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• Neoprene 
• Nylon 
• Teflon 
• Lycra
• Kevlar
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3“Throaway living” - 1955 

Life Magazine, 
1955

“The objects flying through the air in 
this picture would take 40 hours to 
clean – except that no housewife 
need bother. They are all meant to 
be thrown away after use.”

https://businessintegrity.files.wordpress.com/2015/01/throwaway-living.png


Plasticene - now 4

A NEW GEOLOGICAL AGE…(last 60-70 years!)

n. & adj. (2011) an era in Earth's history, within the 
Anthropocene, commencing in the 1950s, marked 
stratigraphically in the depositional record by a 
new and increasing layer of plastic (Stager, 2011, 
attributed to Matt Dowling). The history and 
etymology of plasticene in this sense is not related 
to the word plasticene, a common early spelling 
(for example, Cooper, 1901) of the popular 
molding clay, plasticine.

A Plasticene Lexicon, Marine Pollution Bulletin,Volume 150, 2020, 110714, ISSN 
0025-326X, https://doi.org/10.1016/j.marpolbul.2019.110714.
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https://www.sciencedirect.com/science/article/pii/S0025326X19308707#bb0185
https://www.sciencedirect.com/science/article/pii/S0025326X19308707#bb0030


Commodity plastics 

 Approx. 70% of global
production is types 1-6

 Biggest single application 
is packaging = 146 
million tonnes (2015), 
approx. 36% of global 
production
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Common types of plastics

https://www.eea.europa.eu/en/analysis/maps-and-charts/seven-common-types-of-plastics


Plastic promises: How’d we do? 6

• 8300 Mt of plastics
• 6300 Mt of plastic waste
• 12000 Mt in landfill/nature projected by 

2050
• Conventional plastics do not biodegrade
• Increased demand for plastics
• Permanent elimination only by incineration

Geyer R. et al., Science Advances 2017, 3(7), 1-5.

Data from 1950-2015: 
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Plastics – recyclable or not?
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Plastic
Usually recycled mechanicallyCan’t be recycled mechanically

https://en.wikipedia.org/wiki/Plastic


Thermoplastic or 
thermoset?
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Plastic

89

7
4

% of all plastics

Thermoplastic Thermoset Depends

 Rough calculation

 About 75% or more of all 
commodity plastics are 
thermoplastics

 So what is the problem? 
Why are only 9% of all 
plastics recycled?

https://en.wikipedia.org/wiki/Plastic


 What’s the difference?

Recyclable vs. Recycled
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Recyclable vs. Recycled
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Plastics Recycling

Recyclable

Can be collected and 
remanufactured into new 

products 

Recycled

Has been collected and 
remanufactured into new 

products 

Vs. 

<10% of these recyclable 
plastics have actually been 
recycled

up to 75% of commodity 
plastics are recyclable

https://plasticsrecycling.org/resources/recyclable-vs-recycled-what-you-need-to-know-why-it-matters/


 Can you think of why?

Recyclable vs. Recycled
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Plastics Recycling

Clearly, just because 
plastics can be recycled 
doesn’t mean they are 
actually recycled…

https://plasticsrecycling.org/resources/recyclable-vs-recycled-what-you-need-to-know-why-it-matters/


 Cost – virgin plastic is cheaper than recycling

 Quality – loss of quality and contamination

 Few established recycling streams (PET and 
HDPE; types 1 and 2)

 Bans on import of plastic waste (China banned 
import of low quality plastic waste in 2017 –
previously importing majority of waste from North 
America Europe)

 Mixed plastics

 Insufficient collection and sorting infrastructure

Why are we so bad at recycling?
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Why aren't we recycling more plastic?
Operation National Sword

https://stories.undp.org/why-arent-we-recycling-more-plastic#:%7E:text=Profitability%3A%20There%20are%20thousands%20of,much%20more%20complicated%20and%20expensive.
https://stories.undp.org/why-arent-we-recycling-more-plastic#:%7E:text=Profitability%3A%20There%20are%20thousands%20of,much%20more%20complicated%20and%20expensive.
https://en.wikipedia.org/wiki/Operation_National_Sword
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• Particles < 5mm in diameter
• Primary or secondary
• Main source is secondary from SUPs

 Microplastics



 No widespread ban in Switzerland
• Geneva banned SUPs in 2020
• Charge for single use bag
• Oxo-degradable plastics banned
• Good waste management 

infrastructure

Throwaway living no more
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EU SUP ban Swiss plastic policies

https://environment.ec.europa.eu/topics/plastics/single-use-plastics/eu-restrictions-certain-single-use-plastics_en
https://www.bafu.admin.ch/bafu/en/home/topics/waste/info-specialists/waste-policy-and-measures/plastics-in-the-environment/faq-kunststoffe.html


Side note: Can you recycle a thermoset?
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Confusingly, the answer is yes
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Two different approaches can be used:

1. Cleavable crosslinks (dynamic covalent polymer networtks – DCPN)
2. Chemical recycling to monomer (CRM)

https://pubs.rsc.org/en/content/articlehtml/
2022/gc/d2gc00368f

https://pubs.rsc.org/en/content/articlehtml/2022/gc/d2gc00368f


An EPFL example – Stellacci group
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 PVA is a commercial 
polymer (1,3- diol)

 PVA modified with 
beta-ketoester
crosslinks to give a 
PVA thermoset

 This thermoset is 
stable and insoluble 
under many conditions, 
but heat and acid can 
de-crosslink and give 
back the soluble PVA

https://doi.org/10.1002/anie.202410624

https://doi.org/10.1002/anie.202410624


Carbon fibre polymer-reinforced composites 
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https://doi.org/10.1002/anie.202410624

https://doi.org/10.1002/anie.202410624
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• IF = 16.6

• Founded in 1887

• Chemistry scope



 Anything better going on?

OK, back to it, so what should we actually do? 
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The 9R’s
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The 9R's of the Circular Economy

 No direct mention of material 
alternatives? 
 Maybe under “Rethink”? –

creating products following a 
sustainability criteria

https://medium.com/@marialauraramirez/the-9rs-of-circular-economy-6fdd5fd05d82


Black Friday? So much for Refuse.
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2024 Black Friday

https://www.techloy.com/chart-us-black-friday-2024-spending-forecasted-to-surpass-10-billion/


Closed loop, open loop?
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Closed and open loops

• Usually 
thought to 
maintain 
quality

• Better 
environment
al benefits, 
since less 
virgin 
material 
needed

• Requires 
pure 
recycling 
streams 

• Usually 
thought to 
degrade 
quality/down
cycle

• Usually 
lower value 
products

• May need 
more virgin 
inputs to 
maintain 
quality

https://www.zacrosamerica.com/news/cubitainer-closed-loop-recycling/


Turning waste into something of higher value 
and keeping the materials circulated longer

May have a place but there is some critique: 
 Delays waste (not preventative)
 Often needs more material input
 Open loop – bottle to yoga pants can’t go

back to bottle – can’t we just recycle the 
bottle?
 Many of these products, while creative do not 

address a core need

Upcycling? Is this good?
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Upcycling with ELM’s
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https://www.nature.com/articles/s41467-023-40777-x

• Consortium of microorganisms 
proposed to break down PET 
hydrosylate

• Produces chemicals and 
polymers (PHA) through the  
microbial degradation

• (PET is fully recyclable by closed 
loop approach – still using
microbes to degrade plastics is 
important! Using microbes to 
produce plastics?)



Recycled content by mass balance
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 Imagine a large raclette pot filled with 1 kg of 
cheese - 20% Valais cheese and 80% Kraft singles
 It’s all melted together at the molecular level so we 

don’t know which “cheese molecule” is which
 Now the restaurant can say that 20% of it’s cheese 

is Valais and 80% is Kraft singles
 Here’s the fun part: they can claim that 0.2 kg of 

their cheese is 100% Valais, and the other 0.8 kg is 
Kraft
 They will of course charge you more for the “Valais” 

cheese
 Now imagine Valais is recycled content and Kraft is 

virgin plastic

Mass balance

https://zerowasteeurope.eu/2021/03/mass-balance-approach/


Plastics: By source and end of life
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Image from: Polymers 2021, 13(7):1105. doi: 10.3390/polym13071105. 

• Lots of options 
• Bio-based and non-

biodegradable – indistinguishable 
from petroleum-based plastics

• Bio-based and biodegradable  -
usually sourced somehow from 
nature, like microbes

• Non-biobased but biodegradable 
– usually has cleavable links

• Non-biodegradable and non-
biobased – our conventional
materials



Plastics: By source and end of life
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Image from: Polymers 2021, 13(7):1105. doi: 10.3390/polym13071105. 

What’s are the challenges?

• Scalability

• Are more options better? Need more 
recycling streams, possibility for 
contamination of streams is greater

• Economics/cost

• Properties – balancing function and 
stability with biodegradation

• Competing with food resources and land 
use for biobased plastic production

We are here for 
the vast majority 
of our commodity 
plastics



Side note: Do you think making more biodegradable and/or 
recyclable plastics is the answer to our plastics problem?
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 No standard definition
 Most widely accepted: a polymer 

that is biobased or biodegradable 
or both
 Not all bioplastics are 

biodegradable (and some non-
biobased ones are, e.g., PBAT)

Bioplastics? Let’s add more to the mix?
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Bioplastics: A boon or a bane?

https://www.sciencedirect.com/science/article/pii/S1364032121005244#fig2
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31PHA’s

PHA

 PHA’s are produced via bacterial fermentation of sugars and fatty acids, 
under growth limited conditions

 Thermoplastic

 Biodegradable (no microplastics)

 Bottleneck = high cost, 3-12× more expensive than traditional plastics 
(other bottleneck is insufficient mechanical properties)

 50% of cost arises from fermentation substrate (possibility to reduce 
cost with low or no-cost substrates) – lignocellulose biomass waste

DOI: 10.1039/D3SU00126A

R



PHA’s
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https://pubs.acs.org/doi/full/10.1021/cr200162d
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33PHA and PHA co-polymers

Bioplastics: A boon or a bane?

• Can be used as a biodegradable 
packaging material

• Non-toxic, no severe immune 
response (used in medical 
applications)

• Figure on left shows how PHA 
copolymers can be used in different 
plastic applications, replacing 
petroleum-based plastics - variety of 
PHA’s with different properties

• Depends on: substrate, 
microorganism, and normal things 
like processing conditions

https://www.sciencedirect.com/science/article/pii/S1364032121005244#fig2
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34Lignocellulose substrates

DOI: 10.1039/D3SU00126A
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35Pretreatments to improve 
fermentation efficiency 

DOI: 10.1039/D3SU00126A



Bio-On: A PHA unicorn
M

SE
 4

93

36

https://www.bio-on.com/en/



 Italian company that specializes in PHA production
 2019: Faced legal and financial consequences in 2019 after an 

investment firm described them as a “house of cards” and a “massive 
bubble”
 Misrepresented production capabilities, issues with sales and revenue 

claims, etc., 
 Share value dropped by 50% and trading was suspended
 Declared bankrupt in Dec 2019
 Gruppo Maip, Italian materials company, investing in 2021 to revive Bio-

On
 See previous slide, website up and operational

Bio-On: A PHA unicorn
M

SE
 4

93

37

https://bioplasticsnews.com/2020/06/11/bio-on-pha-history-italy-bioplastic/
https://www.gopha.org/news/bio-on-is-back-with-grouppo-maip

https://bioplasticsnews.com/2020/06/11/bio-on-pha-history-italy-bioplastic/


Some more reading
M

SE
 4

93

38

2020
Cited 95 times
Swiss research

Plastic pollution poses a threat to terrestrial ecosystems, even impacting soils from remote 
alpine and arctic areas. Biodegradable plastics are a promising solution to prevent long-term 
accumulation of plastic litter. However, little is known about the decomposition of biodegradable 
plastics in soils from alpine and polar ecosystems or the microorganisms involved in the 
process. Plastics in aquatic environments have previously been shown to form a 
microbial community on the surface of the plastic distinct from that in the surrounding 
water, constituting the so-called “plastisphere.” Comparable studies in terrestrial 
environments are scarce. Here, we aimed to characterize the plastisphere microbiome of three 
types of plastics differing in their biodegradability in soil using DNA metabarcoding. Polylactic 
acid (PLA), polybutylene adipate terephthalate (PBAT), and polyethylene (PE) were buried in 
two different soils, from the Swiss Alps and from Northern Greenland, at 15°C for 8 weeks. 
While physico-chemical characteristics of the polymers only showed minor (PLA, PBAT) or no 
(PE) changes after incubation, a considerably lower α-diversity was observed on the plastic 
surfaces and prominent shifts occurred in the bacterial and fungal community structures 
between the plastisphere and the adjacent bulk soil not affected by the plastic. Effects on the 
plastisphere microbiome increased with greater biodegradability of the plastics, from PE to PLA. 
Copiotrophic taxa within the phyla Proteobacteria and Actinobacteria benefitted the most from 
plastic input. Especially taxa with a known potential to degrade xenobiotics, including 
Burkholderiales, Caulobacterales, Pseudomonas, Rhodococcus, and Streptomyces, thrived in 
the plastisphere of the Alpine and Arctic soils. In addition, Saccharimonadales (superphylum 
Patescibacteria) was identified as a key taxon associated with PLA. The association of 
Saccharibacteria with plastic has not been reported before, and pursuing this finding further 
may shed light on the lifestyle of this obscure candidate phylum. Plastic addition affected fungal 
taxa to a lesser extent since only few fungal genera such as Phlebia and Alternaria were 
increased on the plastisphere. Our findings suggest that the soil microbiome can be 
strongly influenced by plastic pollution in terrestrial cryoenvironments. Further research 
is required to fully understand microbial colonization on plastic surfaces and the 
biodegradation of plastic in soils.



Some reading
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• 2022
• Cited 175 times
• List of 146 citations on

Scopus

https://www.scopus.com/results/citedbyresults.uri?sort=plf-f&cite=2-s2.0-85128345073&src=s&imp=t&sid=379de996b72491182a6942e09c53e49a&sot=cite&sdt=a&sl=0&origin=inward&editSaveSearch=&txGid=463017b84050ad36e8fd1e055681a3f1


Some entries from the Scopus list
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• Seems like we are just 
beginning to study the 
effects of 
biodegradable plastics 
on the soil microbiome



Are more options better?
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Image from: Polymers 2021, 13(7):1105. doi: 10.3390/polym13071105. 

My somewhat controversial statement as head of 
the “Sustainable Materials Lab”

• Less is more?
• Fewer options, select for performance and 

recyclability (not biobased or biodegradable)
• Closed loop recycling 
• Investment in recycling infrastructure
• Changing attitudes around recycling – maybe you 

return to company for recycling, leaving the design 
for recycling in their hands

• Incentivizing recycling
• Maybe biobased isn’t always better – only makes 

sense when it gives us a possibility or functionality 
that was not possible before… just being biobased 
and biodegradable might not be enough…

• How will huge amount of biodegradable plastics 
effect our microbial ecosystem?

We are here for 
the vast majority 
of our commodity 
plastics



But this doesn’t solve microplastics
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https://educati
on.nationalge
ographic.org/r
esource/micro
plastics/



But this doesn’t solve microplastics
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• Discusses the present 
ecotoxicology, mainly relates to 
water as the main reservoir and
channel

• Technologies for removing 
plastics from the  environment

https://doi.org/10.1016/j.jenvman.2023.119988

https://doi.org/10.1016/j.jenvman.2023.119988


But this doesn’t solve microplastics
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• Discusses managing 
solutions but also how to 
convert microplastics 
into other value added 
materials (see upcycling 
)

https://doi.org/10.1016/j.jenvman.2023.119988

https://doi.org/10.1016/j.jenvman.2023.119988


Bioremediation of microplastics 
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https://doi.org/10.1016/j.scitotenv.2022.160953



 Plastics are so useful (and pretty stable)
 Our best bet – reduce, recycle, new materials?
 In terms of recycling, closed loop is generally preferred (no upcycling or 

downcycling)
 Mass balance – how companies market and sell recycled or other types 

of “green” alternatives (it’s considered legit)
 We can find alternatives that are biodegradable, recyclable, and/or bio 

sourced – but not without challenges, let’s not be naïve
 Research – is being biobased and biodegradable enough?
 Microorganisms can be used to produce biodegradable plastics
 Microorganisms can also be used to bioremediate plastics pollution, 

especially the problematic microplastics

Takeaways (this was a lot) 
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