation, blending, and interesterification (IE), hence 
improving the spectrum for the application of the oils and fats. IE is a process where the fatty acids have 
been moved from one triglyceride molecule to another and it does not alter the fatty acids. IE (chemical 
and enzymatic) is used to deal with the problems of plastic fat products such as granular development, 
texture breakdown, lumpy appearance, post hardening, consistency, melting point, and rancidity and 
create oil more suitable for deep frying or making margarine with good taste and low content of saturated 
fatty acids, etc. Nutritionally, IE contributes in eliminating or reducing trans fatty acids, providing a higher 
essential fatty acid activity. Trans and hydrogenated fats increase the coronary heart disease risk factors. 
A major source of trans fats is partially hydrogenated oils (PHOs), used to manufacture many 
processed foods. A special process (interesterification) avoids all trans fats. It uses either chemicals 

(CIE) or enzymes (EIE) to achieve the desired shelf life, flavour and melting characteristics. 

[Trans fat, also called trans-unsaturated fatty acids or trans fatty acids, is a type of unsaturated fat that occurs 
in small amounts in meat and milk fat.[1] It became widely produced as an unintentional by-product in the industrial 
processing of vegetable and fish oils in the early 20th century for use in margarine and later also in snack food, 
packaged baked goods, and for frying fast food.  Fats contain long hydrocarbon chains, which can be either 
unsaturated, i.e., have double bonds, or saturated, i.e., have no double bonds. In nature, unsaturated fatty acids 
generally have cis or trans configurations. In food production, liquid cis-unsaturated fats such as vegetable oils 
are hydrogenated to produce saturated fats, which have more desirable physical properties: e.g., they melt at a 
desirable temperature (30–40°C); and extend the shelf-life of food. Partial hydrogenation of the unsaturated fat 
converts some of the cis double bonds into trans double bonds by an isomerization reaction with the catalyst used 
for the hydrogenation, which yields a trans fat.  Although trans fats are edible, consuming trans fats has been shown 
to increase the risk of coronary artery disease in part by raising levels of low-density lipoprotein (LDL, often termed 
"bad cholesterol"), lowering levels of high-density lipoprotein (HDL, often termed "good cholesterol"), increasing 
triglycerides in the bloodstream and promoting systemic inflammation.] 
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Enzymatic Interesterification (EIE) is the catalytic reaction that occurs when an enzyme is introduced 

into oil and rearranges the fatty acids on the glycerol backbone of a triglyceride. Triglycerides are either 
liquid or solid at room temperature. The rearrangement of the fatty acids that occurs with 
enzymatic interesterification provides structure and functionality to triglycerides at room temperature. 
This process adjusts the melting properties, increasing functionality and plasticity in food production 
applications.[1] One of five different ways of altering melting property profiles, enzymatic interesterification 
is unlike the more widely used partial hydrogenation method in that it produces no trans fatty acids and 
lowers saturated fat content. 
Enzymatic Interesterification occurs when an enzyme is introduced into two oils; in most cases one oil is 
liquid and the other is a solid oil (hard fat). Hard fats are defined as fully hydrogenated fats. This process 
may occur in oils that already contain solids like palm oil or lauric fats that are not “hard fats”. 
The reaction between the oils and the enzyme causes the fatty acids of the triglycerides to exchange 
positions to the1- and 3-glycerides, thereby altering the chemical composition and physical properties of 
the fat. Using a 1,3-specific enzyme, only the fatty acids in the 1,3 positions are shifted around, and the 
2-position is untouched. Unsaturated fatty acids in the 2-position are more often found naturally in plant 
lipids or vegetable oil sources. Allowing the rearrangement of the saturated fatty acids to occur in the 1-
position and 3-position increases the amount of bioavailable unsaturated fatty acids. 
Process: EIE involves three key steps: pre-treatment of oil, introduction of the reaction catalyst and 

deodorization of the oils.  
The EIE process can be executed in two methods: batch or continuous (single bed or fixed bed). In the 
batch process, the enzyme activity decreases over time, so flow must be carefully monitored and 
adjusted over time to maintain conversion. 
In fixed bed continuous production, the enzyme levels vary in each reactor. The first reactor has the 
lowest enzyme activity and absorbs most of the impurities and harmful compounds. This sequencing 
protects the most active enzymes, which are in the last reactors. 
Food Industry Applications: 
Fats and oils created by enzymatic interesterification provide several benefits to food manufacturers. 
These oils provide better health profiles than either palm oil or partially hydrogenated oil because they 
are trans fat free and lower in saturated fat. The wide plasticity range and more consistent solid fat 
content create less variability in firmness, which is beneficial in production.  
Most often created through domestically sourced soybean oil, they provide a better risk management 
profile than globally produced palm oil. Lastly, producing enzymatic interesterified oil typically uses less 
processing and no harmful by-products creating a more sustainable, green process.  
Due to their physical characteristics, enzymatic interesterified fats have many food production 
applications, including cookies, crackers, biscuits, cakes and icings, dairy fat replacers, pie 
crust, popcorn, flatbread and tortillas.   
[Syllabus] 9 Development of Fully Recyclable Carpet: Cradle to Cradle Carpeting  
Twenty five years ago, the German chemist Michael Braungart developed a new approach to recycling, 
now called "Cradle to Cradle" or "C2C" after the book, “Cradle to Cradle: Remaking the Way We Make 
Things”, which he and the American architect William McDonough published in 2002. Their basic idea is 
that the recycling process should start with the initial design of products. We must try to make sure 

that the materials that are used for a product can be used again after the product has finished its useful 
life. The EPEA, founded by Braungart in 1987, assists industry in the development of C2C compliant 
(which obeys C2C principle) products. “We must look for products that maintain their quality when 

recycled, rather than what we call the process of ‘downcycling’. We are designing for the disassembly of 
the product parts that can then enter recycling processes and retain the quality of the original materials. 
Carpets have proven to be one of the suitable C2C candidates. Europe produces about 400,000 
tonnes of carpets per year, according to carpet company Desso, based in Waalwijk, the Netherlands. 
Almost all of the used carpets end up in landfills, or are incinerated. The company succeeded in 
developing C2C technology to produce and recycle carpets that are C2C compliant. 
What is the concept of Cradle to Cradle? 
Cradle-to-cradle design (also referred to as Cradle to Cradle, C2C, cradle 2 cradle, or regenerative 

design) is a biomimetic approach to the design of products and systems that models human industry on 
nature's processes viewing materials as nutrients circulating in healthy, safe metabolisms. As currency 
in a circular economy, Cradle to Cradle (C2C) products are sustainably manufactured, with safe 
ingredients, that can be perpetually recycled – all of which are critical to the approach. 
What is cradle to cradle carpeting? 
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Being a Cradle to Cradle Company means going beyond what most people conceive of as sustainability. 
Carpet tiles with DESSO EcoBase® achieved a Cradle to Cradle® Silver Certificate for having reached 

a level where up to 97% of the materials are positively defined. 
What is cradle method? 
Cradle to cradle is a sustainable business strategy that mimics the regenerative cycle of nature in which 

waste is reused. In nature, when a tree or animal dies or creates waste, that waste breaks down and 
becomes nutrients for another process. 
How do carpets are recycled? 

The majority of carpets collected for diversion are recycled. Some is burned as waste-to 
energy. Recycling involves identifying and grouping carpet by its component fibre, mostly nylon and 
plastic. Next the carpet is run through either a shredding or shearing machine to separate 
the carpet layers. 
What is the difference between cradle to grave vs Cradle to Cradle? 
The cradle is where you start life, and, of course, the grave is where you end it. In business, the 
term cradle to grave is used in reference to a firm's perspective on the environmental impact created by 
their products or activities from the beginning of its life cycle to its end or disposal. 
Two of the most basic terms in the Eco-Design field are “Cradle to Grave” and “Cradle to Cradle”. They 
relate to the product life cycle from the raw materials (Cradle) to disposal (Grave). 
Cradle-to-grave 

A term used in life-cycle analysis to describe the entire life of a material or product up to the point of 
disposal 
Cradle-to-Cradle 

A model of industrial systems in which material flows cyclically in appropriate, continuous biological or 
technical nutrient cycles. All waste materials are productively re-incorporated into new production and 
use phases, i.e. “waste equals food.” 
The famous three Rs—reduce, reuse, recycle—are steadily gaining popularity in the home as well as the 
workplace. Reduction, reuse, and recycling slow down the rates of contamination and depletion but do 
not stop these processes. 
The notion of ‘Cradle to Cradle’ conveys a message of “Do good” instead of “Do less bad.” 
With ‘Cradle to Cradle’ you don’t try to design a bottle from less plastic but rather design a bottle from 
materials that can fully enter a new life cycle either back to nature or back into the design process as a 
new product. 
Biological nutrients will be designed to return to the organic cycle—to be literally consumed by 
microorganisms and other creatures in the soil. Products composed of materials that do not biodegrade 
should be designed as technical nutrients that continually circulate within closed-loop industrial cycles—
the technical metabolism. 
[Syllabus] Future Trends in Green Chemistry:  
Oxidation reagents and catalysts; Biomimetic multifunctional reagents; Combinatorial green 
chemistry; Proliferation of solventless reactions; co-crystal controlled solid state synthesis 
(C2S3); Green chemistry in sustainable development. 
[Syllabus] Oxidation reagents: Future Trends in Green Chemistry includes oxidation reagent and catalysis 

comprised of toxic substances such as heavy metals showing substantial negative effect on human 
health and environment which can be changed by the use of benign substances, Non covalent 
derivatization , Supramolecular chemistry research is currently on going to develop reactions which can 
proceed in the solid state without the use of solvents, Biometric multifunctional reagents, Combinatorial 
green chemistry is the chemistry of being able to make large numbers of chemical compounds rapidly 
on a small scale using reaction matrices, Proliferation of solvent less reactions helps in development of 
product isolation, separation and purification that will be solvent-less as well in order to maximize the 
benefits. 
Historically, many of the oxidation reagents and catalysts have been comprised of toxic substances such 
as heavy metals. Since these substances were often used in extremely large volumes required to convert 
millions of pounds of petrochemicals, there was a significant legacy of these metals being released to 
the environment and having substantial negative effect on human health and environment. It can be 
changed by the use of benign substances. 
[Syllabus] Catalysis: A primary goal of green chemistry is the minimization or preferably the elimination of 

waste in the manufacture of chemicals and allied products. The use of catalysts can enable reactions 
with higher atom economies. Catalysts themselves aren’t used up by chemical processes, and as such 
can be recycled many times over, and don’t contribute to waste. They can allow for the utilization of 
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reactions which would not proceed under normal conditions, but which also produce less waste. For 
example, benzene and propane are converted into cumene in the manufacture of phenol.  This reaction 
needs an acid catalyst, such as aluminium chloride.  A solid zeolite with acid groups, such as ZSM-5 is 
now the favoured catalyst: 

 
The zeolite is more environmentally friendly as the effluent is much cleaner and lower temperatures and 
pressures can be used. 
[Syllabus] Biomimetic multifunctional reagents: 
Biomimetic chemistry deals with chemical systems that can simulate biological phenomena, 

particularly catalysis and specificity. Recently, increasing attention has been given to making artificial 
enzymes by purely chemical means. Biomimetic synthesis is an area of organic chemical synthesis that 
is specifically biologically inspired, so-named in 1917 by the English organic chemist and Nobel 
laureate Sir Robert Robinson. 
What is biomimetic design? 
Biomimetic refers to human-made processes, substances, devices, or systems that imitate nature. 
The art and science of designing and building biomimetic apparatus is also known 
as biomimicry because they mimic biological systems. 
What is biomimicry and how is it used in science? 
Biomimicry or biomimetics is the examination of nature, its models, systems, processes, and elements 
to emulate or take inspiration from in order to solve human problems. The practice of biomimicry can 

help us identify solutions to human problems. 
What is Biomimicking? 

Biomimetics or biomimicry is the imitation of the models, systems, and elements of nature for the 
purpose of solving complex human problems. 
[Syllabus] Combinatorial green chemistry: Combinatorial chemistry is based on the principle of 

making a large number of chemical compounds rapidly on a small scale in small reaction cells. This 
practice is widely adopted by the pharmaceutical sector for use during the drug designing and screening 
stages. If a “lead or promising compound” is identified by the drug design group, then a large number of 
derivatives of this lead are rapidly tested for their efficacy using the combinatorial approach. This 
philosophy has enabled a large number of substances to be made and their properties assessed without 
generating a sizable amount of waste and its later disposal. Green chemistry would benefit from the 
principles of combinatorial chemistry, since the latter approach produces practically very little waste. 
[Syllabus] Proliferation of solventless reactions: [proliferation=rapid increase in the number or amount of 

something] 
Solid state reaction follows the fifth principle of green chemistry which avoid using toxic solvents in the 
chemical reaction. A dry media reaction or solid-state reaction or solventless reaction is a chemical 
reaction system in the absence of a solvent.  
The drive for the development of dry media reactions in chemistry are:  
• Economics (save money on solvent)  
• Not required to remove a solvent after reaction completion--ultimately purification step not required  
• Reaction rate is high due more availability of reactants.  
• Environmentally friendly because solvent is not required. 
[Syllabus] Co-crystal controlled solid state synthesis (C2S3): Cocrystals are "solids that are crystalline 

single phase materials composed of two or more different molecular or ionic compounds generally in a 
stoichiometric ratio which are neither solvates nor simple salts." A broader definition is that cocrystals 
"consist of two or more components that form a unique crystalline structure having unique properties." 
Several subclassifications of cocrystals exist.  
Cocrystals can encompass many types of compounds, including hydrates, solvates and clathrates, which 
represent the basic principle of host–guest chemistry. Hundreds of examples of cocrystallization are the 
reported annually. 

Cocrystal controlled solid-state synthesis uses a cocrystal to align the reactive moieties in such a way 

that the reaction occurs more quickly and in higher yield than the typical solution methodology. 

Cocrystallization of drug substances offers a tremendous opportunity for the development of new drug 

products with superior physical and pharmacological properties such as solubility, stability, hygroscopicity, 
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dissolution rates and bioavailability. It is now possible to engineer and develop cocrystals via ‘green chemistry’ 

and environmentally friendly approaches such as solid-state synthesis in the absence of organic solvents. In 

addition, significant efforts have been directed towards computational screening, cocrystal manufacturing in a 

continuous manner and real-time monitoring for quality purposes by using various analytical tools. 
[Syllabus] Green chemistry in sustainable development: Green chemistry will be one of the most 

important fields in the future. Although this field has developed rapidly in the last 20 years, it is still at an 
early stage. Promoting green chemistry is a long-term task, and many challenging scientific and 
technological issues need to be resolved; these are related to chemistry, material science, engineering, 
environmental science, physics and biology. Scientists, engineers and industrialists should work together 
to promote the development of this field. There is no doubt that the development and implementation of 
green chemistry will contribute greatly to the sustainable development of our society. 
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 communities 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 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 generation 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 significant 
problems we face today cannot be solved at the same level of thinking we were at when we created 
them”. 
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