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Abstract 

Green or sustainable chemistry refers to the creation of the chemicals through the chemical processes 

which reduce or eliminate the use and production of harmful substances. This includes the use of chemicals 

and chemical processes that do not have negative consequences on the environment. This includes the 

application of 12 principles which are used to create new molecules, recreate materials and the safer 

processes for the human health and environment. It includes the areas like chemistry and its different 

branches like organic, inorganic, physical, biochemistry, polymer, toxicology, environmental chemistry and 

also technology. The use of various pre-existing green processes like catalysis, bio catalysis, use of 

renewable feedstock(biomass), reaction media (like solvents such as water, ionic liquids and super critical 

fluids), reaction conditions like (microwave irradiation) and new synthetic pathways like photochemical 

reactions, through which the dual purpose of economic benefit and environmental protection can also been 

achieved. In this paper we are providing the overview of the 12 different principles of green chemistry and 

also the future trends of green chemistry through which the burden on the environment by chemical 

processes and technology can be reduced. 

Key words: The principles of green chemistry, research trends. 

Introduction 

The increased progress in science and technology has contributed significantly to the economic 

development and raised standard of living in the world. But such development has caused the considerable 

amount of natural imbalance and environmental degradation like climatic change, depletion of ozone layer, 

accumulation of the non-destructive pollutants in the biosphere(biomagnification), etc. This situation 

demands the search of solution for the balanced use of natural resources, environmental conservation along 

with the economic development. 

Since 1940’s due to the emergence of environmental issues, the companies have changed their 

conventional production and product development habits through conferences, political agreements and 

advancement in the chemical research and ecological engineering by adopting sustainable processes. So 

greater attention has been paid to “green and viable technologies”. As a new branch of chemistry, it 

involves the minimization or elimination of the use and production of harmful chemical substances. It also 

involves the chemical processes which produces less or zero harmful and toxic intermediates [1],[2]. It was 

proposed by Paul Anastas and John Warner in the year 1990[3]. Later in 19 Galuszka, Migaszewski and 

Namienski proposed 12 postulates of green chemistry which were adopted in the entire world and leads to the 
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creation of several hundreds of programs and government initiatives on green chemistry located worldwide 

in U. S, U. K, Italy [4]. All these played a significant role in informingsustainable design [5]. To call any 

reaction green it should have 3 green components like solvent, reagent/catalyst and energy consumption. 

Thus, one of the most active areas of Research and Development in Green Chemistry is the development of 

analytical methodologies. New methods and techniques that are able to reduce the use and generation of 

hazardous substances in all stages of chemical analysis are the main goals of the so-called Green Analytical 

Chemistry [6],[7],[8],[9]. The impacts of green chemistry are multidimensional. Each analytical choice has 

consequences both in the final product and in everything that surrounds it, from the environment, population, 

analyst and even the company. Thus, this work shows a critical review of the (i) history and (ii) evolution 

of green chemistry, as well as its (iii) impact on pharmaceutical analyses, environment, population, analyst, 

company and our future. 

Principles of green chemistry 

In the year 1998 Paul Anastas and Jahn warner proposed 12 principles of green chemistry [1]. These are 

the guiding framework for the generation of new chemical products and the processes, applying to all 

processes including the raw materials used to the efficiency and safety of the transformation, toxicity and 

biodegradability of the products and reagents used. They are as follows 

1. Prevention: It is better to prevent waste than to treat or clean up waste after it is formed. 

2. Atom Economy: Synthetic methodologies should be designed to maximize the incorporation of all 

materials used in the process into the final product. 

3. Less Hazardous chemical Synthesis: Whenever a practicable synthetic methodology is designed it should 

be designed to use and generate substances that pose little or no toxicity to human health and 

environment. 

4. Designing Safer Chemicals: Chemical products should be designed to preserve efficacy of the function 

while reducing toxicity. 

5. Safer Solvents and Auxiliaries: The use of Auxiliary substances like solvents, separation agents etc. 

should be made unnecessary whenever it is possible and when used innocuous. 

6. Design for Energy Efficiency: The 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 Feedstock: A raw material or feedstock should be renewable rather than depleting 

whenever technically and economically practicable. 

8. Reduce Derivatives: Unnecessary deviation from the process (like use of protecting and deprotecting 

groups, blocking groups, temporary modification in the chemical and physical processes) should be 

minimized or avoided as it requires additional reagents and can produce waste. 

9. Catalysis: Catalytic reagents are superior to stoichiometric reagents (as selective as possible). 

10. Design for Degradation: Chemical products should be designed so that at the end of the day they should 

breakdown into innocuous degradation products and do not persist in the environment. 

11. Real-Time Analysis for Pollution Prevention: Analytical methodologies should 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 substance used in the 

chemical process should be chosen to minimize the potential for chemical accidents including 
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explosions, releases and fires. 

Prevention 

The first principle of green chemistry is, it is better to prevent the waste production rather than trat or clean it 

up. This is ultimately cheaper than treating the waste and destroying it after it has formed and it is safer to 

humans and environment. Annually around 12billion tonnes of waste or hazardous substances are produced 

in the U.S. The major contribution of about 70% is from dirty reactions which used some reagents and 

solvents in the early stages of reaction, harsh reaction conditions etc. The waste produced here generally 

contains toxic organic substances like methanol and xylene along with various byproducts formed. The basic 

organic reactions such as halogenation, oxidation, sulphonation, alkylation, nitration etc. are applied in 

different industries and chemical manufacturers, they have applied the principle of green chemistry long ago 

[10]. But absolute prevention of waste generation is practically impossible as no input raw material is fully 

utilized. The generation of waste means it is the loss of raw material. Hence to have economic gain it is 

also necessary to prevent the generation of waste if not the process should be designed in such a way that 

the waste generated should be utilized in best possible way so that it can become useful. This approach has 

been adopted long ago in paint and varnish industry where they produce solvent free paints and lacquers. 

The detractors industry has already stopped the use of phosphorus containing detergents. Asbestos is no 

longer used in industries. But the biggest challenge with the pharmaceutical industries is to design the new 

medicines through the processes with low environmental impact as 80% of the waste is from these 

industries, which uses large number of solvents and energy. But the application of principles of green 

chemistry reduces the solvent consumption and minimizes the production of waste. The introduction of 

ethanol as the solvent in the production of sertraline eliminates the need of distillation which is used for the 

recovery of four different solvents like methanol, THF, toluene and hexanes (1). Thus, it results in the 

reduction of solvent consumption of about 250 to 25 liters per Kg of sertraline [11]. 

 

Similarly, the early synthesis of ethylene oxide which was prepared through a chlorohydrin 

intermediate (2). The E-Factor for the entire synthesis as stated above was equal to 5. For each kilogram 

of product, 5 Kg of waste were to be disposed. This does not take into consideration the waste water 

contaminated by chlorine by-products [12],[13],[14]. When the synthesis was modified to use 

molecular oxygen, thus removing the need for chlorine, the E-Factor dropped to 0.3 Kg of waste. The 

new process was generating more than 16 times less waste than the original one, eliminating the 

formation of waste water as well [15]. 

When by-products cannot be avoided, other innovative solutions should be considered and a productive one 

is to seek an industrial ecology approach where waste can become a new raw material with significant value 

for another process as it re-enters the life-cycle. This approach is currently being applied to the production 

of biofuel (3)[16]. 
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Atom Economy 

Synthetic methods should be designed to maximize the incorporation of all materials used in the 

process into the final product. The principle of Atom Economy is logically linked to the principle of waste 

prevention, since it requires all raw materials used in production to maximize utilization or inclusion in the 

final product to ultimately reduce the amount of waste. This means that the chemical synthesis should be 

designed in such a way that the final product maximizes the input of raw materials or design such synthetic 

products that will use the entire material used for synthesis in the final product. The principle of increasing 

atomic usability was defined in 1991 by Barry Trost of Stanford University. Trost believes that introducing 

the concept of usability atoms is essentially the prevention of waste at the molecular level. Barry Trost's 

concept initiated the redesign of existing synthetic reactions until then established on the principle of 

"making a product regardless of price". These modifications are useful and because they generally lead to 

increased yields. There is a known progress in the synthesis of ibuprofen [17]. The main problem of old 

synthesis (boots process) is low economic cost, because the utilization of input raw materials is only about 

40%. In the 1990s a new "green" method of ibuprofen synthesis (4) was developed, involving only three 

steps, and almost all transitional materials were converted to the product (up to 99%) or regenerated and 

returned in the process and almost eliminated the generation of waste materials [1],[18]. 

Atom economy is defined as the ratio of relative molecular masses of the desired product and all 

reactants expressed in percentages. 

% Of atomic efficiency = (Mr of the desired product/Mr of all reactants) x 100 

The Boots synthesis consists of six synthetic steps and yields 40%, while the Hoechst process of 

obtaining ibuprofen consists of only three steps and yields a reaction of 77%, namely 99% if the fact that 

the acetic acid is formed in the first synthesis step is extracted and reused in production. That is why 

Hoechst is a more economical and greener way to get ibuprofen.Similarly in Diels Alder reaction and 

Grignard reaction the atom economy can be achieved (5) [19],[20],[21],[22],[23]. 
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Less Hazardous Chemical Syntheses 

The synthetic methods should be designed to use and generate substances that possess little or no 

toxicity to human health and the environment. Most chemical synthesis reactions, which usually take place 

in multiple stages, use toxic reagents. Although the product does not contain these toxic substances, there is 

a risk of its contamination and redesigning these processes is a task of green chemistry. The Less Hazardous 

Chemical Synthesis advocates, wherever possible, the creation of synthetic methods for the use and 

creation of substances that are little or no toxic to human health and the environment. Replacing harmful 

chemicals with biological enzymes makes many industrial processes cleaner and cheaper [24]. As an 

example, a new Asahi Kasei's polycarbamate synthesis (PC) process (6) is conceptually simple, based on the 

substitution of toxic carbonyl dichloride (COC2) with CO2. This process also results in the removal of 

dichloromethane (CH2Cl2) as a solvent. The total reaction consists of ethylene oxide (CH2)2O, CO2 and 

bisphenol-A (C15H16O2) to give polycarbamate and ethylene glycol C2H6O2 [25]. 

 

   Designing Safer Chemicals 

Chemical products should be designed to effect their desired function while minimizing their toxicity. 

Minimizing toxicity, while maintaining function and efficiency, can be one of the most challenging aspects 

of designing safer products and processes, and achieving that goal requires understanding not only chemistry 

but also the principles of toxicology and environmental science. Designing Safer Chemicals advocates the 



Tumbe    Group of International Journals 

                                                                  Page | 65   
 

Volume- 4  Issue-2    May-August : 2021 

ISSN: 2581-8511 

 

Impact Factor: 4.75  

design of chemical products in such a way that reduces their toxicity and maintains their effectiveness. The 

goal of producing safe chemicals (non-carcinogenic, mutagenic, neurotoxic) is the balance between optimal 

performance and chemical product function, ensuring that toxicity and risk are reduced to the lowest 

possible level. In other words, the use of toxic chemicals should be avoided and replaced inhospitable 

wherever possible, but should take account of their efficacy. This principle is used in the development of 

new insecticides and pesticides that are specific to target organisms, i.e., they are toxic only to target 

organisms and decompose into environmentally harmless substances. One of the examples is the use of 

highly toxic organic tin-based organic compounds (Sn), previously coated on the outside to prevent the 

capture of seaweed and plankton. These organic compounds have been replaced by a product called Sea-

Nine which is completely degradable and non-toxic. Another example is the development of oxidant 

activator for hydrogen peroxide. This allows replacement of chlorine bleaches (preparations that damage 

the ozone layer) by hydrogen peroxide in paper production. One more example is the production of 

polymers of polyphenylene sulfone (PPSU), which is now widely used for indoor airplanes and is also 

introduced in underground trains where it is also important to use non- flammable materials. It is a new 

engineering plastic characterized by a unique combination of useful environmental, mechanical, and flame-

resistant properties [26]. 

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. Chromatographic separations, where large quantities of 

solvents are used, are problematic due to environmental pollution. Most conventional organic solvents are 

toxic, flammable and corrosive. Their recycling is linked to energy efficient distillation with considerable 

losses and therefore the development of environmentally-friendly solvents is necessary. Safer Solvents and 

Auxiliaries recommends that the process of synthesis be maximally reduced and, whenever possible, avoid 

the use of auxiliary chemical substances (e.g., solvents, separating agents, etc.). When used they should be 

harmless. According to the principles of green chemistry, the choice of suitable substitutions for organic 

solvents is based on: worker safety, process safety, environmental safety and sustainability of the process. 

The solvent should be chemically and physically stable, low volatility, easy to use and easy to recycle. For 

now, it is promising to replace the known organic solvents with recyclable solvents, which are ionic liquids - 

salts at room temperature in the liquid state. Unlike volatile organic compounds, ionic liquids have low 

vapor pressure, do not vaporize and do so easily, resulting in safer chemical processes [16]. 

Some of the examples are improved Diels-Alder reaction with water as a solvent but the disadvantage is the 

contamination of water. Another one is the use of super critical fluids (SCF) as solvents, the SCF derived 

from water, CO2, methanol, acetone, ethanol and methane are very much useful. The scCO2 can be a better 

solvent for the industrial applications like decaffeination of green coffee beans and also replacement of 

perchloroethylene in dry-cleaning [27]. The latest one is the use of fluorous biphasic catalysis developed by 

Haworth in which the catalyst used for a reaction which is not soluble in the organic reagents will be made 

soluble at ambient temperature in a solvent and the reaction is carried out. Once the reaction is done the 

mixture is cooled and then the organic reagents and the solvent with catalyst will be separated [28]. 

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 
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temperature and pressure. The oil crisis in 1973 has initiated the development of a number of processes in 

which energy savings are taken into account, with the aim of exploiting every kJ of energy in the 

production process. Following the above- mentioned Principle of Energy Efficiency, whose other name is 

Design for Energy Efficiency, as a fundamental requirement, minimizes the use of energy by Improving 

Energy Efficiency in the Chemical Industry. For example, Tomatoes that grow in a greenhouse that is heated 

by the use of waste steam from a nearby chemical plant for the production of ammonia. Since CO2 

concentrations in greenhouses fall below 50%, plant growth can be achieved, and by extrusion from 

greenhouse gas, carbon dioxide is used as a tomato seed growth bi-activator [29]. 

Use of Renewable Feedstocks 

A raw material or feedstock should be renewable rather than depleting whenever technically and 

economically practicable. The seventh principle of green chemistry advocates Use of Renewable Feedstocks 

wherever it is technically and economically acceptable. For example, it is more convenient to use renewable 

raw materials than a variety of plastic materials, and then to waste away the waste materials. Because of 

this, the making of biodegradable plastic materials is a current trend. Biodegradable packaging has a future 

in the food industry. Numerous factors, including politics and changes in legislation, as well as global 

demand for food and energy resources, certainly affect the development of biodegradable packaging [30]. 

The principle also implies the use of renewable energy technologies that include solar energy, wind power, 

hydropower, biomass energy and biofuels. Over the past few decades, significant progress has been made in 

the development of fuels, chemicals and materials from renewable raw materials. For example, Brazil with 

its sugar cane production and bioethanol production ensures energy independence and employment while 

Europe's biodiesel is produced from rapeseed oil. In the case of bioplastics, the use of renewable raw 

materials in production positively affects energy consumption and CO2 emissions. Coca-Cola, a world-

widescale company for the time being, manufactures bottles made of 30% polyethylene (PE) blends, while 

American company Nature Works uses bottles made from lactic acid polymers (PLA) made from lactic acid, 

obtained by fermentation of dextrose obtained from starch, most commonly corn. About 1 kg of PLA 

requires about 2.5 kg of corn [31]. 

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. One of the key principles of green chemistry in the synthesis of 

target molecules is to avoid the use of chemical derivatives (Reduce Derivatives). The principle advocates, 

wherever possible, the avoidance of physical-chemical processes in which blocking and unblocking of 

appropriate groups during the synthesis are used, that is, whenever possible, the biological processes in the 

synthesis should be in Practice used to avoid synthesis of the products for which they are not there are 

enzymes to degrade them. 

Typical example is the production of antibiotics (7) based on penicillin or replacement of classical 

chemical enzymatic processes whereby the 6-aminopenicillic acid is obtained by reacting with the catalyzed 

immobilized enzyme penicillin amide. This resulted in several chemical steps being replaced by an 

enzymatic reaction, and no longer required a low temperature (-60°C), organic solvents, and completely 

unsuitable conditions that increased and complicated production in the case of chemical synthesis [32]. 
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  Catalysis 

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. In order to protect 

the environment, the catalysis principle promotes the use of biodegradable catalysts, which imply less 

energy use, avoiding the use of organochlorine compounds and reducing the use of water or less waste 

water. Like all catalysts, enzymes function in a way that lowers the activation energy of an individual 

reaction, and thus accelerates, up to several million times. In doing so, the enzyme remains unchanged 

throughout the duration of the reaction to which it affects, and this allows it to become completely 

unchanged when the reaction comes to an end. Also, enzymes do not affect the relative energy between the 

reactants and the products, nor to the related reactions. However, what enzymes stand out among all other 

catalysts is their specificity in terms of stereochemistry, chemical selectivity and specificity. Compared with 

non-biological catalysts, biocatalysts have a great advantage given the rate of reaction, catalytic specificity, 

lower cost, etc., but lack of heat sensitivity and poor stability. The classic catechol synthesis is derived from 

benzene (non-renewable feedstocks) in several reaction stages requiring severe reactions under which 

undesirable by-products are produced. It is replaced by a biocatalytic synthesis of D-glucose (renewable raw 

materials) in the presence of genetically modified Escherichia coli and is performed in one reaction stage (8), 

no by-products and the production are economically viable [33]. 

 
 

 
 

  

  

 

 

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. The principle of creating degradable 

chemicals and products or design for degradation demands the creation of chemical products that, upon 

termination of their activity, must be able to convert into products that are harmless to the environment. 

Fulfilment of this requirement is possible by changing the technological parameters in the process, 

management and the change of so-called. Auxiliary substances added at certain stages in the production 
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process. The aim is to prevent the formation of harmful substances and to return to production as much waste 

as possible, which is achieved by recycling [34]. 

Designing biodegradable materials and chemicals is not a simple task as illustrated by continuing 

problems of environmental pollution. Certain chemical structures such as halogenated moieties, branched 

chains, quaternary carbons, tertiary amines, and certain heterocycles may possess enhanced persistence and 

are avoided. On the other hand, integrating functional groups such as esters or amides which are recognized 

by ubiquitous enzymes may help the design of environmental degradable products [35],[36].This strategy 

was applied to surface-active quaternary ammonium compounds used as household fabric softeners [37]. 

Until the 1990s, long chain ammonium salts such as di(hydrogenated)tallow dimethyl ammonium chloride 

(DHTDMAC) were released into the environment. It was then discovered that their rate of biodegradation in 

aqueous sediment was low and the intrinsic ecotoxicity, high. In response, hydrolysable amide or ester 

linkages were introduced. The new ammonium salts have proven to be more biodegradable as illustrated that 

DHTDMAC was replaced by di(ethyl-ester) dimethyl ammonium chloride (DEEDMAC) which was 

followed by a 70% increase in the biodegradability. 

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. Traditional analytical chemistry 

implies large amounts of sample for analysis, abundant use of solvents and energy. With the development 

of new methods and precision mobile instruments, it is possible that the analyses work with a small sample 

size at the sampling site and with much less solvent. The principle of Real-Time Analysis for Pollution 

Prevention requires further development of analytical methodology to enable real-time monitoring of the 

chemical production process with the aim of preventing the formation of dangerous substances, i.e., it is 

necessary to constantly monitor the production process at each stage Would prevent the occurrence of errors 

that could lead to the emergence of dangerous substances, harmful to the environment and human health. 

Material used in the manufacture of analytical apparatus should be taken into consideration. Both green 

chemists and green engineers building new sensors should be aware of the toxicity and any potential 

environmental problems related to the material they handle. Mercury electrodes, for example, are often used 

for electrochemistry. Replacing them with carbon-based electrodes such as nanotubes or nanofibers has 

proven to be an effective solution [38]. 

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. The Twelfth Principle of Green 

Chemistry is the principle of Inherently Safer Chemistry for Accident Prevention. The basic requirement is 

to reduce the use of substances in chemical processes that can cause adverse effects (explosion, fire and 

harmful vapor). An example is today the increasing use of supercritical CO2 that replaces organic solvents 

and which, unlike organic solvents, is not toxic or explosive and is environmentally acceptable. Safety can 

be defined as a control of known hazards by achieving an acceptable level of risk and is achieved at several 

levels of the lowest use of Personal Protective Equipment. Then it follows the level of Administrative and 

Work Practice Controls) and implies establishing effective procedures, rotating work tasks, adjusting work 

schedules so that workers are not over-exposed to the impact of dangerous chemicals, etc. The next higher 
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level of security control is the expert Engineering Controls, which implies the implementation of physical 

process change to reduce contact with hazardous chemicals, isolate the process, use wet methods to reduce 

dust formation, ventilation, digestion, etc. The highest level of safety control is achieved by eliminating or 

replacing the procedure with safer alternatives. 

Conclusion 

For generations, molecular scientists have invented the molecules, materials, and manufacturing 

processes that have allowed economic and societal development. Green Chemistry ensures that Sustainable 

industrial activities must meet today's needs without risking the needs of future generations, meaning that 

chemical processes need to use raw materials, water and energy in a way that does not harm the environment 

and be economically viable. In doing so, Green Chemistry has shown that through innovation companies can 

be economically more profitable and more environmental friendly at the same time. It establishes a balance 

in the use of natural resources, economic growth and environmental conservation is possible through the 

introduction of a green chemistry process whose task is to design such chemical processes and products that 

are harmless to human health and the environment. The goals of green chemistry in environmental 

protection and economic gain are achieved through several dominant directions. Although an impressive 

amount of work has been done by practitioners of Green Chemistry around the world in various fields like 

bio catalysis, catalysis, use of alternative renewable raw materials (biomass), alternative reaction media 

(water, ionic liquids, supercritical fluids), alternative reaction conditions (microwave activation) as well as 

new photocatalytic reactions. The huge potential of microorganisms and enzymes in the transformation of 

synthetic substances with selectivity gives biocatalyst a dominant position in the "green" program. 

Photocatalytic reactions that represent new methods of cleaning contaminated air and water also contribute 

to green chemistry creating conditions for achieving sustainability. 
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