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Abstract. Amongst all synthetic polymers used in the clothing industry, polyethylene terephthalate (PET) is the most widely used polyester,
its fibres representing half the total PET global market (in comparison bottle PET being less than a third). Compared to bottle PET, the recycling
of fabric PET fibres represents a challenge, both due to intrinsic structural differences (chain length and crystallinity) and to the presence of
various additives (dyes, protection or finishing agents). Effective waste management requires addressing these additives through elimination
or recycling processes. This review article aims to give an overview about all the existing means to recycle PET fibres. Textile recycling
encompasses primary (closed-loop), secondary (mechanical), tertiary (chemical), and quaternary (incineration with energy recovery)
processes. Mechanical recycling faces challenges due to PET's characteristics, including lower molecular weight and additives. Chemical
recycling, particularly solvolysis processes (hydrolysis in neutral, acidic, or alkaline media, alcoholysis, glycolysis, aminolysis or enzymatic
hydrolysis), offers a more advanced approach and will be described in detail, focusing both on the specific recycling of fibres when available
and enlightening the advantages and drawbacks of each method. To discuss the environmental impact of each process, a quantitative analysis
was conducted by defining the experimental domain represented by the temperature range and reaction time, and then calculating the
energy-saving coefficient, as a green metric adapted to the diversity of textile PET recycling processes and data provided in the literature.
This coefficient allows for discussing the relevance of using complex or non-renewable catalysts in processes, the positioning of enzymatic
pathways, and the choice of reaction mechanisms applicable to the industry. A prospective approach was employed to identify key criteria
for future advancements in green recycling. Subsequently, a comparative analysis of depolymerisation methods will be presented within the
context of sustainable development goals (SDGs), green chemistry, and green metrics. Finally, using € factors, this analysis will facilitate the
detection and highlighting of pathways that show the most promise in terms of greening PET recycling."
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Figure 1. General structure of polyesters (the spacer X can also include
another ester function)
such as plant fibres (cotton, flax, jute, ...), animal fibres (wool,
silk, cashmere, ...) and alongside non-biodegradable materials
like polypropylene, polyethylene, nylon, or other synthetic
fibres. Most textile fibres currently on the market are made of
polyesters. The modern definition of polyesters includes all
polymers containing an ester function in the backbone of their
repetition unit, so they can be written as described in Figure 1.
Such structure allows many different kinds of polyesters and
properties. However, only a few polyesters are used in the
textile industry (Figure 2a), and one in particular concentrates
the majority of polyester production efforts: Polyethylene
Terephthalate (PET). After initial works on alkyds resins during
the second part of 19t" century, a major step in polyester history
occurred in the 1928-1934 period by Carothers’ team for the
DuPont de Nemours group, leading to the synthesis of many
macromolecules containing esters.2~* A few years after, in 1941,
Whinfield and Dickson succeeded in forming a polyester from
ethylene glycol and terephthalic acid, and PET was born.> Soon
after this first synthesis, PET fibres were commercialized by the
Imperial Chemical Industries (ICI) under the tradename
Terylene™.
Then DuPont de Nemours, which previously worked on
polyesters, managed to purchase ICI’s patent rights in 1945 and
created the new polyester fibre Dacron™.% In France, this fibre
was developed in 1954 by the company Rhodiaceta under the
tradename Tergal™. Eastman Chemical followed, and in 1958
created another polyester fibre called Kodel™. Since that date,
and until the end of the 1970s, polyester fabrics developed
rapidly, with more or less success.”

1.1. PET among polyesters

Among industrial polyesters, PET presents three major
advantages exploited in three main applications: it is cheap, can
be either amorphous (for transparent bottles) or semi-
crystalline (for fibres), and finally is well suited for food and
beverage storage (for cling films). These three applications
represent roughly 98 % of virgin PET world consumption in 2014
(Figure 2b). PET is also the most produced polyester worldwide;
as a comparison, Polybutylene Terephthalate (PBT) is second in
terms of global production with 60 times lower tonnage.
Indeed, the uses of PBT and other polyesters are mostly focused
on other, often more technical, applications which require
specific characteristics. Also, other polyesters such as
Polyethylene 2,5-furandicarboxylate (PEF) or Polycaprolactone

(PCL) are greener alternatives to PET, but they are more

expensive and less used currently. Therefore, nowadays
polyesters mainly refer to PET. 8°

They constitute modern materials that benefit from many
technological innovations, both in terms of fibres (chemistry
and spinning), and weaving methods. Polyester microfibre
development has also contributed to the development of new
fabrics and clothing.10

1.2. From PET synthesis and properties to textiles

Polyester synthesis consists mainly of a polycondensation of a
carboxylic acid with an alcohol at relatively high temperature
and under vacuum (Figure 2c). While many metallic or organic
catalysts suit this reaction, the main industrial catalyst used is
trioxide (Sb,0s3), which presents significant
environmental and human health risks, depending on the

antimony

exposure.ll For more details about polyesters synthesis, we
invite you to read Gubbels et al. and Scheirs and Long.8?

With regard to the physicochemical properties, polyester is a
thermoplastic polymer which can be fused and remolded,
allowing fibres to be produced and recycled. These polyester
fibres are manufactured as continuous filaments either from a
polymer in the granule form (batch process), or by continuous
polymerisation. In the manufacturing process, the molten
polymer is immediately solidified and then drawn at a
temperature above its glass-transition temperature (T; =69 °C.)
to improve the polymer chains orientation and increase the
polyester fibres strength which are a combination of crystalline
and non-crystalline regions. To form fibres, polyester is melt-
spun through spinnerets.’?2 The resulting fibres are stretched,
combined into yarn, and then woven. The hydrophobic nature
of the polymer confers water-repellent properties on the fibres.
The resulting fabrics are easy to clean, dry quickly, do not
crease, and are mildew resistant. Polyester fabrics are also
strong, resistant to stretching, shrinking, and abrasion.1314 |n
the 1970s, polyester fabrics were different from those of today,
mainly because of the weaving (double knit), and were intended
more for inexpensive leisurewear.”

The technical qualities and the low production cost of polyester
fibres mean that clothing made with this fibre is very present,
and constitutes the essential of clothing to be recycled. The
numerous additives existing today also are important in the rise
of polyester fabrics.

2. The challenges of PET recycling

2.1. Depolymerisation

Depolymerisation reactions are thermochemical methods
which require the control of the various reaction stages to
optimize recycling efficiency. To limit the environmental impact,
catalysts are used to lower temperatures and improve
selectivity to obtain monomers from PET.1®> Various strategies
have been developed to lower the reaction temperature and
enable depolymerisation at room temperature. But solubilizing
polymers often requires the use of solvents with a very high

environmental impact.1® In the case of textiles, depolymerized



compounds are commonly used as raw chemical materials,
fuels or lubricants, but are rarely reused as precursors for new
polymers.” This can be explained by the nature of textiles,
which contain additives to give them their properties.

2.2. Additives

Whatever the recycling technique, it is necessary to take into
account the many additives that may be present in polyester
fibres. These additives, if not removed, can affect recycling
performance and reduce the quality of recycled products in
comparison with bottle grade polyesters.® In the textile
industry, additives are essential, whether to treat natural or
synthetic fibres.’® These additives provide many features:
colouring, protection against ultraviolet light, oil and water
repellent, fire resistance, etc. In the textile sector, these
in the fabric
treatment process, such as dyeing and finishing.2° Also, the
additives used are often tenacious, to resist friction and

chemical additives are mainly introduced

numerous washes. This particularity makes them difficult to
eliminate for a recycling process.

Dyes are the most common additives used in the textile
industry.2! In this area, synthetic fibres, including polyesters, are
treated in a special way.?? Polyester is a partially crystalline
hydrophobic material, without very reactive functions, for
which the traditional dyes of natural fibres (wool, cotton),
cannot be used. In this case, special dyes (disperse dyes) must
be used, as well as an appropriate dyeing technique.2324 Such
dyes developed for polymeric targets can represent some
health / environmental risks (Figure 3),2> are highly water
consuming,?® and might interfere with chemical recycling
process if not removed. So that some industries do not include
dyed or tinted plastics in their process.?’” The polyester fibres
are dyed in the mass by direct dye penetration (Figure 4), using
a carrier, a solvent (swelling) and preferentially operating above
the Tg. During the dyeing process, various auxiliaries can be used
(fixing agent, stirring agent, dyeing acid etc.),2%22 which are
generally removed after rinsing, although some can persist on
the fibres. Printed fabrics, especially on polyesters, are more
and more common.28 Printing techniques use suitable inks, but
also auxiliaries (thickeners, emulsifiers, fixing agents...) which
can persist in the fibre.

Textile finishing consists of using a finishing agent on the fabric,
which will modify the surface properties and provide new fabric
functions.?® For example, we can use a water-repellent or oil-
repellent finish using an agent that will modify the fibre surface
characteristics, so that the fabric will be protected from water
(waterproof) or oil (dirt). There are many other agents such as
those improving the fastness to rubbing, antistatic agents, anti-
slipping agents, anti-creasing agents, agents improving the
solidity to light, antibacterial agents, flame retardants...2° As the
use of high performance textiles has grown, the need for
chemical finishes has grown accordingly. Most of the additives
used are bonded to the polyester fibre by weak interactions, but
some are covalently bonded, like co-monomers (polyols,3031
phthalates...32-34), Copolymers with the ethylene terephthalate

This journal is © The Royal Society of Chemistry 20xx

unit including a brominated or phosphorus part are also used as
Flame-Retardant.3> In all of these cases, the additives will persist
in the material regardless of the recycling type. Indeed, fabrics
based on polyester fibres are complex mixtures comprising
numerous additives of different natures, and in unknown
proportions. This complicates recycling, and in particular
chemical recycling where some of these additives could
interfere. Consequently, an additive (dyes and finishing agents)
elimination step (even partial), is recommended before
recycling. Also, such a step isolates the additives to treat them
separately for their elimination or recycling. Some additives are
expensive, or may cause health or environmental problems.
Recent innovations include the production of green additives,
such as flame retardants derived from bio-macromolecules
obtained from lignin,3® or the introduction of bio-sourced
functionalities such as antimicrobials on polyester fabrics.3?

2.3. Polyesters fibres waste management

Fabrics were conceived to be durable and resistant to
degradation. As a consequence, textile fibres are persistent in
nature and lead to a pollution estimated to have major
ecological and sanitary consequences.3%3° The alternative to a
constant increase in demand for textile production -
accompanied by a substantial proportion being released into
the natural environment - is dematerialisation, substitution,
reuse, material recycling, waste-to-energy transformation, and
conversion technologies. These options must be carefully
considered to design the best solutions to the environmental
challenges imposed by plastic production and general use, and
should be considered independently for each application.*0
Among the solutions cited, recycling is an option. Generally,
recycling rates are calculated from collected litter and does not
consider mismanaged waste so their constant progression does
not reflect a better control of textile-derived plastic pollution.
In 2017, Geyer et al. estimated that recycling only represented
9 % of the plastic ever manufactured while 22 % was
mismanaged. This figure could be considered in view of the
material recycling rate in Europe which is estimated to have
reached 30.6 % in 2021.

Little is known about the proportion of synthetic fibres in waste
and it varies from country to country. For example, it accounted
for 5.8 % of the total landfilled municipal solid waste in 2018 in
the USA, corresponding approximately to 17 million tonnes (US
Environmental Protection Agency). With rapid growth and
evolution in fashion trends,*! textile production and waste
generation rates have increased substantially lately,*2 and
tonnages are expected to increase by 50 % by 2030.43 It is
estimated that synthetic fibres were almost not recycled in
2020.4 This low score evidences the specificity of fibres
recycling.

Synthetic fibres recycling is limited, firstly, because collection,
separation, and sorting are very challenging. Sorting is the most
important step but contrary to a rather well-organized
collection of domestic plastic waste, textiles do not have a
dedicated recycling sector. For example, post-consumer textile

J. Name., 2013, 00, 1-3 | 3
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collection rates are 11% in Italy and 75% in Germany, while applications).*¢ Most of the recycled textiles were recycled into
some countries do not have textile-recycling systems.?> As for other, lower-value applications.*® Recycling rates do not take
recycling, less than 1% of total production was recycled in a into account the number of stages involved to perform
closed loop (recycled into the same or similar quality recycling, nor the different recycling routes.
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Figure 3. Disperse dyes families including example of restricted substances.

Generally speaking, textile recycling covers four distinct
processes:

- Primary recycling or closed loop recycling, is when recyclable
materials are mechanically processed to create a product that
performs a similar function. In this process, textile fibres are
reused without a loss of properties. By various mechanical
means (crushing, grinding, de-weaving, stretching), fibres can
be recovered from textile waste. A second treatment series is
then applied (cutting, shredding), depending on the fibre origin
and the fabric composition, to obtain recycled materials. The
cost of these new fibres and the life cycle assessment of these
recycled materials must include the environmental impact of
the cutting/shredding and washing operations.

- Secondary recycling is also known as mechanical recycling. It is
also a mechanical process, but to make new products. This
process will involve more separation and purification stages of
textile fibres to produce new materials, but they may not
necessarily be reused to produce fabrics. Indeed, the fibre
polymers, if not modified in their elemental composition,
undergo structural changes, often resulting in a decrease in

molecular weight because of chain breakages. If fabrics are
composed of different fibre chemical families, for example,
natural (like cotton) and synthetic (like polyester), it is necessary
to separate the two elements by selectively solubilizing one of
the two components or by using enzymes. Treatment processes
for additives are often required to eliminate them and make the
materials homogeneous (colour, composition). For instance, it
is possible to separate cotton from polyester in fabrics through
treatment without toxic organic solvents, using ionic liquids to
dissolve the cellulose in cotton, isolate the polyester, and
produce new cotton fibres through dry-jet spinning.%’

Carrier,
Solvent Whashed
T> Tg - Cooled
Polyester . Dyed
fibre =+ Swilling fibre

Figure 4. Representation of the transfer mechanism of dispersed dyes
to PET fibres.?*
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- Tertiary recycling or chemical recycling is an advanced
technology process. The polymer is converted into smaller
molecules, through chemical processes, which are used as
feedstocks for the production of new polymers, chemicals, or
fuels. The chemical processes are tailored to the polymers
found in tissues intended for recycling. For polyesters, various
catalytic reactions such as hydrolysis, glycolysis, etc., are
encountered and will be detailed further in this review. In the
pursuit of environmentally-friendly method development,
attention should be given to the catalysts involved, solvents,
energy consumption, as well as the production of chemical
species that may impact the environment.

- Quaternary recycling involves fabric incineration with energy
recovery. This route is an alternative to the low recyclability of
materials*® and remains quite common to reduce waste
quantity by harnessing the energy contained in the materials.
Synthetic textile recycling routes are typically either mechanical
or chemical and less frequently thermal. But in many cases
recycling often consists of a combination of the three
processes.*?

For polyester fibres, the first route is abandoned at the
industrial scale.?0 Plastic bottles, made of what is called bottle-
grade PET, are well engaged in the secondary recycling route.
For example, about 50 % of PET plastic bottles were recycled in
the EU in 2022;°! this rate meets the average for most
industrialized countries.>? Synthetic fibres are not recycled via
the mechanical process, because fibre-grade PET presents
distinct physico-chemical characteristics: lower molecular
weight and intrinsic viscosity. Another reason why synthetic
fibres cannot be mechanically recycled is the presence of high
levels of additives. Also, the residual presence of other
polymers prevents mechanical recycling, therefore the sorting
of textile fibres is not well developed in any country.>3

3. Chemical recycling of polyester fibres
3.1. Global overview

Massive textile production is a major concern for developing
eco-friendly recycling technologies. In recent years, global
textile fibre consumption reached a record 100 million tonnes
in 2016. Within this fibre proliferation, PET has emerged as the
leading player, representing over 50 % of global consumption in
2018.>* Alongside this phenomenal sectoral expansion, there
has been a significant increase in discarded textiles, leading to
major environmental challenges. Indeed, conventional disposal
methods, primarily landfilling and incineration, have resulted in
significant ecological issues, highlighting the urgent need to find
sustainable solutions for managing these textile wastes.>> PET is
a robust, suitable for moulding polymer that can be easily
melted to generate new fibres. However, the ductility of PET
during a simple mechanical recycling process is significantly
altered after three cycles. Consequently, only a small portion of
PET is recycled for its original application, with most (50 to 77%)

being transformed into fibres used in the production of mixed
materials such as carpeting.>¢

Faced with
alternative chemical, physicochemical, or biocatalytic recycling
routes for PET fibres have become an essential solution. These

these pressing environmental challenges,

recycling pathways must offer a sustainable alternative to
traditional disposal methods, promoting the reuse of these
valuable textile resources. Given the quantities of waste
generated, chemical recycling of PET emerges as a particularly
green promising approach. The nature of the textiles that make
up these waste materials will significantly influence the choice
to be
environmental impact. Textile waste is classified into three

of recycling processes implemented and their
categories based on the production stage and use: pre-
consumer, post-consumer, and industrial waste.>” To optimize
sustainability, textile waste is then recycled at the end of its life
to produce new materials or monomers,>® thus closing the
production loop to return to the initial monomers.>°

Chemical recycling of post-consumer textiles is suitable for
applications,
accumulated contaminants in the original fibres, dyes, and all
additives, to produce fibres with properties identical to the

various industrial and commercial removing

original ones. Chemical recycling allows for the transformation
of the PET chain into monomers (depolymerisation). In some
processes, PET polymers can also be randomly broken into
shorter chain fragments (oligomers). This PET degradation is
achieved either by solvolysis (degradation by solvents) or by
pyrolysis (thermal degradation in the absence of oxygen or air,
or under vacuum).

Pyrolysis is widely used in industrial settings for the production
of gases or fuels as part of the chemical recycling of various
plastic waste.®® However, for PET, this depolymerisation
method is less suitable for eco-friendly processes as it primarily
generates carbon dioxide and carbon monoxide during the
thermal decomposition.6!

Carbonisation is another thermal valorisation technique of PET
with a view to produce carbon materials including activated
carbon.263 This technique has recently received much
attraction since it can lead to green energy and sustainable
environmental applications (batteries, water electrolysis,
pollutant remediation, CO, capture, etc.).5* PET-containing
textiles and blends can also be treated by hydrothermal
carbonisation yielding activated carbon with applications to
pollutant adsorption and smart textiles conception.65-67
Solvolysis, requires water use, alcohols (mainly methanol or
ethylene glycol), or amines. The reaction mechanism for PET
depolymerisation consists of three nucleophilic substitution
steps.>0 Figure 6 illustrates the reaction pathways for the four
commonly carry this

methanol

most used solvents to out

reaction: water (hydrolysis),
(methanolysis), ethylene glycol (glycolysis),

(aminolysis). The corresponding produced monomers can then

depolymerisation
and amines

be re-used for the synthesis of new PET.
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These depolymerized PET waste materials are then regenerated

and refined into emerging monomers (or oligomers) or
transformed into new products. The regeneration of monomers
or oligomers is followed by product purification until it reaches
an acceptable quality level, suitable for reproducing PET
materials or transforming them into new products.

In this recycling method, the material is first prepared as in the
case of secondary recycling, up to cutting it into flakes or pellets.
Then, it is chemically processed to produce monomers,
oligomers, and mixtures thereof (dimers, trimers, etc.), such as
bis(2-hydroxyethyl) terephthalate (BHET), terephthalic acid
(TPA), glycols, dimethyl terephthalate (DMT), chemicals or
fuels, petroleum liquids, and gases.”® The produced monomers
can be processed to create new PET packaging. Regenerated
monomers can be mixed with virgin materials to improve
quality. Monomer/polymer purification can be achieved
through distillation, crystallisation, drying, and some additional
chemical reactions.

In the following sections we will describe the different chemical and
enzymatic methods used for PET depolymerisation. Most are
currently dedicated to PET from bottle origin and have been
comprehensively described in this field in many recent reviews. Here
PET

Complementary to last reviews on « Polyester fabric recycling »,

we will rather focus on issued from textile fibres.
which comprehensively detail the mechanical and technical recycling
technologies of textiles’ and blends containing PET72, we aim here
the progresses in

depolymerisations especially if it turns out that fibres have not yet

at empbhasizing current greening PET
been considered in the general PET recycling. Hydrolysis methods (in
neutral, acidic, and alkaline conditions) will be first presented before
describing alcoholysis and glycolysis (a peculiar case of alcoholysis).
Aminolysis and enzymatic processes will be exposed next. The
economic aspects of recycling PET wastes will then be considered by

presenting the current industrial approaches developed worldwide.

3.2. Hydrolysis in neutral media

Usually, two strategies are performed for PET hydrolysis in
neutral media, uncatalysed or catalysed pathways. Uncatalysed
PET hydrolysis achieves PET degradation with only water.
Temperature, pressure, PET/water ratio, reaction time, PET
source, PET particle size, energy source, and/or water phases
are the studied parameters to improve PET conversion and TPA
yields. Already, the phase water is important in the efficiency of
PET degradation. Best TPA yield was obtained in saturated liquid
water compared to compressed liquid or supercritical fluid.”3
Subcritical water conditions were also employed to investigate
by NMR the PET depolymerisation chemical pathway. The

analysis of PET depolymerisation products and the green
metrics indicate the best reaction conditions depending on the
interested products.’# O. N. Onwucha et al. developed
uncatalysed hydrolysis under neutral conditions offering high
hydrolysis yields and the production of large easily filtered TPA
crystals and requiring only several water washes.”> This
represents a significant advantage compared to the use of
strong acid treatment to precipitate and recover TPA in most
catalysed hydrolysis reactions in neutral media. The high TPA
yields obtained (85 to 98%) required long reaction times (6 to
24 hours) and high PET/water ratios. This latter requirement is
contrary to most of the previous reports.’6-78

Most of the catalysts used during catalysed neutral PET
hydrolysis are metallic however organic catalysts were also
developed. The TPA molecule shows efficient catalytic
properties on PET hydrolysis with a PET conversion of 100% and
TPA vyield of 95% at 220°C with 180 min. It can be easily
recovered and reused up to eight times allowing easier product
separation in a wastewater free process.”® Synergistic effects in
the presence of other polymers like polypropylene or cellulose
were examined. TPA yields increased in their presence at 250°C
for 30 minutes. Different experiments were completed to
understand the nature of the chemical interactions at the origin
of this synergy. Stanica-Ezeanu et al. used common salts like
NaCl, CaCl;, NaHCO3; or KHCOs3 as catalysts instead of the well-
known metal acetate catalysts to hydrolyze PET and obtained
They also studied PET kinetic
degradation with marine water and estimated the time of waste
PET depolymerisation in a The
depolymerisation rate is controlled by the surface water

similar or better results.

marine environment.

temperature and not on salt concentrations.8!

PET depolymerisation under microwave irradiation in water
catalyst developed. PET
depolymerisation can reach 90% with zinc sulfate catalyst at

with or without was also
200°C and a microwave power of 250 W during 210 minutes and
even 100% in pure water at a microwave power of 600W and
20 bar
polytungstophosphate catalyst ([(CH3)sN(CieH33)]3PW12040), a

dual functional phase transfer catalyst, exhibits good catalytic

during 120 minutes.®28 Quaternary ammonium

performances on PET hydrolysis in neutral media with 100 %
PET conversion and 93 % TPA vyield at only 145°C for 2 h.
Moreover, it could be reused without a significant activity
decrease for at least three cycles.8* To improve the catalyst
reusability, Yan et al. developed Ni/y-Al,03 which exhibits 97%
TPA yield with optimal experimental conditions. It remains
active also after three cycles, but it can be regenerated by
calcination.8s
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Figure 6. PET chemical recycling main routes overview

As a major aromatic compound, PET can also be converted back
into arenes (toluene and xylene) by a Co/TiO; catalyst inducing
both depolymerisation and hydrodeoxygenation reactions,2¢ or
to alkanes with TiO, nanoparticle supported Ru catalyst.8”
Catalytic conversion of PET into H; fuel in pure water using Ru-
5Zn0O/ mesoporous carbon catalyst was reported. It combines
PET depolymerisation and in-situ agueous phase reforming.88
In summary, PET hydrolysis in neutral media can be achieved
with or without a catalyst but often requires high temperatures
and reaction times, which represents major disadvantages from
the perspective of developing sustainable depolymerisation of
PET, particularly in the case of textiles.

3.3. Hydrolysis in acidic media

PET hydrolysis in acidic media is a way to recover terephthalic
acid and ethylene glycol from waste polymers mainly involving
PET bottles, flakes, or powders, and reviewed recently.8?
the case of PET textile fibres remains poorly
with no example of green PET

However,

considered, almost

depolymerisation under acidic conditions. In this reaction, the
ester bonds in PET are cleaved by water, and hydrolysis is
catalysed by acids and H* donors.

Although the catalytic aspect of this reaction could at first
glance be interesting in a green chemistry approach, it requires
large amounts of highly concentrated strong acids at high
temperatures. The main acids involved are sulfuric acid,® and
nitric acid.?® In the latter case, ethylene glycol is oxidized into
more valuable oxalic acid. These processes are costly, difficult
to handle, and raise major concerns about recyclability;! this
could explain why this mechanism has not been preferred over
other hydrolytic processes, especially in the case of PET textile
fibres. Nevertheless, kinetic studies were performed with these
acids to obtain reaction mechanism information.

Please do not adjust margins
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Figure 7. Classification of hydrolysis methods in neutral media sorted
by typical reaction time and temperature

Hydrolysis in acidic media follows a modified shrinking core
model where successive layers are depleted from the bulk PET,
starting from the surface.?2°3 The reaction can be monitored
using complementary techniques to document both the
changes in the polymer crystallinity (using WAXS and DSC) and
the molecular alterations occurring during hydrolysis and
formation of lower molecular weight species (by 3C NMR).%* To
take into account recyclability concerns, the acid used can be
issued from waste batteries.>

Besides these harsh conditions, other greener methods have
also been considered and developed recently. PET recycling in
mixed textiles could be considered in the case of polycotton or
cotton-based blends (mixed PET and cellulose fibres) by
selective hydrolysis of cellulose in 1 mol.L"? aqueous HCl or
HNOs3 at reflux for a few hours.?¢ PET depolymerisation can also
be performed under mild conditions using solid acid catalysts in
methanol. This friendly methanolysis
produced dimethylterephthalate (DMT) from PET powder or
textile fibres after a 2 h reaction at 160 °C.°7 A very recent

environmentally

promising approach is acetolysis using acetic acid, which has
been exemplified with various PET sources including fibres
(yarns).®8 This reaction was executed at 280°C for 2 h leading to
terephthalic ethylene glycol
precipitation. Both components can be reused as is for further

acid and diacetate after
PET synthesis, offering a low-carbon process for complete
upcycling of waste PET from different sources including textiles.
Other greener approaches were also developed for PET
hydrolysis under acidic conditions and recycling, mainly applied
on bottles or flakes. Among them, the use of the sulfated TiO;
solid super acid catalyst in supercritical CO,,°° or the use of
acidic zeolites under microwave irradiation were proposed.””
Easily recoverable organic acids are also efficient, such as
poly(styrene sulfonic acid) (PSS),1%0 p-toluenesulfonic acid
(PTSA),101 or even terephthalic acid itself.”® Such simple organic
acids can also be useful in acido-alcoholysis.192 Finally, Bronsted
acid-based ionic liquids,103.104 and deep eutectic solvents,10>

represent another green alternative for PET hydrolysis in acidic

10

media.These processes are promising and pave the way for
future applications for PET waste textiles degradation and

upcycling.
In brief, PET depolymerisation in acidic media often requires the
use of strong, concentrated mineral acids (at high

temperatures), which do not appear compatible with the
development of sustainable processes. Alternative methods
using weaker acids or softer acidic conditions still need
improvements to consider eco-friendly depolymerisation of PET
textile wastes.

3.4. Hydrolysis in alkaline media

Hydrolysis of PET in alkaline media has been widely reported in
the literature, mainly involving PET bulk materials, pellets, or
bottles.106:107 |n contrast, hydrolysis of PET textile fibres under
alkaline conditions remains poorly described, especially when
considering a green chemistry approach.

PET depolymerisation by alkalis is based on the nucleophilic
cleavage of ester functions, ending in the formation of ethylene
glycol and terephthalate salt. In this reaction, the alkali is a
reactant and not a catalyst as it is fully consumed. This could
appear problematical from the green chemistry perspective,
where catalytic processes are preferred over stoichiometric
ones.

3.4.1 Mechanism

Different studies have been completed to obtain a description
of the mechanism underlying fibrous PET hydrolysis in alkaline
media, based on kinetics. The
topochemical way, occurring mainly at the material surface

reaction develops in a
rather than in the bulk. During the process, successive polymer
layers of are removed without significant changes in molecular
weight distribution in the remaining substrate.198 This peeling
process was first shown of first order with respect to the surface
and the hydroxide ions concentration,’ and was later
modelled using a shrinking core model.11® Microporous hollow
fibres are therefore hydrolyzed faster than full ones.111 As the
reaction develops, the material surface properties are modified
(increased roughness) and the bulk microstructure of the core
polymers is also affected.ll2 Moreover, the reaction kinetics
depend on the PET fibre types in terms of orientation and
crystallinity.1’3 The surface-dependent initial mechanism is
thought to be because of the very hydrophobic nature of PET,
which cannot allow hydrophilic substances such as water and

ions from alkalis to diffuse through the bulk of the polymer.

3.4.2 Monitoring the reaction

The reaction progress and the subsequent material properties
and structural changes can be monitored using various
complementary techniques. In solution, the formation of PET
short oligomers and monomers (ethylene glycol EG and ionized
terephthalic acid TA) classically measured by
chromatography (LC-MS) or NMR spectroscopy. Also, the

can be



changes in chemical functions occurring during hydrolysis in
alkaline media are easily depicted by FTIR spectroscopy,
whether at the surface of the remaining fibres or on the
after acidification.

reaction precipitated

are evidenced by microscopic

products
Morphological changes
techniques such as AFM or SEM, while evolution of bulk
properties can be followed by DSC (evolution of crystallinity) or
tensile tests (changes in mechanical properties).

3.4.3 Complete PET hydrolysis into monomers (ethylene glycol
EG and terephthalic acid TA)

Complete PET depolymerisation can be useful for the further re-
use of EG and TA in new molecular architectures or materials.
This hydrolysis is usually performed using concentrated
aqueous alkalis at elevated temperatures. Booth et al. focused
on microplastic fibres which represent a major contribution to
water pollution from textiles.11* They developed a method to
get a near-complete (> 90%) hydrolysis within 3 h using 10%
aqueous NaOH at 90°C (complete hydrolysis was reached after
24 h). The use of reduced NaOH concentrations did not allow
any significant hydrolysis and reducing the temperature
Stopping the
reaction before completion by decreasing the temperature at
desired times afforded partially degraded fibres which could be

considerably increased the reaction times.

used as reference materials to study the effects and outcomes
of environmental contaminants.

Moreover, when different kinds of polymeric materials are
engaged together in tissues, the complete selective hydrolysis
of PET can be useful to recover other polymer fibres such as
cellulose for further recycling. This material recycling approach
is an economically and ecologically viable solution,15116 3s it
could potentially be implemented at the industrial scale. In this
process, the mixed fabric was treated with 5% aqueous NaOH
for 1-24 hours at 90°C for selective PET hydrolysis and cellulose
recovery. The same method was also successfully applied to the
selective hydrolysis of PET over PVC in coated woven fabrics.117

3.4.4 Partial weak hydrolysis to enhance PET properties for
further functionalisation

When the reaction is stopped before completion, partial
hydrolysis leads to a mixture containing shorter PET polymer
chains with many negative charges. This decreases polymer
global crystallinity and induces surface property changes. As
initial PET fibres are hydrophobic and only slightly negatively
charged, this alkaline pre-treatment enhances PET properties
further
functionalisation. For example, a slight PET alkaline treatment

and has therefore often been used to favor

(30 min, 2% NaOH at 98°C) was used to create enough negative
charges to combine it with positively charged biopolymer
chitosan and produce a composite material.11® This method is
also useful to favor dyeing,’® or incorporation of TiO;
nanoparticles.1%6 Moreover, this initial pre-treatment is also
accompanied by an increase of PET surface roughness which has

This journal is © The Royal Society of Chemistry 20xx

been exploited to produce PET fabrics with antimicrobial
finish.120 Selective partial hydrolysis of mixed blends is also a
way to favor further selective enzymatic degradation,121.122 or
to produce Janus superhydrophobic PET textiles with uneven
wetting properties.123

3.4.5 Use of additives and catalysts

Since simple PET hydrolysis in alkaline media requires
concentrated alkalis used at high temperature (usually close to
100°C) for several hours, softener conditions would make this
process more economically viable at the industrial level. Green
chemistry principles were applied to this reaction using
additives or catalysts which could favor the reaction by reducing
the duration, temperature, and reactant amount. As an
example, PET fabrics pretreatment with aromatic alcohols
promotes further hydrolysis,12* while fatty alcohol 1-decanol
was used on full fabrics to enhance wettability and softening
thanks to water absorption in the polymer voids during
hydrolysis (using alcohols as enhancers is described more in
detail in the alcoholysis section).12 The use of cationic
surfactants and polymers during the reaction is also often
reported. Their effects seem to depend on their structure.
While CTAB had no significant enhancing properties,108
DBDMAC affected the hydrolysis under alkaline conditions
PET fibres

different
commercially available surfactants, the cationic ones are more
efficient.1°® Another

diethanolamine was shown to favor hydrolysis of fabrics

especially at moderate temperature and for

presenting low  crystallinity.126  Comparing

cationic surfactant prepared from
pretreated with organic solvents.’2” More recently, the use of
CTAC as an accelerator to PET hydrolysis in alkaline media has
shown its efficiency even at low temperature (80 °C) for
10 min.128

Other additives were more efficient then cationic surfactants
for improved PET hydrolysis in alkaline media, for instance ionic
liquid [BMIM]CI.129 catalysts,
benzyltributylammonium chloride (BTBAC), are also useful and

Phase transfer such as
PET hydrolysis can be completed in less than an hour in 10%
NaOH solution at 90 °C, allowing selective separation of cotton
and PET in mixed textiles.130 Besides organic additives, inorganic
particles were considered for enhancing PET alkaline hydrolysis.
TiO, particles can favor depolymerisation and promote
degradation and breaking load loss of medical textiles, 13!
because of the facilitated diffusion of hydroxide ions through
the surface defects of polymeric material induced by the
Bi,O3@N-TiO,
particles were also used as photocatalysts for the enhanced
degradation of PET fibre-based microplastics

particles. Moreover, inorganic composite
in alkaline

media, 132 representing an eco-friendly remediation mechanism.

3.4.6 Alternative processes

Various other approaches were developed to make hydrolysis
in alkaline media easier to handle and economically viable. For
example, microwave-assisted PET depolymerisation under
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alkaline conditions enabled significantly shorter reaction times
under mild reaction conditions. It is believed that, apart from
the local temperature effect, the currents created by the
microwaves in the material can increase ion mobilities and favor
reactivity.33 The energy input can also be mechanical. Indeed,
solid-state ball milling was efficient for PET quantitative
hydrolysis in the absence of solvent or after vapor-assisted
aging,134 offering a new development for more sustainable
terephthalic acid production from waste PET. Pushing even
more the efforts towards eco-friendly processes, PET recycling
under very mild conditions was achieved recently thanks to the
development of an intramolecular catalysis of hydrolysis in
alkaline media, based on a biomimetic approach.13> In this later
example, the specific activity is increased more than 20 times
compared to conventional hydrolysis while reducing the NaOH
concentration down to 0.1 M.

It appears from these studies that the depolymerisation of PET
in alkaline media has been much more developed than other
hydrolytic methods (neutral, acidic). Lower temperatures and
reaction times can be reached and eco-friendly methods are
being developed, making this approach attractive for future
environmentally compatible industrial processes.

3.4.7 NaOH and sustainability

Limiting NaOH (caustic soda) amount in industrial processes
was identified as a major criterion to make them economically
viable.115 Indeed, its relatively high cost (500€/ton) is because
of the high electrical power needed for production (mainly
electrolysis of NaCl brine). Some industries provide now “green
caustic soda” guarantying a sustainable electric power source
(Westlake Vinnolit© for instance). Other alternatives are the use
of less hazardous alkaline earth hydroxides such as Mg(OH), or
Ca(OH),, or even calcined banana peel which was involved in
the green recycling of waste PET.136
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Figure 8. Classification of hydrolysis methods in alkaline media sorted
by typical reaction time and temperature.

3.5. Alcoholysis

3.5.1 General alcoholysis

12

Polyester alcoholysis is pretty ancient with the first patents
published in the 60’s,137-139 gnd have the particularity to include
every poly
alcohol/alcoholate of the polyester (Except ethylene glycol
which is a particular case). From a general view point,

transesterification reaction with mono or

transesterification reactions (Figure 9) are sensitive to the
catalyst, the alcohol used to react, and the stoichiometric

ratio.140
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Figure 9. PET alcoholysis through transesterification with and without
catalyst

Early works on model systems showed a greater small alcohols
reactivity and in particular methanol in transesterification.
141,142 According to this intuitive result, methanol was the first
and most studied non-EG alcohol for PET alcoholysis.

A first important depolymerisation route is the catalyst-free
depolymerisation, which is mainly performed under
supercritical conditions at typically >220°C / >6 MPa within tens
of minutes.143-147 While most works focus on methanol, recent
studies focused on a greener alternative : ethanol
pressurized conditions.14814% Thus, Lozano-Martinez and co-
workers obtained about 94% PET degradation in 30 min at 275
°C/40 bar, and more recently, the effect of adding metal-based
catalyst in the process was studied by Yang et al. (92% of
degradation within 60 min at 270°C/8 MPa with ZnO/Al,03).150
High temperature alcoholysis (>100°C) in subcritical (but still

pressurized) conditions also represents a significant amount of

use in

research. Recent efforts demonstrated the possibility to use
bio-based catalyst with decent Laldinpuii et al.
demonstrated that bamboo leaf ash use at 200°C for 2 h allows
a decent retrieving monomers yield (78%),151 and Gangotena et
al. also used pectin derivatives to obtain an almost full
depolymerisation at 160°C for 4 h.152 Zeolites can also present
nice alternatives to the classical metal-based catalysts, showing
similar performances (> 90% within 30 min at 200°C, MgO/NaY
catalyst).13 liquids also work pretty well in this
temperature/time range,154155 even focusing originally on fibres

results.

lonic



waste.156.157 Thus, Liu et al. and Bui et al. obtained almost full
depolymerisation within 8 h at 180-205°C. More recent works
accelerated the reaction time, with only slightly decreased
performances (78% degradation yield in 30 min at 195°C).154
Another alcoholysis field working within minutes at relatively
high temperature is the microwave-driven depolymerisation.158
However, this approach gives better results for hydrolysis or
glycolysis than methanolysis,’>® and is often coupled with
alkaline salt (which will be described later on).160-162 Some
innovative works used bio-sourced fatty alcohol combined with
microwave to degrade polyesters.163

Low temperature alcoholysis (< 100°C) mainly involved solvent
mixture doped with a catalyst. Solvent toxicity, the rarity of the
catalyst and the reaction end time are keys factor to compare
those methods. The co-solvent choice is critical, and two main
privileged THF164,165
dichloromethane.1816¢ However most of those works exhibit

molecules seems to be and
long reaction times (tens of hours), in comparison with high
temperature processes, and particularly with microwave-

assisted alcoholysis.

3.5.2 Hybrid alcoholysis

Hybrid approaches combining co-solvent, alcohol and
hydroxide salts are promising techniques, as both alcohols and
hydroxide ions are suitable for PET degradation, and short-chain
alcohols can solubilize those salts. One of the first works
showed how alcohol/NaOH or alcohol/KOH mixtures with
diverse organic solvents can almost fully decompose PET within
one hour at 60-80 °C.167 A similar approach was successfully
applied on complex waste mixture by Cosimbescu and co-
workers.  This work also demonstrated a greater NaOH
reactivity in a water/ethanol mixture with PET than in
water/ethylene glycol obtaining more than 90% conversion in 2
hours at 80°C.1%8 Some other recent works exhibit shorter
reaction times in the same conditions (80°C, 30 min) by
the (90%y),

demonstrating the high efficiency of the alcohol/alkaline salt

drastically increasing ethanol amount
mixture, and suggesting that the reaction is rather driven by the
alcoholic transesterification than the the hydrolysis in alkaline
media.169.170 Indeed, such alkaline degradation in alcohol plus a
co-solvent was studied by Tollini et al. and showed a
predominance of transesterification in their conditions
(70°C/20 h/ CHCl, as co-solvent), and also showed the high
interest of alcohol in an alkaline mixture for PET degradation.18
Going further, both Nikje et al. and Arias et al. published two
works combining alcoholysis, degradation under alkaline
conditions, and microwaves, drastically reducing the reaction
time (below 5 minutes at the optimum).160,161,171

From a textile view point, either alkaline in alcohol or water are
more efficient on PET fibres than on other polyester types.172
To summarize the chemical processes related to alcoholysis in
an experimental identifying their

environmental impact, Figure 10 illustrates the positioning of

domain aimed at

each through reaction time and operational temperature found

This journal is © The Royal Society of Chemistry 20xx

in the cited literature. Considering reaction time as a crucial
parameter for industrial development, five processes stand out,
allowing for short times ranging from 10 to 100 minutes: Hybrid
alcoholysis, microwave-assisted alcoholysis, under supercritical
conditions, using zeolite or ionic liquid catalysis. Conversely,
long reaction times are observed when using biobased catalysts
Regarding temperatures, high
temperatures (> 125°C) are employed for five processes, with

or co-solvents. reaction
only cosolvent-assisted alcoholysis and hybrid alcoholysis
conducted at reduced temperatures, in the range of 50°C to
100°C. The overall environmental impact can be easily assessed
through these two parameters.

Despite some historical limitations (moisture sensitive, high
temperature/pressure if no catalyst/co-solvent), alcoholysis
recent improvements exhibit competitive reaction times and
temperatures, especially when coupled with alkaline salts.
Works can still be done to improve sustainability by offering
greener co-solvents or reducing the alkaline salt amount used
in the reaction; however alcoholysis remains an important
approach for a greener recycling of polyester fibres. Indeed
some industrial processes have already been developed (see
section 4).
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Figure 10. Classification of alcoholysis methods sorted by typical reaction
time and temperature

3.6. Glycolysis

Glycolysis, which has been patented since 1965, is the most
commonly used method for PET recycling.1’3 During glycolysis,
PET undergoes a transesterification reaction with an excess
glycol amount under inert atmosphere and temperatures
around 200°C.

This process leads to the PET depolymerisation and the
formation of oligomers and bis- (hydroxyethyl)terephthalate
(BHET) (Figure 6).174

While the main focus was on achieving high-purity BHET, the
depolymerisation of PET to create oligomers and polyols can
have various applications in new materials including epoxy
resins, vinyl esters, and unsaturated polyesters.175>-178 Qver the
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years, significant efforts have gone into improving and
optimizing the glycolysis process, resulting in its adoption by
several industrial companies, including IBM, GARBO SRL, loniga,
and Goodyear.17?

Through extensive research on PET recycling via glycolysis,
scientists discovered that this process is slow and requires a
catalyst for faster reactions. Moreover, without a catalyst, PET
depolymerisation towards BHET was not complete and resulted
in a mixture of oligomers and monomers. To address these
challenges, researchers have focused on increasing the reaction
rate and yield of BHET monomers by developing efficient
catalysts and optimizing reaction conditions. So far, different
methods were used for PET glycolysis, including solvent-
assisted glycolysis (use of not eco-friendly organic solvents),
supercritical glycolysis (supercritical conditions require very
high temperatures and pressures)!8 and the most popular and
the greenest process which is the catalysed glycolysis. Kinetics
was also studied in the 90’s, showing the important roles of the
catalyst and the temperature, which should be maintained
relatively high (between 180°C and 250°C typically) to achieve
full PET depolymerisation.78.181,182

Among the catalysts-assisted PET glycolysis, mainly three
catalysts families are found in the literature: homogeneous
catalysis  (including  metal catalysts
organocatalysts), liquid-based catalysts,
heterogeneous catalysts (including zeolites, metal oxides, and

salt-based and

ionic and
other nanoparticles).

3.6.1 Metal salt-based catalysts and organocatalysts

Metal salts were the first catalysts tested in glycolysis PET
depolymerisation and are still the most commonly used
because of to their easy availability.183 Metal cation allows the
stabilisation of the species the
transesterification process (Figure 11). Various reviews list

intermediate during
works done to improve and optimize glycolysis processes.>0.184
Most of the studies were performed on PET from bottles. From
those works, we can estimate the optimized yield of metal salt-
catalysed glycolysis around 80 % with a typical temperature
ranging between 180 °C and 250 °C. Among these metal salts,
zinc, manganese, cobalt, and lead acetate are classically used
with a prevalence for Zn salts that exhibits the greatest degree
of depolymerisation.18> If the ethylene glycol/PET ratio reduces
slightly over time, one can notice recent improvements on
decreasing reaction times with depolymerisation occurring
within minutes using Zn(OAc); and with the addition of a good
solvent for the PET dissolution.186 Other different optimisations
were proposed to make this depolymerisation process more
environmentally friendly. Pingale et al. showed that microwave
assisted depolymerisation with zinc acetate allows very short
reaction times compared to conventional heating.187 Composite
catalysts of Zn(OAc),/DBU (DBU 1,8-
Diazabicyclo[5.4.0Jundec-7-ene) were also proposed to stabilize

stands  for

the reactive intermediate and improve yields. Also, to avoid the
use of heavy metal salts, more environment-friendly catalysts

14

bicarbonates.188189
Complete depolymerisation was achieved within one hour with
giving BHET vyields about 75 %.
Organocatalysts were also proposed as eco-friendly alternatives
to metal salts-catalysts. Fukushima et al. showed that TBD (TBD
stands for 1,5,7-triazabicyclo[4.4.0]dec-5-ene) facilitates PET
depolymerisation thanks to H-bond formation.1®® Moreover

were proposed using carbonates or

sodium carbonate

with the use of a TBD:MSA protic ionic complex, yields of over
90%
catalyst can be recycled multiple times without losing its

BHET were obtained in a solvent-free reaction and the

activity.103

However, conventional glycolysis methods described above,
that are commonly used for recycling PET from bottles, are
often poorly efficient when it comes to recycling PET from
heterogeneous waste textiles.1°1 Indeed, PET textile fibres with
high crystallinity make it difficult for glycolysis agents to
penetrate, so that depolymerisation gradually and slowly takes
place from the surface to the bulk. Among metal salts catalysts
proposed on fibres, titanium(IV)-phosphate showed greater
catalytic activity than Zn(OAc), when applied on fibres with
respectively 61 and 67 % yields. Lei et al. proposed a feeding
process using tin chloride (SnCl,) that allows a significant
increase in the PET fibres conversion of 92.5% and yields of 70.4
% compared to 28 % and 14.4 % respectively with the one-step
reaction. In this study, the PET fibres were added stepwise at
regular intervals. The authors suggest that this method allows a
rapid transformation of PET into a homogeneous system,
thereby accelerating the reaction efficiency.192
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Figure 11. PET glycolysis through transesterification with and without
catalyst

3.6.2 lonic liquid-based catalysts

More recently, ionic liquids (ILs) were proposed as new eco-
friendly catalysts and solvents to perform PET glycolysis. They
fully converted PET efficiently with consistent BHET yields in the
75-85% range.184193 Wang et al. developed efficient and



reusable amino acid-functionalised ILs that can reach 75% BHET
yield after 50 minutes at atmospheric pressure and at 170°C.194
Liu et al. obtained Very high yields (85%) using choline-based IL
after 4 hours at 180°C. The increase in the depolymerisation
process was attributed to H-bond formation between ethylene
glycol and the IL, activating thus the ethylene glycol.1°> Although
the depolymerisation temperatures remain substantial and
comparable to that of metal catalysts, the major advantage of
ionic liquids is the ease of extraction of the final product. As a
sub-category of ionic liquids, we can find Deep Eutectic Solvents
(DES), which are formed through the interaction between
hydrogen bond-acceptor and hydrogen bond donor species.19%
Under optimized conditions, 100%
obtained with a 83% selectivity using urea/ZnCl, deep eutectic

PET conversion was

solvent.197

As with the use of metal salt catalysts, very few examples of
glycolysis were performed on PET fibres. In a study with
different PET material sources, Bush et al. showed that carpet
fibres underwent PET full conversion and the greatest
efficiency, compared to other PET sources, in BHET production
(52%) using Gd with  1-ethyl-3-
methylimidazolium acetate ([EMIM]OAc). These results were

salts combined
attributed to the large polymer surface area, even in the
presence of additives and dyes.198 Liu et al. used amino acid
ionic liquid catalyst and determined the optimal conditions by
response surface methodology (RSM) to obtain 84.5 % BHET
yields on PET fibres.199

3.6.3 Heterogeneous catalysts

For the last fifteen years, heterogeneous catalysts have gained
popularity for PET glycolysis because of their excellent catalytic
efficiency and their easy separation techniques. Zeolites were
first to be tested on PET bottle wastes enhancing the catalytic
activity thanks to their mesoporous structures. The BHET yield
exceeded 60%, comparable to that of more traditional heavy
metal catalysts but the catalyst was much easier to recover.2%
Different types of metal oxide-doped silica nanoparticles (SNPs)
were also used for the PET degradation with very high yields
obtained with Mn304/SNPs at 300°C. This high yield was
attributed to the large surface area and the porous structure of
the nanocomposite.2’? An original sustainable source of
heterogeneous catalysts is calcium oxide derived from
eggshells. Similar yields as with metal salts catalysts were
obtained (76.4%) on PET bottle wastes.2°2 Other matrices were
also tested on bottle PET, like polyoxometalates and metal-
organic frameworks (MOFs) with BHET yields comparable to
salts.203 An example of a

paramagnetic ionic liquid-coated SiO,@Fe304 nanoparticles

those obtained with metal

was recently tested by Cano et al. showing approximately 100
% yield and more than twelve consecutive glycolysis cycles at
180 °C.294 A similar glycolysis process using ionic liquid as
catalyst is currently applied on post-consumer waste by the
loniga Company, based on paramagnetic nanoparticles which
can be separated using a magnet.

This journal is © The Royal Society of Chemistry 20xx

Some recent examples of polyester textile wastes
depolymerisation were reported using nanoparticles. Vinitha et
al. obtained BHET with 90% vyield using silver-doped zinc oxide
nanoparticles under microwave irradiation for 30 minutes at
180°C.295 Guo et al. demonstrated that Perkalite F100°, which is
an aluminium magnesium layered double hydroxide
nanocatalyst, efficiently worked for PET depolymerisation with
a BHET yield over 80% after a pre-degradation step.2°¢ Similarly
Mg-Al double oxides nanocatalysts were also used to perform
fibre to fibre recycling at 240°C with a BHET vyield of about

80%.207

3.6.4 Glycolysis disadvantages/advantages

Glycolysis has the property to generate BHET and oligomers. As
it is hard to isolate BHET from other oligomers, emphasis is
often placed on PET upcycling rather than fibre-to-fibre
recycling (resins in particular).208-210 The need for relatively high
temperatures (> 150°C) whatever the catalyst is a limitation
which could impact the sustainability of this method on the
large scale. However, the method is considered as less impacted
by contaminations in comparison with classical methanolysis for
instance, and do not required exotic conditions. For these
reasons, PET glycolysis is a well-established approach to recycle
PET at the industrial scale.

3.7. Aminolysis

PET solvolysis can occur upon treatment with amines or
ammonia, hence providing terephthalamide derivatives.
Because of the increased nucleophilicity of amine functions, in
comparison to hydroxy groups, the aminolytic process is
favored over alcoholysis and thus requires milder operating
conditions.

Typical aminolytic depolymerisation reactions are carried out
using primary amines at temperatures ranging from 20°C to
200°C and generally under atmospheric pressure and neat
conditions. The use of homogeneous or heterogeneous
catalysts, sometimes combined with microwave irradiation,
allows the aminolysis efficiency to improve by reducing the
reaction times, reducing operating temperature ranges, and
improving monomeric product yields.

Importantly, one must distinguish two main approaches in PET
aminolysis. The polymer can be partially degraded, to obtain
lower molecular weight fragments, or even only superficially
reacted. This allows modification of PET fibres towards different
improved mechanical and/or physicochemical

properties. Conversely, deep aminolysis of PET, i.e. complete

or even

depolymerisation, leads to the formation of terephthalamide-
based monomers. This approach is especially interesting for
upcycling, either by transforming the obtained monomers for
uses as small molecules or for polymer reprocessing. To date,
only superficial aminolysis processes have been developed at
the industrial scale, while deep aminolysis still runs only at the
laboratory scale.
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In a seminal study, Farrow et al. carried out partial aminolysis of
PET fibres in the presence of aqueous methylamine at room
temperature.?ll Starting materials of different crystallinities
and orientations were subjected to aminolysis during various
times and the weight loss and the crystallinity of the resulting
fibres were assessed. From these experiments, the authors
concluded that the aminolytic degradation proceeds in three
main steps: 1) fast attack at amorphous regions, with small
changes in weight and crystallinity; 2) chains scissions leading to
an important weight decrease and increase in degree of
crystallinity; 3) gradual decrease in degradation rate through a
slower attack at both amorphous and crystalline regions. Later,
several papers reported on the use of aminolysis (using methyl-
to n-butylamine) to increase crystallinity of PET fibres to study
their morphologies and mechanical properties.212-215 Qverall,
these studies showed that aminolytic partial degradation leads
to molecular weight and samples weight decreases along with a
diminution of mechanical resistance. For instance, Collins et al.
established a linear relationship between the average
molecular weight and the ultimate tenacity of aminolyzed PET
fibres.213 Interestingly, Holmes treated PET fibres either with
aqueous or gaseous n-butylamine and observed by SEM that
surface of water-aminolyzed fibres developed radial cracks
while axial cracks appeared in case of gaseous aminolysis. Fibres
with axial cracks broke at reduced breaking loads than those
presenting radial defects.?12

Superficial aminolysis methods were developed, mostly using
ethylenediamine, to enable surface derivatisation while
preventing polymer degradation.216-220 Hence, it is then
possible to easily install various functional moieties onto the
surface of PET-based fabrics. For instance, dying, introduction
of hydrophilic functions (e. g. zwitterionic polymer brushes) for
antifouling purpose or of antibacterial groups were achieved.
Those modifications did not significantly affect the mechanical
properties of the treated fabrics compared to virgin fibres.
Deep aminolysis, i.e. complete depolymerisation towards
monomers, developed in the 2000’s. Most of the corresponding
papers report on catalyst-aided processes, while there are
fewer studies dealing with uncatalysed reactions. In 2001,
Spychaj et al. described aminolysis of PET flakes from bottles in
the presence of triethanolamine or polyamines at 210°C.22! The
maximum depolymerisation conversion was reached after 150
minutes of heating. However, the molecular weight of the
products was not characterized (only hydroxyl numbers and
viscosity were measured), and it is thus not possible to conclude
on the process efficiency as a deep aminolytic degradation. In a
more recent study by Hoang and Dang, treatment of flakes with
ethylenediamine at 100°C provided oligomers (tri- to nonamer)
that were precisely characterized.?22 Also, the trimer to other
oligomers ratio could be tuned via modifying the amine/PET
ratio, up to quantitative degradation. Quantitative aminolysis to
monomers was achieved by Soni et al., by submitting PET flakes
to treatment with methyl-, ethyl-, or n-butylamine at room
temperature during a maximum time of 45 days.223
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Catalysed aminolysis of PET was extensively studied over the
past two decades. Acetate, sulfate, carbonate, and bicarbonate
salts of metals such as sodium, potassium, zinc, or lead are
among the most used catalysts. In 2003, Goje et al. reported the
deep degradation of PET powder (50 — 500 um particles) in the
presence of hydrazine hydrate, DMSO, cyclohexylamine and
lead acetate, at 66 °C. Terephthalamide dihydrazide (TPDH) was
isolated in a quantitative yield after 3 h and using 127.5 um
particles. The authors claimed that adding cyclohexyalamine to
the reaction medium increased the reaction rate, although this
effect was not rationalized in the paper. Further studies dealing
with hydrazine-mediated aminolysis of PET flakes from bottles
in the presence of benign sodium salts as the catalyst were also
published. Conventional heating afforded TPDH (85% yield) in 3
h,224 while microwave heating (domestic microwave oven) led
to a similar result in only 5-20 minutes.22> TPDH is an interesting
monomer as it can be further used as starting material to
prepare value-added molecules, such as plasticizers for
polyvinylchloride (PVC),22¢6 antibacterial agents,??” or textile
dyes.228 However, hydrazine hydrate is a very hazardous and
toxic compound, which must preclude its use in PET upcycling.

An interesting alternative to hydrazine hydrate is to employ
hydroxyamines (e.g. ethanolamine) as degradation agents.
Indeed, the obtained monomers are robust, thanks to the
amide bonds, and the presence of end hydroxyl groups allows
further
Combination of ethanolamine with

for functionalisation or polymer reprocessing.

sodium acetate or
bicarbonate furnished excellent vyields in
(BHETA)
conventional (170°C, 8 h) or microwave heating (700 W, 5-7

min), even using PET fibres as starting material.229-231 Very

bis(2-hydroxy

ethylene)terephthalamide monomer, under

recently, Pastore and colleagues depicted the synthesis of UV-

curable poly(urethane acrylates) from terephthalamide
derivatives obtained by NaOAc/microwave-catalysed
aminolysis of PET flakes with newly synthesized pB-

hydroxyamines.232 Degradation of PET to BHETA was described
by Achilias et al. under microwave irradiation but without the
aid of a catalyst. In this detailed study, the best results were
obtained by performing the reaction under irradiation at
constant power of 75 W or 100 W, respectively in 20 or 3
minutes.233

Fukushima et al. reported in 2013 on the use of 1,5,7-
(TBD) as an
organocatalyst to convert PET flakes to monomers with various

triazabicyclo[4.4.0]dec-5-ene effective
primary amines at temperatures ranging from 45°C to 190°C.234
In particular, ethanolamine gave the best result, with a yield of
93% in BHETA by running the depolymerisation at 120°C for 2 h.
Later, Demarteau et al. combined TBD with methanesulfonic
acid (MSA) to achieve PET aminolysis in a few minutes (8-15
180°C  with (93%) or N-
methylethanolamine (87%).235 The monomer derived from N-
methylethanolamine-mediated degradation was next used for

min) at ethanolamine

preparing poly(ester-amide)s. Nica et al. derivatized TBD with 4-
(methoxycarbonyl)benzoate to prepare a new and effective
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organocatalyst (M4HPP). Using M4HPP on PET flakes in the
presence of ethanolamine or ethylenediamine at 190°C
afforded quantitative yields of monomeric products in only 3—
10 minutes.236 Deep eutectic solvents as well as ionic liquids are
known as green catalysts in a range of applications including PET
lysis. Musale et al. utilized choline chloride-2 ZnCl, to convert
PET flakes to BHETA nearly quantitatively, refluxing
ethanolamine for 90 minutes.23?” When the aminolysis was

in

carried out with diethanolamine and the resulting mixture was
treated with 25% hydrochloric acid, terephthalic acid was
isolated in 86% yield. The ionic liquid Hmim.TfO was also
successfully used with ethanolamine (110 °C, 40 minutes) to
afford BHETA in 89 % yield.238

ARTICLE

Tawfik et al. studied heterogeneous catalysis of PET aminolysis
with dibutyltin oxide (DBTO) to produce BHETA from PET flakes
at 62% yield after 4 h of heating in refluxing ethanolamine. With
a view to make the process greener, the same authors exposed
the PET/ethanolamine/DBTO mixtures to sunlight, keeping the
vessel in a sand bath. Quantitative degradation was however
60 days Examples of
heterogeneous catalysis by B-zeolites, montmorillonite KSF

achieved after of exposure.23?
(clay) and Sn-doped ZnO particles were also reported (in
ethanolamine at 150 — 170°C), each method providing very
good BHETA yields.240.241

Besides amine-mediated depolymerisation, ammonolysis, the

process using ammonia as the nucleophilic reagent, was also

with hydroxyamines
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Figure 12. PET degradation paths using amines

investigated. The reported studies described the use of liquor
ammonia, at high (20 bar) or atmospheric pressure and at 40 —
180 °C, in the presence of a catalyst (zinc acetate or CTAB).242.243
However, despite high reported vyields, the ammonolysis
process is scarcely used because the major product, namely
teraphthalamide, presents a limited interest, in particular for
polymer reprocessing.

In conclusion, aminolysis presents a high potential for PET
upcycling and PET fibres functionalisation rather than recycling.
The major drawback of this approach is the necessity to use
large amounts of eco-unfriendly amines, sometimes under
heating at temperatures over 150 °C. These are probably the
main reasons why aminolysis is a process restricted so far to the
laboratory scale. Despite these limitations, the different
reported methods (Figure 12), and the variety of available
amines, including functional ones, offer many possibilities to
generate new monomers for polymer chemistry or other

This journal is © The Royal Society of Chemistry 20xx

applications. The development of new catalysts/eco-friendly
processes and the use of more acceptable amines should lead
to consider aminolysis of PET textiles suitable for industrial
applications.

3.8. Enzymatic PET depolymerisation

As PET is an ester-linked polymer, whole microorganisms or
purified enzymes such as esterases could be used to achieve a
green and sustainable polymer hydrolysis into its monomers via
a more environmentally friendly process, therefore avoiding
harsh chemicals and/or energy requiring processes.244
However, because of its rigid aromatic structure, PET has long
been regarded as non-biodegradable. The high stability of the
polymer’s backbone, its crystallinity (especially in textile fibres)
and hydrophobicity are some of the main factors which restrict
polymer biodegradability.245-247
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All these features make them even more difficult to biodegrade
than bottle-PET or aliphatic polyesters. Enzymes are sensitive to
the polymer-chain flexibility, which relies on the polymer
structure (aliphatic or aromatic) or on its crystallinity, which is a
limitation for the enzyme active site accessibility.248

Some groups have tried to enhance the PET biodegradability by
synthesising copolymers with readily hydrolysable aliphatic
polyesters (Koshti et al., i.e).2#3-251 Nevertheless, it does not
address the recycling problem of the already existing PET
wastes.

Up to recent years, most of the abundant literature concerning
the enzymatic treatment of fabrics, including PET fibres, was for
the modification of their surface properties. Enzymes can be
efficiently used as competitive alternatives to the chemical
surface modification of fabrics. e.g. wettability, de-sizing,
scouring, bleaching, dyeing and finishing, for which the existing
alternatives use very harsh chemicals whose environmental
disposal causes many problems.252-255

Itis only recently that PET-hydrolases were identified,25¢:257 with
the first report of a hydrolase from Thermobifida fusca less than
20 years ago. Since then, several PET-hydrolases and cutinases
(cutine hydrolases) have been described, among which the
promising leaf compost cutinase (LCC).

The limitation for enzyme use lies in the fact that PET has to be
hydrolysed at temperatures greter than its glass transition
temperature, where the polymer chains become flexible,
making them more accessible to the enzyme active sites. That
implies the search for thermophilic PET hydrolases.257

High crystallinity can also be overcome by using moist-solid
reaction mixtures as will be further discussed in the “Enzymes
in the recycling of textile PET fibres” part.258

Aggregation problems have sometimes been reported, which
were addressed by cutinases (LCC) glycosylation.2>°

And sometimes the association of two different enzymes was
necessary because of incomplete reactions forming both
monomers and oligomers which blocked the reaction
completion.260

Another limitation for enzyme use of is the long reaction times
which can hardly be reduced by heating because of the heat
sensitivity of PET-hydrolases.

Using computer-aided enzyme engineering, Tournier et al.
created a modified leaf-branch compost cutinase (LCC) with
increased thermal stability that allowed them to achieve a
minimum of 90 % PET degradation in less than 10 h, which is the
best result obtained so far by enzymatic hydrolysis.261 They also
showed that the biologically recycled PET obtained exhibit the
same properties as petrochemical PET.

However, these modified enzymes were efficient in the
degradation of bottle-PET samples. An on-line biodegradation /
recycling of PET bottles in under development.

It would be of great interest to check their efficiency towards
the degradation of PET textiles fibres, containing dyes or mixed
with other fibre types.
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3.8.1 Enzymes in the recycling of textile PET fibres

A synergistic chemo-enzymatic PET hydrolysis from textile
waste was developed for the production of high purity TPA
(97%) avoiding harsh chemical treatments.?%?2 A chemical pre-
hydrolysis was performed under neutral conditions (T = 250°C,
P =40 bar), which led to the conversion of PET into 85% TPA and
small oligomers. The latter were then hydrolysed in a second
step using the Humicola insolens cutinase (HiC) yielding 97%
pure TPA, therefore comparable with the commercial synthesis
grade TPA (98%).

To recycle textile waste, it is sometimes necessary to separate
the cotton and PET components. One of the components should
be depolymerized or degraded while the other component
should be maintained.

Two different strategies are proposed to recycle mixed
polyester-cotton textile wastes.

In the first, only the cellulose was enzymatically hydrolysed and
the PET fibres were recycled without depolymerisation, which
provided a clean and sustainable way of PET separation. The
recovered PET from textile waste fibre were re-spun into new
fibres by melt spinning.263

In the second, alkaline pre-treatment was effective for
depolymerizing PET at 70-95 °C temperatures. Three products
were obtained from the process: cotton cellulose, TPA, and an
aqueous phase containing EG. Terephthalic acid (TPA) can be
precipitated by adjusting the aqueous phase pH.'2! However,
the separation of TPA and EG was not considered in this study.
Enzymatic hydrolysis does not always require fibre separation
thanks to the high substrate enzyme specificity. Also, it allows
the depolymerisation under mild and green conditions (e.g.,
reaction and

aqueous media, atmospheric

temperatures up to 65-70°C).

pressure,

And despite the recent breakthrough in protein engineering
that allowed the elaboration of PET hydrolases such as modified
LCC with increased thermal stability and high activity, still these
enzymes are not very efficient in the hydrolysis of high-
crystallinity PET, such as spun PET fibres compared to bottle
PET.264.265 The necessary melt-amorphisation step of PET prior
to the enzymatic hydrolysis is energy demanding and restricts
its use to rather clean PET wastes, which is not the case for
textile wastes.

High-crystallinity PET (up to 46 %) in mixed PET/ cotton textiles
could be directly and selectively depolymerized to terephthalic
acid (TPA) by using a commercial cutinase from Humicola
insolens under moist-solid reaction conditions (i. e., very high
solid loading), with gentle mechanical mixing (mechano-
enzymology) instead of standard aqueous solutions, affording
up to 30% TPA yield.26¢

The
depolymerisation through sequential
application of cellulase enzymes providing up to 83% glucose

process can be readily combined with cotton

simultaneous or

yield without any negative influence on the TPA yield, showing

the potential for both simultaneous and stepwise



PET
environmentally benign conditions.
The authors compared terephthalic acid (TPA) production from

depolymerisation  of and cotton under mild,

petrol to that from enzymatic PET depolymerisation, which
revealed a 69% lesser energy requirement and 17% lesser
greenhouse gas emissions for the latter.

Although enzymatic processes for depolymerizing bottle grade
PET are rapidly developing on an industrial scale, they are not
easy to transpose to PET textiles. The high crystallinity of PET
and the need for prior treatments make this application much
more complicated. Due to the high energy inputs on these pre-
treatments and the very long reaction times required, the
depolymerisation of textile PET by enzymatic processes still
requires major improvements to be considered a sustainable
route for textile recycling.

4. The economic aspects of recycling
polyester wastes

The industrial developments for the chemical recycling of PET
are particularly advanced for alcoholysis reactions, and two
companies operate in this sector:

- Evonik® has expertise in high temperature depolymerisation
using an autoclave.?’” However, they seem to focus on
uncoloured bottle recycling, producing high quality monomers,
suggesting some limitations because of polyester contaminants.
However supercritical ethanol is well suited for multilayer
packaging treatment, and therefore offers a wider range of
perspectives than only bottle PET.257 So, it might be possible to
use it for fibre treatment.

- Loop® recently patented several processes, based on a hybrid
approach of alcoholysis/alkaline in chlorinated solvent.268.269
-Glycolysis is also involved: loniga Company has developed a
glycolysis process using an ionic liquid as a catalyst, based on
paramagnetic nanoparticles that can be separated using a magnet.
This process is currently being applied to post-consumer waste.

4.1 Recycled PET market, feasibility and chain sourcing

In any recycling project, it is crucial to assess the commercial
potential of products derived from the chemical recycling of PET
and their valorisation.270-272 This approach is essential, and
begins with a market analysis based on several points:
1. Understanding the demand dynamics for recycled
products, especially in packaging, textiles, and construction
sectors.
2.  Competitive analysis concerning virgin ingredients used
in PET manufacturing, and thus the market share for recycled
ingredients, which may entail higher costs.
3. Regulatory considerations, particularly in packaging,
that could influence the adoption of PET products derived
from recycled ingredients.
4.  Market viability assessment, including the availability
and reliability of the PET recycling supply chain (collection,
sorting, and processing). This aspect is crucial for evaluating
the necessary recycling infrastructure.
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5. The industrial success of the recycling process will also
depend on consumers' perception of the quality, safety, and
efficiency of recycled PET products, as their
environmental benefits. Innovative aspects of recycled
products and marketing strategies can further enhance
consumer appeal. Educational initiatives can promote the
acceptance and adoption of recycled PET. Implementing
targeted marketing campaigns can raise consumer awareness
and promote the advantages of recycled PET products.
The viability of a recycling industry needs also a fine analysis the
sourcing of PET to be recycled. A primary source of PET includes
beverage bottles, food containers, and polyester textiles,
primarily from post-consumer waste streams. By-products from
various industries, such as packaging manufacturers, textile
producers, and beverage companies, contribute to a secondary
PET supply. Chemical recycling benefits from by-products
generated in industrial processes like polyester manufacturing,
where PET scrap and off-spec products can also be considered.
The supply chain for sourcing PET includes also, waste
management facilities, collection networks, logistics and
transportation and sorting and cleaning facilities (processes to
remove contaminants). Ultimately, the industrial viability of PET
chemical recycling will require supportive policies and
regulations, to encourage the adoption of recycled PET
products. In conclusion, a comprehensive understanding of the
market readiness for recycled PET products is essential,
identifying both barriers and opportunities for stakeholders to
drive sustainable growth and consumer acceptance.

as well

4.2 Scale up of the recycling processes and industrial development

The transition from lab-scale to industrial-scale production for
key technologies involves meticulous evaluation of various
parameters. Scalability, profitability, regulatory compliance,
and technological adaptability all need to be assessed.
Comprehensive cost-benefit analyses are imperative to assess
economic viability and the potential return on investment. Pilot
tests must be carried out to validate scalability and optimize
production processes before full-scale implementation.
Implementation timeframes and resource requirements must
be carefully defined to streamline the transition process. The
integration of sustainable practices and environmental impact
assessments should be an integral part of the transition
strategy.

Cooperation between laboratory and
essential for knowledge transfer and skill development. Overall,
a systematic and interdisciplinary approach is imperative to
successfully move from laboratory to industrial-scale
production of key technologies. Leading companies in PET
chemical recycling span several countries, including the United
States, Germany, Japan, and the Netherlands. Companies like
Loop Industries (USA) and APK AG (Germany) specialize in
processing PET, addressing both bottles and fiber. Japan's Teijin
Limited and Netherlands-based loniga Technologies are
prominent in PET fiber recycling. Teijin processes PET fibers for
automotive and apparel industries, with an annual capacity
exceeding 30,000 tons. loniga employs a proprietary

industrial teams is
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technology to convert colored PET waste into high-grade raw
materials.

In the USA, Loop Industries specialize in depolymerisation of
PET by methanolysis since 2019, producing high-quality
terephthalic esters. 273 They process over 50,000 tons annually,
contributing to a circular economy. Meanwhile, in France,
companies like Carbios employ enzymatic depolymerisation
techniques, focusing on both bottles and fibers, with an annual
capacity of 40,000 tons. The economic balance sheet of these
companies shows promising growth, driven by increased
demand for sustainable solutions and regulatory incentives.
Their innovative approach promises sustainability gains and
economic viability. All over the world, new companies are being
deployed, as Eastman (USA), Itelyum (ltaly), Reliance (India),
Jeplan (Japan) and much more.2’% Regardless of their interest,
these projects demonstrate the feasibility and scalability of
chemical recycling of PET. The future of the field looks bright,
with investments pouring in and technological advancements
paving the way for a greener, more efficient recycling
ecosystem.

5. Comparative study

The comparison of chemical recycling methods for textile waste
can be conducted according to various sustainability and
greenness criteria, which should be defined by linking them to
industrial specificities and environmental challenges.

5.1 Sustainable development goals and green chemistry

In 2015, the United Nations released 17 objectives known as the
Sustainable Development Goals (SDGs). These SDGs were
adopted by all Member States of the United Nations (UN) as
part of the 2030 Agenda for Sustainable Development, which
outlines a 15-year plan to achieve these goals and improve
human well-being by addressing crucial issues of social,
environmental, and economic sustainability.?7>276 Regarding
the recycling of textile waste, aiming to develop a circular
economy, the developed methods primarily reference three
objectives. The first, ensuring access to clean water and
adequate sanitation (SDG 6), is linked to fabric washing
processes, solvents used, and various reactions involved. The
second, promoting responsible consumption and production of
resources (SDG 12), is related to the possibility of producing
new textiles or materials from textile waste. The third,
addressing the effects of climate change (SDG 13), is linked to
waste valorisation and consumption of fossil and energy
resources.

Textile recycling aims to promote a circular economy by
organizing the production of materials from waste with
equivalent quality over time. In this vein, depolymerisation
methods being studied enable the establishment of a long-term
supply chain in which today's used garments can become
tomorrow's materials. To ensure these three SDGs are met, it is
necessary to study the potential environmental impacts of
industrial processes implemented in textile recycling. This study
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is only meaningful in its final industrial application and not at
the fundamental stage, which does not consider industrial
scales and material and solvent flows. An initial assessment of
methods can be made based on SDGs 12 and 13, but
publications do not consistently provide all the necessary data
which
characterize the amount of monomer obtained per mass of
treated waste, vary from 62% for enzymatic hydrolysis reactions

for a comparative evaluation. Degradation yields,

to 100% for many chemical depolymerisation methods.
However, many articles do not consistently provide these
values (Table S1, supplementary data). While it is possible to say
that depolymerisation methods align with these goals, it is not
possible to classify them qualitatively based on these criteria.
Paul Anastas and John Warner are the pioneers of green
chemistry. They developed an approach for designing chemical
processes and products that are environmentally friendly.277
This approach seeks to prevent pollution at its source by limiting
the use of harmful substances. The principles of green
chemistry emphasize the creation of safer chemicals, the use of
catalysts rather than stoichiometric reagents, and the reduction
of waste production. According to this approach, pollution
prevention should be considered at the molecular level, which
involves reducing pollution sources throughout the life cycle of
chemicals.2’® The same considerations as previously mentioned
using the SDGs should be taken into account to classify
depolymerisation methods in terms of the 12 principles of
green chemistry. The lack of comprehensive data on
degradation yields, in particular, does not allow for a rigorous
evaluation.

5.2 Green metrics

The methods allowing PET depolymerisation are quite diverse,
as demonstrated in the previous chapter. To compare these
methods, a first approach allows positioning them in a 2D
experimental domain depicting the reaction time and
temperature of all the cited studies. Figure 13 illustrates this
experimental domain. It appears that certain methods have
been developed in very broad domains such as hydrolysis in
acidic media or aminolysis. In contrast, glycolysis or enzymatic
methods are often developed in more restricted temperature

and reaction time ranges.
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Figure 13. Global mapping of PET depolymerisation methods sorted by
typical reaction time and temperature.

Table S1 (Supplementary data) provides a summary of the cited
methods found in the literature, offering quantitative information on
material flows between recycled waste, reaction conditions, and
depolymerisation yields for monomer production. To rank the
reactions based on the data in this table, it is possible to use green
metrics. These indices allow for the quantification of contributions
from methodological developments in various principles of green
chemistry: atom economy, energy efficiency, waste reduction, and
so on. The simplest index that can be calculated to classify different
reactions is related to atom economy (AE) published in 1991.27° AE is
calculated based on stoichiometric data but does not take into
account solvent use. In the case of solvolysis reactions, this index is
therefore not meaningful, as the solvent will have a considerable
effect on various depolymerisation reactions. The second index, E
factor, described in 1992, calculates the ratio between the waste
mass produced and the product mass purified by different
reactions.?80 For the calculation of the waste mass generated, a
widely used approximation assumes that 90% of the solvents used
are industrially recycled, while 10% of the mass of the solvents used
becomes waste.

In the case of depolymerisation reactions of textile fibres, this
approximation cannot be applied because of the diverse range of
methods involved. The production of solvents contaminated with
additives, in varying quantities and qualities depending on the
recycled fabrics, or the inorganic salts at the end of the hydrolysis
reaction, provides no assurance regarding the solvent recyclability.
Moreover, in certain reactions, a portion of the solvent is esterified
in the depolymerisation process. The combination of these
approximations does not allow for a robust classification of
depolymerisation methods aimed at recycling PET, especially derived
from textile fibres. If calculating the E factor is straightforward to
describe a thoroughly validated reaction and has contributed to the

This journal is © The Royal Society of Chemistry 20xx

success of virtuous reactions,281.282 it js more complex to implement
in the case of depolymerisation reactions. Faced with this challenge,
Barnard et al. proposed the calculation of an energy economy
coefficient (¢) to compare depolymerisation reactions, calculated
according to equation 1:283

Y
E=o (eq. 1)

Where Y represents the yield of the production of the monomer of
interest from the depolymerisation reaction, T is the reaction
temperature (°C), and t is the reaction time (min.). The lower the
reaction temperature and the shorter the time, the larger € will be
for the same reaction yield. This descriptor, which allows for a simple
study of various depolymerisation reactions based on yield and
reaction temperature and time conditions, was calculated for all
reactions presented in this review. Table 1 provides the values of ¢
that can be calculated based on the data from the cited publications.
For each publication, it includes the optimal conditions under study,
i.e., the reaction time and temperature required to achieve the
displayed yield of purified monomer in the table.

the classification of the different

depolymerisation methods based on the calculated € from Table 1.

Figure 14 provides

This figure illustrates that two methods stand out significantly from
the others, with a ¢ coefficient of 4.370x103 and 1.754x103 °C1.min"
1, The first
organocatalysts-assisted glycolysis
depolymerisation of PET (Table S1, supplementary data) with a

depolymerisation method, metal salts and

enables complete
reaction time of 1 minute at 190°C with a green Zn acetate catalyst.
For this method, the source of PET, whether virgin or post-consumer,
is not specified. The second method, a catalysed aminolysis (CA),
enables complete depolymerisation of PET with a reaction time of 3
minutes at 190°C, using a monoamide-ester type catalyst: 1,5,7-
triazabicyclo [4.4.0]dec-5-ene (TBD). In this method, the degraded
polymer is PET waste obtained from post-consumer bottles

The depolymerized PET is not derived from textile fibres, for these 2
methods and it should be verified whether these conditions are
compatible with the structure of PET in fibres. The following are two
methods with an ¢ coefficient approximately four times lesser. The
first is an organocatalyst-assisted glycolysis (MSG), using Ag-doped
Zn0O nanoparticles, and the second is a mixed alcoholysis (MA) using
KOH as a catalyst. While the greater simplicity and greener in
sourcing is KOH as a catalyst may provide an advantage to this
method, it was only developed for PET derived from bottles. In
contrast, the MSG method with Ag-doped ZnO nanoparticles was
developed for PET derived from fibres. Both of these methods
require reaction times ranging from 15 to 30 minutes and
temperatures of 80 or 150°C.
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Figure 14. Classification of depolymerisation methods for the different studies according to the energy economy coefficient &

1
Reaction Reaction Product €

Study Year  Code Method temperature (°C) time (min) Product yield (°Ct.min?)
B. Lius® 2018 MSG 190 1 BHET 83.0% 4.370x10°
S. Nica?3® 2018 CA 190 3 BHETA 100.0% 1.754x1073
V. Vinitha?® 2023 MSG 150 15 BHETA 95.00% 4.222x10*
X L Wang?6° 2023 MA 80 30 Terephthalic acid 98.0% 4.083x10*
V.S. Palekar?3® 2012 CA 110 40 BHETA 89.0% 2.023x10*
S. Tang's3 2022 CoAL 200 30 DMT 91.0% 1.517x10*
D. S. Achilias?3 2011 uW AA 250 30 BHETA 100.0% 1.333x10*
P. Lozano Martinez#° 2021 SCA 275 30 TA/DMT/DMT/DET/EG 94.0% 1.139x10*
Y. Yang'#* 2002 SCA 250 40 DMT 95.0% 9.500x10°
R. Lopez-Fonseca'® 2011 MSG 196 60 BHET 80% 6.803x10°
H. W. Horn?% 2012 AT 110 120 BAETA 89% 6.742x10°
R. M. Musale?¥’ 2016 CA 170 90 BHETA 97.0% 6.340x10°
Y. Yang?s0 2023 SCA 270 60 DET 92.0% 5.679x10°
L. R. Zhang® 2013 NH 145 120 TPA 93.0% 5.345x10°
S. Mishra®® 2003 ACH 120 140 TPA 87.0% 5.179x10°
S. Kumagai''’ 2018 ALH 180 120 TPA 100.0% 4.630%x10°
S. Lalhmangaihzuala?®® 2020 MSG 190 90 BHET 79% 4.620x10°
D. Stanica-Ezeanu® 2021 NH 205 120 TA; TPA; TGA 96.0% 3.902x10°
L. Liu? 2005 NH 220 120 TA; TPA; TGA 100.0% 3.788x10°
F. Quartinello?? 2017 MCEH 250 90 TA 85.0% 3.778x10°
M. Imran?t 2011 MSG 300 80 BHET 90% 3.750%x10°
D. Lei?? 2022 MSG 220 90 BHET 70.4% 3.556x10°
L. Liut*® 2022 ILG 193,5 125 BHET 84.5% 3.494x10°
Z. Guo?® 2018 HCG 240 120 BHET 82.0% 2.847x10°
Y. Peng®® 2023 ACH 280 120 TPA + EG diacetate 94.0% 2.798x10°
B. Yan'3® 2023 ALH 150 240 TPA 100.0% 2.778x10°
Z. Chen'! 2023 MSG 250 150 BHET 99.7% 2.659x10°
S.L. Favaro?7’ 2013 SCA 255 120 DET 80.0% 2.614x10°
W Yang”® 2021 NH 220 180 TPA 95.0% 2.399x10°
T. Yoshioka®? 1994 ACH 150 300 TPA 95.0% 2.111x10°
Y. S. Parab?*! 2012 CA 170 240 BHETA 86.0% 2.108x10°
V. Tournier?s! 2020 EH 72 600 TPA 90.0% 2.083x10°
N. G. Bush'%® 2023 ILG 180 240 BHET 50.0% 1.157x10°
S. R. Shukla?3! 2006 CA 170 480 BHETA 91.0% 1.115x10°
S. Lius6:157 2013 ILA 205 480 DBTP 95% 9.654x10¢
A. Peterson!s 2022 ALH 90 1000 TPA 80.0% 8.889x10
P. McKeown?®4 2020 CoAL 100 960 DMT 72.0% 7.500%x10%
C. N. Onwucha” 2023 NH 200 1440 TPA 98.0% 3.400x10¢

Table 1. Key parameters of PET depolymerisation reactions including the formed products, yields, and the energy economy coefficient ().
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The following 5 methods (CA, CoAL, uW AA, SCA) achieve a calculated
¢ coefficient ranging between 2x104 and 1x10. It is noteworthy that
2 methods involving the same catalysed aminolysis mechanism
exhibit an ¢ coefficient reduced by a factor of 15. The method using
ionic liquids as a catalyst showed a reduced BHETA yield (89%)
compared to the one using a monoamide-ester type catalyst (100%).
Although the operating temperature is less (110°C), the time
required for depolymerisation and the lesser yield are unfavourable
for the green ranking associated with the reaction energy efficiency.

All other methods analysed in this review exhibit conditions that are
unfavourable in terms of energy efficiency, with an ¢ factor reduced
by a factor of 30 to 3000. Regarding enzymatic or mixed methods
(MCEH), often presented as a green process in the literature, the lack
of data prevents a comprehensive quantitative assessment. For
those with available data, the reduced yield (85%), prolonged
reaction time, and greater temperature hinder the achievement of a
high energy economy coefficient.

6. Conclusions and Perspectives

Recycling of PET, particularly PET from textiles, is an ever-
evolving field, as demonstrated by the methods presented
previously. The comparative study of the environmental impact
of the developed reactions, based on the energy efficiency
achieved, enables an objective comparison and provides a
foundation for future developments of PET depolymerisation
methods derived from textile fibres.

In the realm of chemical recycling, and to minimize the
environmental impact of the reactions involved, there is a series
of research into new catalysts or new reaction conditions, used
to enhance depolymerisation yield and reduce reaction times
and temperatures, all aimed at ensuring a high greenness
index.285 Research into new catalysts based on abundant,
renewable, and non-toxic resources has shown that PET
depolymerisation via glycolysis can be complete, in the
presence of an excess of ethylene glycol (EG), at a temperature
of 196°C, using sodium carbonate as a catalyst (Fonseca
2011).18 With this catalyst, the reaction time is halved
compared to the use of conventional catalysts with a greater
environmental impact, such as Mn, Co, Zn, or lead acetate.
Organic catalysts, like 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD),
appear to be "green" candidates for PET depolymerisation via
glycolysis with a large EG excess.28* Current research on new
organic catalysts continues through theoretical work and
extensive use of modeling.285

Regarding heterogeneous catalysts based on metal oxides,
several systems yield promising results in PET recycling. The
primary advantage lies in the ease of catalyst recovery,
especially for those formulated at the nanoscale, exhibiting a
very large surface area, for example, by impregnating silica
nanoparticles2°! or silver-doped ZnO nanoparticles.205 Other
research focuses on the production of new catalytic chemical
species from waste valorisation. In PET recycling, a new catalyst
produced from orange peel ash, composed of porous materials
with a large specific surface area bearing basic sites, shows
complete depolymerisation of PET in 90 minutes, with possible
catalyst reuse.28¢

In addition to these methods aimed at depolymerizing PET,
there is a series of innovative research focused on producing
polymer compatibilizers. These are polymers of variable
architecture, such as random copolymers, grafted copolymers,
and block copolymers, which can interact with conventional PET
from recycling to modify their thermoplastic properties,
enabling straightforward fusion/moulding to produce new
fibres. Often, the method involves creating mixtures of recycled
polymers, for example, PET/PE, PET/PP, and producing a new
material by adding an agent that makes the mixture
compatible.287.288 As a result, composite fibres were produced
from polypropylene (PP) and PET, using a copolymer of PP
grafted with acrylic acid (PP-g-AA) as a compatibilizer.28° An
approach to modifying PET chains from textile recycling can also
be developed to elongate these chains using different chain
extenders. These chain extenders can be oxazolines,??° organic
phosphites,?°* and epoxides.???2 The major advantage of these
modifications made to PET chains from textile recycling is to
homogenize the average PET molecular weights and produce
recycled fibres without altering their crystalline structure,
allowing for new recycling cycles at the end of the textile's
life.293

Finally, PET upcycling is under rapid development with a view to
lead to value-added products rather than simple recycling. So
far, it has mainly been applied to PET issued from bottles, from
packaging, or in pure form and was recently reviewed.294-299
Different valuable substances can be obtained, among them
functional TA and EG derivatives,3% organic building blocks and
bio-products3, new polymers such as polyhydroxyalkanoates
(PAHs),302
membranes.3% PET upcycling can also produce fuels such as
dihydrogen,3097.308 foods (bacterial biomass),

or other valuable bio-based polymers,303-305 and

or functional
(MOFs) or
imply biochemical

materials such as
The

metal-organic frameworks

vitrimers.309 processes involved
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conversions,301.302chemical transformations, photocatalysis,310
and electrocatalysis.307

In the case of PET upcycling from textiles and fabrics, examples
are currently much rarer. Functional TA derivatives (such as
BHET and BHETA) can by produced by direct glycolysis and
aminolysis of dyed textiles, catalysed by nanoparticles and
under microwave activation.205 Similarly, valuable phthalic acids
were obtained from abandoned banners after thermocatalytic
treatment using a metal-based alloy favoring decarboxylation
and deshydrogenation reactions.311 More elaborated products
were also directly produced from (dyed) PET textiles, such as
(MOFs).312-314

The many upcycling developments deployed for bottle PET will
certainly be applied soon more largely to textiles, supporting
circular economy and reducing environmental pollution.
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