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State-of-the-art of industrial PET mechanical
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Steenberge, & ¢ Dagmar R. D'hooge & *<@ and Mariya Edeleva & *2

Poly(ethylene terephthalate) (PET) waste streams hold high societal and commercial value, with
complementary mechanical and chemical recycling technologies enabling a circular implementation for
many generations and life cycles, provided the multi-scale characteristics of polyester synthesis and
recycling are properly quantified. The present contribution highlights the challenges faced by the PET
mechanical recycling industry, connecting (i) variations at the molecular scale (e.g. degradation
reactions), co-defining the material and ultimately the application properties, with (ii) variables at the
plant scale (e.g. pre-treatment efficiencies). It is explained why both a polymer reaction engineering
(PRE) analysis for the key processing (e.g. extrusion and solid state modification) units and a life cycle
assessment (LCA) analysis at the process level (e.g. energy calculations) from the field of environmental
engineering science (EES), acknowledging changes in contamination (e.g. non-intentionally added
substances (NIAS)) levels and PET supply, are necessary. For each unit in the production plant the main
influencing factors are discussed, highlighting how the overall performance is affected by the
performance of each unit, from collection to relaunch of the PET product on the market. It is also

elaborated how model-based design and data analysis can support the overall process and energy
Received 14th September 2024

Accepted 8th December 2024 optimization. General guidelines are formulated, facilitating the combined molecular and process scale

driven assessment of the feasibility of mechanical recycling technology. This in turn allows the

DOI: 10.1039/d4su00571f initialization of a more fundamentally based framework for decision-making regarding preferred

rsc.li/rscsus recycling technologies, including both the PET mechanical and chemical recycling routes.

Sustainability spotlight

PET mechanical recycling is an important technology to realize polymer circularity (UN SDG 12). Industrially the process can be challenging, due to the impact of
contaminants (e.g. non-intentionally added substances; NIAS) as well as feedstock variations. The current review connects lower and higher technology read-
iness level (TRL) research and process design, combining polymer reaction engineering (PRE) and life cycle analysis (LCA) along the value chain. It is showcased
that our current regulations on PET (waste) product quality can be further fine-tuned by mitigation at the process level (UN SDGs 9 and 13), once more science-
driven analysis of each unit in the PET recycling plant is within reach by integrating experimental and software-based analysis.

with an expected market value of over 40 billion dollars by 2033
according to a compound annual growth rate of ca. 4% from

1. Introduction

Polyester-rich waste streams are highly relevant in the global
landscape of polymer recycling. The leading (thermoplastic)
polyester is poly(ethylene terephthalate) (PET), with applica-
tions such as liquid containers, packaging and fibers."* The
most well-known commercial polyester item is the PET bottle,
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2023 to 2032.°> Another important application is the PET tray,
contributing to a market share of 25% in the packaging product
segment in 2020 for the European Union (including e.g. the
United Kingdom).*

PET recyclability is facilitated by its thermoplastic nature,
allowing re-melting and solidification. Moreover, the revers-
ibility of PET synthesis with its core polycondensation reac-
tions, delivering small byproducts (e.g. water and methanol),
makes PET-based products suitable for a wider range of recy-
cling technologies, including chemical modification via either
chain repair or full monomer/oligomer recovery. Consistently,
the European Commission (EC) is demanding that certain PET-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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based packaging materials need to include already 30% of
recycled plastics by 2030,° exemptions being contact-sensitive
applications such as medical, veterinary and food contact
products requiring stricter safety and hygiene regulations.*” A
challenge is that per recycling cycle the PET/polyester feed
composition will change because of the mixing of different
generations of (sorted) waste. This waste mixing likely involves
different average chain length ranges and contamination levels,
as well as geographically influenced variations in collection
efficiencies.

As illustrated in Fig. 1, three main industrial technologies for
PET recycling are mechanical or primary recycling, chemical or
secondary recycling, and physical or tertiary recycling.® In
mechanical recycling, reshaping at the polymer level is aimed at
minimizing (chemical) degradation reactions, whereas in
chemical recycling the goal is to chemically transform polymer
molecules into their original building blocks from the
synthesis.” Here one can distinguish depolymerization,
reversing the synthesis, and pyrolysis.
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For PET, chemical depolymerization can be realized via
solvolysis, benefiting from the reversible nature of poly-
condensation reactions, ensuring (direct) repolymerization.”*®
For PET chemical recycling, one does not need to rely by default
on pyrolysis delivering solid/melt-gas phase transitions, as for
instance the case for chemically converting polyolefin waste
into low carbon products.'* Physical recycling employs in turn
dissolution and precipitation techniques to extract the desired/
purified polymer from the waste stream.'” Both solvolysis and
dissolution recycling use (chemical) solvents, so sometimes
both are for simplicity categorized as chemical recycling tech-
niques. However, from a more fundamental point of view,
physical recycling should be distinguished from chemical
recycling, as only chemical recycling aims at (dedicated)
chemical modification of the polymer.

In the present contribution, the main emphasis is on the
industrial principles and challenges for PET mechanical recy-
cling technology, seeing as the main alternative for this tech-
nology is solvent-based depolymerization, and thus, chemical
recycling technology through solvolysis. Mechanical recycling
and solvolysis are complementary but it is currently unclear
when which technology is preferred under which circum-
stances. We for instance still need to formulate a detailed
answer to the following questions: (i) what is the impact of the
quality of incoming waste on the recycling efficiency and
economics of a given technology; (ii) how easily can recycled
product streams be launched into the polymer and plastic
market still dominated by virgin products and materials; and
(iii) how decisive is the overall energy cost in the choice of
a preferred recycling technology as well as the coupled plant
design?

It goes without saying that many (process) variables come
into play - along the whole polymer value chain - to verify if
a certain recycling technology is economically viable in our
societal striving for a circular world for plastic materials and
products. In this context, a dedicated and systematic multi-scale
approach, synergistically strengthening and bridging several
scientific fields, is required for research innovation and process
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Fig. 1 General principles for PET mechanical recycling via re-processing and PET chemical recycling, complemented with other techniques
such as physical recycling via dissolution/precipitation.® IV: intrinsic viscosity; SSP: solid-state polymerization.

design activities, connecting the academic and industrial
community. To enable a long-term circular implementation for
PET products, a much better fundamental understanding of
recycling technologies should be targeted, accounting for vari-
ations in feedstock (collection) as well as local and world-wide
regulations and future intentions.

For a more fundamental understanding of PET recycling
technologies, one needs to link investigations and data analysis
at a lower and a higher technology readiness level (TRL). It
should be stressed that even for the virgin PET and in general
the virgin polymer market such linkages are rather rare. This is
because we first need a detailed research approach at both TRL
types before one can attempt their connection, which is
historically less embedded in our overall product design
approach; in academia in many cases most research studies
deal with the very low TRL end (although sometimes with more
realistic feedstock validation for at least a single unit), and in
industry the focus is mainly on high TRL activities connecting
several process units, considering rather fast decision making
for the prior lower TRL input. However, only by better con-
necting both TRL types can one achieve a better interconnected
adaptation to deliver genuine multi-scale design of the whole
value chain for a long time period, correcting for sudden
changes in product quality, societal expectations and govern-
mental regulations.

To achieve a better connection of lower and higher TRL
activities for PET mechanical recycling in the next decade, the
current contribution aims at setting out general guidelines.
This is done starting from our recent lower TRL contribution,*
dealing with PET degradation under ideal lab scale conditions,
with at most a limited disturbance of contamination for the
ongoing degradation reactions. The lower TRL contribution
highlighted that depending on process variables such as

1998 | RSC Sustainability, 2025, 3, 1996-2047

temperature, mechanical forces (e.g. screw design), oxygen and
water concentration, as well as exposure to sunlight, different
(degradation) reaction pathways are more or less likely. The
relevance of these pathways is additionally influenced by the
type of comonomer unit present in the polyester backbones,
and thus, influenced by the polyester feedstock composition.**
It has been further demonstrated by Fiorillo et al.*® that the PET
rheological, thermal and mechanical material property varia-
tions upon consecutive ideal recycling can at least be partially
correlated to the dominant molecular degradation reactions.
Hence, at a lower TRL, it is critical to realize a clear under-
standing of the interactions and modifications of the (polyester)
molecules present. One needs to sufficiently account for the
chemistry variations, keeping in mind that the (melt) viscosity
influences the (macro)molecular mobility and thus the
observed (or apparent) mechanical recycling kinetics.'*** This
implies profound knowledge from the polymer reaction engi-
neering (PRE) field for PET mechanical recycling optimization
and market validation, recognizing the molecular scale.

As demonstrated in the current contribution, contaminants,
specifically Non-Intentionally Added Substances (NIAS) such as
benzene and bisphenol A, as present in higher TRL applica-
tions, complicate the appreciation of the mechanical recycling
process at this molecular scale. There is thus a large difference
between (low TRL) ideal lab scale and (high TRL) industrial
scale PET mechanical recycling. Industrially, the waste needs to
be collected, sorted and pre-treated, and this can increase the
number of undesired (macro)molecules upon passing the pro-
cessing train. For instance, the engineering actions in the
washing unit of the recycling plant can affect the re-processing
(repairing) potential later on in the plant, as certain (macro)
molecules do not contain the correct functional end-groups. It
can also be expected that a different PET waste entry is best

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treated with another overall plant scheme, i.e. the specific
connection of certain pre-treatment and re-processing units
either in the melt or solid state could be different for an optimal
recycling performance.

In other words, for an industrial assessment of the PET
mechanical recycling potential, one needs to evaluate the recy-
cling technique efficiency from a life cycle assessment (LCA)
point of view alongside a PRE one. Only then will it become
clear how many generations of PET waste can be effectively
managed using the mechanical recycling technology for a given
geographical and legislative framework. It should be stressed
that almost no contributions in the open literature exist that
connect LCA with PRE insights, so that an unbiased interpre-
tation of the compatibility of different PET recycling technolo-
gies in the overall polyester market is at this stage of a more
subjective nature. At most one acknowledges some average PRE
properties at the application level to define quality. LCA input
on for instance energy use is merely a rough estimate that is
yield and not chain length/functionality driven.

In what follows, it is first explained how PRE and LCA prin-
ciples can be utilized to deliver science driven guidelines and
boundaries for the selection of a certain mechanical recycling
technology, acknowledging low and high TRL influencing
factors. The most essential reactions at the molecular scale as
well as the most important units at the process scale are dis-
cussed, and it is specifically highlighted which type of
contaminant can alter the preferred connection of both scales.
The impact of contaminants is also embedded in a concise
overview of the current (European) standards and regulations,
complemented by an overview of recycled PET (rPET) applica-
tions also addressing routes not involving mechanical recycling
(e.g. physical recycling). This is done to identify challenges for
the overall PET recycling community, bridging lower and higher
TRL tasks and to open the pathway for an international road-
map, on introducing long-term circularity for PET and in
general the polyester market.

2. Guidelines on selecting PET
mechanical recycling: the need to
connect the molecular and process
scales

At the process level, from an energy point of view, mechanical or
secondary recycling of PET (streams) is very likely the preferred
technique over chemical or tertiary recycling as well as energy
valorization/recovery or quaternary recycling.’* However, the
downsides of mechanical recycling are the deterioration of the
material properties upon consecutive recycling,'*"” and the
need to retrieve a rather defined starting material before the
actual re-processing. At one moment or under certain practical
conditions, it can thus be anticipated that PET chemical recy-
cling is the way forward with only in the worst case scenarios the
option of energy recovery being the best, avoiding in any case
landfill. Note that energy recovery emerges as the preferred
recycling strategy upon dealing with very complex or heavily
contaminated waste streams that are unsuitable for recycling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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through other methods. These too complex streams present
severe challenges that prevent effective or economically viable
recycling, positioning energy recovery as the only feasible
option. The fuels produced through this process are energy-
dense, making them valuable for generating heat or electricity.*®

The relevance of PET chemical recycling is more evident for
treating reasonably complex waste situations by the added
possibility/flexibility to apply solvolysis, exploiting the revers-
ible nature of polycondensation chemistry as opposed to chain
growth polymerization chemistry (e.g. polyolefin market).
Depolymerization through solvolysis allows advanced chemical
degradation by contact of polymer molecules with an excess of
solvent molecules that were seen as byproduct molecules in the
original synthesis to re-generate the monomer and/or the first
oligomers as formed during that original synthesis. A direct
integration at the polymerization plant level is thus possible for
PET solvolysis, in contrast to for instance pyrolysis of polyolefin
molecules in which chemical recycling delivers a rather broad
spectrum of oligomeric products. For such pyrolysis, the recy-
cled liquid and gas molecular products can have easily
a maximal carbon number of 30 so that ethylene or propylene,
being examples of the original monomers with very low carbon
numbers, are not dominantly formed.

Industrially, it is therefore paramount to define both energy-
based and chemistry-driven guidelines that enable a fair assess-
ment of the most suited recycling technology for a given poly-
ester, in general, polymer waste streams. In other words, to
enable a translation from the lab to the plant scale for a recycling
technology, one needs to distinguish between influencing factors
at the molecular scale as well as the process scale. For the
molecular scale, one needs to determine whether the degradation
reactions under mechanical recycling conditions are repairable
or not. Only if no suited (macro)molecular repairs can be made,
one, accounting for contaminations established at the process
scale, needs to aim at dedicated degradation toward monomers
or oligomer recovery. Physical recycling could be an alternative at
one point; however, for PET waste streams, solvolysis is likely
preferred once mechanical recycling is no longer a valid option.

It should be stressed that molecular variations always take
place during mechanical recycling but only a certain degree or
type of chemical modification is allowed to ensure a final
application with acceptable material performance. Hence,
a PRE oriented analysis connecting molecular characteristics to
material properties is a key task for defining chemistry-driven
recycling guidelines. These molecular variations and their
potential repair should be seen in the overall plant design, as for
instance a dominant contamination or a supply limitation can
alter the recycling roadmap and market potential. This means
that alongside the aforementioned PRE-based analysis on
individual process units in the plant, e.g. an extrusion or solid-
state unit, a LCA analysis is required along the whole value
chain, putting forward the relevance of environmental engi-
neering science (EES). A more fundamental decision making for
recycling technology design will thus emerge by bridging PRE
with EES, together defining the overarching field of sustainable
polymer reaction engineering (sPRE), as highlighted in the
present contribution.

RSC Sustainability, 2025, 3, 1996-2047 | 1999
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In this section, attention is paid to the most important PRE
and EES features for PET mechanical recycling, starting from
the main conclusions and insights from our previous lower TRL
contribution.” That contribution dealt with the chemistry and
material variations for ideal mechanical recycling in the
absence of or at most limited presence of contaminants, and
thus, lab scale degradation reactions under well-defined
conditions of temperature and initial composition.

2.1. Polymer reaction engineering analysis: molecular
variations during recycling

At the core of any polymer modification, either desired or
undesired, lies a more fundamental understanding of the
(macro)molecular chemistry variations at hand. This is because
the material and thus application properties largely depend on
molecular characteristics such as the chain length and
branching distribution, or at least their averages."** For
example, the melt flow index (MFI)*"** or intrinsic viscosity (IV)
is known to correlate with the (mass) average molar mass
(M),>*** and the brittleness is affected by the degree of cross-
linking or gel content.”

View Article Online

Critical Review

For PET chemical recycling purposes, these molecular scale
variations are very clear, as one deliberately aims at a chemical
alternation from the polymer to the oligomer level, and thus,
one goes from very high to very low chain lengths in the limit
a chain lenght of 1 (monomer level). For PET mechanical recy-
cling purposes, in which the goal is to maintain very high chain
lengths, molecular scale variations can however have a huge
impact as well. For example, the formation of volatiles is asso-
ciated with the specific release of small chemical moieties from
the backbone structure. Furthermore, the repair potential of
degraded macromolecules defining mechanical recycling miti-
gation strategies depends on the presence of certain functional
groups, which can be disturbed by specific degradation path-
ways yielding irreversible (functional) groups. Hence, also for
mechanical recycling, it is paramount to be aware of the
chemistry behind the reprocessing steps, with for instance a too
long (re)processing at elevated temperature, specifically with
wet PET flakes inducing additional hydrolytic reactions, being
a point of attention often overlooked in the field.

Intriguingly, per PET recycling cycle, the balance of revers-
ible and irreversible molecular changes due to chemical
(degradation) reactions is altering. This means that a large
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Fig.2 Examples of PET (lumped) degradation reactions as likely encountered during mechanical recycling and end-of-life; (1) mid-chain driven
ester rearrangement or net results of fission and BH-abstraction, defining radical-based ester rearrangement, e.g. thermal or thermomechanical;
(2) alternative end-driven ester rearrangement with intermediate cyclization; (3) hydrolysis; (4) carboxylation with CO, formation; (5) volatile
(aldehyde) formation; (6) hydrogen abstraction; (7) oxygen propagation as part of thermo-oxidative degradation; (8) chain transfer; (9) photo-

oxidative scission.
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number of input variables and output design features need to
be mapped to enable proper decision making regarding
a preferred recycling technology implementation and optimi-
zation for a given time period. Consistent with evolutions in the
chemical industry and the PRE field a pure experimental way of
working is too restricted, and instead the use of computer tools
is recommended, including experimental validation at least for
a training set of operational conditions. Hence, a model-based
assessment of the recycling potential, making a clear distinc-
tion between generations or types of waste, is preferred to
decide which recycling technique is the most suited, taking into
account an acceptable range of application target properties,
geographical features, and economic constraints.

In what follows, emphasis is first on the most important
(elementary) degradation reactions during mechanical recy-
cling, focusing on a given subunit (e.g. section of an extruder). It
is then highlighted that the industrial settings and equipment
design have an impact on how these reactions affect the
mechanical recycling efficiency, with a superposition of various
molecular distributions being the result. It is also put forward
which types of PRE modeling strategies enable the best support
for the mapping and design of these (macro)molecular
variations.

2.1.1. Elementary degradation reactions at a given subunit
in the overall process. As explained in detail in Fiorillo et al.,*
for polyester (mechanical) recycling, one can distinguish
between a wide spectrum of (elementary) chemical reactions,
either based on (i) thermal trigger defining thermal degradation
reactions, (ii) a mechanical trigger typically at elevated
temperature defining thermomechanical degradation reac-
tions, (iii) the presence of an oxygen-rich environment deliv-
ering thermo-oxidative degradation reactions, and (iv) the
contact with water or moisture putting forward hydrolytic
reactions. Contact with ultraviolet (UV) light during polymer
usage and application additionally induces photo-oxidative
reactions.

Main examples of each type of degradation reaction are given
in Fig. 2, selecting for illustration purposes virgin PET as the
substrate and only a limited number of chain lengths. It should
be noted that these reactions can occur for various chain
lengths, defining molecular distribution, as well as along the
whole value chain as long as the processing/environmental
conditions allow the reaction time scales to be relevant. Most
likely this is the case for a processing subunit operating at
elevated temperature, e.g. a subunit of an extruder with a certain
barrel temperature, or a processing subunit with an increased
solvent content, e.g. a washing subunit in the pretreatment part
of the plant.

Notably, depending on the molecular build-up of the poly-
ester backbone, certain reaction pathways are faster or slower,
with for instance the diethylene glycol (co)monomer unit more
prone to a chemical attack compared to the traditional PET
ethylene glycol unit from the rate coefficient point of view.>*>*
Moreover, due to the presence of certain contaminants either
formed during the first life cycle or during further PET recy-
cling, the reaction mechanism becomes more complex.'**-3*
This means that if one compares lab and plant scale recycling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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data and design, the number of acceptable mechanical recy-
cling passes could be lower at the plant scale, or a more dedi-
cated process control is needed for the plant scale to guarantee
a given number of such passes.

In Section 5 of the present contribution, a detailed overview
is given of the role of these contaminants, making a link to the
overall chemistry in the present subsection dealing with the
main polymer-based reactions (¢f. the discussion of Fig. 2).

2.1.2. Superposition of molecular distributions at the
processing unit level. It should be stressed that molecular
characteristics (e.g. chain length and comonomer content) are
more distributed at the industrial level, as non-idealities influ-
enced by strong equipment and processing settings are
unavoidable. However, even under well-defined lab scale
conditions, a polymer is already characterized by rather strong
chain length dependencies with the presence of both shorter
and longer macromolecules. Furthermore, during lab scale
modifications molecules can already be present or formed that
display different topologies such as linear, branched and
crosslinked.*

The diversity of molecular variations along an industrial
processing unit is highlighted by the boxes in Fig. 3. If one in
a first step only focuses on the (micro-scale) green box early in
the processing unit, the lab scale situation can be understood,
as for this small subunit or region a given temperature and
pressure likely hold. The molecules in the green box are
different in chemical build-up because of unavoidable
stochastic variations during the prior synthesis, e.g. caused by
the interplay of chemistry and chain length dependent diffu-
sivity.” In addition, chemical modifications are established
during the actual processing in which molecules still stay in this
green box, implying only a small residence time step.

Upon inspecting in a second step a region more downwards
the processing unit, e.g. the orange box in Fig. 3, other molec-
ular variations are likely more relevant than those in the green
box. On the one hand, this is because the molecules further
away in the process train experienced a more extensive chemical
modification history, as the residence times for the individual
molecules are by default higher. On the other hand, larger set-
ups, defining inherently a higher number of micro-scale
regions, are more prone to macro-scale mixing and tempera-
ture gradients so that the bulk concentrations and temperature
change per such region or subunit. For example, the green and
orange boxes in Fig. 3 are likely characterized by a different
screw design and temperature of the external heating element,
which can result in a different alternation of the molecular
build-up of the macromolecules for a given time period.

Hence, the polymer product after a (re-)processing step is
likely characterized by a complex superposition of several
(molecular) distributions as established at both the micro- and
the macro-scale, highlighting the multi-scale nature of the (s)
PRE field. There is thus a strong desire for data analysis
approaches, recognizing (i) the distributed nature of molecular
variations for a given micro-scale temperature and pressure and
(ii) the impact of the scale of the processing equipment itself,
leading to macro-scale variations.

RSC Sustainability, 2025, 3,1996-2047 | 2001
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Fig. 3 The distributed nature of polymer chemical modification as for instance occurring during mechanical recycling (the case of twin screws).
In a given micro-scale region of a processing unit (e.g. green box), as defined by e.g. a given temperature and pressure, different molecules
undergo different molecular scale variations; the small box can thus be seen as the lab scale analogue. Upon inspecting another region (e.g.
orange box), likely influenced by macro-scale variations (as defined at the level of the process/plant scale), these molecular variations can be
different as the temperature and pressure can be different and the mixing history can disturb the degree of chemical modification.

Next to these micro- and macro-scale variations, meso-scale
variations can be relevant as well. It is very likely that a multi-
phase system is being recycled even after proper sorting.** Poly-
mer blends are likely non-homogeneous already if the amount of
blending contributors is limited, as one always has the presence
of certain fillers, compatibilizers and/or polymer contaminant(s)
compared to the major polymer component. Specifically, cooling
can induce meso-scale mixing and thermal gradients as well as
influence certain morphological (e.g. crystallinity) variations.

It should be made clear that PRE characterization of a pro-
cessing unit as detailed in Fig. 3 can only be manifested, if one
applies more advanced modeling tools. Most detailed is the so-
called coupled matrix-based Monte Carlo (CMMC)
approach,®*¢ in which individual molecules are tracked at any
position and time in a sufficiently large subunit (e.g. box in
Fig. 3) during processing. In contrast to computational fluid
dynamic (CFD) techniques, in CMMC, a rougher mesh is
defined at the process scale, but very detailed interactions of
chemical and molecular diffusion phenomena are accounted
for. One also has the option to follow molecular distribution
variations in CMMC, as one does not need to directly rely on
averages as is e.g. the situation for the deterministic method of
moments (MoM).*”* This relevance of the distributed level with
averages calculated a posteriori is for instance evident in the
failure of pure average-based modeling to unbiasedly assign
multi-peak systems,*® such peaks being highly relevant for
mechanical recycling and recycling in general.

2.2. Environmental engineering science: life cycle
assessment analysis integrating variations for processing
units

As shown in Fig. 4, LCA is an analysis method to assess the
environmental impact of a final product (e.ge PET bottle)

2002 | RSC Sustainability, 2025, 3, 1996-2047

throughout its life cycle, i.e. from natural resource extraction to
manufacturing and subsequent usage, to ultimately waste
management, including disposal and recycling.*® LCA has been
initially developed as a comparison tool to evaluate the envi-
ronmental impacts of a product, to develop the most suited
production and recycling routes, and to enable a comparison of
available alternatives.** Nowadays, LCA is interconnected with
marketing implementation, product design, product develop-
ment, strategic planning, consumer education, ecolabeling and
government policy making. However, LCA should be performed
in a correct way avoiding subjective opinions, and purely
economic and political driven incentives, highlighting the need
to connect LCA with techno-economic assessment (TEA).*"*>

The most widely employed LCA approach is based on the
well-established ISO 14040 standard.** This approach is orga-
nized around several specific functions: (i) identifying oppor-
tunities to improve the environmental aspects of products
throughout their life cycle, with goals such as management
tasks, environmental mapping, social mapping, or footprint
analysis; (ii) supporting decision-making in industry and
government, including strategic planning, priority setting,
product or process design or redesign, which can be mapped
through inventory types such as flow chart implementation; (iii)
selecting relevant indicators of environmental performance,
such as toxicity or climate change impact, and applying
appropriate measurement techniques; and (iv) driving
marketing efforts through environmental claims, ecolabels, or
product declaration, while also assessing improvements
towards more sustainable products. Most recommended is to
derive sufficiently detailed mass and energy balances,** e.g. also
benefiting from more recent developments of multilevel
statistical entropy analysis (SEA;*).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Notably, for plastic/PET mechanical and chemical recycling,
several LCA studies have already been reported,*** but overall
more data at the molecular scale are needed per (sub)unit in the
overall production and value chain to better assess the product
quality, differentiating between lab and plant scale operations.
Such molecular scale driven embedding will facilitate the
application of LCA at both lower and higher TRLs, which is
currently still a huge challenge in the overall LCA field.

In what follows, it is explained how LCA has been applied for
the polymer and specifically PET recycling industry and which
studies already make a link to PRE or molecular variations. This
is done first from a more general perspective mainly comparing
mechanical and chemical recycling technologies and then
includes a deeper analysis within each general recycling cate-
gory, paying attention in a final part to the consideration of
alternative feedstocks.

2.2.1. Comparing mechanical and chemical recycling
technology. Most plastic waste LCA studies mention an overall
CO, equivalent value (eq. per treated kg of waste), based on
rather general process schemes so that only basic descriptions
of the (processing) units involved are included. For example, for
the PET market, Ncube and Borodin®* assessed the environ-
mental impact for the bottle-to-bottle (BtB) mechanical recy-
cling technique as 3.33 kg CO, eq. compared to the waste to
landfill option with a value of 47 kg CO, eq.

Supported by the first PET LCA studies, as conducted in the
middle of the previous century, it became quickly clear that
plastic bottles are preferable over their glass counterparts.®>*
Specifically, PET-based beverage packaging provides many
benefits, including rapid production and light-weight. The
conventional implementation of returnable PET bottles

View Article Online

RSC Sustainability

involves major investments for the bottlers, as the empty bottles
must be examined for contamination. In this context, BtB
mechanical recycling has been developed as a sustainable
alternative, which as depicted in Fig. 5(a) includes collection,
cleaning, re-melting and reshaping as the process steps to be
optimized.

Assuming for instance that 50% of the recycled PET is
employed for the fabrication of new bottles, Schmidt et al.>*
showed that the PET recycling process delivers at least 20%
benefits for process water consumption, vehicle mileage and
landfill area compared to the glass bottle system (Fig. 5(b)—(d)).
Arena et al®® additionally evaluated the efficiency of PET
mechanical recycling compared to landfill and incineration and
stated the preference of the former technique because of the
presence of at least at that time a stable market for recycled PET,
a good collection system, and extensive cleaning procedures.
Komly et al*® in turn highlighted that PET mechanical or
chemical recycling by solvolysis is always preferable over
thermal recycling, and thus, pyrolysis. Moreover, these authors
stated that within closed-loop recycling, the mechanical recy-
cling pathway is preferred over glycolysis followed by repoly-
merization, the latter combination of chemical recycling and
synthesis by repolymerization being feasible thanks to the
technical developments in the last decades.

If this PET closed-loop recycling is compared to the energy
recovery option, as done in the work of Chilton et al.,*” the first
is seen as the better environmental option. However, other
factors such as the PET market stability and the cost of col-
lecting and processing the material should also be taken into
account upon selecting recycling technologies. These authors
pointed out that transportation costs and emission level
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Fig. 4 Example of the life cycle for a commercial item (based on ref. 39) in a typical life cycle assessment (LCA).
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and (d) landfill area; subfigures redrawn based on the data from Schmidt et al.>*

disturbances are crucial for the correct LCA of PET closed-loop
recycling. Many other earlier studies e.g. that of Tukker®®
ignored this type of refinement, highlighting the challenge of
extensive LCA developments for the PET virgin and recycling
industry.

Another PET LCA challenge is the better implementation of
the impact of contamination. As the impact of contaminants on
the PET mechanical recycling potential is still rather vague,
chemical recycling, e.g. solvolysis or pyrolysis, might be an
interesting and logical alternative, as it should provide after
polymerization again a pure polymer that can enter the market.
The early LCA analysis of Song and Hyun®*® mentioned that PET
chemical recycling requires significantly more energy and
depletes the fossil resources more compared to mechanical
recycling. These authors stated that mechanical recycling must
be seen as the preferred environmentally friendly technique
over chemical recycling, as further elaborated on by Perugini
et al.®

For completeness, it is mentioned here that for PET disso-
lution, the reported LCA data are not abundant. Chaudhari

2004 | RSC Sustainability, 2025, 3, 1996-2047

et al.*® for instance compared different dissolution-precipita-
tion based techniques for PET. They reported that the anti-
solvent treatment is less profitable compared to evaporation
or cooling precipitation methods, with 60% more greenhouse
gas (GHG) emissions compared to fossil-based virgin PET
production. In a related contribution,* chemical recycling and
dissolution-precipitation have been compared, with the disso-
lution-precipitation being favorable in terms of GHG
emissions.

Interestingly, more recent LCA studies have put forward that
better defined boundary conditions are needed to make clear
whether mechanical or chemical recycling makes sense. Naka-
tani et al.®* highlighted for instance that chemical recycling can
be a beneficial option if transboundary transportation is
involved. In more detail, the influence of domestic and trans-
boundary transportation on the mechanical and chemical
recycling of PET has been addressed. These authors showed
that domestic recycling can be beneficial in the scope of GHG
emissions, if the industrial processes are comparable. However,
the differences in background parameters between the selected

© 2025 The Author(s). Published by the Royal Society of Chemistry
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countries, Japan and China, influenced the GHG emissions in
such a way that transboundary options had a lower environ-
mental impact. Furthermore, Marathe et al.®® suggested that
chemical recycling can be beneficial if the collection step is
significantly optimized.

Meys et al.** mentioned that compared to energy recovery
PET chemical recycling could potentially reduce global warming
impacts by up to 4.3 kg CO, eq. (per kg treated PET). In addition,
the LCA study of Allen and James® states that PET chemical
recycling is likely not as favorable as traditional mechanical
recycling but is preferred over virgin PET production. The
chemical recycling process could thus be likely applied to
a rather broader range of lower-value wastes to increase the
overall PET recycling rate. Complementarily, the study of Ragab
and Ramzy®® compares the LCA of BtB mechanical recycling to
virgin PET synthesis to conclude that recycling offers significant
environmental benefits to virgin pellet production, further
supported by the findings of Tamoor et al.*’

Another more recent trend for (polyester) LCA is to include
both attributional and consequential LCA,*® with the former
identifying how environmental aspects (e.g. pollutants) are
flowing in a given temporal window and the latter dealing with
how flows are changing in response to decisions. For example,
for PLA, Ricardo Rebolledo-Leiva et al.* highlighted that indi-
rect land use alters emissions from a consequential point of
view and that lactic acid is a key point of attention related to pre-
treatment and downstream operations.

2.2.2. Variations in methods per general recycling tech-
nology. Another PET challenge at the LCA level is the identifi-
cation of the most suited recycling method within a given
general recycling technology category, as defined in Fig. 1. For
example, for PET chemical recycling, Lang et al.”® compared
methanolysis, glycolysis and hydrolysis via the LCA approach.
They showed that glycolysis is the most suitable process due to
its significant initial economic potential. However, process
flexibility also matters with e.g. methanolysis delivering
dimethyl terephthalate (DMT) to be repolymerized, which
makes sense if direct equipment is available, and e.g. a costly
purification to form terephthalic acid (TPA) for repolymeriza-
tion. Peng et al.”* in turn put forward that acetolysis can even-
tually offer a low-carbon pathway to contribute to the circular
integration of PET waste.

Similarly, it is interesting to identify the best PET mechanical
recycling method so that PET mechanical and chemical recy-
cling technology can be better compared on a general basis,
based on the type of waste at hand and considering the
connection with the virgin market variations. Due to thermo-
mechanical degradation, it has been for instance claimed that
the PET BtB route requires the addition of virgin material.”»”* In
this scope, several studies’*”* focused on bottle-to-fabric recy-
cling, as for the fabrics the required IV of the feedstock material
is lower than for bottle production. For example, Shen et al.”®
compared open- and closed-loop PET recycling, considering
mechanical recycling, back-to-oligomer recycling, and back-to-
monomer recycling. These authors concluded that bottle-to-
fiber recycling reduces impacts for most of the environmental
categories studied.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Moreover, Shen et al” assessed the benefits of multiple
recycling loops for bottle-to-fiber recycling, as consecutive
market relaunches should at first sight reduce the environ-
mental impacts. However, they put forward that the savings
become negligible after the third cycle. Notably, if the BtB
market is preferred, high-impact reductions are likely achieved,
and if no extra virgin PET is required, the quantities of recycled
PET are maximized as well as the savings. The study of Shen
et al.” further highlighted that the quality of recycled PET
(rPET), specifically its purity, molecular properties and e.g. IV, is
crucial for the full exploitation of the BtB recycling technique.

Based on the discussion above, it thus follows that future
LCA studies should address in more detail the relevance of all
the influencing factors regarding production and waste
management as well as specific features of the recycling tech-
nology, transportation and market availability. In this context,
Valentino”® for instance performed a more detailed type of LCA
for BtB PET recycling, focusing on the country Denmark and the
Lombardy region. Attention has been paid to which kind of PET
recycling route is environmentally better and to which extent
performing multi-recycling loops is reasonable and environ-
mentally sustainable. These authors concluded that BtB
mechanical recycling presents lower impacts for the climate
change impact category but delivers higher impacts for the
water stress index and mineral and resource depletion value.
Hence, upon choosing the environmentally most suited recy-
cling scenario, it is necessary to take into consideration which
impacts the decision-maker focuses on.

Furthermore, the effectiveness of multiple-recycling is
related to (i) the collection efficiencies and (ii) the repair
potential and design at the molecular scale in a given process-
ing (sub)unit (¢f. the discussion of Fig. 3). Again, it is thus clear
that PRE and LCA analysis need to be connected in view of PET
recycling decision-making.

2.2.3. Exploring alternative virgin feedstocks. An extra
challenge for the polyester market and LCA developments is the
introduction of more sustainable (fresh/virgin) feedstocks. As
indicated above, LCA has identified polymer synthesis as one of
the most impactful operations in the complete PET bottle
product life. In this scope, switching to more sustainable PET
feedstocks might provide some advantages, at least from a LCA
point of view.

Chen et al.”” for instance compared the environmental LCA
for 100% bio-based PET bottles versus the one for 100% fossil-
based bottles as well as the one for partially bio-based PET
bottles, using a novel manufacturing process with lignocellu-
losic biomass from forest residues. They reported that woody-
biomass-based PET bottles have 21% less global warming
potential and require 22% less fossil fuel than their fossil-based
counterparts. However, the bottles perform worse in other
categories such as ecotoxicity and ozone depletion impacts. The
authors highlighted that the results are likely very sensitive to
the assumptions, again highlighting the need to better connect
the molecular and process scale in future work.

Semba et al.”® performed a similar study on bio-based PET
synthesis, considering the formation of para-xylene from
ethanol. They found that GHG emissions decreased by 24%
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compared to petroleum-derived PET when forest residue was
assumed as bio-feedstock. In addition, the GHG emissions of
100% bio-derived PET using bio-based ethanol from sugar cane
were reported as 1.88 kg CO, eq., denoting a reduction of 60%
versus petroleum derived PET.”® The findings of Gursel et al.”® are
similar, showing that when using either wheat straw, maize,
wheat or sugar beet as feedstock, the environmental impact of
PET bottle production decreases as well. Garcia-Velasquez et al.*
in turn addressed the use of local biomass sources for the
production of bio-based PET. Upon addressing the trans-
portation and import costs, they found that the design of local
biomass supply chains can reduce the need for imported
materials.

For completeness, it is mentioned here that the extreme case
of feedstock change is the application of polymers other than
PET(-like) polymers for the beverage bottle production.** For
example, Shen®* examined the use of PLA, revealing that PLA
needs to be fully diverted from landfills, which is not a realistic
option nowadays. Gironi and Piemonte®® in turn showed that
the advantage of PLA bottles arises from the use of renewable
resources, but this benefit is somewhat lost in environmental
terms due to the higher impact on human health and ecosystem
quality. This is because of the use of pesticides, the consump-
tion of land, and the consumption of water for the production of
the raw materials.

Overall, it can be postulated that the shift to biomass feed-
stock can afford some environmental advantages for PET
production, only if the supply chain is carefully designed from
the raw material level onwards. This again highlights the need to
(i) connect the molecular and process scales and (ii) generate
data for several waste generations at both the PRE and EES levels.

3. PET mechanical recycling plant
configuration: units and processes

In recent decades, the mechanical recycling of post-consumer
plastic materials such as PET has evolved significantly,
contributing to the conservation of natural resources and the
mitigation of the accumulation of landfill waste. As explained in
this section, this progress has been realized by focusing on
design and optimization for the complete value chain, and thus,
beyond the core re-extrusion step.

As shown in Fig. 6, the mechanical recycling process is
implemented at the plant level through several key steps or unit
operations, aiming at transforming (post-consumer) plastic
waste into reusable (polymeric) materials. One generally
recognizes four main steps: (i) collection and sorting; (ii)
shredding; (iii) washing; and (iv) reprocessing.**** However, to
ensure the production of high-quality recycled materials and
efficient processes, alongside quality control (QC), additional
steps are often integrated alongside the main four, taking into
account the implications of these additional steps in promoting
process economy and environmental conservation.

In what follows, a detailed overview is given on the key steps
for the industrial mechanical recycling process of plastic waste,
with an emphasis on PET. It is also discussed how the process
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configurations align with the latest technological advancements
in the field. An overview of actual commercial implementations
and technologies is included in Section 5.

3.1. Collection and sorting

The recycling process of post-consumer PET begins with the
collection of plastic waste from various sources, such as
household goods consumption, business activities, and public
areas, by waste management companies, which in turn trans-
port them to drop-off centers and special collection and sorting
facilities.®® Practically, this waste includes plastic packaging
from food and beverages, personal care products, and house-
hold cleaning items, as well as plastic waste generated by for
instance restaurants, retailers, and offices.

Once collected and transported to the sorting plants, the
plastic waste undergoes a thorough sorting process. The plastic
waste stream comprises various types of polymers along with
impurities like labels and small metal pieces. Furthermore, the
immiscible nature of polymers in the waste, coupled with color
variations and separability issues, poses significant challenges
to the sorting process. Consequently, a series of sorting tech-
niques, crucial to ensure a high purity and quality of the input
recycling stream for actual reprocessing, are employed to
separate the different fractions of plastic waste, such as PET-
based materials from mixed plastic waste streams.

Commonly used sorting techniques during the post-
consumer PET recycling process include manual sorting (sort-
ing type 1) as well as automatic plastic waste sorting (sorting
type 2). The automatic sorting techniques can be grouped into
two categories. The first one is direct sorting (sorting type 2a),
which is based on variations in material properties such as
density and electrical conductivity,**** and the second one is
indirect sorting (sorting type 2b), which utilizes sensors and
analysis techniques to detect feature information on the
samples.®”*® Direct sorting includes methods such as mechan-
ical sorting, air sorting, and electrostatic separation. These
methods offer advantages such as low cost and high efficiency
but are often limited by constraints on particle size, shape, and
surface conditions. Indirect plastic sorting techniques include
methods such as X-ray fluorescence (XRF), near-infrared spec-
troscopy (NIR) and optical sorting. These methods can separate
two types of materials simultaneously with high reliability and
limited pollutant emissions.*

Perhaps somewhat surprisingly, manual sorting still plays an
essential role in the plastic recycling process, particularly for
initial screening and the removal of large contaminants. This
type 1 sorting technique involves trained workers, who visually
check and separate different types of plastics that are trans-
ported along conveyor belts for inspection and segregation,
based on criteria such as shape, color, and trademarks.>**
However, this sorting technique also faces several challenges
limiting the scope of its application. Manual sorting is usually
a labor-intensive activity, requiring a significant workforce to
handle large volumes of plastic waste effectively. This technique
relies on human judgment and perception, which can introduce
inconsistencies and errors in the sorting process, as workers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Key steps of PET mechanical recycling. Steps can sometimes be omitted or altered; e.g. extrusion and solid-state modification can be in

a different configuration (or order).

may interpret visual cues differently, leading to variations in the
sorting outcomes. Furthermore, this sorting technique can also
impose significant delays in the recycling process, as workers
need to inspect plastic items individually, thus affecting overall
throughput and efficiency. Moreover, safety concerns are asso-
ciated with manual sorting, especially upon handling sharp or
hazardous materials mixed with plastic waste.*>*°

The type 2a direct sorting technique relies on special auto-
mated machinery to separate plastic fractions in the waste stream
based on their physical properties such as size, shape, and density.
This technique can employ various mechanical (engineering)
driven methods, including centrifugal force sorting, specific
gravity sorting, and particle shape sorting. For instance, bowl-type
centrifuges are employed during centrifugal force sorting to
separate plastics according to their specific gravity, where lighter
plastics move towards the outer edge while heavier plastics remain
closer to the center, facilitating their separation.®>* Specific gravity
sorting is based on differences in material density, with plastics of
higher specific gravity sinking while those of lower specific gravity
float. This method is often used in sink-float separation units,
where plastics are immersed in a fluid like water for separation
based on specific gravity.**° As PET is relatively denser than many
other plastics such as polyethylene (PE) and polypropylene (PP), it
tends to sink in water while lighter plastics float, allowing for
effective separation.® Particle shape sorting in turn involves the
use of equipment like screens or sieves to separate plastics based
on their size and shape.

However, direct mechanical sorting also presents limitations.
One major limitation is the difficulty in accurately differentiating
between plastics with similar physical characteristics, which can
result in contamination of recycled materials with unwanted
plastics. Additionally, mechanical sorting processes may require
regular maintenance and calibration to ensure optimal

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance, leading to increased operational costs for recycling
facilities.*>*!

Another direct sorting technique closely linked to mechan-
ical sorting is air sorting, also referred to as air classification or
pneumatic sorting. It utilizes air streams to separate materials
based on their density, size, and aerodynamic properties. In this
process, lighter particles such as paper labels and debris are
carried away by airflow, while heavier plastic waste falls into
a separate collection bin.” Furthermore, electrostatic separa-
tion is a direct sorting method commonly used to retrieve PET
from plastic waste streams. This method exploits the differ-
ences in electrical conductivity among plastics. PET, being
a relatively poor conductor of electricity, can be selectively
separated from plastics like poly(vinyl chloride) (PVC), acrylo-
nitrile butadiene styrene polymer (ABS), and polystyrene (PS).
By applying an electrostatic charge to the plastic mixture, PET
particles tend to be attracted to one electrode while other
plastics are attracted to another, allowing for the effective
separation of PET from the plastic waste stream. This sorting
process contributes to environmental protection by recovering
valuable raw materials from plastic mixtures traditionally
difficult to separate. It is particularly useful for sorting tasks like
separating PET and PVC in PET beverage bottle recycling.”*

Focusing on indirect, and hence, type 2b sorting methods in the
plastic waste recycling process, we find a variety of techniques, with
the dominant one being XRF sorting operating on the principle of
irradiating a material with X-rays to emit characteristic fluores-
cence pathways, enabling analysis of the elemental composition.”
In PET recycling, XRF allows plastics to be identified and classified
based on their elemental composition, helping to separate PET
from other types of plastics and contaminants. This technique is
particularly valuable for identifying plastics containing heavy
metals or elements with distinct XRF signatures.”®

RSC Sustainability, 2025, 3,1996-2047 | 2007
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Another indirect sorting method widely used in post-
consumer PET recycling is NIR spectroscopy. This method
relies on the principle that when plastics are illuminated, they
mostly reflect light in the near infrared wavelength spectrum,
and different plastics reflect light differently.*® NIR spectros-
copy utilizes sensors to detect and sort plastics based on their
chemical composition, providing a non-intrusive approach to
separate PET from other plastics. This technique enhances the
sorting process by recognizing PET-based materials, thereby
contributing to the overall purity and quality of the rPET stream.
However, NIR spectroscopy is less suitable for dark-colored
plastics, as they absorb nearly all light.

In addition, optical sorting relies on the use of optical
sensors and cameras to identify and separate materials based
on their visual characteristics such as color, shape, and texture.
This type of sorting analysis is for instance applied to separate
PET bottles from other plastics in recycling facilities by detect-
ing the characteristic properties of these bottles, such as their
transparent or translucent appearance and specific shapes.
Optical sorting offers several advantages including high speed,
accuracy, and automation, making it suitable for large-scale
recycling operations. However, it may have limitations when
dealing with plastics that have similar visual characteristics or if
the plastics are heavily contaminated.

3.2. Shredding

Plastic shredding is a critical step of the recycling process for
post-consumer plastic waste, including PET recycling. It serves to
homogenize the material following collection and sorting. Even
after sorting, PET materials vary in shapes and sizes, posing
challenges for efficient handling and processing. Shredding
addresses this by breaking down the materials into smaller,
uniform particles that are easier to manage during subsequent
processing steps.® It offers two advantages. Firstly, it increases
the surface area available for subsequent pre-treatment, such as
washing, drying, or chemical treatment, which can remove
contaminants and improve the quality of the recycled material.®®
Secondly, shredding ensures more consistent material proper-
ties, facilitating more efficient melting during the extrusion steps
of the mechanical recycling process.*®

A shredder unit typically consists of a hopper, a cutting
chamber with rotating blades driven by an electric motor, some
sort of grid for size grading, and a collection bin.*® During
operation, material is fed into the hopper and enters the cutting
chamber, where rotating blades shred the material into smaller
particles. These particles then pass through grids or screens,
determining the final size of the shredded material or PET
flakes. As a general rule, the (average) diameter of the PET flakes
obtained from this processing step ranges between 0.4 and 8
mm,”” although variations are possible depending on the
specific recycling technology employed.

3.3. Washing and decontamination

Following the shredding step in which PET materials are
shredded into small pellets/flakes, we run into the washing and
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reprocessing. During this step, the PET material undergoes
thorough washing to remove impurities, residues, labels,
adhesives, dirt, and other contaminants.?*3%*

The washing process may involve hot water or chemical
washes to achieve a high purity. While most post-consumer
waste undergoes washing, not all input material used for recy-
cling follows this procedure. Some regrinds or agglomerates
may be processed instantly without washing. The washing
process typically involves the use of cold or hot water, with
temperatures reaching up to 60 °C.* Cold water usage may lead
to an increased need for chemicals such as sodium hydroxide
(NaOH) and mechanical energy.®® The waste water generated
during washing is often treated internally for potential reuse
within the facility.

Specifically focusing on the recycling of PET bottles, various
methods are employed to purify the PET flakes. Washing of PET
flakes commonly takes place in friction washers, which are
effective and cost-efficient units that utilize heat, kinetic energy,
and pressure to remove surface contaminants such as labels,
adhesives, and general dirt from PET flakes. In some processes,
chemical washing can also be performed, especially when
heavier contamination of the PET flakes is expected. In these
cases, extra washing usually is conducted in rotary washer units,
with a heated caustic solution to further cleanse the PET bottles
of oils and food residues. In a final step, PET flakes are rinsed
thoroughly to remove any remaining detergent or chemical
residues.”>?%%

Note that additional separation processes aiming at the
elimination of unsuitable non-plastic materials such as paper
or metals can be incorporated in the washing step. These
processes involve mechanical separation methods such as
sieving to filter out larger contaminants, magnetic separation to
extract metallic components, and extra manual sorting to
visually identify and remove remaining impurities.

3.4. Drying

After washing, the PET raw material undergoes a drying process
to reduce the moisture content.’® This drying step is from
a molecular point of view essential to prevent moisture-related
defects during subsequent reprocessing (e.g. extrusion) steps
and to ensure the quality of rPET material.”>'*>'** Note that
some industrial operations directly process highly wet PET
material, aiming at (sufficient) chain repair later on.

The common industrial drying system for polymers,
including PET, is a mechanical dewatering system using
centrifugal dryers.'** Specifically, a multistage centrifuge system
is recommended for the best dehumidification of polymers and
the highest drying efficiency. However, centrifugal drying alone
may not achieve the low moisture content required for stable
extrusion. This is especially the case for flexible plastic films like
PET, which tend to retain more moisture due to their thinness
and different physical properties compared to rigid flakes.

Hence, the drying process of PET may involve other
methods, such as hot air drying, vacuum drying, or desiccant
drying, to further decrease the residual moisture content in PET
flakes from the mechanical drying step. The addition of these
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methods depends on the equipment available and the specific
requirements of the recycling facility. If additional drying is
necessary, particularly in the case of post-consumer PET, many
recyclers opt for desiccant drying. In this drying technique,
desiccants are used to absorb moisture from the PET flakes,
usually operating at 170 °C for 6 hours before feeding the flakes
to the extruder.®”

3.5. Re-processing

After the sorting, shredding, washing and drying (or at least
a certain number of these steps), the actual reprocessing needs
to be executed. Screw-based systems are employed by default
with a leading role for melt extrusion,* *® which is a process
widely used for producing pellets from purified PET flakes. In
extrusion, PET flakes/grains are fed into the extruder utilizing
a hopper. The PET solid material then comes into contact with
a rotating screw that pushes the material forward into a heated
barrel at the desired melt temperature, typically ranging from
240 °C to 280 °C. The pressure and screw design allows the
plastic beads to mix and melt gradually as they move through
the barrel. For finishing purposes, the molten plastic is pushed
through a sieve to impurities, cooled, and
pelletized.?>71%

From a general engineering perspective, one needs to know
the variation of the temperature and pressure to operate and
design an extrusion unit (¢f. boxes in Fig. 3). Preferably, one also
has information about the processability, specifically the
viscosity variations along the screw, in a first instance. It is
critical to acknowledge that such variations are in many cases
due to molecular changes because of either thermal, thermo-
mechanical, thermo-oxidative or hydrolytic reactions. As out-
lined in Fiorillo et al.,"* a wide range of such reactions can be
identified depending on the PET type and processing condi-
tions, with examples of essential reaction types included in
Fig. 2.

In addition, the blended nature of the extruder content can
lead to less or more material heterogeneity depending on the
processing history and number of recycling passes.’® A perfect
macro-scale mixing is very unlikely in polymer-based systems,
specifically if several compounds are present, as is inherent in
PET re-extrusion, even after sorting and pre-treatment steps. In
any case, the level of purity needs to be high for PET flakes, as
contaminants in the extruder can potentially lead to more
degradation or other degradation reactions at the high melt
processing temperatures, thereby causing a too severe change
in the molecular configuration in view of chain repair and
application potential.'**'*

As explained in Edeleva et al.,'*® this complexity at both the
molecular and the material level requires a multi-scale
approach bridging experimental and modeling tools. As
explained above, one of the most advanced modeling
approaches is CMMC, in which the molecular variations of
individual molecules are followed.***¢ This tracking of species
is ideally done for every subunit of the processing unit, recog-
nizing the formation of smaller molecules (e.g. volatiles), the
chemical modification of (macro)molecules and the phase
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formation or alternation because of the presence of certain
molecular features. On top of that, in CMMC, it is considered
that molecules residing longer in the processing equipment will
have a different molecular modification history than molecules
exiting earlier.’®® Hence, the coupling of molar mass and resi-
dence time distributions is considered, acknowledging varia-
tion in macro-scale mixing and temperature gradients.

As depicted in the first panel of Fig. 7 (left; a—f), taking for
illustration purposes the model polyester compound poly(lactic
acid) (PLA), it follows that CMMC allows the evaluation of the
faith of individual molecules during consecutive extrusions,
specifically two extrusions with intermediate shredding. The
associated downward change of the average molar mass
(number basis: M,,; and mass basis: M;,) can be compensated
for upon the addition of chemicals. Furthermore, at any
modification stage during the processing, the molar mass
distribution (MMD) can be translated into a material property.
For instance, as shown in Fig. 7 (right; g), the variation of the
(apparent) viscosity as a function of the shear rate (frequency;
w), as determined experimentally via rheometers, can be pre-
dicted from the CMMC MMD input and output.

It should be noted that MMDs are experimentally ideally
determined by gel permeation chromatography (GPC) or size
exclusion chromatography (SEC), and derived molecular prop-
erties are for instance average molar masses or chain lengths.
Industrially, one typically relies on correlating MMD and/or
averages to IV or MFI values.>*** With software packages, one
can close the gap by connecting chemical and material prop-
erties by direct calculations, depending on the preference of the
user.

3.6. Quality control

After extrusion, the rPET pellets undergo rigorous QC checks to
ensure that they meet industry targets before being used in
subsequent manufacturing processes. These QC checks can be
conducted at the molecular or material level, explaining e.g. the
offline measurement of the average molar mass of rPET pellets
as well as the measurement of the color, purity, and other
relevant physical properties.

The measurement (or assessment) of molar mass properties
for the (r)PET pellets involves techniques such as IV determi-
nation, viscometry and gel permeation chromatography (GPC).
Furthermore, visual inspection and colorimetry or spectropho-
tometry are employed to maintain consistency and adherence to
specified color standards. rPET is also analyzed to detect and
quantify any possible remnant contaminants or impurities
from the recycling process, usually achieved by means of rapid
and non-destructiv