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SUSTAINABLE DEVELOPMENT (CHEMISTRY)

“ Development (chemistry or chemical industry) that meet the needs 
of the present without compromising the ability of future generations 
to meet their own needs”
In other words, each generation must bequeath to its successor at least as
large a productive base it inherited from its predecessor

Brundtland Report 
UN World Commission on Environment and 
Development, 1987
www.un.org/documents/ga/res/42/ares 42-187.htm

We do not inherit the earth from our ancestors; we borrow it from our 
children.

Native American Proverb

Sustainable chemistry: how to produce better and more from less? F. 
Jérôme et al,  , Green Chemistry, 2017, 19, 4973



Our civilization  is  
at historic 

crossroads; how 
we think and act 

today will  
determine the 
future of this 

planet

Equity

Energy
and Materials

Ecology and
Environment

•Reduced emissions (greenhouse 
gas/carbon dioxide) 
•Humans driven polllution
•Safety  of chemicals
•Materials from renewable resources
•Circular economy concepts
•Carbon neutrality and de-carbonization

•Sustainable development goals
• Access and entitlement
• Equitable distribution of wealth
• Eliminating poverty

•Clean  and renewable energy 
•Energy efficiency
•Depleting material resources

THE THREE E’s OF SUSTAINABILITY



Macromol. Chem. Phys., 214, 154 (2013)

Macromolecules, 10.1021/acs
macromol.7b00293, 2017

Sustainability issues of polymers and plastics is a 
topic of great contemporary interest occupying  

many pages of our scientific journals



Nature Chemistry, March 2019, p.190

Angew. Chem. Int. Ed. 2019, 58, 50 –62Angew. Chem. Int. Ed. 2019, 58, 50 –62
Angew. Chem. Int. Ed. 2019, 58, 50 –62

Wurm, F R et al, Angew Chem. Int.Ed,
2019. 58, 50

Sustainability of polymers is critical to the  
emerging interest in circular chemistry 



SUSTAINABLE POLYMERS : A DEFINITION

“ Sustainable polymers are defined as materials derived from 
renewable or non-renewable feed-stocks that are safe in 
production and consumption and which after their use can be 
recycled or disposed of in ways that are environmentally 
benign”
Recycle : easy and economically viable processes to recycle 
the material
Disposed of :  in land and water and the products of 
degradation harmless to soil and water



INCREASING ONSLAUGHT ON PLASTICS : THE 
TRIGGER

• China’s National Sword Government
Program implemented from January 1,
2018 and the closure of world’s largest
garbage dump processing 7.5 mta of
and 80 % of global end-of–life plastics
waste

• Ellen McArthur Foundation Report on
“Towards a Circular Economy”,
released at WEF Meeting at Davos in
January 2014 and “The New Plastics
Economy”, The Ellen MacArthur
Foundation and WEF, January 2016

• United Nations Environment Program
World Environment Day 2018 pledge to
eliminate “Single-Use Plastics” and
“Clean Seas Campaign”



Blue Planet 2: How plastic is slowly killing our sea creatures, fish and 
birds,  19 November 2017,  Episode 7  looks at how tiny plastic 

particles (micro-plastics) may play a role in the uptake of industrial 
pollution in marine life.
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There is an estimated 200 million tons of 
plastics litter in our oceans

Our oceans can be devoid of life  in the not 
too distant future if nothing is done to stem 

this

http://visual.ly/great-pacific-garbage-patch

The patch 
contains

270,000 tons of 
plastic waste

Microplastics upto 
<5 mm dia
Leachates  
detected : 

nonylphenol, 
Triclosan, PBDE 

47 etc



Over 30 
billion 

liters of 
bottled 
water is 

consumed 
annually

Every second we 
throw away about 

1500 bottles

What is 
the 

solution ?

Poly( ethylene terephthalate)

500
Billion 
bottles 

consumed

We produce 20,000 PET bottles every second



MICROPLASTICS :  A NEW THREAT TO SUSTAINABILITY OF 
PLASTICS

Machine washing your shirt may be harmful to the fish ! 



PLASTICS: RELUCTANCE TO CELEBRATE ITS 
SUCCESS !

• 2018 marked the sesquicentennial of the discovery of
plastics. It was in 1868 that John Wesley Hyatt made the
first billiard ball from cellulose nitrate plasticized with
camphor which was introduced into the market by Phelan
and Collender, NY to replace ivory

• 2020 will mark the centenary of the concept of
“macromolecules”, the principle that large molecules can
be synthetically made from smaller molecules (Herman
Staudinger)

We need to shift the conversation  from a binary ; the 
devil versus angel to something more meaningful



CHALLENGES TO SUSTAINABILE DEVELOPMENT

 Population and earth’s carrying 
capacity ( > 9 billion by 2030) 

 Irreversible changes in global 
climate (+3ºC )

 Providing enough food for the 
people ( land use pattern)

 Depletion of earth resources 
(excessive consumption and 
rapid urbanization)

 Access to  affordable clean energy ( 
societal  and quality of life 
inequities)

 Increasing burden on 
environment by  “end-of-use” 
objects and materials  in  a 
“throw-away” society



OUR INSATIABLE DESIRE TO CONSUME

• The world today is using up its
resources 1.7 faster than they are
being renewed

• The Earth Overshoot Day this
year fell on 29 July 2019, when
we fully consumed our earth’s
resources of the entire year.

Our ecological footprint

This means that humanity is currently using 
nature 1.75 times faster than our planet’s 

ecosystems can regenerate, equivalent to 1.75 
Earths. Humanity first saw ecological deficit in 

the early 1970s. Overshoot is possible because 
we are depleting our natural capital, 

compromising the planet’s future regenerative 
capacity.



WHAT IS THE PROBLEM WITH SUSTAINBILITY ?

For a long time we have
• Ignored the impacts of technological progress,
• Concealed the consequences of ubridled

growth,
• Followed the instruction ”multiply”  and “subdue 

the Earth”
• Put ”having” before ”being”
• Kept thinking as if there were still as few people 

on earth as there were 200 years ago.

Our dilemma is that we live in a finite world, but behave 
as if it were inexhaustible.



If all the people in the world lived like they do in Switzerland, 
then we would need three planets as big as our Earth.

Using resources at the current rate  we will need “ the equivalent of more than two 
planets to sustain us “ by 2100 ! Our planet is finite, but human possibilities are not. 

Living within the means of one planet is technologically possible, financially 
beneficial, and our only chance for a prosperous future



THE HUMAN ANTHROPOCENE AGE

Humans are leaving an indelible imprint on 
Planet Earth

Closing the cycles is a key challenge for 
science

- The Carbon dioxide cycle
- The Hydrogen cycle
- The Carbon Cycle
- The Nitrogen cycle
- The Element cycle
- The Ocean pH cycle
- The Fuel cycle

Extinction of species, habitats and material 
resources are at unsustainable rate

2014
However, emergence of new science &  technology alone is no 

guarantee that its benefits  will tickle down to humanity at large.



SUSTAINABILITY ISSUES ASSOCIATED WITH PLASTICS

What is the problem ? 

- Use of fossil hydrocarbon derived building blocks ?
or 

- After use  and end of life  issues?

To arrive at an answer we have to frame the 
question correctly !



PLASTIC DEMAND BY APPLICATION SEGMENT

5.4%

Segment of great 
concern

After use  and end-of-life issues?



GLOBAL PLASTICS PACKAGING MARKETS

• Global production  
of plastics by 2050 : 
1.2 billion tons  from 
the present ~400 
million tons

• CAGR : 3.5 to 4.0 
%

• Plastics share of  
global oil: 20 % by 
2050 from 6 % in 
2014

Fundamental redesign for sustainability required for 50% of 
packaging items by number and 30 % by weight



PLASTICS IN PACKAGING: 
BANE OR A BOON ?

• Inexpensive
• Design flexibility
• Aesthetics
• Capable of mass manufacturing
• Preserves food and improves  

hygiene

When a virtue becomes 
a vicissitude !



OUR INSATIABLE DESIRE TO CONSUME 

• To date we have produced,  consumed and discarded  over 8 billion 
metric tons of plastics; 60 % have been landfilled, 30 %are still in 
use and 10 % incinerated ( Sci. Adv., 10.1126/sciadv.1700782, 
2017)

• W. Europe consumes an average of 16 tons of materials  per person 
per year, of which 6 tons ends up  as waste, including 3 tons of 
landfill

• We  consume 30 kg of packaging material per person per year, all of 
which ends up as waste.

• We discard about one trillion single use plastic bags each year; 
generate 2 billion tons per annum of municipal waste; 5 million tons 
of plastics find their way into our oceans

• Global recycling rate is only about 10 % of the materials consumed

Unsustainable consumption of finite resources



Delhi 
Chennai 
Kolkata 
Mumbai 
Bangalore 
Ahmedabad 
Hyderabad 
Surat 
Kanpur  
Pune  

429

426 
408 

314 

242 

199 

150 
101 

690

107

PLASTIC WASTE IN TONS PER DAY IN MUNICIPAL SOLID WASTE
(2010-11)

Source; CPCB

An average of 8,5 % of the MSW is single use plastics, which when  
extrapolated to whole country translates into 25,000 tons per day or 10 

million tons per annum



INDIAN PACKAGING INDUSTRY

 India`s plastics packaging consumption is 4.5 kg /person
 95% of economic value of packaging lost after one use
 India’s Packaging Industry is valued at US $ 32 billion in 

2015; expected to reach US $ 73 billion in 2020 with a 
CAGR of 18 %

What will the consequence  when our per capita plastics 
consumption approaches the global average of 28 kg/person 

by 2025 ?



2018

• India’s growing middle class is
the largest threat

• Large scale social engineering
needed to bring about
behavioural changes

• Just like many other problems
facing the society, there are no
simple answers. So we must
avoid offering simple solutions

• We need to change the
perspectives of the society,
government and the industry,
in small and measured manner



GOVERNMENT’S SIMPLE RESPONSE

• Ban single use plastics; 25 Indian states have banned 
single use plastics

• Government  has little choice, caught between the 
constraints of governance and the pressures of the civil 
society; Government  tends to take short sighted 
decisions

About 127 countries in the world have enacted laws 
restricting the use of certain types of plastics



For every complex question, 
there is a simple answer; and 
it is, invariably,  wrong

H. L. Mencken
(1880-1956)



POLYMERS FROM RENEWABLE RESOURCES

Biodegradable
polymers

Polyesters

Starch

Bio-derived monomers
and polymers

Bio-PET

Nylon-11/ 4,6 / 6,10

Bio–PE
Bio-PP

•Environmental sustainability
•CO2 mitigation – closing

the carbon cycle
•Food vs material Reduce dependence on fossil fuel

✔ ✖



PLASTICS OF THE FUTURE? 

Angew. Chem. Int. Ed., Volume: 58, Issue: 1, Pages: 50-62, 4 
July 2018, DOI: (10.1002/anie.201805766) 



THE IMPACT OF BIODEGRADABLE POLYMERS ON THE 
ENVIRONMENT

Angew. Chem. Int. Ed., Volume: 58, Issue: 1, Pages: 50-62, 
4 July 2018, DOI: (10.1002/anie.201805766) 



CHALLENGES FOR BIODEGRADABLE AND 
COMPOSTABLE POLYMERS

• Implications of  contamination of compostable and bio 
degradable polymers with those which are generally 
recycled or landfilled 

• Inadequate availability of industrial composting 
infrastructure

• Technology gaps in using waste agricultural residues as 
feedstocks for making polymers; all biopolymers today 
are derived from edible sugars

• Range of accessible properties; polyesters are the only 
class of polymers that are compostable and 
biodegradable;  no performance differentiator for bio 
polymers, except their biodegradability



SUGAR AS A FEEDSTOCK FOR COMMODITY 
MONOMERS AND POLYMERS : ARE THEY VIABLE?

INPUT CONUNDRUM

FEED-STOCK $ per million BTU
Natural Gas 1.80

Biomass 4.0
Crude Oil 7.9
Corn 8.0

Sugar 22.6

C&EN, May 2, 2016, p.26



Furthermore the addressable property window  of 
biodegradables is  still very narrow



Poor melt viscosities on account of poor chain  
entanglements

- Branching  and chain end aggregation

Brittle material : Poor toughness and elongation
- Improving toughness using  star branched polymers 

Slow rates of crystallization ( t1/2 : 2.5 hours)
- Nucleation using well defined comb-graft copolymers

Poor heat stability ( Tm : 180 ºC ; Tg : 60 ºC  )
- Stereo-complexation of PLLA-block-PLDA

PLLA :  PROPERTY DEFICITS AND METHODS 
FOR IMPROVEMENT



BIODEGRADABLES: MYTHS AND MISCONCEPTION
• Biodegradable polymers do not break down

under kitchen waste composting conditions.
They need industrial composting conditions

• Biodegradable polymers do not degrade in
aquatic environments, especially in ocean
depths

• We still do not have a material which have
compostability equivalent to paper or vegetable
matter !

Compostable in 12 
weeks under industrial
composting conditions

Introduction of biodegradable materials may be 
a double edged sword; it can cause consumers 

to litter more rather less because of the 
perception that biodegradable materials will 

harmlessly dissolve in the environment, thereby 
removing the responsibility from the individual. 

Sound waste management practices are as 
important to bio-degradable materials as non-

biodegradables

Seen in Delhi Airport, 
Terminal 3



YET THERE IS TOO MUCH FOCUS ON BIO DERIVED 
MONOMERS FOR NON BIO-DEGRADABLE POLYMERS

• Of the 4 million tons of bio derived polymers currently in 
commercial production, 70 % are bio-based non-
biodegradable polymers; hardly 30 % is truly biodegradable 
polymers; by 2020, this ratio will be closer to 80:20 !

• Emphasis appears to be towards replacement of  fossil 
hydrocarbon derived monomers for polymers

• Little focus on compostable and biodegradable polymers

A clear example of research focus that is defined by 
what can be done rather than what needs to be 

done



NO ECONOMICALLY VIABLE RECYCLING OPTIONS 
FOR MANY POLYMERS AS YET !

• Multi- phase polymers: ABS, Impact PP, HIPS, blends
• Multilayer coextruded films, barrier films, PE/PET,

aluminum/polymer, paper/ PE. Tetrapack®, laminated
tubes etc

• Polystyrene, flexible PVC, Polyurethanes
• All cross-linked rubbers (including natural rubber!)
• All thermosets
• Low bulk-density materials, such as foams, bubble wraps,

blister packs and the like
• Polymers that have come in contact with food, beverages,

body fluids or household chemicals



SOME  SCIENCE AND TECHNOLOGY GAPS

• Convert short life time post-consumer  waste to long life time 
products

• Polymers for packaging with single composition and the functionality 
of multilayer materials

• Transparent packaging films which can filter UV radiation
• Improved heat sealabilty and higher weld strengnth in biodegradable 

polymers ( high Tg polymers)
• Redesign additive packages and make them more compatible with 

recycling
• Adhesives that can be easily degraded by application of a trigger; 

bio-degradable and bio-compatible adhesives
• Polymers capable of degrading in marine and aqueous environments 

(poly(hydroxy alkonoates)
• Compostable polymers with a WVTR of < 8g/m²/day/atm and OTR of 

< 55 cm³/m²/day/atm



SOME  SCIENCE AND TECHNOLOGY GAPS

• Biodegradable polymers with resistance to oleochemicals
• Coatings on paper to impart nominal oxygen, water vapor and 

oleochemical transmission barriers ( re-engineering cellulose)
• More environmentally benign, small, modular  and efficient  waste to 

energy technologies
• Molecular recycling technologies (MRT); polyethylene and polypropylene 

back to ethylene and propylene
• Polymers that can be cleanly converted to monomers under suitable 

triggers ( chemical or physical)
• Biodegradablity ( enzymatic degradation)of polymers under home 

composting  and under-water marine conditions
• Polymers designed for death ( Immolative polymers or apoptosis)
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or to treat more macroscopic solid plas-
tics from the viewpoint of environmental 
consequences.[6]

Recently, a few studies have reported 
the production of chemically recyclable 
polymers,[7] which comprise macromole-
cules that can be degraded into valu-
able molecular fragments, most typically 
converted into their constituent mono-
mers; these monomers can be repoly-
merized in the same manner as the orig-
inal mono mer. The currently reported 
chemically recyclable polymers include 
poly esters obtained by the ring-opening 
polymerization (ROP) of lactone,[8–15] 
polyamides obtained by lactam’s ROP,[16] 
and polycarbonates obtained by the 
copoly merization of carbon dioxide and 
1-benzyloxycarbonyl-3,4-epoxy pyrroli-

dine.[17–20] Only one polymer obtained by the chemoselective 
ROP of the -methylene--butyrolactone (MBL) monomer is 
a functional material consisting of an unsaturated C�C bond, 
which can be further modified to form novel materials by the 
thiol–ene click reaction or crosslinking.[11] I t is extremely dif-
ficult to achieve the chemoselective ROP of MBL in the pres-
ence of an active extracyclic C�C bond and a highly stable 
-butyrolactone (BL) monomer. This reaction must be con-
ducted at an extremely low temperature (60 C) over long 
periods to obtain acceptable yields of the required polymer. 
Hence, it is challenging to prepare C�C bond-containing 
chemically recyclable polymers under mild conditions. The 
ring strain of -valerolactone (VL) was greater than that of BL, 
making it more susceptible to ROP; thus, VL exhibits good 
reactivity, and it is typically obtained under mild conditions.

Recent studies have also found that some polymers obtained 
from substituted VL monomers are promising as recyclable 
materials.[8–15] Therefore, a fundamental question that arises 
is whether this conventional chemoselectivity can be reversed 
by switching on the ROP of -methylene--valerolactone (MVL) 
while simultaneously ceasing the vinyl-addition polymeriza-
tion (VAP), thereby enabling the synthesis of a chemically recy-
clable unsaturated polyester, P(MVL)ROP (Scheme 1). MVL is 
a readily available, well-established lactone monomer. For the 
past 30 years, the free-radical-initiated vinylic double-bond poly-
merization to form the VAP product, P(MVL)VAP, has been 
investigated.[21] However, the ROP of this monomer has not 
been reported yet. Recently, the Lu group has reported the for-
mation of an intermediate obtained by the reaction between the 

Recyclable Polymers

a-Methylene-d-valerolactone (MVL) is a bifunctional monomer comprising of 
a highly stable six-membered d-valerolactone ring and highly reactive C�C 
bond. Previously, the vinyl-addition polymerization (VAP) product, namely 
P(MVL)VAP, has been formed exclusively. In this study, this conventional 
chemoselectivity is reversed, wherein organic catalysts are used to enable 
the first ring-opening polymerization (ROP) of MVL, exclusively affording 
a metal-free, unsaturated polyester, namely P(MVL)ROP. This challenging 
goal is achieved by investigating different catalysts, initiators, and reaction 
conditions. In addition, the formation of two polymers, namely P(MVL) ROP 
and P(MVL)VAP, is easily regulated by varying the polymerization solvent. The 
resulting P(MVL)ROP can be easily post-functionalized to form crosslinked or 
sulfurized materials; notably, it can be almost completely converted into its 
monomer thermochemically.

1. Introduction
Synthetic polymers are indispensable for modern society. With 
an annual production of hundreds of millions of tons, these 
durable, multi-functional materials are widely used in food pack-
aging, insulated buildings, and lightweight transportation.[1,2] 
However, the extensive use of these non-degradable poly mers 
not only results in issues related to waste management but also 
impacts the environment significantly.[3,4] Therefore, a key goal 
in modern polymer research involves the generation of degra-
dable substitutes with comparable performance to the currently 
used polymers. To overcome the limitations of material sustain-
ability and degradability, biodegradable functional groups have 
been reportedly introduced into the polymer structure.[5] How-
ever, biodegradable polymers often require strict degradation 
conditions. Moreover, researchers need to consider whether it is 
beneficial to degrade polymers into intangible small molecules 

Macromol. Chem.  Phys. 2019, 220, 1900150

Towards Infinitely Recyclable 
Plastics Derived from Renewable 
Cyclic Esters, 
X. Tang, Eugene X-Y Chen
Chem., 2918, 5, 1-29



Nature Chemistry, 2019, 11, 442 



DIRECTED EVOLUTION: CAN WE DESIGN ENZYMES THAT  CAN 
DEGRADE PLASTICS UNDER HOME COMPOSTING CONDITIONS?

2016 : A bacterium that degrades and
assimilates PET; Science , 351, issue
6278, 1196-99, 2016
Sp : Ideonlla Sakaiensis

2018 : Structure of the enzyme active
for degradation and design of a mutant
enzyme which works even better ;
PNAS, DOI: org / 10.1073
/pnas.1718804115



DEMATERIALIZATION AND THE CONCEPT OF A CIRCULAR 
ECONOMY

E. A. Olivetti, and J.  
M. Cullen Science 
2018;360:1396-1398



OUR COLLECTIVE RESPONSIBILITY 

• De-materialization : Generate more economic value from 
less natural resources

• Proactive engagement with society , both at local and 
national level; earn license to operate  from the society

• Improve public communication as well as transparent and
voluntary disclosure

• Innovation aimed at sustainability
• Embed sustainability as a business strategy
• Embed sustainability principles into early stage chemistry 

education

Sustainable development in chemistry education, Chem. Educ. Res.Pract, 13, 
57-58, 2012; Life cycle inventory assessment as a sustainable chemistry and 
engineering tool, ACS Sust. Chem. Eng., October 2017



HOW DO WE DESIGN “NEXT GENERATION” 
CHEMISTRY FOR SUSTAINABILITY ?

• Build sustainability and life cycle concepts in materials and product
design

• Ground-up solution, not tinkering with existing chemistry
• Define product value as a tangible cost (raw material, energy,

manufacturing, waste disposal etc.) and an intangible cost (cost on
impact on the environment and sustainability discounted over the
product life cycle) to reflect the true product value

• Proactive, rather than reactive to potential or unintended
consequences

• Invest in deeper understanding the interface of chemistry with biology;
learn lessons in sustainability from biology

Focus on Chemistry that is desirable, not feasible



SUMMARY

 Creation of sustainable and environmentally friendly
polymers for diverse applications and capable of
substituting what we currently use appears to be a
formidable challenge.

 There are no easy answers
 We need to focus on, both consumption as well as end of

use disposal of short life cycle materials

Remember
 The four R’s : Reduce,  Reuse, Recycle & Re-invent

 Sustainability thinking begins with us, in our homes, teaching 
our children,  in our work place and spaces surrounding us



We are made wise not by the 
recollection of our past, but by the 

responsibility of our future

George Bernard Shaw
(1856-1950)

In the end, the power that plastics 
wields comes from all of us. All of us 
benefit from it even as we suffer from 
its ill-effects. In its failings.  plastics 

shows our own collective failure, as a 
society, industry and Government



THE HUMAN ANTHROPOCENE AGE

2014

“Our relationship with nature has
changed radically, irreversibly, but by
no means all for the bad. Our new
epoch is laced with invention. Our
mistakes are legion, but our talent is
immeasurable”

However, we cannot afford to make 
more mistakes; the society will not 

forgive us , if we do



If you do not 
change direction, 
you may end up 
where we are 

heading: Lao Tzu



Our relationship with nature
has changed radically,
irreversibly, but by no means
all for the bad. Our new epoch
is laced with invention. Our
mistakes are legion, but our
talent is immeasurable.”

Diane  Ackerman,
The Human Age



THANK YOU


