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Plastics
– Mr. McGuire: I just want to 

say one word to you - just 
one word.

– Ben: Yes sir.
– Mr. McGuire: Are you 

listening?
– Ben: Yes I am.
– Mr. McGuire: ‘Plastics.’
– Ben: Exactly how do you 

mean?
– Mr. McGuire: There’s a 

great future in plastics. 
Think about it. Will you 
think about it?

– Ben: Yes I will.
– Mr. McGuire: Shh! 

Enough said. That’s a 
deal.

(The graduate, 1967)
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What do you think 
about bioplastics?

Please download and install the 
Slido app on all computers you 
use

ⓘ Start presenting to display the poll results on this slide.
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Learning objectives

§ What are plastics, their growth and global environmental impact

§ How to create a circular plastics economy
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Outline

1. Plastics history, global production and impact

2. What are plastics

3. Roadmap towards sustainable plastics

4. Summary

5. Appendix
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Historical perspective

https://www.made-in-china.com/products-search/hot-china-products/HDPE_Bag.html
https://www.acmeplastics.com/what-is-hdpe
https://www.nonoilen.com/
https://www.carpartstuning.com/front-bumper-suitable-for-mercedes-e-class-w213-s213-c238-a238-facelift-2020-up-e63-design/6000940-3/
https://www.modelrckitsails.com/
https://www.mesdepanneurs.fr/blog/peindre-formica
https://www.esska-tech.co.uk/shop/Superflex-RTV-silicone-W-321-310-ml-white--9290WK321300-22430

Pre-
historic 
times 
Wood, 
Bone (collagen), 
amber, horn, 
tortoise shell

-1600 Rubber 
from latex and 
Ipomoea alba

1862 
Parkesine 
from plant 
cellulose

1870 
Celluloïd

1907 
Bakelite

1926 
PVC

1947 
Polyamide 11 
(Rilsan®)

1941 
melamine-
formaldehyde 
(Formica®)

1949 
PET 
(Mylar®)

1939 
LDPE

1953 
HDPE 
& PC

1954 
Polypropylene

1990s 
Bioplastics 
(PLA, PHAs, 
and plasticized 
starches)

1938 
PTFE 
(Teflon®)

1940 
Silicone

1847 
Polyester 
resins

1935 
polyamide 
(Nylon®)

Epoxy 
resins

1930 
Polystyrene 
(Styrofoam®)

https://www.carbiolice.com/en/news/the-history-of-plastic-in-15-key-dates-2/
https://www.metmuseum.org/essays/the-mesoamerican-ballgame
https://wmuzeach.pl/all-objects/3NhC7JutWcfYhkTejqjh_amber-figurine-of-a-bear-from-slupsk-/0
https://www.modip.ac.uk/artefact/phsl-par-119
https://www.planet-w issen.de/technik/werkstoffe/kunststoff/pw iebakeliturstoffdermodernenalltagskultur100.html
https://www.u-buy.ch/en/product/34HF72E-foam-rectangle-blank-polystyrene-sheet-boards-for-arts-and-crafts-blank-white-diy-project-party-decorations-16-x-11-x-2-inches-3
https://www.militarytimes.com/off-duty/military-culture/2023/11/01/its-raining-men-meet-the-man-behind-the-militarys-parachutes/
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https://www.made-in-china.com/products-search/hot-china-products/HDPE_Bag.html
https://www.acmeplastics.com/what-is-hdpe
https://www.nonoilen.com/
https://www.carpartstuning.com/front-bumper-suitable-for-mercedes-e-class-w213-s213-c238-a238-facelift-2020-up-e63-design/6000940-3/
https://www.modelrckitsails.com/
https://www.mesdepanneurs.fr/blog/peindre-formica
https://www.carbiolice.com/en/news/the-history-of-plastic-in-15-key-dates-2/
https://www.metmuseum.org/essays/the-mesoamerican-ballgame
https://wmuzeach.pl/all-objects/3NhC7JutWcfYhkTejqjh_amber-figurine-of-a-bear-from-slupsk-/0
https://www.modip.ac.uk/artefact/phsl-par-119
https://www.u-buy.ch/en/product/34HF72E-foam-rectangle-blank-polystyrene-sheet-boards-for-arts-and-crafts-blank-white-diy-project-party-decorations-16-x-11-x-2-inches-3
https://www.militarytimes.com/off-duty/military-culture/2023/11/01/its-raining-men-meet-the-man-behind-the-militarys-parachutes/


20’000 different plastics
Transport 29% Energy 22%

Misc. 7%

Petrochemicals 7%
Heating 35% of which plastics 4%

Structure of petroleum applications (EU)
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Global plastic production and accumulation 
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 2023 European plastics production

42.9Mt

Fossil-based plastics 
production

Spain 8.5%

France 11.2%

United Kingdom 3.8%

Germany20.7%

Poland3.3%

Other EU27+3 countries22.6%

Belgium 14.7%

Netherlands 10.8%

Italy 4.4%

7.2Mt

Mechanically & chemically 
recycled (post-consumer) plastics 

production7

Spain 11.9%

France 8.7%

United Kingdom 7.5%

Germany22.0%

Poland6.1%

Other EU27+3 countries20.8%

Belgium 3.0%

Netherlands 5.0%

Italy 15.0%

0.3Mt

Bio-based plastics 
production

Spain 2.2%

France 9.9%

United Kingdom 0.3%

Germany40.7%

Other EU27+3 countries5.7%

Belgium 3.6%

Netherlands 3.4%

Italy 34.2%

European plastics production 
by country

in million tonnes
2018 2019 2020
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60.2 Mt 57.7 Mt 60.8 Mt 58.9 Mt 54.0 Mt
53.4

4.9
3.8

0.2 <0.1

51.1

5.2

3.6

0.3 <0.1

51.1

5.9

3.5

0.3 <0.1

47.2

7.7

3.2

0.7 0.1

42.9

7.1

3.1

0.8 0.1

48.4

5.5

3.4

0.3 <0.1

62.3 Mt

 2023 European plastics production
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Plastics and rubber machinery
Plastic in primary forms
Plastics products

index 2021=100, seasonally adjusted, 
quarterly data

Plastics production industry indexes in EU27 

PUR
5.5%

Mechanically 
recycled 

(post-consumer) 

13.2%

Mechanically 
recycled 

(pre-consumer) 

5.8 %

PE-LD, -LLD
13.1%

PE-HD, -MD
8.3%

PP
15.7%

PS, PS-E
5.2%

PVC
8.4%

PET
4.7%

Other 
 thermoplastics

10.9%

Bio-based & 
bio-attributed

1.4%

Other
thermosets 

7.6%

54 Mt
in 2023

Chemically 
recycled

0.2 %

Source: Eurostat, August 2024.
Production: the official Eurostat denomination is «Manufacture of plastics in primary forms». 
Conversion: the official Eurostat denomination is «Manufacture of plastic products».

79.4%

13.2%

5.8%

1.4%

0.2%

Fossil-based

Circular

54 Mt
in 2023

Fossil-based Bio-based (including  
bio-attributed since 2022)

Mechanically recycled 
(post-consumer)1

Chemically recycled 
(post-consumer)6

Mechanically recycled 
(pre-consumer)

2023 European plastics trade

UNITED STATES OF AMERICA
SOUTH KOREA

CHINA
UNITED KINGDOM

SAUDI ARABIA

CHINA
UNITED STATES OF AMERICA

UNITED KINGDOM
TURKEY

SWITZERLAND

22.2%
12.7%

11.5%
9.3%

6.4%

32.6%
12.2%
12.2%

8.7%
8.0%

Imports Imports 

UNITED KINGDOM
TURKEY
CHINA 

UNITED STATES OF AMERICA
SWITZERLAND

UNITED KINGDOM
UNITED STATES OF AMERICA

SWITZERLAND
CHINA

TURKEY

14.9%
11.8%

11.7%
11.7%

5.9%

17.1%
13.3%

10.0%

6.7%
5.2%

Exports Exports
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3.7

7.3

39.4

43.1

33.8

41.1

26
28.4 28.8

27.3

26.0

33.2

5.4

31.8

24.1

37.5

29.4

12.7bn € 
Trade balance

Export surplusImportExport

Source: Eurostat, August 2024.
Production: the official Eurostat denomination is «Manufacture of plastics in primary forms».
Conversion: the official Eurostat denomination is «Manufacture of plastic products».

European trade balance 
(in value) in 2023

Extra-European top trade partners 
(in value) in 2023

Plastics PRODUCTION EXTRA EU27

Plastics PRODUCTION EXTRA EU27

Plastics CONVERSION EXTRA EU27

Plastics CONVERSION EXTRA EU27

 Plastics – the fast Facts 2024
”Plastics – the fast Facts” 2024 shows 2023 preliminary global and European plastics 
production data. It also provides 2023 European plastics industry’s key economic 
figures, trade balance and top trade partners. 

For a more complete and in-depth analysis of the plastics circular economy in 
Europe, please refer to Plastics Europe’s biennial “Circular Economy for Plastics – A 
European Analysis” reports.

Total global plastics 
production

Global mechanically & chemically 
recycled (post-consumer) plastics 

production3

Global bio-based 
and bio-attributed plastics 

production

2023 World plastics production 
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30.8

1.2 0.1
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347.3

31.6

1.5 0.2

380.6 Mt

359.8

32.5

1.7 0.2

394.2 Mt

0.2 0.1

362.3

35.5

2.3

400.4 Mt

0.3 0.1

374.2

36.2

3

413.8 Mt

2018 2019 2020 2021 2022 2023

PUR
5.3%

Mechanically 
recycled

(post-consumer) 

8.7%

PE-LD, -LLD
14.0%PE-HD, -MD

12.2%

PP
19.0%

PS, PS-E
5.2%

PVC
12.8%

PET
6.2%

Other 
 thermoplastics

7.1%

Bio-based & 
bio-attributed

0.7%

Chemically 
recycled

0.1 %
Carbon-captured

<0.1 %

413.8 Mt
in 2023

Other 
thermosets 

8.6%

Circular

in 2021

8.7% 0.7%

90.4%

0.1%
<0.1%

413.8 Mt

Fossil-based

Circular

in 2023

Share of plastics production 
by regions of the world

in million tonnes

17.1%

12.3%

33.3%
8.5%

2.8%2.5%

19.7%

3.8%

North America

EU27+3

China

Middle East, Africa

Japan

Central & South America

CIS

Rest of Asia

413.8 Mt
in 2023

7.7%

19.8%

25.8%

7.0%

5.7%

5.1%
1.7%

27.2%
North America

EU27+3

China

Middle East, Africa

Japan

Central & South America

CIS

Rest of Asia

36.5 Mt
in 2023

North America

EU27+3

China

Middle East, Africa

Japan

Central & South America

CIS

Rest of Asia

3.0 Mt
in 2023

10.1%

25.2%

34.5%

8.3%

3.8% 0.3%

17.8%

North America EU27+3 China Middle East, Africa Japan Central & South America CIS4 Rest of Asia5

Fossil-based

Bio-based (including  
bio-attributed since 2022)

Mechanically recycled 
(post-consumer)1

Chemically recycled 
(post-consumer)2

Carbon-captured

>1.5 
million 
employees

Share of circular 
plastics in  
European production8

Europe’s share 
of global plastics 
production 

European 
plastics 
production 

>51,700
companies

~365
billion € 
turnover

12.7 
billion € 
trade 
balance

Sources: Conversio Market & Strategy GmbH and nova-Institute. Structural data of the European plastics industry 
are 2023 Plastics Europe estimations based on 2020 Eurostat official data. Plastics - the fast Facts data are rounded 
preliminary estimations.  
Scope: World or EU27+3 (unless specified otherwise). Polymers that are not used in the conversion of plastic parts 
and products are not included (i.e. quantities used for adhesives, sealants, coatings, paints, varnishes, textiles, 
waterproofing, or within the production of cosmetics, medicines or chemical processes). PVC-, PO- and PU-fibers are 
included, whereas PA, PET-, PBT-fibers, or acryclic polyesters are not included. 
Note: Plastics Europe is adapting its datasets on a continuous basis, to offer the best available data that can help 
to address today’s sustainability challenges. This means that historical data sometimes needs to be adapted 
retrospectively, in function of new scope and definitions, as well as new data availability.

2023 European key figures

1. Data developed for 2018; data for following years are based on estimations and statistical projections. 
2.  Chemically recycled plastics production is estimated at ~0.32 Mt, based on available data, with the fuel-use exempt mass balance attribution rule. This method 

includes secondary chemicals which can be used for the production of plastics and other materials. 
3.  For data availability reasons, mechanically and chemically recycled plastics cannot be shown separately. Chemically recycled plastics represent a small share 

of the total post-consumer recycled plastics. 
4. Commonwealth of Independent States : Armenia, Azerbaijan, Belarus, Kazakhstan, Kyrgyzstan, Moldova, Russia, Tajikistan, Turkmenistan and Uzbekistan. 
5. Includes Asian countries (except China & Japan), Oceania, Turkey and Ukraine.
6.    Chemically recycled plastics production is estimated at ~0.12 Mt, based on available data, with the fuel-use exempt mass balance attribution rule. This method  

includes secondary chemicals which can be used for the production of plastics and other materials.
7.  For data availability reasons, mechanically and chemically recycled plastics cannot be shown separately. Chemically recycled plastics represent a small share 

of the total post-consumer recycled plastics.
8.  This number excludes pre-consumer recycled plastics production (pre-consumer recycled plastics means recycled plastics from waste arising from the plastics 

production and converting processes). The “Plastics Transition“ roadmap defines ‘circular plastics’ as an overarching term including post-consumer recycled 
plastics, plastics from bio-based feedstock, and from carbon-capture, excluding pre-consumer.

54 Mt  12%

14.8%

© 2024 Plastics Europe AISBL - All rights reserved

https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2024/M
SE
-4
33

Le
te
rri
er

8



Global plastic production and accumulation 
§ Global cumulative production of plastics 

since 1950 is forecast to grow from 9.2 
billion tons in 2017 to 34 billion tons by 
2050. 

§ Therefore, it is urgent to “turn off the 
tap” in regard to the production of virgin 
plastics, reduce the volumes of 
uncontrolled or mismanaged waste 
entering the oceans, and increase the 
level of plastic waste recycling, 
currently estimated at less than 10%.

Geyer, R. (2020). Production, use and fate of synthetic polymers in plastic
waste and recycling. In Plastic Waste and Recycling: Environmental
Impact, Societal Issues, Prevention, and Solutions. Letcher, T.M. (ed.).
Cambridge, MA: Academic Press.13-32.
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Global plastic production and accumulation 
Projections of global plastic production, waste generation and plastic stocks in use, by sector (SSP2)

Stegmann et al., Nature, 612 (2022)
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Plastics (novel entities) have a huge impact

Richardson et al., Sci. Adv. 9, eadh2458 (2023)
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Bachman et al., Nature Sustainability volume 6, pages 599–610 (2023)

Safe operating space

https://www.nature.com/natsustain


Energy intensity of plastic processing methods

Sarswatula et al., Front. Manuf. Technol. 2022

Plastics are energy intensive materials!
Material Energy intensity

[MJ/kg]
Steel 31.9
aluminium (primary) 189
aluminium (secondary) 18.6
Concrete 0.89
Cement 5.04
Construction wood 1.94
Synthetic rubber 109
Cardboard 15.0
Ceramics 7.15
Copper 108
Polyurethanne foam 114
Paper 20.4
PEHD 83.5
PELD 95.3
PET 119
Platinium 201’000
Polycarbonate (PC) 126
Polypropylene (PP) 101
Polystyrene (high impact) 96.2
PVC 89.9
Ecoinvent

11.2
5.42
4.85
22.2
21.0
11.4
3.06
2.27

Energy intensity 
[MJ/kg]
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Plastics are energy intensive materials!

Recycled plastics
A = 0.6272 ± 0.1243
B = 16.9792 ± 0.0584
R2 = 0.7387

Recycling!

𝐸𝑛𝑒𝑟𝑔𝑦 = 10!𝐶𝑂"#$%
Virgin plastics
A = 0.6903 ± 0.1066
B = 17.4320 ± 0.1505
R2 = 0.8232
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Global carbon balance of plastics during the XXI century

§ The four most greenhouse gases polluting industries are iron, steel, 
cement and plastics.

§ These industries are responsible for 66% of the total industrial CO2e 
emissions.

§ However, due to the steeper increase of plastic consumption, the 
plastic sector is also expected to present the largest growth of CO2 
emissions in the forthcoming years.

Pires da Mata Costa et al., Processes 9, 759, 2021
IEA The Future of Petrochemicals https://www.iea.org/reports/the-future-of-petrochemicals
Gutowski et al., Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2013, 371, 20120003
Sinha, Chaturvedi, Renew. Sustain. Energy Rev. 2019, 114, 109304
North, Styring, Faraday Discuss. 2015, 183, 489–502
Griffin et al., Energy Procedia 2017, 105, 4347–4356
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Global carbon balance of plastics during the XXI century

+ plastic production and waste 
(recycled, incinerated, 
landfilled, lost)

– all carbon additions to plastic 
product stocks, landfills and 
dumps

Black solid lines represent net 
emission balance, with and 
without biogenic emissions

Stegmann et al., Nature, 612 (2022)

+

–
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Plastics are a disaster

Xavier Delaporte
Dohan and Maximenko, Oceanography (2010)
http://oceanmotion.org/html/impact/garbagepatch.htm

Units represent relative change in drifter concentration
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Outline

1. Plastics history, global production and impact

2. What are plastics

3. Roadmap towards sustainable plastics

4. Summary

5. Appendix
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Plastics are cost-effective high-tech materials

CRr = (cost/kg x density of material) / (cost/kg* x density of mild steel rod)  (*) 0.3 USD/kg

CES Edupack 
2019

Liu et al., Science Robotics, 7, 2022

https://www.primexplastics.com/automotive-components/

https://phys.org/news/2019-07-solar-cells-years-space.html

Exploring Flexible Hybrid Electronics | XTPL
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https://xtpl.com/understanding-flexible-hybrid-electronics-an-in-depth-exploration/


Adhesion promoters
Antifogging agents
Antimicrobial agents
Antioxidants 
Antistatic agents 
Carbon blacks and graphite
Catalysts, peroxide 
Catalysts, urethane
Chelating agents
Chemical and physical blowing agents 
Colorants and coloring aids
Coupling agents and compatibilizers
Crosslinking agents
Emulsifiers
Flame retardants 
Heat stabilizers

Impact modifiers
Lubricants, mold release agents and processing aids
Metallizing agents
Nucleating agents
Optical brighteners
Pigments and masterbatch dispersing agents
Plasticizers
Reactive additives
Slip agents
Smoke suppressants
Specialty monomers
Surface active agents
Tack, antiblock and flatting additives
Thixotropic thickeners
UV light stabilizers
Viscosity suppressants

Plastic = polymer(s) + additives
M
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Amorphous
thermoplastic

Thermoset 
network

physical
entanglement

Semi-crystalline
thermoplastic

crystallite crosslink

Polyethylene

Polymer configuration
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Polymer

Thermoplastics Thermosets

Elastomers
Amorphous Semicrystalline Amorphous

Linear Branched Linear Branched Crosslinked

Homo- Homo- Homo- Homo-
polymer            polymer                                      polymer            polymer

Co- Co- Co- Co-
polymer           polymer polymer              polymer

Statistic Statistic Statistic Statistic
Block                   Block Block                   Block

Grafted               Grafted Grafted               Grafted

No crosslinks

Low crosslink density

High crosslink density

Epoxies
Polyesters
Polyurethannes
Acrylates

Polyethylene (PE, LDPE, HDPE, UHMWPE)
Polypropylene (PP)
Polyamides (PA6, PA6.6, PA11, PA12)
Polyethylene terephthalate (PET)
Polyethylene naphthalate (PEN)

Polymethylmethacrylate (PMMA)
Polystyrene (PS)
Polycarbonate (PC)

Neoprene
Polydimethylsiloxane (PDMS)

Polymer configuration
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Plastics have unique sets of properties
Plastics are soft and strong Plastics are good insulators

‘critical strain’

St
re
ss

Strain

Brittle crystal, 
glass & ceramic 
(Si, oxides …)

0.1-1% 2-4%

Ductile metal (steel)

Ductile polymer 
(polyimide)

Elastomer (PDMS)

500-1000%50-100%

https://proxom.net/material-selection/

M
SE
-4
33

Le
te
rri
er

23



44 CHAPTER 3. POLYMER MOLECULAR WEIGHT

Molecular Weight

S
tre

ng
th

S∞

S = S∞ –  A
M

Figure 3.1: A typical plot of tensile strength as a function of molecular weight.

where F [P (M)] is some function of the complete molecular weight distribution function. For some

properties, F [P (M)] my reduce to simply an average molecular weight. The property will thus be a

function of the average molecular weight, �M�, and insensitive to other the details of the molecular

weight distribution function:

S = S∞ − A

�M� (3.3)

There are many ways, however, to calculate an average molecular weight. The question therefore

is how do you define the average molecular weight for a given distribution of molecular weights.

The answer is that the type of property being studied will determine the desired type of average

molecular weight. For example, strength properties may be influenced more by high molecular

weight molecules than by low molecular weight molecules and thus the average molecular weight

for strength properties should be weighted to emphasize the presence of high molecular weight

polymer. In this chapter we consider several ways of calculating molecular weights. We also

consider the meanings of those averages. Finally, we consider typical distributions of molecular

weights.

3.2 Number Average Molecular Weight

Consider a property which is only sensitive to the number of molecules present — a property that

is not influenced by the size of any particle in the mixture. The best example of such properties

are the colligative properties of solutions such as boiling point elevation, freezing point depression,

and osmotic pressure. For such properties, the most relevant average molecular weight is the total

3.5. A DISTRIBUTION OF MOLECULAR WEIGHTS 47

Molecular Weight

W
ei

gh
t F

ra
ct
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n

MN Mv
MW

Mz

Mz+1

Figure 3.2: A schematic plot of a distribution of molecular weights along with the rankings of the various
average molecular weights.

where a is a constant that depends on the polymer/solvent pair used in the viscosity experiments.

Viscosity average molecular weight and viscosity experiments are discussed in Chapter 6.

For any molecular weight distribution, the various average molecular weights always rank in

the order

MN ≤Mv ≤MW ≤Mz ≤Mz+1 ≤M4 ≤ . . . (3.16)

The equalities hold only when the polymer is monodisperse; i.e., only when all molecules have the

same molecular weight. For monodisperse polymers all molecular weight averages are the same and

equal to the one molecular weight. For polydisperse polymers, the average molecular weights will all

be different and will rank in the above order. Historically this fact was not always recognized thus

it was sometimes difficult to reconcile conflicting experimental results. Say two scientists measured

average molecular weight, but one used a colligative property which yields MN and the other used

light scattering which yields MW . Until it was recognizes that MN �= MW , it was difficult to explain

differing experimental results on the same polymer solution.

3.5 A Distribution of Molecular Weights

Schematically, a typical molecular weight distribution might appear as in Fig. 3.2. It resembles

a probability distribution curve. The various average molecular weights are indicated in their

expected rank.

The spread of any distribution function can be characterized by its standard deviation, or

equivalently by its coefficient of variation. We can express the standard deviation of molecular

Molecular weight distribution Mechanical strength
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Paris treaty for plastics

Climate activists march to demand stronger global commitments to fight plastic 
waste in Busan, South Korea, November 23, 2024. REUTERS/Minwoo Park

Feb. 11, 2025

In March 2022, 175 countries agreed to work on a global treaty to combat plastic pollution
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Paris treaty for plastics

https://www.youtube.com/watch?v=jcGBGrkdnlI
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Renewables

Article

Extended Data Fig. 3 | Comparing the net CO2-emissions of the four 
scenarios for the global plastic sector. These emission lines are the same as 
the solid net emission lines of Fig. 3; biogenic emissions are assumed to be 
renewable and therefore have no net contribution to climate change.
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A roadmap towards sustainable plastics

A NetZero plastic economy requires a bold set of actions! 

§ Action 1: Reduce plastics demand
§ Action 2: Switch to renewable plastics
§ Action 3: Maximize recycling
§ Action 4: Minimize broader environmental impacts

This roadmap follows the publication ‘Designing a circular carbon and plastics economy for a sustainable future’, Nature, 626, 2024 
by Vidal, van der Mare, Kerr, McElroy, Schroeder, Mitchell, Rosetto, Chen, Bailey, Hepburn, Redgwell & Williams from the 
University of Oxford, the University of the Basque Country and The Arctic University of Norway
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Action 1: Reduce plastics demand
§ You can choose!
§ Ban or tax ‘unnecessary’ and ‘harmful’ plastics. 

Examples:
• Prohibition of plastic bags (Meghalaya (India), 

South Africa, Eritrea, Bangladesh …), 
• EU Single-Use Plastics (SUP) Directive
• US prohibition of microbeads in cosmetics
• EU ban on intentionally added microplastics 

and ban on oxo-degradable plastics

§ In the packaging sector alone, the elimination of 
unnecessary plastics combined with innovative 
design is estimated to reduce ~ 38% packaging 
demand in Europe by 2050.

https://biobagworld.com.au/reduce-plastic-pollution/how-to-reduce-your-plastic-use/

Consumer behavior is key!
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Action 1: Reduce plastics demand
§ Cost internalization, through a 

fee on plastic products to reflect 
their social and environmental 
costs would also help to reduce 
demand.

§ An added benefit is to generate 
revenue to subsidize recycling 
and/or composting 
infrastructure, helping to make 
recycled materials more 
competitive.

https://econation.one/external-costs/

‘negative 
externalities’
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Action 2: Switch to renewable plastics

Endres H-J, Fachhochschule Hannover
https://www.european-bioplastics.org/bioplastics/materials/
Nanda et al., Environmental Chemistry Letters (2022) 20:379–395
Yu et al., Environ. Sci. Technol. 2008, 42, 6961–6966

+ Low carbon footprint (40-60 MJ/kg)
+ Energy efficiency
+ based on agriculture wastes
+ Societal acceptance?
+ Biodegradability?

– More expensive
– Compete with food supply chains
– Limited thermal resistance
– Limited UV resistance
– Moisture sensitive
– Confusion e.g., PET and bio-PET

Crank & Park, ‘Diffusion in polymers’ Academic Press (1968)
Chatam, Surf. Coat. Technol. (1996)
Pauly, in ‘Polymer Handbook’ Wiley (1999)
Leterrier, Prog. Mater. Sci. (2003)
Charton et al. 2006, Dennler et al. 2006
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Action 2: Switch to renewable plastics

2024 2029

https://www.european-bioplastics.org/bioplastics-market-development-update-2024/#

Global production capacities of bioplastics: CAGR 18.3% (5X vs. oil-based 3-4%)
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Action 2: Switch to renewable plastics
§ Innovative design thinking!
§ Public–private partnerships 

• e.g., the Circular Bio-based Europe Joint Undertaking, 
CBEJU, a 2 billion € program 2021-2031

§ Economic and legal measures! Examples:
• in the EU, > 20% of the carbon used in chemical and 

plastic products should be from renewable sources by 
2030

• The USA aims in 2040 to develop cost-effective and 
sustainable routes to convert bio-based feedstocks into 
recyclable polymers that can displace more than 90% of 
today’s plastics

• Green public procurement criteria for large-scale 
purchasing power 

• Financial subsidies to sell bioplastics at lower cost
• Phasing out fossil-fuel subsidies1

https://www.blueoceansl.com/

(1) the petrochemical industry continues to invest in new fossil-carbon plants, which risks petrochemical lock-in
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Action 2: Switch to renewable plastics
Sustainable polyesters from lignin (Collaboration with Prof. Luterbacher, EPFL)

ARTICLES
https://doi.org/10.1038/s41557-022-00974-5

1Laboratory of Sustainable and Catalytic Processing (LPDC), Institute of Chemical Sciences and Engineering (ISIC), School of Basic Sciences (SB), École 
Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. 2Laboratory for Processing of Advanced Composites (LPAC), Institute of Materials 
(IMX), School of Engineering (STI), École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. 3Industrial Process and Energy Systems 
Engineering (IPESE), École Polytechnique Fédérale de Lausanne (EPFL); EPFL Valais-Wallis, Sion, Switzerland. 4Institute for Chemistry of Renewable 
Resources, Department of Chemistry, University of Natural Resources and Life Sciences, Vienna, Austria. 5Wood K Plus – Competence Center for Wood 
Composites & Wood Chemistry, Kompetenzzentrum Holz GmbH, Linz, Austria. 6Institut des Matériaux and Institut des Sciences et Ingénierie Chimiques, 
Laboratoire des Polymères, École Polytechnique Fe ́dérale de Lausanne (EPFL), Lausanne, Switzerland. ✉e-mail: jeremy.luterbacher@epfl.ch

Recyclable or biodegradable biomass-derived polymers could 
facilitate our economies’ decoupling from fossil resources 
and prevent the accumulation of plastics in the environ-

ment1. However, producing these plastics from biomass at costs 
that are competitive with their fossil counterparts while achieving 
comparable or improved material properties—namely thermal sta-
bility, mechanical strength, processability and compatibility—has 
proven challenging2,3. Currently, most commercial bioplastics rely 
on efficient biological cultivation from edible sugars (for exam-
ple, poly(lactic acid) (PLA), poly(hydroxyalkanoate)s (PHAs) and 
poly(butylene succinate) (PBS)), but elegant synthetic routes to 
renewable PHAs have now also been developed4,5. These industrial 
biological cultivations generally constrain monomer production to 
linear aliphatic diacids, diols and hydroxy acids, which has so far led 
to useful crystalline bioplastics, but that generally suffer from low 
glass transition temperatures (Tg), poor ductility or high gas perme-
ability6. Combined with the high production costs from renewable 
resources, the lack of well-rounded or performance-advantaged 
material properties in these current commercial bioplastics has 
made it difficult to replace many petroleum-based alternatives in a 
very competitive industry.

Alternatively, chemical sugar transformations can be used to 
access molecules with improved structure and notably rigid cyclic 
molecules that can increase Tg and lower gas permeability7,8. A 
challenge in this approach is the ease with which these molecules 
can be accessed from abundant renewable substrates in terms of 

the number of reaction steps, costs of reagents and catalysts, and 
the complexity of the overall processes. The industrial produc-
tion of 2,5-furandicarboxylic acid (FDCA), a prominent cyclic 
bio-based monomer, currently relies on edible sugars, and requires 
a dehydration step and a metal-catalysed oxidation step9. From 
lignocellulosic biomass the process is more complex, as it typi-
cally involves depolymerization to glucose, isomerization to fruc-
tose, dehydration to hydroxymethylfurfural (or its ethers) and a 
metal-catalysed oxidation10. Although feasible, this process com-
plexity has limited the overall yields from cellulose and increased 
the separation costs, which has been a challenge for the produc-
tion of lignocellulose-derived poly(ethylene furandicarboxylate) 
(PEF). To increase the likelihood of bringing more sustainable 
and performance-advantaged polymers to market alongside PEF, 
monomers that exploit the inherent cyclic structures of biomass 
with few chemical transformations and purification steps should 
be targeted.

Currently, the sugars required for both biological cultivations 
and chemical processes are usually extracted from edible bio-
mass, but ideally these would be produced by depolymerization of 
the structural carbohydrates of lignocellulosic biomass. Cellulose 
and hemicellulose are more abundant, can be grown on marginal 
lands, and their simple sugars are projected to be far less expen-
sive and more sustainable compared to their edible counterparts11,12. 
However, their industrial use has been limited by the high cost of 
their saccharification and subsequent fermentation, and the lack 

Sustainable polyesters via direct functionalization 
of lignocellulosic sugars
Lorenz P. Manker! !1, Graham R. Dick! !1, Adrien Demongeot! !2, Maxime A. Hedou! !1, 
Christèle Rayroud1, Thibault Rambert1, Marie J. Jones! !1,3, Irina Sulaeva4,5, Mariella Vieli1, 
Yves Leterrier! !2, Antje Potthast! !4, François Maréchal3, Véronique Michaud! !2, Harm-Anton Klok! !6 
and Jeremy S. Luterbacher! !1 ✉

The development of sustainable plastics from abundant renewable feedstocks has been limited by the complexity and efficiency 
of their production, as well as their lack of competitive material properties. Here we demonstrate the direct transformation of 
the hemicellulosic fraction of non-edible biomass into a tricyclic diester plastic precursor at 83% yield (95% from commercial 
xylose) during integrated plant fractionation with glyoxylic acid. Melt polycondensation of the resulting diester with a range 
of aliphatic diols led to amorphous polyesters (Mn!=!30–60!kDa) with high glass transition temperatures (72–100!°C), tough 
mechanical properties (ultimate tensile strengths of 63–77!MPa, tensile moduli of 2,000–2,500!MPa and elongations at break 
of 50–80%) and strong gas barriers (oxygen transmission rates (100!µm) of 11–24!cc!m−2!day−1!bar−1 and water vapour trans-
mission rates (100!µm) of 25–36!g!m−2!day−1) that could be processed by injection moulding, thermoforming, twin-screw extru-
sion and three-dimensional printing. Although standardized biodegradation studies still need to be performed, the inherently 
degradable nature of these materials facilitated their chemical recycling via methanolysis at 64!°C, and eventual depolymeriza-
tion in room-temperature water.

NATURE CHEMISTRY | VOL 14 | SEPTEMBER 2022 | 976–984 | www.nature.com/naturechemistry976

Nature Chemistry 14, 976–984 (2022)
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Action 2: Switch to renewable plastics
§ Increasing use of biomass and CO2 might 

result in transfer of ecological burdens from 
climate change to other Earth-system 
processes (e.g., deforestation) 

§ Solution in (micro)algae? These greatly 
reduce greenhouse gas emissions!          
(67– 116% compared to oil-based plastics)

https://bioplasticsnews.com/2014/02/24/bioplastic-made-from-algae/

Gursel et al., Sustainability 2022, 14, 12780
Beckstrom et al., Algal Research 46 (2020) 101769

⚠

§ This increase should comply with SDGs and the circular economy principles:
1. Can biobased products be recycled? How? And how many times? 
2. Can biobased products be composted? Or biodegrade to regenerate natural systems?
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Action 3: Maximize recycling
§ Achieve 95% recycling rates of plastics in 

2050 (EU target to recycle 55% of plastic 
packaging waste by 2030)

§ Improvements in infrastructure (costly and 
inefficient logistics) and recycling technologies 
(heterogeneity of waste streams)

§ Implement specific tools. Examples: 
• Extended producer responsibility (EPR) schemes 
• Fiscal incentives such as tax credits 
• Deposit-return schemes to incentivize consumer 

behaviour
• Digital trading platforms for recycled plastics
• Policy coordination including subsidies for recycling and 

removal of fossil-fuel subsidies
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Action 4: Minimize broader environmental impacts

§ Only use renewable energy to access the 
lowest CO2 emissions.

§ Eliminate pollutants, using legal measures 
such as the EU chemicals law (REACH).

§ Develop digital product passports, i.e., 
making market access for products that 
contain plastics conditional on 
documenting environmental information.

§ Consumer education is key! 

https://www.circularise.com/blogs/digital-product-passports-dpp-what-how-and-why
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Summary
§ Plastics are incredible materials and WILL continue to grow at 3-4%/yr.

§ A systemic, 4-action plan is required to create sustainable plastics:

1. Reduce plastic demand: eliminate 50% of all plastic materials and products.

2. Switch to renewable plastics: replace all fossil-fuel-based plastics with those sourced from  
alternative feedstocks, accelerating carbon recirculation through use of biomass and CO2.

3. Maximize recycling: design plastic materials and products for circularity and ensure that 95% of 
plastics are recycled.

4. Minimize broader environmental impacts: remove all sources of hazards to organisms and pollution  
to the environment, as well as decrease the carbon footprint throughout the plastics life cycle.

§ The challenge is substantial but re-engineering the plastics economy is achievable.

§ A future sustainable plastics economy requires a multidisciplinary and holistic vision 
of the entire life cycle, as well as an economic and legal perspective on what 
stimulates (or hampers) change.
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Appendix: Design principles for sustainable plastics

Nature | Vol 626 | 1 February 2024 | 51

the bold-system-change scenario, implementation of smart design 
principles could help to greatly reduce GHG emissions (70–90%) com-
pared with the business-as-usual scenario. In each sector, different 
interventions will be necessary to curtail emissions, examples of which 
include demand reduction for short-lived plastics, increased recycling 
of recoverable plastics and ensuring complete biodegradability for 
irretrievable plastics (see Supplementary information section 2). To 
implement smart design across all sectors, technical advances must be 
guided by future sustainability criteria98,99 and supported by a robust 
legal framework and economic incentives, as discussed next for each 
of the four key targets identified for a bold system change.

Reduce plastics demand
Restrictions on the production and consumption of unnecessary plas-
tics incentivize smart design for application and thereby help to reduce 
overall plastic demand. These may take the form of national bans on 
single-use items, with early examples including the prohibition on 
certain plastic bags in Meghalaya (India)100, South Africa101, Eritrea102 
and Bangladesh103, and—more recently—the EU Single-Use Plastics 
(SUP) Directive104. It has also been suggested that the new international 
plastics treaty could, among other things, target both the phasing out/
reduction of primary plastics, of problematic and avoidable plastic 
products and of chemicals and polymers of concern105. This raises 
further questions about the most appropriate criteria for definition 
and the need to clearly distinguish between substances and products. 
An international phasing out of substances of concern in relation to 
plastics could draw inspiration from existing international restrictions 
of persistent organic pollutants106 or of ozone-depleting substances107. 
Furthermore, measures to reduce plastic demand could stipulate or 
prohibit plastic content, such as the US prohibition of microbeads in 
cosmetics108, the new EU ban on intentionally added microplastics109 or 
the ban on oxo-degradable plastics in the EU104. In the packaging sector 
alone, the elimination of unnecessary plastics combined with innova-
tive product and packaging design is estimated to reduce by about 
38% packaging demand in Europe by 2050 (ref. 110). A tax or fee on 

plastic products to reflect their social and environmental costs would 
also help to reduce demand by increasing the price of plastic per user.  
A tax on plastic products may have the added benefit of generating 
revenue to subsidize recycling and/or composting infrastructure, 
helping to make recycled materials more competitive111. Such so-called 
hypothecated tax revenues do not typically appeal to finance minis-
tries, but experience suggests that they make environmental taxes 
more politically palatable112, provided inequitable distributive conse-
quences are avoided or compensated for with an appropriate policy 
mix86.

Switch to renewably sourced plastics
So far, global climate targets are driving aspirational policy objectives 
for sustainable carbon cycles. However, any efforts to introduce renew-
able feedstocks must also carefully consider and minimize the other 
environmental trade-offs, as mentioned previously. This is not an easy 
task, as increasing use of biomass and CO2 use might result in trans-
fer of ecological burdens from climate change to other Earth-system 
processes1,10. On the other hand, the petrochemicals industry also has 
other negative environmental effects, including particulate pollution, 
ecosystem threat and release of volatile organic compounds, as well 
as sulfur-containing and nitrogen-containing contaminant gasses.

Given the pressing need to reduce GHG emissions, the target to 
scale up future renewable-feedstock technologies must be guided 
by careful environmental-sustainability analyses. Economic and legal 
measures also help to drive this change, for example, in the EU, at least 
20% of the carbon used in chemical and plastic products should be 
from renewable sources by 2030 (ref. 113). Realizing these objectives 
requires investment in both the infrastructure and markets for such 
products. States can facilitate the transition through implementing 
targets, for example, the Dutch Transition Agenda for Plastics plans to 
increase the percentage of recyclate and bio-based plastics to 41% and 
15%, by 2030, respectively114; the USA has a bold goal to, in 20 years, 
“demonstrate and deploy cost-effective and sustainable routes to 
convert bio-based feedstocks into recyclable-by-design polymers 

Box 2

Design principles for sustainable plastics
1.  Net-zero feedstocks. Maximize carbon recirculation by 

disengaging plastics feedstocks from fossil sources and using 
renewable carbon, such as biomass, industrial by-products, 
waste CO2 or recycled plastics.

2.  Efficient production. Minimize energy input by optimization of 
production and conversion (manufacturing), the use of catalytic 
processes, the balance of conditions and reduction of the number 
of intermediates and stages.

3.  By-product rejection. Preserve the value of carbon, and other 
elements, by applying atom-economical transformations, 
maximizing process selectivity and recycling or repurposing 
by-products, offcuts and scraps.

4.  Essential purpose. Deliver the necessary performance 
(for example, flexibility, density, toughness, durability, gas 
permeability, optical clarity) without overengineering plastic 
materials and products.

5.  Extended use. Increase product lifetimes by allowing the repair 
of damaged materials and giving priority to reuse models (for 
example, return and refill for packaging).

6.  Competitive properties. Implement bio-based plastics with 
properties that match or exceed those of current fossil plastics, 
while minimizing manufacturing costs.

7.  Preserved value. Preserve energy and raw material value for 
the long term, which requires the conservation of polymer and 
monomer structures, if possible, during physical and chemical 
recycling.

8.  Easy separation. Minimize the use of additives and other 
contaminants, design products for separation, sorting, 
disassembly and purification in recycling and replace 
multimaterials with homo-composites.

9.  Optimized recycling. Maximize yield, value and quality of 
properties in recyclates; chemical recycling and upcycling 
should minimize energy inputs and preserve value.

10.  Synergistic biocompatibility. Design materials for optimal 
compatibility with biological recycling plants (aerobic composting 
and anaerobic digestion) wherever recycling is unsuitable (for 
example, contaminated agricultural and food wastes).

11.  Harmless biodegradation. Provide materials with embedded 
strategies for full degradation to non-toxic metabolites wherever 
polymers are environmentally distributed or dispersed (for 
example, water formulations).

12.  Minimal hazards. Assess ecotoxicity and human toxicity of 
all plastics, additives and degradation products and analyse 
negative environmental impacts throughout the life cycle.

Vidal et al., Nature, 626, 2024
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