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ABSTRACT

Chemistry hasimproved quality of life making thousands of products pos-
sible. Unfortunately, this achievement has come at a price: collective hu-
man health and the global environment are threatened. Green chemistry
can be defined as the use of chemistry for pollution prevention by use of
aternative and renewabl e materialsincluding the use of agricultural waste
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or biomass and non-food-related bioproducts. It also focused on preven-
tion of waste, less hazardous chemical synthesis, and designing safer
chemicals including safer solvents and design of chemical products to
safely degrade in the environment and efficiency and simplicity in chemi-
cal processes. This study describes the principles and progress of green

chemistry and its industrial applications.
© 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

Chemistry hasimproved our quality of life, and
madethousands of products possible¥. Unfortunately,
this achievement has come at a price, our collective
human health and the global environment arethreat-
ened. Our bodiesare contaminated with alarge num-
ber of syntheticindustrid chemicas, many of whichare
known to be toxic and carcinogenic while othersre-
main untested for their hedlth effects. They cometous
fromunlabeed products, chemically contaminated food,
air, water and dust whilethe developing fetesis ex-
posed directly to chemicalsinthewomb. Many chemi-
calswork their way up the food chain and circulate

round the globe: pesticidesused in thetropicsare com-
monly foundintheArctic; flameretardantsused infur-
nitureand el ectronicsare now commonly foundin ma:
rinemammals. Yet as cancer ratesrise and evidence
Increases about thelink between certain chemicalsand
birth defectsand learning disabilitiesour regulatory sys-
tem has been unable to make chemicd producerspro-
videfull testinginformation or promoteinherently safer
chemicals. Green chemistry amsto eiminate hazards
right at thedesign sage. The practiceof €iminating haz-
ardsfromthebeginning of thechemica design process
hasbenefitsfor our hedth and theenvironment, through-
out the design, production, use/reuse and disposa pro-
cesses. In 1998, two US chemists, Dr Paul Anastas
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and Dr JohnWarner outlined TwelvePrinciplesof Green
Chemistry to demonstrate how chemical production
could respect human hedlth and theenvironment while
asobeangefficient and profitable. Oneof theprinciples
of green chemistry isto prioritizetheuse of dternative
and renewable material sincluding the use of agricul-
tural waste or biomass and non-food-related
bioproducts. Ingeneral, chemical reactionswith these
materia saresgnificantly lesshazardousthanwhen con-
ducted with petroleum products. Other principlesfo-
cuson prevention of waste, |ess hazardous chemical
syntheses, and designing safer chemica sinduding safer
solvents. Othersfocus onthedesign of chemicasprod-
uctsto safely degradein theenvironment and efficiency
and simplicity inchemica processes?4.

Theterms ‘Environmental Chemistry’ and ‘Green
Chemistry’ are two different aspectsof environmental
pollution studies. Theformer isthe study of chemical
pollutantsin natura environment whilethelatter isan
attempt todesign chemical productsand processesto
reducetheharmthey causetothe environment. Green
chemistry seeksto reduce pollution at source, whereas
environmenta chemistry focuseson thestudy of pollut-
ant chemicalsand their effect on nature. Onthe other
hand, environmenta chemigiry, astaught today, islargdy
the study of what man has put into theenvironment and
its effect, aswell ashow to remediate contaminated
gtes.

PRINCIPLESOF GREEN CHEMISTRY®#

Prof. Anastasand Prof. John C Warner have pos-
tulated twel ve principlesof green Chemistry.

Prevention of waste

It isbetter to prevent waste than to treat or clean
up waste after itisformed.

It ismost appropriateto carry out asynthesis by
following apathway so that formation of wasteismini-
mum or absent. Onetype of waste product common
and often avoidableisthe starting material or reagent
that remainsunreacted. In universitiesand colleges, the
cost of disposdal of wastefrom chemical |aboratory can
be reduced by carrying out experiments on amuch
smdler scae.

M aximize atom economy
Atom Economy isaconcept that eval uatesthe effi-

ciency of achemical transformation, andiscal culated
asaratio of thetotd massof atomsinthedesired prod-
uct to thetotal massof atomsin the reactants.

% Atom Economy ={(Mol. wt of desired product) /(M ol. Wt
of all products)} x 100

Choosing transformati onsthat incorporate most of
the tarting materiad sinto the product aremoreefficient
and minimizewaste, eg., Dids-Alder reaction is 100%
Atom Economy reaction asall the atomsof thereac-
tantsareincorporated in the cycloadduct. If onemole
of thestarting material producesone moleof the prod-
uct, theyieldis 100 %. However, such asynthesismay
generate significant amount of waste or by product
whichisnot visibleinthe above calculation. Such a
synthesis, eventhough gives 100% yield isnot consid-
ered tobegreen synthesis. In order tofind, if aparticu-
lar reactionisgreen, the concept of atom economy was
devel oped. Thisconsiderstheamount of stating mate-
rialsincorporated into thedesired final product. Thus
by incorporation of greater amounts of the atoms con-
tained in the starting materials (reactants) in to the
formed products, fewer waste by productsare obtained.

L esshazar dous chemical syntheses

Thisprinciplefocuseson choosing reagentsthat pose
theleast risk and generate only benign by-products.
Wherever practicabl e, synthetic methodol ogies should
be designed to use and generate substances that pos-
seslittleor notoxicity to human health and theenviron-
ment. Redesi gning exi sting transformati onsto incorpo-
rateless hazardous materialsisat the heart of Green
Chemidry.

M etathesis

Deve oped by Grubbs, Schrock and Chauvin, met-
athesisisamaor advancefor green chemistry. Itisa
reaction in which double bonds are broken and made
between carbon atomsin waysthat cause atom groups
tochange places, with the hel p of specia catalyst mol-
ecules. Itisused in the devel opment of pharmaceuti-
calsand advanced plastic materids, and isagreat step
forwardfor green chemistry, reducing hazardouswaste
through smarter production.

Designing safer chemicals
New productscan bedesigned that areinherently
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safer for thetarget application. Pharmaceutical prod-
uctsoften consist of chiral molecules, and the differ-
ence between thetwo forms can beamatter of lifeand
death— for example, racemic thalidomide when admin-
istered during pregnancy, leadsto horrible birth defects
inmany new borns. Evidenceindicatesthat only one of
the enantiomershasthe curing effect while the other
isomer isthe cause of severedefects. That iswhy itis
vital to beableto producethetwo chiral forms sepa-
rately. Catayststhat can catal yseimportant reactions
that produce only one of thetwo mirror imageforms
are used. Chemical propertiesof amolecule, such as
water solubility, polarity etc. so that they can manipu-
late moleculestothe desired effects.

Safer solventsand auxiliaries

Widely used solventsin syntheses are toxic and
voldtile—alcohol, benzene (known carcinogenic), CCl,,
CHCI,, perchloroethylene, CH,Cl,,. Purification steps
also utilizeand generatelarge amounts of solvent and
other wastes. These have now been replaced by safer
green solventslikeionic liquids, supercritical CO,,
supercritical H,O etc.

Use of renewable feedstocks

Chemical transformations should be designed to
utilizeraw materialsand feedstocksthat arerenewable.
For green synthesis, thefeedstock should replacethe
traditiona petroleum sources, e.g., benzeneusedinthe
commercia sythesisof adipic acid hasbeen replaced
to someextent by the renewable and nontoxic glucose
and thereactioniscarried out in water.

Use of catalysts

Catdystsareused in small amountsand can carry
out asinglereaction many timesand so are preferable
to stoichiometric reagents. They can enhancethe se-
lectivity of areaction, reducethetemperatureof atrans-
formation, reduce reagent-based waste and potentially
avoid unwanted Sidereactionsleading to aclean tech-
nology. Apart from heavy metal catalysts softer cata-
lystslikezeolites, phasetransfer catalystslikecrown
ethers, arefindingincreasngindustria applications.

Biocatalysts— microorganisms and enzymes

Enzymesarethe most efficient and commonest of
the catalystsfound in nature. Enzymes have been used
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asimportant toolsin organic syntheses. In pharmaceu-
tical industry, thelargest scal e biocatal ytic processis
the conversion of thefermentation product of Penicillin
G into 6-amino penicillanic acid by enzyme penicillin
acylase. Many chemicaly modified penicillins, amino
acids, vitamins, fructose syrup and many
biopharmaceuticals are obtained by this method.
Biocatal ysed reactions are advantageous asthey are
performedinagueousmedium, dl conversonsaresingle
step, and protections of functiona groups are not
neceessary, reactions are fast, stereo-specific. Such
transformationsare either impossible or extremdy dif-
ficult to achieve by conventiona chemica methods.

Design synthesisfor energy efficiency

Energy requirements of the chemical processes
should berecognized for their environmental and eco-
nomicimpacts.

() Microwaveirradiation

Reactionswith microwave sources have been car-
ried outinasolid support likeclay, Slicagd, etc., dimi-
nating the use of solventsor with minimum amount of
solvents. Thereactionstake place at afaster ratethan
thermd hesating.

(b) Sonochemistry (Ultrasound energy)

Reactionsusing ultrasound energy are carried out
a RT withexcellent yields.

Design for degradation

Chemical products should be designed so that at
the end of their function, they do not accumulate and
persst inthe environment but break downinto innocu-
ous hazardless substances. It isnow possibleto place
functiond groupsinamoleculethat will facilitateitsbio-
degradation. Functional groupswhich are susceptible
to hydrolysis, photolysisor other cleavage have been
used to ensurethat productswill be biodegradable.

Inherently safer chemistry for accident preven-
tion

Desgn chemicastominimizethechemicd acadents
including explosions, firesand rel easesto the environ-
ment eg cancercausing benzene Nanoscience and
nanotechnology isanother important contribution to
green chemistry. Nanotechnol ogy provideshuge sav-
ingsin materia sby development of microscopic and
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submi croscopic € ectronic and mechanical devices. It
has been found that in an attempt to recycle solvents
from aprocessincreasesthe potentia for achemical
accident or fire.

AREASFORTHE DEVELOPMENT OF
GREEN CHEMISTRY

Use of alternative feedstock

Theuseof feedstocks? thosearerenewabl erather
than depl eting and | esstoxic to human health and the
environment. The synthesisand manufacture of any
chemica substancebeginswith the selection of astart-
ingmaterid fromwhichthefind product will bebuilt. In
many casesthe selection of astarting materia can be
themost significant factor. If the substanceitself does
not pose any hazard to human health or the environ-
ment, for example, but theretrieval and/or isolation of
the substance causes significant risk to either, then this
factor must betaken into account in the selection.

Employing natur al processes

Useof biosynthesis, biocatalys's, and biotech-based
chemicd transformationsfor efficiency and sdectivity.
Biocatadysisharnessesthecatd ytic potentid of enzymes
to produce building blocksfor the pharmaceutical and
chemicd industry. Whilefermentationsusethe carbon
sourcefor denovo product synthesis, biocata ytic pro-
cessesemploy adifferent strategy!*?.

Use of alter native solvents

Thedesignand utilization of solventsthat havere-
duced potentid for detriment to theenvironment and
serveasadternativesto currently used volatileorganic
solvents, chlorinated solvents, and solventsthat dam-
agethenatura environment(*t,

Design of safer chemicalsor use of enzymes

Use of molecular structure design and consider-
ation of theprinciplesof toxicity and mechanism of ac-
tion-tominimizetheintring ctoxicity of theproduct while
maintai ningitsefficacy of function™. Enzymesplay im-
portant rolesin food and beverageindustry and have
already been recognized as va uable catal ystsfor or-
ganictransformationsand production of finechemicas
and pharmaceuticals. Enzymescatalyzereactionsina

sdlective manner, not only regio- but aso stereo selec-
tively and have been used both for asymmetric synthe-
sisandracemicresolutions.

Minimizing ener gy consumption

Thedesign of chemicd transformationsthat reduce
therequired energy input intermsof both mechanical
and therma inputsand the associated environmental
impacts of excessiveenergy usage.

Renewable resources

In addition to thedirect hazard associated with a
particular chemicd substance, theimplicationsof using
arenewabl e versus adepl eting feedstock need to be
included inthe selection of that substanceasastarting
material inasynthetic transformation*?. Toensurea
high degree of product safety for consumersand the
environment, renewabl e resources have often been
shown to have advantages.

(a) Oleochemistry

Oleochemistry isabranch of chemistry that uses
vegetableoilsand fatsasrenewableresources. Together
with carbohydrates and proteins, fatty oilsareimpor-
tant renewabl e resources compared to fossil and min-
erd raw materials.

(b) Light
Light isanother emerging feedstock inabroad sense,
asafeaternativeto toxic catalystsin many synthetic

transformations. Beside UV light, themost renewable
and environmentally ideal energy sourceissunlight

GREEN CHEMISTRY EDUCATION®3

Inorder todlow for thefull potentid of green chem-
istry to explore the scientific and economic advances
the scientific community needsto provide educational
opportunitiestotrain chemigsof thefuture. Sincegreen
chemistry requiresthesameskillsand abilitiesof tradi-
tional chemistry, studentsof all agescan learn funda-
mental conceptsinwaysthat aremoreenvironmentaly
benign. Thiseducational endeavour cantake severa
forms, includingtraditional coursesin chemistry for stu-
dentsat primary, secondary, and university levels, as
well asprofessiond training for practicing chemistry in
industry. In addition, nonscience studentsand profes-
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sonds(especidly thoseinvolvedinthebusiness/ finance
communities) need to be aware of therecent develop-
ments and advances green chemistry.

GREENCHEMISTRY IN
PHARMACEUTICAL SCIENCES*

After numerousActsand Rules, the current eco-
nomic gtuationisforcing managementstore-think their
stand on Environmental, Health & Safety policiesof
how pharmaceutical companiescan go green. After a
long struggle pharmamanufacturers have recognized
theeconomic and environmenta value of Green Chem-
istry. Although variousAct and Rulessuch as

i. The Environmental (Protection) Act, 1986 and
Rules, ii. theWater (Prevention & Control of Pollution)
Act, 1974 and Rules. iii. theAir (Prevention & Control
of Pollution) Act, 1982 and Ruleshave beenintroduced
by the Indian government, these have been followed
for complianceand for obtaining licensesrather than
realising theimportance and val ue of green chemistry.
Theimportance and self realisation hasnow cometo
mean economic valuea so. Pharmacompanieshaveto
takeresponsibility for two major issues: energy effi-
ciency and solvent reduction.

GREEN GUIDELINESFOR TEACHERS
AND STUDENTSIN LABORATORY 4

It ismost appropriateto carry out asynthesis by
following apathway so that formation of wasteismini-
mum or absent. Inuniversitiesand colleges, thecost of
disposal of wastefrom chemical |aboratory can bere-
duced by carrying out experimentson amuch smaller
scale. Many do not have such ascheme sothat all this
goesinthesewage untreated If you don’t use a chemi-
cd, youdon’t have to buy it and you can’t lose it. green
chemistry need not beexpensve. If thewholechemica
processisrethought and modified, theresult may be
cheaper. It may be not be possibleto green every step
of theprocess at once.

1. Experimentsshouldinvolvetheuseof dternative
reagentswhich are not only eco-friendly but aso
beeadly availableat very cheap price. They should
not preferably involvethe use of organic solvents
ethanol and methanal.
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2. Modified Experiments, if possible should not in-
volvesophigticated instrumentation techniqueslike
high -pressure system, evacuated system, inert at-
mosphere using argon, etc.

3. Expeaimentsshould avoidtediousexperimentd pro-
cedurelikelonger reaction time, reaction at high
temperature etc.

4. All organic chemistry experimentsshould prefer-
ably be conducted in semimicro or micro-scale.
Thin-layer chromatography (TLC), spectroscopic
techniques (UV, IR and NMR) should be methods
of choicefor determining purity, functiona groups
and structureelucidation.

5. Onecanuseethyl chloroformate asasubstitutefor
PCl,, PCL,, POCI, or SOCL,,. Theacid isconverted
to anhydride which can be used for the same pur-
pose.

Inorganicanalysis

The conditionsof thelaboratoriesfor doinginor-
ganic analysisby conventional methodsin the under
graduatelevel areat al not eco-friendly. Thegasesare
toxic— causing health-hazards. Sometimes experiments
arecarried out in closed doors— in hot, humid condi-
tions Studentsoftenfal victimof thisinfrastructure. The
acid fumes, which aretoxic, pollutethe atmosphere.
So, achangein outlook must be brought about with the
existing systems. Inorganic andysismainly dealswith
the detection and estimation of basicand acid radicals.
For the detection of radicals“Spot -tests” may be in-
troduced.

Physical chemistry experiments

1. Indigtribution experiment, theuseof chemicaslike
carbon tetrachl oride, benzene should be avoided
and can be substituted by tolueneor aceticacidin
butanol.

2. Experimentsinvolving conductometry, polarimetry,
potentiometry, pH-metry, colorometry, polarogra-
phy, spectrophotomery, requireschemicalsinvery
low concentrationsand have no negativeinfluence
onthehedlth or environment, hencetheseexpt. may
not need any change or alterations.

3. If possible instrumental methodsmay beintroduced
fromtheUG levd.

(a) How todesign safer chemicals
Themoreweknow about how achemica’s struc-
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ture causes atoxic effect, themore optionsare avail-
ableto design asafer chemical. Chemists now have
accessto many sourcesof informationto determinethe
potential toxicity of themoleculesthey design and the
ingredientsthey choose. Green chemistsaretrained to
integratethisinformationinto thedesign of moleculesto
avoid or reduce toxic properties. For example, they
might designamoleculelargeenough that itisunableto
penetrate deep into thelungs, wheretoxic effectscan
occur. Or, they might change the properties of amol-
eculeto prevent itsabsorption by the skinor ensureit
safely bresksdowninthe environment.

(b) Green paintsin all colours

Many now recognize that volatile organic com-
pounds (VOCs), the source of “new paint smell,” are
harmful to health and the environment. Old-fashioned,
water-soluble “milk paints” in powder form have been
around for decades, but are still not widely available.
Great strides have been madeto bring home paintsto
the market that contain low or no VOCs, and arejust
asattractive. One company, Archer RC paint, won a
2005 Presidential Green Chemistry Award withabio-
based paint whichin additionto lower odor, has better
scrub resistance and better opacity.

GREEN CARPETSINALL SORTS
OF PLACES®™

In 2003, Shaw Carpet won aPresidential Green
Chemistry ChallengeAward with its carpet tile back-
ing, Ecoworx. EcoWorx replaces conventiona carpet
tile backingsthat contain bitumen, polyvinyl chloride
(PvC), 11 or polyurethanewith polyolefinresnswhich
havelow toxicity. Thisproduct also provides better ad-
hesion, does not shrink, and can berecycled. Carpets
with EcoWorx backing are now availablefor our homes,
schools, hospitalsand offices.

GREEN CHEMISTRY CONTEXT ININDIA

Indiain theway togreen
(a) Green strategies

In devel oping green synthetic Strategies, Indian sci-
entistsare mainly concentrating on avoiding environ-
mentally noncompatibl e reagents, solid-phase synthe-

ses, modification of synthetic routesto decreasethe
number of stepsand increase overal yield, usage of
newer catalystsand ssimplification of classical proce-
duresof reaction. Reagent chemistsinIndiaarework-
ing toward devel opment of more benign and selective
reagentsthat require ambient conditions. Thedimina
tion of hazardous solventsisoneof the prime concerns
among them. Enzymes have emerged as
biotechnologicd tools, which can offer solutionsto the
magor problems of thechemicd industry inIndia Over
theyears, chemigsinIndiaareengaged in enhancement
of an application base of enzymes to develop new
aternative sweetenerssuch ashigh fructose corn syrup
(HFCS), synthetic honey, and other food productssuch
aspolysaccharide gums, thickeners, and flavour enhanc-
ers.

Usage of nonconventiona technologiesishighly
popular inIndia. Firstinthislististhe usageof micro-
waves, which isalso thefield of my research work.
Further, themicrowave chemigsareturningther aten-
tion toward microwave-assisted dry-mediareactions
inorder to minimize sol vent usage, an added advantage
to aready established microwave chemistry. In addi-
tion to microwave-assi sted reactions, ultrasonic and
photochemical reactions are also used as
nonconventiond reaction technol ogy.

Analytical chemistry hasbeen at the center of the
green chemistry movement. Advancesin analytical
chemistry arekey to environmental protection. InIn-
dia, thefocusfor andytical chemistryismainly on ex-
traction technol ogies such as solid phase, ultrasound
and microwave, supercriticd fluidextraction, and auto-
mated soxhlet extraction. Monitoring and analysi s of
heavy metalsand pesticidesisvery important for an
agroeconomy-based country likeIndia, and chief gov-
ernmentd indituteslikethelndianAgricultura Research
Ingtitute (IARI) and the Defence Research and Devel -
opment Organisation (DRDO) areworking extensively
inthisfidd.

(b) Non-academicinitiatives

Industry inIndiatill needsto makesignificant im-
provement from the environmenta point of view. Most
of theindustrial R& D ismainly concerned with cost

effectivenessrather than eco-effectivemethods. Although
there has been some collaborative work between
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academiaandindugtries, till thereisampleopportunity
for increased collaboration. Thetextileindustry isone
of thehighly revenue generating industriesinIndia, and
they arenow switching over to microbial decoloriza-
tion and degradation. Thereisan increasing need of
exploring biodiversity for natural dyesand developing
eco-friendly methodol ogy for synthetic dyes. All these
requiremorefundinginthe R& D of respectivefields
and greater interaction and coordination betweenin-
dustry, academia, and government.

Oneof therecent examples of government initia-
tiveisthe conversion of diesel vehiclesto compressed
natural gas(CNG) in order to reduce pollutioninthe
capitd city Ddlhi. Relocation of industriesintoindustrid
areasaway fromresidentia parksisanother bold step
taken by the Delhi government. Further, the govern-
ment isa so concentrating on new projectssuch asfuel
pelletsfrom municipa waste, aspirated H-cylinder en-
gnesforlignt commerdd vehides(LCVs), megtingIndia
2000 emission norms, battery-powered carsfor pollu-
tion-free driving, hydrogen energy and energy towers
for new environment-friendly fuel, development of tra-
ditiona herbd drugsasadaptogensandimmunemodu-
lators. Thegovernment should dsoincreasefundingto
encourage researchin green chemidtry.

CONCLUSIONS

In conclusion, the practicing of green chemistry in
Indiaisanecessity rather than an option. Thefuture of
green Indiaisin the hands of young researchers and
students, asthe practice of green chemistry isamora
responsibility for them. Government agencies should
enforcethelawsstrictly to practice green chemistry.
Industries should also understand their moral respons-
bility toward thefragile environment. Theresearchand
devel opment and the science and technol ogy agencies
that areresponsiblefor thefunding of scientific activi-
tiesinthe country must encourage and give preference
to thedevel opment of greener scienceand technology.
Thoughitistruethat many industriesand research or-
ganizationsareyet toimplement theprinciplesof Green
chemistry, neverthel ess some of them have begunto
redlizethat the ‘think green’ culture is more than just a
fashion. In fact, the winds of changes have aready
started blowing and the more successful chemistry re-

= Jwtoriel Review

searchersand chemica technologistswill liketo gppre-
ciateand apply theva ues of Green chemistry ininno-
vation, gpplication and teaching.
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