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Abstract: Herein, we describe the status of bio-derived plastics as well as the existing and emerging technologies 
that are available for their post-consumer end-of-life valorization. We first present how bio-derived plastics can 
be produced from renewable materials such as biomass and CO2. In the second section, we present an overview 
of the technologies available for the end-of-life, including pyrolysis and gasification and how they can be lever-
aged towards a circular economy. We continue the discussion with the presentation of an emerging technology, 
polyolefin hydrocracking. Finally, the concepts are discussed in light of life cycle analysis that helps to assess 
the sustainability of manufacture (and recycling) methods.
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1. Introduction
Plastic is a generic term for synthetic polymers that can be 

shaped and moulded in various forms leading to broad consumer 
applications. Since the first commercial applications of plastics in 
the early 20th century,[1] their production has increased exponen-
tially to reach a staggering 400 MTon annual production in 2020 

(Fig. 1).[2] Plastics play an important role in our daily lives as they 
are used for packaging, construction, piping and more. Owing 
to their tunability, many different types of plastics were synthe-
sized and found commercial applications. The most widespread 
resins today are polyethylene (PE), polypropylene (PP), polysty-
rene (PS), polyvinyl chloride (PVC), polyethylene terephthalate 
(PET), and polyurethanes (PUR).[3] Other important plastics in-
clude polycarbonates, polytetrafluoroethylene (PTFE), polymeth-
ylmethacrylate (PMMA) and polyamides such as Nylon.[4] Today, 
the vast majority of plastics are prepared from non-renewable re-
sources (~ 99%) but a growing fraction of plastics (usually poly-
lactic acid (PLA) and PE) can now be produced from renewable 
feedstocks.[5]

After their utilization, plastics are disposed and the major frac-
tion is either landfilled or incinerated (>90 %) and only 10% is 
recycled.[6] Landfilling and incineration are convenient and cheap 
but lead to environmental pollution and greenhouse gas (GHG) 
emissions. This linear consumption model is a waste of resources. 
Recycling on the other hand requires arduous or sophisticated col-
lection and sorting methods. The successive melting and re-shap-
ing of recycled plastics diminish the quality compared to virgin 
grade. These complications often prevent their utilization in food 
contact applications.[7] To overcome this challenge, chemical re-
cycling methods have been proposed, wherein the polymer bonds 
are broken down into their monomers before being polymerized 
again into virgin quality plastics.[8] The definitions of chemical 
recycling and chemical upcycling are, respectively, the conver-
sion of polymers into the original monomers, and into fuels or 
other valuable chemicals.[9] Note that there is a lack of consensus 
on the terminology of certain technologies. Chemical recycling 
and upcycling can be achieved with several technologies such as 
pyrolysis (thermal treatment in the absence of oxygen), gasifica-
tion (controlled oxidation into syngas) or hydrocracking (catalytic 
treatment in the presence of hydrogen).[10] The latter requires the 
development of finely tuned catalysts that are feedstock tolerant 
and ensure a narrow selectivity under mild reaction conditions.[11]

In this review, we present different renewable polymers pro-
duction routes, the status of the technologies, and the possibilities 
for these materials at the end-of-life, with a focus on hydrocrack-
ing, an emerging technology. The structure of the review starts 
with stating the current situation of plastic utilization and produc-
tion before moving to alternative production methods from renew-
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gradable.[19] Therefore, the terms bio-sourced and biodegradable 
plastics should be preferred to bio-plastics to prevent misleading 
consumers.

2.2 Bio-sourced Plastics
In the context of renewable feedstocks for chemical applica-

tions, the term biomass often relates to cellulosic materials even 
though other fractions of biomass can also be valorized, such as 
lignin (bio-polymer present in wood), either biologically[20] or 
chemically (Fig. 2),[21] and chitin (bio-polymer present in marine 
life).[22]

One interesting application is the transformation of cellulosic 
materials into polyethylene via fermentation. In this approach, 
the cellulose is first converted by microbial digestion into bio-
ethanol under anaerobic conditions.[24] The bio-ethanol is then 
dehydrated under high temperature over an acid catalyst to form 
ethylene.[25,26] The bio-sourced ethylene is then substituted in the 
production of PE. One production method consists in using sugar 
cane as cellulosic feedstock.[24] 

Cellulose can also be converted into 5-hydroxymethylfur-
fural, which in turn can be converted into the diacid FDCA, 
PEF’s precursor (Scheme 2, left). There have been proposi-
tions to directly convert cellulose into 5-HMF, e.g. using ionic 
liquids combined with metal salts as catalysts, but this pathway 
results in a challenging 5-HMF isolation, as well as modest 
yields.[27] When glucose is used as the starting material, op-
timizing reaction conditions is more facile and catalysts are 
required to promote the isomerisation of glucose into fructose 

Fig. 2. Woody biomass structure and several applications for polymer 
production (adapted from ref. [23]).

able sources. Then, we cover methods for end-of-life valorization 
as these are an essential part of the circular economy. Finally, the 
importance of thorough life cycle analysis is highlighted in the 
case of short-lived plastics recycling. The scope of the review is 
limited to the main plastics in the market (PE, PP, PET and PVC) 
but other types of plastics will be briefly mentioned to familiarize 
the reader with the extent of the possibilities in the field.

2. Bio-derived Polymers Production Routes

2.1 Status and Strategies
The traditional production of polyolefins derives from the uti-

lization of crude oil, specifically ethylene, propylene and styrene 
to make PE, PP, PVC and PS.[12] As seen in Fig. 1, PE and PP 
dominate the marketplace (~50% of market share). Since poly- 
olefins are non-biodegradable and often derived from non-renew-
able sources, there have been attempts to improve their sustain-
ability.

A first strategy is to replace polyolefins by biodegradable 
polymers. One notable example is polyethylene furanoate (PEF) 
as a replacement to PET (structures depicted in Scheme 1).[13] 
Bottle-grade PEF can be achieved and displays improved barrier 
properties with respect to oxygen, carbon dioxide and water, but 
lower thermal stability compared to PET.[14] This reduced thermal 
resistance, combined with long reaction time, prevents its synthe-
sis by standard polycondensation-based processes, but effective 
routes are being developed by ring-opening polymerization.[15] 
Regarding commercial applications, Avantium (The Netherlands) 
has currently reached pilot scale for PEF production[16] and in-
tends to further scale-up its technology starting in 2023.

Another strategy, to improve the sustainability of plastics 
while maintaining their properties, is to change the origin of the 
feedstock to renewable resources (e.g. non-edible biomass or 
CO

2
).[17] In this way, with the exception of the production method, 

the rest of the value chain is kept unmodified and their impact at 
the end-of-life is reduced.[18]

On a side note, the term ‘bio-plastics’ should be used cau-
tiously, as it can represent a plastic that originates from a renew-
able feedstock source, a plastic that is biodegradable, or even a 
plastic that both comes from renewable feedstock and is biode-

Fig. 1. a) World production of  
plastic resins from 1950 to 2015. 
b) Contribution of each resin type 
to the world production.

Scheme 1. Comparison of the chemical structure of PET and PEF.
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plants (i.e. post-combustion CCS). There are examples of CCS 
working at commercial scale in Northern Europe[43] and North 
America,[44] wherein the captured CO

2
 is typically injected deep 

underground, although the CO
2
 is sometimes used for other appli-

cations such as in greenhouses to improve crop yields. With CCS, 
the costs are lower as the CO

2
 concentration is much higher than in 

the atmosphere and large-scale technologies are already available, 
e.g. with amine scrubbing.[45] Many approaches are currently be-
ing studied to valorize CO

2
, such as the production of polyolefins 

as described in Fig. 3.

One promising approach for the transformation of CO
2
 into 

ethylene, PE precursor, is via electrochemical reduction in water 
using copper oxide as catalyst.[46–48] Many mechanisms have been 
proposed for the CO

2
 reduction reaction (CO

2
RR) and the path-

ways remain unclear to date.[49] However, it has been established 
that surface-adsorbed CO (*CO) is the key intermediate in the 
process and participates to C–C bond formation.[50] The reaction 
conditions, such as pH, applied potential, catalyst composition 
and structure, etc., drastically influence the intermediate stabili-
ties and modify the yields and the selectivities.[49]

This process is very attractive as it consumes CO
2
 – a green-

house gas – while producing a valuable chemical. However, the 
efficiency is not excellent. One of the best catalysts at laboratory 
scale achieves a 70% Faradaic efficiency towards ethylene but a 
full-cell energy efficiency of only 34%.[47] As far as we are aware, 
this technology has not yet been implemented industrially and it 
requires further development at laboratory scale before scaling up 
to more ambitious initiatives at pilot and industrial scale. 

Key challenges in CO
2
 electroreduction are associated with 

scaling up the technology. Indeed, standard electrochemical cells 
that are common at laboratory scale are not always suitable at larg-
er scale. The reactor design is therefore a critical step of the pro-
cess, along with the development of more efficient catalysts.[51,52] 
Nevertheless, water electrolysis to produce H

2
 and O

2
 is being 

scaled up rapidly and is commonly used in power-to-gas (CO
2
 

methanation using Green H
2
) applications.[38]

Other approaches to valorize CO
2
 involve the electrochemical 

reduction of CO
2
 to CO, and the subsequent Fischer-Tropsch (FT) 

reaction with hydrogen to produce alkanes.[53] The FT process is 
well-documented and catalysts can be optimized to produce short 
chain paraffins that can be used for plastic production applica-
tions.[54] The first step, however, is typically an electrochemical 
reduction that faces the same challenges as the direct reaction to 
ethylene. 

Fig. 3. The three main pathways to produce polyolefin from carbon dio-
xide. Stoichiometry is omitted for clarity. R = H or alkane chain.

before it can be converted into 5-HMF.[28–30] In fact, the reac-
tion proceeds very smoothly when d-fructose is used as the 
starting material.

Another fermentation pathway for cellulose results in lactic 
acid. First, the cellulose must be hydrolyzed. The resulting glu-
cose is then converted into lactic acid, typically through a fermen-
tation process.[31] Chemical approaches for the transformation of 
glucose and cellulose into lactic acid have also been proposed, e.g. 
by using lead catalysts.[32] The lactic acid can then be polymerized 
through polycondensation in PLA (Scheme 2, right).33

It is interesting to note, there are a plethora of other exam-
ples of polymers derived from bio-sourced origin, including for 
example polyhydroxyalkanoates (PHA), polyglycolic acid, and 
more that have been reviewed extensively elsewhere.[37,38] These 
polymers are being researched for utilization in biomedical ap-
plications, e.g. sutures or stents.

2.3 CO2-based Plastics
Another promising renewable route for the synthesis of plastics 

is via CO
2
 utilization. The CO

2
 can originate from direct air cap-

ture (DAC) initiatives, which consist in filtering the atmospheric 
CO

2
 and concentrating it,[39] or carbon capture and storage (CCS) 

units, which consist in capturing the CO
2
 at the source, where 

large amounts are produced.[40] Both DAC and CCS are energy 
intensive processes and research is ongoing in the development 
of CO

2
 capturing materials (e.g. amine solvents, solid sorbents, 

and others).[41] Since DAC is an emerging technology, its price is 
still not competitive with the CO

2
 emission market but recently, 

large investments have been made to develop the technology (e.g. 
Climeworks, a Swiss company that raised over 100 MCHF).[42] 
CCS units are typically installed at the exhaust of large production 

Scheme 2. Transformation of cellulose to bio-sourced polymers. Cel-
lulose is first transformed into glucose. Left: PEF pathway through 
dehydration, oxidation and polymerisation with mono ethylene glycol.[34] 
Middle: PE pathway through fermentation into ethanol, catalytic dehy-
dration to ethylene and polymerisation.[24–26] Right: PLA pathway through 
fermentation[35] or catalytic conversion[32] into lactic acid, and azeotropic 
dehydration condensation or cyclisation followed by ring-opening  
polymerization.[36]
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3.1 Chemical Recycling and Upcycling (Fig. 5)
Today, the main chemical upcycling process is pyrolysis, 

and several chemical companies are investing in the technology 
(Plastic Energy, Agilyx, Quantafuel, and more).[68] Interestingly, 
the first pyrolysis efforts date back to the late 1940s when PMMA 
was pyrolyzed into its monomer constituents.[69] Typical reaction 
conditions are described in Table 1, entry 1.

The advantage of pyrolysis is that it can be relatively cheap 
(thermal treatment in the absence of air) and widely applicable to 
large spectra of feedstocks, rationalizing the many pilot projects 
that exist around the globe.[11,70–72] The drawback is that the crack-
ing is not selective. This means that the product is suitable for 
transportation fuel applications rather than material applications, 
and the pyrolysis oil must be refined or blended with standard 
fuels (e.g. diesel) before it can be used.[73] 

Gasification is another chemical upcycling process of plas-
tic. This method involves the thermal decomposition of plas-
tics at high temperature in a limited oxidizing atmosphere. It 
produces syngas – a mixture of CO and H

2
 – that can be used 

for power generation or for chemical synthesis. The former is 
the most widespread application of syngas but fuel applications 
are not in line with a circular economy and material recovery. 
For the latter, follow-up processes are required (e.g. Fischer 
Tropsch followed by cracking). Gasification displays high 
selectivity and conversion but is very energy intensive as the 
endothermic reactions require temperatures up to 1000 °C.[74] 
The gasification technology has already been implemented in 
several pilot and industrial scale initiatives.[75] Typical reaction 
conditions are described in Table 1, entry 2. 

Finally, hydrocracking is an emerging chemical upcycling 
process of plastic. The technology today is mostly described in 
the academic domain. This method involves the catalytic de-
composition of plastics at low temperature (350–450 °C) under 
an H

2
 atmosphere. Hydrocracking combines the advantages of 

pyrolysis and gasification, namely high selectivity and conver-
sion, and moderate requirements in energy as the reaction is on-
ly slightly endothermic. The reaction however requires hydro-
gen which has an energy-intensive production process. In this 
context, H

2
 production technologies, especially from renewable 

electricity, are currently subject to drastic improvements both 
in their performance and economical aspect, which would in 
turn increase the potential for plastic hydrocracking.[76] Typical 
reaction conditions are described in Table 1, entry 3. 

The product conversion and selectivity of hydrocracking 
can be modified by varying catalyst, temperature, hydrogen 
pressure, and residence time. Several metals and supports have 
been investigated in the literature. In 1998, Dufaud et al. dis-

Fig. 5. Different treatment methods for end-of-life polyolefin valorization.

CO
2
 can also be reduced into methanol which can be cata-

lytically transformed to produce olefins through a methanol-to-
olefins (MTO) process.[55,56] The first reduction step is conducted 
industrially by using a mixture of CO

2
, CO and H

2
 over a catalyst, 

typically Cu/ZnO, even if other structures, e.g. containing gal-
lium, have been proposed.[57,58] The transformation of methanol 
into olefins requires molecular sieves as catalyst, the most wide-
spread one being silicoaluminophosphate SAPO‐34.[59] The latter 
displays high selectivity towards light olefins and is already used 
in multiple pilot and industrial (MTO) applications.[60]

There are also efforts to produce valuable materials (polymers) 
from CO

2
 using microorganisms. For example, polyhydroxyal-

kanoates (PHA) are naturally occurring biodegradable polyesters 
produced by bacteria and displaying similar properties to PE and 
PP.[61] In particular, polyhydroxybutyrate (PHB), the most com-
mon PHA, can be synthetised from H

2
 and CO

2
, by Cupriavidus 

necator, a hydrogen-oxidising bacterium, with high yields (up to 
70% of its mass).[62] These bacteria are chemolithotrophic which 
means that they process CO

2
 as sole carbon source (autotrophic), 

and use an inorganic source of energy (in this case hydrogen). 
Furthermore, these bacteria can be cultured under heterotrophic 
conditions, with organic molecules as energy and carbon source, 
enabling fast population growth before switching to autotrophic 
conditions and PHB production.[63] Researchers have even suc-
ceeded in genetically engineering fast growing photosynthetic 
cyanobacteria to produce PHB to render the process photoauto-
trophic.[64] Nevertheless, current studies have been limited to 10 L 
bioreactors, which makes the techno-economic potential of the 
technologies challenging to assess.[61,64]

3. Post-consumption Valorization Methods
The transition from a linear to a circular economy will require 

an improvement of the waste management system as well as the 
development of new technologies. From a collecting and sorting 
standpoint, technologies and incentives must be created to lower 
the cost of the processes.[65] This would provide sufficiently pure 
feedstock to be further processed by valorization technologies 
other than landfilling and incineration. Fig. 4 provides a simpli-
fied overview of the plastic value chain from its production to 
consumption to waste treatment and contains the technologies 
that have the potential to afford a circular economy.

When possible, mechanical recycling should be preferred 
because it consumes less energy and results in the lowest car-
bon footprint.[66] This is due to the fact that no chemical bonds 
are broken during the process, unlike for chemical recycling. 
Nevertheless, in many instances, the quality of the feedstock is 
too poor to be handled by mechanical recycling methods,[67] and 
in these instances chemical recycling will have a role to play.

Fig. 4. Schematic representation of the plastic value chain. Today, most 
of the value is lost as the plastics exit the cycle as waste.
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covered that zirconium hydride supported on silica-alumina (Zr 
loading of 3wt%) is able to polymerize both ethylene and pro-
pylene to the corresponding polyolefin, and completely convert 
the resulting polymer to light alkanes, after 62 h, at 150 °C for 
PE (190 °C for PP) and 1 bar of H

2
 (substrate:catalyst weight 

ratio of 1.6:1).[77] More recently, Lee et al. demonstrated that 
ruthenium nanoparticles supported on zeolites (Ru loading of 
2.5wt%) convert polyolefins (low-density polyethylene (LDPE) 
and PP) into grid-compatible methane in near quantitative yield 
(97%) after 4 h, at 300 °C and 50 bar of H

2
 (substrate:catalyst 

weight ratio of 16.5:1).[78] On the other hand, Rorrer et al. 
showed that ruthenium nanoparticles supported on carbon (Ru 
loading of 5wt%), at 200 °C and 20 bar H

2
, display a broader 

product distribution with 45% by mass of liquid n-alkanes and 
50% by mass of gaseous alkanes after 16 h (substrate:catalyst 
weight ratio of 28:1). The same catalyst, at 250 °C and 30 bar 
of H

2
, renders near quantitative yield of methane after 16 h 

(substrate:catalyst weight ratio of 4:1).[79] In yet another study, 
Celik et al. described a catalyst made of platinum nanoparti-
cles supported on SrTiO

3
 perovskite (Pt loading of 11.1wt%) 

completely converting polyethylene into high-quality liquid 
alkanes, after 96 h at 300 °C and 11 bar H

2
 (substrate:catalyst 

weight ratio of 5:1).[80] The effect of various catalysts and pro-
cess conditions on hydrocracking of PE and PP have been re-
viewed in detail in 2018 by Munir et al.[81]

When it comes to PVC, chemical recycling is more challeng-
ing than for PE and PP. Indeed, the chlorine atoms present in 
the polymer generate toxic and corrosive HCl gases that provoke 
equipment corrosion and catalyst degradation. PVC must there-
fore undergo a dechlorination/dehydrochlorination pre-treatment 
step.[82] In this perspective, polyethylene glycol (PEG) is known 
to successfully catalyse the dechlorination of PVC in the presence 
of potassium hydroxide, with a 98% yield.[9] This process yields 
polyenes suitable for further thermal treatment (pyrolysis, gasifi-
cation or hydrocracking).[83]

For all the technologies described above (pyrolysis, gasifi-
cation, and hydrocracking) the process conditions must be sup-
ported with careful reactor design. In the case of pyrolysis, for ex-
ample, there have been reports on the utilization of rotary kilns,[84] 
continuous stirred tank reactor,[85] fluidized beds,[86] and spouted 
beds.[87] The choice of the reactor has an influence on the process-
ing capabilities as heat and mass transfers are not controlled in 
the same way, leading to challenges in scaling-up the technology. 

3.2 Biocatalytic Depolymerization
Another interesting recycling method for post-consumer 

plastic waste is biocatalytic depolymerization. This method re-
lies on the utilization of microorganism enzymes to deconstruct 
the polymers. Recent and promising research described a bacte-
rium, Ideonella sakaiensis, able to degrade PET plastics and use 
it as sole energy and carbon source. They identified the extra-
cellular enzymes responsible for this activity: a PET hydrolase 
(PETase) cleaving PET into mono(2-hydroxyethyl) terephthalic 
acid (MHET); and a MHET hydrolase (MHETase) further cleav-
ing MHET into terephthalic acid and ethylene glycol, the original 
building blocks of PET.[94] Another study showed that PETases are 
also able to degrade PEF, the promising bio-sourced replacement 
to PET described above, into hydroxyethyl-2,5-furandicarboxyl-
ate. They also anticipated that guided mutagenesis of MHETase 
would enable to reach the original building blocks of PEF: FDCA 
and ethylene glycol.[95] Further research aims at improving the 
degradation activity and thermal stability of enzymes variants 
through protein engineering,[96] and at expressing these enzymes 
in other microorganisms, such as photosynthetic microalga.[97]

In addition, Tournier et al. have isolated and improved a leaf-
branch compost cutinase (LCC) enzyme that degrades PET to 
monomers with unprecedented productivity.[98] Their technology 
has been successfully applied to 150 L pilot scale bioreactors and 
is currently scaled up to industrial production by Carbios, with an 
expected beginning of operations by the end of 2021.

In parallel, multiple fungi and bacteria have also been iden-
tified for the degradation of polyester polyurethane through en-
zymatic depolymerization.[99] Especially, a fungus, Pestalotiopsis 
microspore, is able to use PUR as its sole carbon source, both 
in aerobic and anaerobic conditions. Its extracellular hydrolases 
break the ester bond of the synthetic polymer, and make the prod-
ucts available for further metabolization by the fungi.[100]

4. Life Cycle Assessment (LCA) Considerations
With the rise of multiple short-lived plastic recycling methods, 

the field of LCA is becoming an indispensable tool to assess the 
overall impact of a process. An LCA is a comparative analysis 
wherein a proposed process must be rated relatively to a suitable 
benchmark. This can lead to some degree of uncertainty in the 
field of waste management as the benchmark technology can vary 
from one geographical region to another. For example, Switzerland 
predominantly incinerates its plastic waste (73% of plastic post-

Table 1: Typical pyrolysis, gasification, and hydrocracking reaction conditions.

Entry Tech Feedstock Conditions Products Refs

1 Pyrolysis LDPE, HDPE, 
PP, PS

Decomposition in absence of 
air, with or without a catalyst 
(typically zeolite); high 
temperature (>500 °C);  
long residence time

Liquid oil (50–80%), gases (HC and 
hydrogen) (15–50%), and char  
(1–3%)

[88, 89]

2 Gasification LDPE, HDPE, 
PP, PS, PET

Decomposition in the presence 
of low oxygen equivalent (air, 
oxygen, steam or CO

2
), with 

or without a catalyst; high 
temperature >800 °C)

Syngas (hydrogen and carbon 
monoxide gas with traces of CO

2
 and 

CH
4
), tar and non-desired gases, and 

solid char

[75,90–92]

3 Hydrocracking LDPE, HDPE, 
PP, PS, PET

Decomposition in presence 
of hydrogen and a catalyst 
(typically metal supported 
catalyst); low temperature  
(300–350 °C)

Short chain saturated paraffins 
(methane or naphtha)

[81,93]



Renewable Feedstock and Biomass Valorization� CHIMIA 2021, 75, No. 9  749

[3] Statista, ‘Distribution of plastic production worldwide in 2018, by type’, 
https://www.statista.com/statistics/968808/distribution-of-global-plastic-
production-by-type/, accessed May 5, 2021.

[4] Plastics Europe, ‘Plastics - the Facts 2020’, 2020.
[5] T. D. Nielsen, J. Hasselbalch, K. Holmberg, J. Stripple, WIREs Energy 

Environ. 2020, 9, 360, https://doi.org/10.1002/wene.360.
[6] R. Geyer, in ‘Plastic Waste and Recycling’, Elsevier, 2020, pp. 13–32.
[7] E. De Tandt, C. Demuytere, E. Van Asbroeck, H. Moerman, N. Mys, G. Vyncke, 

L. Delva, A. Vermeulen, P. Ragaert, S. De Meester, K. Ragaert, Waste 
Manag. 2021, 119, 315, https://doi.org/10.1016/j.wasman.2020.10.012.

[8] L. Shen, E. Worrell, in ‘Handbook of Recycling’, Elsevier, 2014, pp. 179–190.
[9] S. C. Kosloski-Oh, Z. A. Wood, Y. Manjarrez, J. P. de los Rios, M. E. Fieser, 

Mater. Horiz. 2021, 8, 1084, https://doi.org/10.1039/D0MH01286F.
[10] K. Ragaert, L. Delva, K. Van Geem, Waste Manag. 2017, 69, 24,  

https://doi.org/10.1016/j.wasman.2017.07.044.
[11] J. M. Garcia, M. L. Robertson, Science 2017, 358, 870,  

https://doi.org/10.1126/science.aaq0324.
[12] Y. Saeki, T. Emura, Prog. Polym. Sci. 2002, 27, 2055,  

https://doi.org/10.1016/S0079-6700(02)00039-4.
[13] A. Gandini, D. Coelho, M. Gomes, B. Reis, A. Silvestre, J. Mater. Chem. 

2009, 19, 8656, https://doi.org/10.1039/B909377J.
[14] F. W. Gomes, R. C. Lima, C. R. Piombini, J. F. Sinfitele, F. G. de Souza, 

P. L. A. Coutinho, J. C. Pinto, Macromol. Symp. 2018, 381, 1800129,  
https://doi.org/10.1002/masy.201800129.

[15] J.-G. Rosenboom, D. K. Hohl, P. Fleckenstein, G. Storti, M. Morbidelli, Nat. 
Commun. 2018, 9, 2701, https://doi.org/10.1038/s41467-018-05147-y.

[16] S. K. Burgess, J. E. Leisen, B. E. Kraftschik, C. R. Mubarak, 
R. M. Kriegel, W. J. Koros, Macromolecules 2014, 47, 1383,  
https://doi.org/10.1021/ma5000199.

[17] X. Chen, N. Yan, Mater. Today Sustain. 2020, 7–8, 100031,  
https://doi.org/10.1016/j.mtsust.2019.100031.

[18] P. T. Benavides, U. Lee, O. Zarè-Mehrjerdi, J. Clean. Prod. 2020, 277, 
124010, https://doi.org/10.1016/j.jclepro.2020.124010. 

[19] F. D. Bobbink, A. P. van Muyden, P. J. Dyson, Chem. Commun. 2019, 55, 
1360, https://doi.org/10.1039/C8CC07907B.

[20] G. T. Beckham, C. W. Johnson, E. M. Karp, D. Salvachúa, 
D. R. Vardon, Curr. Opin. Biotechnol. 2016, 42, 40,  
https://doi.org/10.1016/j.copbio.2016.02.030.

[21] L. Shuai, M. T. Amiri, Y. M. Questell-Santiago, F. Héroguel, Y. Li, H. Kim, 
R. Meilan, C. Chapple, J. Ralph, J. S. Luterbacher, Science 2016, 354, 329, 
https://doi.org/10.1126/science.aaf7810.

[22] Y. Pierson, X. Chen, F. D. Bobbink, J. Zhang, N. Yan, ACS Sustain. Chem. 
Eng. 2014, 2, 2081, https://doi.org/10.1021/sc500334b. 

[23] A. P. Van Muyden, Doctoral dissertation, EPFL, Lausanne, 2020.
[24] C. Liptow, A.-M. Tillman, J. Ind. Ecol. 2012, 16, 420,  

https://doi.org/10.1111/j.1530-9290.2011.00405.x
[25] I. Tsiropoulos, A. P. C. Faaij, J. E. A. Seabra, L. Lundquist, U. Schenker, 

J. F. Briois, M. K. Patel, Int. J. Life Cycle Assess. 2014, 19, 1049,  
https://doi.org/10.1007/s11367-014-0714-5.

[26] M. Rose, R. Palkovits, Macromol. Rapid Commun. 2011, 32, 1299,  
https://doi.org/10.1002/marc.201100230.

[27] L. Zhang, G. Xi, Z. Chen, Z. Qi, X. Wang, Chem. Eng. J. 2017, 307, 877, 
https://doi.org/10.1016/j.cej.2016.09.003.

[28] S. Siankevich, Z. Fei, R. Scopelliti, P. G. Jessop, J. Zhang, N. Yan, 
P. J. Dyson, ChemSusChem 2016, 9, 2089, https://doi.org/10.1002/
cssc.201600313.

[29] T. Deng, X. Cui, Y. Qi, Y. Wang, X. Hou, Y. Zhu, Chem. Commun. 2012, 48, 
5494, https://doi.org/10.1039/C2CC00122E.

[30] F. D. Bobbink, Z. Huang, F. Menoud, P. J. Dyson, ChemSusChem 2019, 12, 
1437, https://doi.org/10.1002/cssc.201802830.

[31] K. V. Venkatesh, Bioresour. Technol. 1997, 62, 91,  
https://doi.org/10.1016/S0960-8524(97)00122-3.

[32] Y. Wang, W. Deng, B. Wang, Q. Zhang, X. Wan, Z. Tang, Y. Wang, 
C. Zhu, Z. Cao, G. Wang, H. Wan, Nat. Commun. 2013, 4, 2141,  
https://doi.org/10.1038/ncomms3141.

[33] S. Jacobsen, H. G. Fritz, P. Degée, P. Dubois, R. Jérôme, Polym. Eng. Sci. 
1999, 39, 1311, https://doi.org/10.1002/pen.11518.

consumer waste in 2018) and uses the heat to provide district 
heating and electricity.[4] At the same time, Switzerland gener-
ates large quantities of renewable electricity (59% in 2019),[101] 
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catalysts, leading to reduced emissions. A Swiss incinerator will 
not result in the same impact for plastic incineration than an incin-
erator that is not equipped with suitable pollution control and for 
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impact of waste pyrolysis with respect to incineration – namely a 
50% decrease of CO

2
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ronmental NGOs, for undisclosed datasets, selective presentation 
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weight of the materials during transport.[103]

5. Conclusions and Outlook
The transition from a linear plastic consumption model to a 

circular model will require the collaboration of the entire value 
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end-of-life. The chemical structures that make up plastic must 
be homogenized and designed for recycling, albeit without com-
promising on the quality of the material. The part of bio-sourced 
plastics should increase but must go hand-in-hand with efficient 
end-of-life strategies. Collection and sorting must be improved 
so that the feedstock specification match current and emerging 
technologies. This can be achieved through various means and 
technologies (e.g. infrared spectroscopy coupled with cameras 
for colour determination). Emerging technologies must focus on 
delivering clean products that can ideally be processed in existing 
assets to decrease the overall capital expenditure. Finally, all this 
must be undertaken by considering the LCA of the processes as 
well as the economics of the emerging processes. Fig. 6 attempts 
to show that end-of-life strategies of plastics may differ depending 
on their origin and properties (bio-derived, fossil-derived or bio-
degradable). Finally, achieving results will not be possible with a 
‘one size fits all’ solution but rather from a collaborative approach 
among the key industrial and academic players in the field.
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