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In the current era of globalization, plastics are an indispensable part of our daily life; from our morning
toothbrush to night dinner table, plastics are everywhere in our daily life. In such a polymer governing
era, the problems related to their pollution are inevitable as most of the commercially used synthetic
plastics are non-biodegradable in nature. Among these non-biodegradable polymers, polyethylene
terephthalate (PET) constitutes a significant percentage due to its widespread application in the
packaging, food and beverage, and automotive industries. This ever-increasing application of PET
generates a large volume of post-consumer waste materials which have to be dumped in most of the
cases after a certain time. However, with growing environmental awareness, the recycling of polymeric
waste materials into valuable ones has become one of the hot topics in mainstream research. There are
already a few research articles where researchers have demonstrated that these polymeric waste
material derived products can be used further to synthesize new polymeric materials which have
applications in various sectors (such as in the fields of regenerative medicine and organic coatings).
From this point of view, here we have summarized the recent progress in recycling of PET waste into
value-added products and their subsequent utilization in the field of organic coatings. In addition to that
we have reviewed, all the major research studies carried out in chemical recycling of PET waste across
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the globe which can be later used in the coating industry. The review also highlights the existing
challenges in this field involved with upscaling of these processes in industry. Additionally, we have
DOI: 10.1039/d1ma01112; predicted future directions on how these recycled products can be used in a sustainable and
economically feasible way, so that this can reduce the carbon footprint significantly and help in

rsc.li/materials-advances achieving a closed-loop circular economy.

there is a huge improvement in the properties of plastics
compared with those of their predecessors, which leads to

1. Introduction

In the modern era of globalization, plastics are an integral part
of our daily life; from our morning toothbrush to night dinner
table, plastics are everywhere. The development of plastics has
started with the use of natural materials that exhibit intrinsic
plastic properties, such as shellac and chewing gum, followed
by their chemical modification over time. However, the first
discovery of fully synthetic plastics was made in the year 1907
by Leo Baekeland.' After Baekeland’s discovery, several new
plastics have been developed by polymer scientists with a
different set of characteristics, suitable for a wide range of appli-
cations.” It was also perceived that, with continuous improve-
ment in synthesis processes and manufacturing technology,
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replacement of traditionally used materials with plastics. This
is the prime reason behind the drastic increase in global plastic
consumption from the middle of the 20th century. Recent data
show that the global production of plastics has increased by
2.7 times on an average since 1950 with a total production of
around 8500 million tons.>* Currently plastics are one of the
crucial classes of components in various industrial sectors
including the packaging, construction, transportation and
electronics industries. This ever-increasing production and use
of plastics leads to generation of an ever-increasing volume of
post-consumer plastic waste as most of these synthetically
made plastics are non-biodegradable in nature. In this regard,
according to a study by Klankermayer et al., around 150 million
tons of plastics are generated each year and the number is
continuously increasing.* However, among this massive amount
of manufactured plastics, 79% of the plastics end up as landfill,
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and as a consequence, 2.41 million tons of these robust waste
materials enter into our ecosystem every year. To overcome this
problem, researchers now focus on synthesis of novel biodegrad-
able synthetic polymers as well as sustainable strategies for
recycling of these plastics so that they can enter into a circular
economy. Most of the industrially recognized recycling processes
reported until now are not cost competitive and produce plastics
with poor physical and chemical properties, which ultimately
leads to shrinkage in circular economy. Currently the most used
plastics in the world include polyethylene terephthalate (PET),
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC),
polystyrene (PS), polylactic acid (PLA), polycarbonate (PC), poly-
methyl methacrylate (PMMA), polyoxymethylene (POM) and
nylons (PA). Most of these plastics are nonbiodegradable and
require recycling processes.

In this regard, despite the detrimental effect on the environment,
the global consumption of PET is increasing continuously year
by year due to its outstanding optical transparency, good
mechanical properties and excellent thermoformability. Recent
data suggested that the global demand of PET will reach 22.65
million tons by the year 2025 with a current value of USD44.1
billion.” At present, Asia Pacific is the largest market of PET
packaging with a market share of 36.7%, and in the next position
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North America with a market share of 20.5% followed by
Western Europe with 17.9% market share.” It is also expected
that within the time span of 2020-2025 the PET based packaging
industry will get a huge boost in the countries of the Middle
East and Africa due to their growing economy and emerging
socioeconomical status.

These statistics suggest that this huge consumption of PET
produces a massive amount of post-consumer plastic waste,
which is a serious threat from the environmental point of view.
According to a recent report published by Taniguchi et al. in
2019, out of the total PET production, only 28.4% was recycled
into sheets, fibers, films, and bottles, and the remaining was
discarded into the environment.® To address this challenge
researchers and technologists now focus on recycling of
postconsumer PET waste into new value-added products.
To enlighten this, in this review we have discussed the current
scenario of various recycling processes of PET including physi-
cal recycling processes, enzymatic recycling processes and
chemical recycling processes. Additionally, we have discussed
the advantages of chemical recycling processes over the other
recycling processes, along with a brief focus on various
chemical recycling routes of PET and use of these chemically
recycled products for the development of new value-added
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polymers for coating applications. We have also highlighted
that the existing challenges involved with the upscaling of these
processes in industry as well as their probable solutions, so that
these recycled products can be used in a sustainable and
economically feasible way, which will lead to a closed-loop
sustainable ecosystem for a cleaner world.

2. Different recycling routes of plastics

2.1. Primary recycling

The most popular and easy process of recycling is primary
recycling because of its easy access and low cost. Primary
recycling deals with reuse of materials in their original form.
However, the main problem associated with primary recycling
is that the constraint in their usability after certain cycles as
with time their material properties detoriate.””®

2.2. Secondary recycling or mechanical recycling

In the secondary recycling process generally thermoplastic
polymers are employed due to their remelting and reprocessi-
bility into end products. Mechanical recycling does not
involve any alteration in the polymeric backbone during the
processing steps.

Secondary recycling or mechanical recycling is also known
as physical recycling as it involves cutting, shredding or wash-
ing waste polymers into granulates, flakes or pellets of suitable
quality based on the requirements, and then melted to make
the new product by extrusion. It was observed that, in the case
of secondary recycling to obtain better physical and chemical
properties of recycled plastics, occasionally virgin plastics are
blended in some portions. However, the main disadvantage
associated with the secondary recycling process is deterioration
of the physicochemical properties of plastics in each cycle
which occurs due to the drop in molecular weight in each
recycling step and heterogeneity present in the plastic waste."’
The drop in molecular weight of recycled plastics takes place
for many reasons such as chain-scission reactions during
thermal reprocessing, and the presence of acidic impurities
and water molecules. To avoid chain-scission reactions, inten-
sive drying of plastic waste after washing and cleaning and
use of chain extenders and reprocessing in a vacuum are
recommended.”®

2.3. Enzymatic recycling

Along with the primary and secondary recycling processes,
recently the enzymatic/biological recycling process has also
received attention due to its ability to tackle the menace of
plastic pollution in an eco-friendly manner.'" Enzymatic recy-
cling of plastics involves secretion of extracellular enzymes by
microorganisms (which include bacteria as well as fungi), and
subsequent reaction of the excreted enzymes with polymers;
this leads to the hydro-peroxidation/hydrolysis of polymers and
the formation of monomers as well as short polymer inter-
mediates, which are ultimately assimilated by microbial cells as
carbon sources to release CO,."” In this regard, the enzymatic

1976 | Mater. Adv, 2022, 3,1974-1992

View Article Online

Review

biodegradation of plastics depends on various critical factors;
among them the prime one is what types of bonds are present
in the polymeric backbone (since the active sites of related
enzymes are individual for any specific bond). Thus, the
mechanisms of synthetic plastic degradation are usually
distinguished into three categories: (1) polymers with carbon
back-bones; (2) polymers with ester-bond back-bones and side-
chains; and (3) polymers with hetero-carbon bonds present in
the backbone. In addition to this crystallinity of the polymer,
the pH of the degrading medium, temperature, enzyme speci-
ficity, and substituents/additives present in polymers also
influence the degradation process.

As of now, most of the synthetic plastics are under investiga-
tion for enzymatic degradation. However, some recent studies
reported that PE,*>'* ps,'>'¢ pp 718 pyC,'® PET***! and PU**
can be recycled enzymatically. In the case of PET, generally four
types of enzymes are tested for enzymatic degradation, which
include Cutinase, Lipase, PETase and Esterase.’* However, due
to several limitations of the enzymatic recycling process, they
are not implemented in large scale industry, which include
(1) the low catalytic turnover due to inadequate accessibility to
active sites in polymer as a result of the high crystallinity of the
substrate, (2) inhibition by intermediate metabolites, (3) kinetic
instability and loss of enzymatic activity above specific
temperature,® (4) during enzymatic biodegradation/hydrolysis,
the reaction medium becoming acidic due to end products,
which leads to inactivation of the enzyme, and as a conse-
quence, the reaction proceeds in a sluggish manner with time.

2.4. Chemical recycling

Chemical recycling of plastics can be defined as the process in
which polymers are chemically transformed into monomers or
partially depolymerized into oligomers with the help of a
chemical reaction/a set of chemical reactions. These monomers
which are obtained from the chemical recycling process can be
further used to develop new polymers with the desired proper-
ties or to resynthesize the mother plastics again. The main
advantage of the chemical recycling process over the other
recycling processes is that this method is capable of transform-
ing plastic waste into completely new molecules, which are
suitable for use as feedstock materials including monomers,
oligomers, and mixtures of other hydrocarbon compounds.
There are various methods available which can be used for
chemical recycling of plastics including hydrolysis, glycolysis,
hydrogenation, aminolysis, gasification, ammonolysis, thermal
cracking, catalytic cracking, microwave mediated degradation,
etc. However, there are only a few companies working on
chemical recycling processes of plastics, as these methods need
a lot of initial investment, state of the art technology and expert
personnel. Other than these processes at present there are a lot
of chemical recycling methods that are under investigation for
successful implementation at industry, whereas only a few
processes are well established on an industrial scale for plastic
recycling. For example, currently the gasification process is
under extensive research at industrial R&D to optimize
the process on an industrial scale, whereas processes such
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as glycolysis and methanolysis have gained commercial
acceptability.®>*72¢

3. Different chemical recycling routes
of polyethylene terephthalate (PET)

Polyethylene terephthalate (PET) is a thermoplastic polyester
which was first synthesized by DuPont chemists in the year
1941 in search of synthetic fibers; later they branded their PET
fibers as “Dacron”. PET is synthesized by either transesterifica-
tion reaction between dimethyl terephthalate (DMT) and ethy-
lene glycol or condensation reaction between terephthalic acid
(TPA) and ethylene glycol. Depending on the chemical recycling
process PET totally depolymerizes into monomers or oligomers
such as TPA, bis(hydroxylethylene) terephthalate (BHET), DMT,
bis(hydroxylethylene) terephthalamide (BHETA) and any other
chemical substances. Until now different recycling routes have
been reported for depolymerization of PET including hydro-
lysis, glycolysis, methanolysis, aminolysis, ammonolysis and
hydrogenation; in all of these methods different chemical
substances are used for PET chain scission.”” Some of these
chemical recycling processes of PET are shown in Fig. 1.

3.1. Hydrolysis

Hydrolysis is one of the well-recognised chemical recycling
routes which has been used for several years for depolymeriza-
tion of PET. In the case of hydrolysis, PET reacts with water
molecules under neutral, basic and acidic conditions at high
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temperature and pressure and produces TPA and ethylene
glycol. Alkaline hydrolysis of PET is usually performed in
sodium hydroxide solution at concentrations of 4-20%.2%° In
this context, Pitat et al. patented a process of alkaline hydrolysis
using 18% sodium hydroxide solution.>® However, studies
using other alkaline solutions such as potassium hydroxide,
sodium ethoxide, and sodium methoxide have also been
performed. For example, Kumar et al. performed extensive
research on alkaline hydrolysis of PET waste by aqueous KOH
solution under finite solution volume conditions, where they
revealed that KOH effectively hydrolyses PET chains and major
chain scission takes place at the end chain section.*" On the
other hand, in another study, Haith and co-workers investi-
gated the reactivity of NaOH solutions with sodium isoprop-
oxide in isopropyl alcohol, sodium tert-butoxide in tert-butanol,
sodium methoxide in methanol, and sodium ethoxide in
ethanol for depolymerization of PET.*> They noticed that an
ethanolic solution of sodium ethoxide is the most effective for
depolymerization of PET, whereas an aqueous solution of
NaOH is the least effective for depolymerization. In another
study Oku et al. reported that addition of ether along with an
alcohol can increase the extent of hydrolysis reaction. They
showed that addition of dioxane in methanol can decrease the
time of alkaline hydrolysis of PET in the presence of NaOH
from 7 h to 0.67 h.**

In the case of acid hydrolysis of PET generally concentrated
H,S0, is employed;***> however, other concentrated mineral
acids such as phosphoric acid*® and nitric acid®”° are also
used for acidic hydrolysis of PET. For example, Mishra and
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co-workers performed a detailed investigation on the kinetics
and thermodynamics during hydrolysis of PET using nitric
acid.®”*® However, the major problems associated with acid
hydrolysis are severe corrosiveness of inorganic acids and
generation of huge quantities of inorganic salts and waste
water, whereas neutral hydrolysis of PET is carried out using
steam or water in the presence of an alkali metal acetate
catalyst.*’ Although some recent study also suggests that
marine water can also be a potential candidate for neutral
hydrolysis of PET,*” the metal ions present in marine water
themselves act as a catalyst and no added catalyst is required.
Additionally, it has also been observed that under neutral
conditions hydrolysis of PET proceeds significantly faster in
the molten state than in the solid state, so usually it is
performed within a temperature range of 200-300 °C.** The
main advantage of neutral hydrolysis is that it is an eco-friendly
process, and thus, no pollution is associated with it; however,
the primary drawback related to the neutral hydrolysis is the
impurities which are present in PET; in most of the cases they
remain in TPA after completion of the recycling process.

3.2. Glycolysis

Glycolysis is the most common and oldest method of PET
recycling. The process of glycolysis was first patented in the
year 1965. After that, significant efforts have been directed
toward improvement and optimization of the process, and
currently several industries including DuPont, Shell Polyester,
Zimmer, and Goodyear perform recycling of PET using glyco-
lysis. Glycolysis involves transesterification reaction of PET
with an excess amount of glycol in a temperature range of
180-240 °C in an inert atmosphere, which leads to the depoly-
merization of PET and the formation of polyhydric alcohols.
Although based on the glycolysis process and glycol used for
depolymerization, oligomers with the -OH end group can also
be obtained.

The structure of polyhydric alcohols depends on the choice
of glycol used for depolymerization. However, ethylene glycol is
the most well recognised glycol which is used for glycolysis of
PET, which generates a diol named bis(2-hydroxyethyl) tere-
phthalate (BHET). Other than ethylene glycol, propylene glycol
(PG), polyethylene glycol (PEG), 1,4-butanediol, trimethylolpro-
pane, pentaerythritol and hexylene glycol have also been used
for depolymerization of PET using glycolysis.***>
glycolysis by ethylene glycol of PET is considered as a model
reaction and investigated in a more detailed fashion. Glycolysis
of PET usually involves three steps, the formation of oligomers,
dimers and monomers (as shown in Fig. 2). In a typical
glycolysis reaction, the glycol molecules diffuse through PET
chains, causing them to swell up and subsequently react with
ester bonds present in PET chains, leading to degradation of
PET into lower fractions.

During the extensive research on recycling of PET via
glycolysis, researchers found that the kinetics of the glycolysis
process is very slow and can’t proceed in a faster way without
catalyst. It was also observed that without using any catalyst
complete depolymerization of PET cannot be achieved and the

However,
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depolymerization product also contains a mixture of oligomer
and monomer in that case, which creates difficulties in obtaining
pure monomer. To overcome this problem significant efforts
have been directed toward increasing the rate of the reaction
and the BHET monomer yield by developing efficient catalysts
and optimizing other reaction conditions such as reaction time,
temperature, and the PET: glycol ratio.

Until now four distinct well-established methods have been
used for glycolysis of PET. These are (a) solvent-assisted
glycolysis, (b) supercritical glycolysis, (c) microwave-assisted
glycolysis and (d) catalyzed glycolysis.

In the case of solvent assisted glycolysis, depolymerization
proceeds in the presence of glycol in a reaction medium. For
example, Orbay and co-workers used xylene as a solvent for
glycolysis of PET, where they observed that glycolysis proceeds
in a faster manner in the presence of xylene with an enhanced
yield rather than only glycol.”® The main advantage of addition
of xylene is that it offers miscibility to the PET-glycol mixture;
additionally the glycolysis product is also soluble in xylene,
which is an extra advantage. So, as the reaction proceeds, the
product moves to the xylene phase, shifting the reaction to the
forward direction. However, the main disadvantage associated
with this process is that as organic solvents are not eco-friendly
the use of this process for PET glycolysis is still highly
restricted.

Supercritical glycolysis is carried out at temperature and
pressure above the critical point of glycol. Other than glyco-
lysis the applications of supercritical conditions have been

© 2022 The Author(s). Published by the Royal Society of Chemistry
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employed for other processes such as hydrolysis and methano-
lysis. The primary advantage of the supercritical process is that
there is no need for catalysts for the reaction which are difficult
to separate out from the reaction medium. For example, Kim
and co-workers studied depolymerization of PET by the super-
critical method using ethylene glycol at a temperature of 450 °C
and a pressure of 15.3 MPa.”” It was observed that compared to
subcritical conditions of 350 °C and 2.49 MPa and 300 °C and
1.1 MPa the reaction under supercritical conditions proceeds in
a much faster way. In the case of the supercritical process, a
maximum yield of 93.5% BHET was achieved within half an
hour of the reaction. The disadvantage of this method is that to
carry out the reaction under supercritical conditions very high
temperature and pressure are needed.

In case of the microwave assisted recycling process of PET it
was perceived that in presence of microwaves the depolymeri-
zation reaction time drastically decreased to 35 min from 8 h
without any catalyst,*® although it did not affect the product
yield. Addition of a suitable catalyst in reaction medium along
with microwave irradiation can enhance the reaction efficiency
in a synergistic way by increasing the product yield significantly
with reduced reaction time. For example, Cho et al. showed that
addition of an alkaline catalyst for depolymerization of PET by
ethylene glycol in the presence of microwave irradiation can
reduce the reaction time drastically with an increased BHET
yield.*

Other than these three-methods, glycolysis assisted by cat-
alysts is the most popular and industrially recognised chemical
recycling process of PET. It is already well established that
glycolysis without catalyst is an extremely slow process and
takes a prolonged time to depolymerize the PET with a minimal
product yield. Thus, the development of novel catalysts for
depolymerization of PET using glycolysis is major research
interest among scientists. Until now several types of catalysts
have been developed by researchers for glycolysis of PET, which
include metal salt-based catalysts, heterogeneous catalysts
including zeolites, various nanocatalysts and ionic liquid-
based catalysts. Among all these catalysts metal salt-based
catalysts are the most prevalent ones due to their easy avail-
ability and low cost compared to others. These metal salts
include Zn, Mn, Co and Pb salts. In this regard, Baliga et al.
investigated the efficiency of four different metal salt (Zn, Mn,
Co and Pb) catalysts for depolymerization of PET. They
observed that zinc acetate performed best in terms of the extent
of depolymerization.®® Later Ghamey and co-workers also dis-
covered that the depolymerization activity of catalysts follows
the order of Zn** > Mn** > Co*" > Pb*".*!

Meanwhile, Chen et al. found that the best conditions for
glycolysis in the presence of manganese acetate are 190 °C with
0.025 mol kg~' of PET for 90 min,52 whereas Sun and
co-workers reported that in the presence of zinc acetate catalyst
the optimum temperature for glycolysis of PET using ethylene
glycol is 196 °C.>® In that case, the glycol: PET weight ratio
should be maintained at 5, and the catalyst: PET weight ratio
should be preserved at 0.01. Since zinc and lead are heavy
metals which are well known for their detrimental effect on the
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environment, researchers also investigated mildly alkali metal
salt-based catalysts for glycolysis of PET. For example, Shukla
and co-workers used sodium carbonate and sodium bicarbo-
nate as catalysts for glycolysis of PET and found that the
product yields were almost comparable to those of conven-
tional lead and zinc acetate catalysts.”® In another study they
reported that other nonconventional catalysts such as lithium
hydroxide, sodium sulfate, potassium sulfate and glacial acetic
acid can also deliver similar product yields with traditional
heavy metal catalysts for glycolysis of PET.*® The latest catalysts
which were developed by Shukla and co-workers are metal
chloride salts; these salts are cheap and readily available.
However, among these salts, chloride salts especially zinc
chloride performed best in terms of production of BHET with a
yield of 73.24%.>® Furthermore, it was found that homogeneous
catalysts are highly effective for glycolysis of PET. But the main
drawback of homogeneous catalyst systems is that it is difficult to
separate them out from the reaction medium as they are soluble in
ethylene glycol. In most of the cases an additional distillation unit
operation is required to separate out these catalysts.

In addition to homogeneous metal salt-based catalysts
nowadays heterogeneous catalysts are also gaining popularity
for glycolysis of PET due to their outstanding catalysis effi-
ciency, reusability and facile separation techniques. These
heterogeneous catalysts include zeolites, spinels and nanoma-
terial based catalysts. In this regard, Shukla and co-workers
reported a novel eco-friendly zeolite catalyst for depolymeriza-
tion of PET using glycolysis by ethylene glycol.>® Zeolites are
well acknowledged for their catalytic activity owing to their
microporous and mesoporous structures which act as active
sites. The authors found that the yield of BHET is more than
60%, which is analogous with traditionally used heavy metal
catalysts such as zinc and lead acetate. In another study, Imran
et al. used metal oxide based silica nanoparticles (SNPs)/silica
microparticles (SMPs) for catalytic glycolysis of PET at 300 °C
temperature, 1.1 MPa pressure with an ethylene glycol-to-PET
molar ratio of 11:1 and a catalyst-to-PET-weight ratio of 1.0%
for 40-80 min.”” They explored four different catalyst systems
for depolymerization of PET including Mn;0,/SNPs, ZnO/SNPs,
Mn;0,/SMPs, and ZnO/SMPs. However, among these catalyst
systems the Mn;O,/SNP nanocatalyst showed the highest pro-
ductyield (>90%). This high monomer yield is attributed to its
large surface area and porous structures which are present in
the nanocatalyst and serve as active sites for the reaction. In
their subsequent study they employed novel mesoporous metal
oxide and mixed metal oxide based spinel catalysts for glyco-
lysis of PET.?® In this study they used two different metal oxide
spinels (Co30,4, Mn30,) and three different mixed metal oxide
based (ZnMn,0,, CoMn,0,, and ZnCo,0,) catalysts; the zinc
manganite tetragonal spinel catalyst (ZnMn,0,) performed best
among all, with the highest BHET yield (92.2 mol%) at 260 °C
temperature and 5 atm pressure. Later in the year 2012 Park
and co-workers utilized a graphene oxide-manganese oxide
nanocomposite (GO-Mn;0,4) for catalytic glycolysis of PET.”®
They obtained the highest monomer yield of 96.4% with the
nanocomposite containing the lowest amount of Mn;0,, while
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without GO in the presence of only Mn;0, they got about 82.7%
BHET yield. In another recent study, Guo and co-workers
explored the Perkalite F100 nanocatalyst for glycolysis of
PET.® They revealed that at a low nanocatalyst concentration
of 0.1 wt% of PET complete depolymerization of PET can take
place, and the nanocatalyst is far superior to sodium bicarbo-
nate and zinc acetate metal salt catalysts. In addition to that,
the Perkalite F100 nanocatalyst is environmentally benign and
economically feasible, which make it one of the suitable
catalysts for chemical recycling of PET.

Other than these heterogeneous catalyst systems in recent
times ionic liquid-based catalysts have also gained extensive
popularity for glycolysis of PET due to their outstanding cata-
lytic ability and easy separability from the solid glycolysis
product. Ionic liquids are primarily defined as salts in the
liquid state which have melting points below 100 °C. The
primary reason behind the low melting point is that ionic
liquids are generally composed of large unsymmetrical ions
whose charge is disseminated over large volume so the melting
points of these ionic liquids can be reach well below 0 °C.
Some of the fascinating properties of ionic liquids are good
thermal and electrochemical stability, nonvolatility, strong
solvent power for both inorganic and organic compounds and
low flammability, which make them one of the potential
candidates for catalyzed glycolysis of PET.®'"® For example,
in a pioneering study, Wang et al. showed that an ionic liquid
can catalyze glycolysis of PET with excellent efficiency.®*
To carry out the glycolysis they employed 1-butyl-3-methyl-
imidazolium bromide ([Bmim][Br]) catalyst within the tempera-
ture range of 160 to 195 °C for a time span of 5-10 h in the
presence of ethylene glycol. In that case, complete depolymeri-
zation of PET was achieved after 8 h of reaction at a temperature
of 180 °C. Furthermore, they also investigated the reusability of
this catalyst system, where they found that the catalyst can be
used multiple times without compromising their catalytic effi-
cacy. Later Yue and co-workers reported that the basic ionic
liquid, 1-butyl-3-methylimidazolium hydroxyl ((Bmim][OH]), can
exhibit much higher catalytic activity for the glycolysis of PET,
compared to 1-butyl-3-methylimidazolium bicarbonate ([Bmim]-
[HCO3]), 1-butyl-3-methylimidazolium chloride ((Bmim][Cl]) and
1-butyl-3-methylimidazolium bromide ([Bmim][Br]).*> Under
optimum conditions (a PET:EG mole ratio of 1:10, a dosage
of [Bmim][OH] of 0.1 g (5 wt%), a temperature of 190 °C and a
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time of 2 h), the depolymerization of PET and conversion of the
BHET yield were 100% and 71.2% respectively.

Zhang and his group members developed an iron containing
ionic liquid, 1-butyl-3-methylimidazolium tetrachloroferrate
((Bmim][FeCl,]), for catalyzed glycolysis of PET.®® This ionic
liquid demonstrated much higher catalytic efficiency compared
to 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]); however,
the main problem associated with this catalytic system is that
the monomer product can be easily contaminated (stained) by
iron containing ionic liquids and needs to be washed with a
large volume of water, which ultimately leads to a loss of product
yield. In another very recent study, Yeo and co-workers investi-
gated the mechanistic roles of cations and anions in catalytic
glycolysis of PET using ionic liquids.®” They found that cations
primarily attack at the carbonyl oxygen of PET to catalyze the
reaction, while anions form strong H-bonds with PET and ethy-
lene glycol. They used four different types of ionic liquid catalysts
(N3111Ala, Ny44;Cl, ChCl, MmimCl, BmimCl) for catalyzed glyco-
lysis of BHET, where the cationic part of the ionic liquid coordi-
nates with the carbonyl oxygen of the ester, and the hydroxyl
oxygen of ethylene glycol attacks the ester group carbon of PET,
with proton transfer to the carbonyl oxygen. Other than these
studies, there are many more studies which are focused on
catalyzed glycolysis of PET using ionic liquids; some of them
are listed in Table 1.

3.3. Aminolysis

Aminolysis of PET is also another well-recognised method of
chemical recycling which yields the corresponding diamides of
terephthalic acid (TPA). However, until now there have been no
reports identified which concern with utilization of this process
on an industrial scale for chemical recycling of PET. But the
aminolysis products of PET have huge potential for further
applications in various industrial sectors especially in the
coating industry. Aminolysis of PET is usually carried out in the
presence of primary amine aqueous solutions such as ethanol-
amine, ethylamine, and anhydrous n-butylamine within the tem-
perature range of 20-200 °C. Similar to glycolysis, aminolysis is
also performed in various methods such as aminolysis without use
of any catalyst, catalyzed aminolysis and microwave assisted
aminolysis; some of them are summarized below.

For example, in a preliminary study in the era of 1960s Zhan
et al. reported aminolysis of PET fibers with aqueous solutions

Table 1 List of ionic liquids used for glycolysis of PET under specified conditions with product yields

PET:glycol wt ratio  Ionic liquid(s) used Reaction conditions Product yield Ref.

1:11 [Hmim][ZnCl;], [Hmim][CoCls], 1 atm pressure, 190 °C temperature, 2 h time 87.1% 68
[Hmim][FeCl,] and [Hmim][CuCl;]

1:20 Cu(OAc),-[Bmim][OAc], Zn(OAc),- 1 atm pressure, 190 °C temperature, 3 h time 53.95% and 69
[Bmim][OAc] 45.6%, respectively

Different amounts [Deim][Zn(OAc);] 1 atm pressure, 160-190 °C temperature, 1-4 h time ~ 70.94% 70

of PET: glycol

3:20 [Bmim][OAc] 1 atm pressure, 190 °C temperature, 3 h time 58.2% 71

1:4 [Ch][OACc] 1 atm pressure, 180 °C temperature, 4 h time 85.2% 72

1:2,1:6and 1:10  [Bmim][ZnCl;] 1 atm pressure (constant for all cases); 170 °C — 73

temperature, 1 h time;180 °C temperature,
1.5 h time; 190 °C temperature, 2 h time respectively
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of hydrazine, benzylamine, ethylenediamine, hexamethylene-
diamine, piperidine and aniline, which led to generation of
amides of terephthalic acid and oligomeric diacids: terephthalic
dihydrazide, terephthalic bis-benzylamide, bis-benzylamides of
oligomers and mixtures of oligomeric bis-ethylenediamides,
which do not have any potential for further chemical reactions
to obtain value added products.”* Later in the year 2006, Shukla
and co-workers reported aminolysis of PET by ethanolamine at a
molar ratio of 1: 6 in the presence of different catalyst systems for
different time periods up to a maximum of 8 h.”> These catalysts
include glacial acetic acid, sodium acetate and potassium sulfate
with PET weights between 0.3 and 1.5%, and produce bis(2-
hydroxyethylene) terephthalamide (BHETA) with a maximum
yield of 91%. Tawfik and co-workers also reported catalyzed
aminolysis of PET using ethanolamine in the presence of
dibutyltin oxide (catalyst) at 190 °C temperature and 1 atm
pressure.’® The reaction yield varied between 49 and 62% with
reaction times of 1 to 4 h and catalyst percentages of 0.5 or 1%
of PET weight. In another very recent study Ghosal et al
reported catalytic aminolysis of PET with ethanolamine.””
Briefly they carried out the experiment with a PET:ethanol-
amine molar ratio of 1:12 at 180 °C for 7 h in the presence of
sodium acetate (1% of the total PET weight) catalyst. Spychaj
and co-workers performed aminolysis of PET waste using
polyamines, such as diethylenetriamine and triethylenetetra-
mine, and their mixtures, as well as mixtures of triethylenete-
tramine and p-phenylenediamine or triethanolamine.”®
Briefly they carried out the reactions at 200-210 °C with a
PET:amine ratio of 1:2 and characterized the final products
with NMR.

Other than the conventional heating process, microwave
irradiation also offers an excellent platform for aminolysis of
PET waste without compromising in terms of product yield.
In this regard, Shukla and co-workers reported microwave
assisted aminolysis of PET in the presence of excess ethanol-
amine.”® To accelerate the reaction further, they employed low-
cost, environment friendly catalysts such as sodium acetate,
sodium bicarbonate and sodium sulfate within the system,
which led to the formation of BHETA with a yield of up to
90% at a shorter reaction time. In their subsequent study also,
they performed aminolysis of PET using hydrazine mono-
hydrate using both microwave irradiation and the conventional
heating process in the presence of sodium acetate and sodium
sulfate catalysts.®® They observed that in the case of microwave
irradiation the yield of terephthalic dihydrazide varied between
74 and 86%, whereas for the conventional heating process it
was 40-60%. Additionally, they also discovered that in the
presence of microwave irradiation the reaction proceeded
much faster (within a couple of minutes), whereas in the case
of the conventional heating process it required almost 6 h to get
a maximum product yield. In another study, Achilias and co-
workers also performed microwave assisted depolymerization
of PET waste by ethanolamine; however, in this case they did
not utilize any catalyst system for the reaction.®" They observed
that in the presence of microwave irradiation (microwave power
> 100 W) complete depolymerization of PET took place within

© 2022 The Author(s). Published by the Royal Society of Chemistry
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5 minutes with a yield of 100%, which was far superior to
thermal depolymerization of PET using aminolysis.

3.4. Methanolysis

Methanolysis of PET is usually carried out using methanol
within a temperature range of 180-280 °C and in a pressure
range of 20-40 atm with or without catalyst, which leads to
production of dimethyl terephthalate and ethylene glycol.’*%
For example, Gruschke et al. reported depolymerization of PET
waste using methanolysis in the absence of catalyst at 210 °C
with a depolymerization efficiency of 99%.** Later Sako et al.
proposed a novel process of methanolysis where they used
supercritical methanol for depolymerization of PET.®* They
performed the process without using any catalyst, above
300 °C at 11 MPa pressure for half an hour, which resulted in
complete depolymerization of PET. In the case of catalytic
methanolysis typical transesterification catalysts are used such
as zinc acetate, cobalt acetate, magnesium acetate and lead
dioxide. However, similar to glycolysis, in the case of metha-
nolysis also zinc acetate is the most widely used catalyst. For
instance, Mishra and co-workers examined the kinetics and
thermodynamics of methanolysis of PET waste in the presence
of zinc acetate catalyst.®® They found that the optimum percen-
tage conversion of PET waste into dimethyl terephthalate and
ethylene glycol (EG) is 97.8% at 120 °C, whereas it is 100% at
130 and 140 °C for 2 h of reaction. In another very recent study,
Enthaler and co-workers reported depolymerization of end-of-
life PET via zinc acetate-catalyzed methanolysis which pro-
duced a high dimethyl terephthalate yield of 98%.5” However,
the main drawback associated with methanolysis of PET is that,
in addition to dimethyl terephthalate, the reaction products of
methanolysis also contain glycols, alcohols, and phthalate
derivatives. The separation and refinement of each product
from others make methanolysis a rather costly process. It was
found that the cost of methanolysis-derived dimethyl ter-
ephthalate from recycled PET bottles is approximately twice
that of virgin dimethyl terephthalate.®® For this reason metha-
nolysis is not that much popular in industry for PET recycling.

3.5. Ammonolysis

Ammonolysis of PET is generally carried out with liquid ammonia,
either with catalyst or without catalyst in a temperature range
between 70 and 180 °C under pressure.* In the case of the catalytic
ammonolysis process generally zinc acetate is used as the catalyst.
The primary product obtained from ammonolysis of PET is
1,4-benzene dicarboxamide, also known as terephthalamide.
Unlike the other recycling processes of PET, at present ammono-
lysis is not that much popular for chemical recycling of PET waste.

4. Current developments on
sustainable coating solutions based on
chemical recycling of PET

In the last couple of years, substantial growth has been noticed
in the consumption of chemically recycled PET waste derived
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products as raw materials for the synthesis of different classes
of novel polymers including epoxy resins, alkyd resins, poly-
ester resins, polyurethane resins and vinyl esters. In this
section of this review, we have discussed the application of
PET waste derived products for synthesis of new polymers for
coatings.

4.1. Epoxy resins

Epoxy resins are a class of well-recognised reactive intermedi-
ates which are used to develop a wide range of thermosetting
polymers. They are generally characterized by the presence of a
three membered oxirane ring in their structure more com-
monly known as the 1,2-epoxide ring. Over the last few years,
it has been perceived that recycled PET derived products are
extensively used as raw materials to produce epoxy resins. For
example, Macijauskas and co-workers developed a two-pack
epoxy resin system using a polyester polyol as base material and
melamine formaldehyde as a hardener, where the polyester
polyol produced from transesterification reaction between
jatropha oil/castor oil and glycolyzed oligoesters derived from
recycled PET waste with a poly(propylene glycol) molecular
weight of 2000.°° They noticed that the final coating perfor-
mance of the resin was significantly influenced by the amount
of PET used for glycolysis along with the type of oil used. Atta
et al. also synthesized epoxy resins from recycled PET waste
derived products for organic coating application.’” To synthe-
size resins, they chemically recycled PET waste with different
ratios of diethanolamine to triethanolamine in the presence of
manganese acetate catalyst and reacted the obtained chemo-
lysis products with epichlorohydrin to prepare a series of
di- and tetraglycidyl epoxy resins with different molecular
weights. To cure the resins, they used p-phenylene diamine
and diamino-diphenylether as curing agents. The resins
demonstrated outstanding adhesion properties and good ther-
mal stability, which suggests their potential application in
organic coatings. In their subsequent work also they prepared
epoxy resins from recycled PET waste derived products for
coating application.’” Briefly they performed chemical recy-
cling of PET using trimethylol propane (TMP), triethanolamine
(TEA), diethylene glycol (DEG) and diethanolamine (DEA) to
produce suitable hydroxy-oligomers for epoxy. Subsequently, to
prepare the final epoxy resins they reacted these glycolyzed and
aminolyzed products of PET with epichlorohydrin, which led to
the formation a series of di- and tetraglycidyl epoxy resins with
different molecular weights. To cure the epoxy resins, they
further reacted the resins with 1-(2-amino ethyl)piperazine at
room temperature. The final cured resins demonstrated excel-
lent adhesion properties with steel along with good resistance
to alkalis and acids, which is attributed to the high cross-link
density of polymer networks due to high epoxy functionalities.
In addition to that, the epoxy resins also demonstrated good
solvent resistance, salt spray resistance (the salt spray time
varied between 300 and 750 h depending on the resin type) and
hot water resistance, which indicates their potential application
in GI coatings. Bal et al. also synthesized epoxy-based coating
systems from the glycolyzed product of PET and evaluated their
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wet film and dry film properties.”® Briefly to synthesize the
epoxy they reacted the glycolyzed products (obtained using
ethylene glycol) of PET (ie. BHET) along with bisphenol-A
and epichlorohydrin using toluene as a solvent at 100 °C in
the presence of H,SO, catalyst for 2 h. At the end of the reaction
to neutralize the acid present in the reaction medium, they
treated the reaction mixture with calcium carbonate. Addition-
ally, to perform the dehydrohalogenation of the epoxy resin
they employed thirty percent NaOH solution. Finally, they used
the synthesized epoxy resin along with a commercial epoxy
resin (solvent-free, two-component epoxy resin) as an epoxy-
based paint formulation as a binder. The epoxy resin showed
excellent hardness, drying degree, and chemical film forming
properties on oven curing; however, certain decreases in abra-
sion resistance and impact resistance were detected in its film
properties. Furthermore, the resin demonstrated outstanding
adhesion properties as well as detergent and water resistance,
which suggests its potential application as an organic coating.
In another similar type of study Czub et al. reported synthesis of
epoxy resins from PET waste and investigated their properties
for coating application.® Similar to Bal et al.®® they also reacted
the glycolyzed product of PET waste with epichlorohydrin
followed by purification stages to obtain the epoxy resin. The
block diagram of the synthesis and modification of epoxy resins
from recycled PET is shown in Fig. 3.

They also found that incorporation of the glycolyzed product
of PET waste led to improvement in the tensile and flexural
strengths, hardness, and thermal stability of epoxy resins.
Additionally, it was also witnessed that addition of the glyco-
lyzed product of PET improves the overall acid and ethyl acetate
resistance performance of the epoxy system. Therefore, from
the above studies it can be summarized that incorporation of
recycled PET waste derived products (especially the glycolyzed

PET Waste

«—— Mn(CH;C00),.4H,0

Epichlorohydrin Conc H,S0,
———b Addition
Toluene —» T =140°C <+— CaCO,

l Cooling to 100°C

30% aq NaOH
—

Water

Purificationand
separation
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Water
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Fig. 3 Block diagram of the synthesis of epoxy resins from the glycolyzed
product of recycled PET waste and epichlorohydrin.
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and aminolyzed ones) in the epoxy resin system not only
enhances the adhesion properties of the system, but also
improves the overall coating performance of the paint system,
which include flexibility, water resistance, organic solvent
resistance, and acid as well as alkali resistance, which make
them promising candidates for coating applications.

4.2. Polyester resins

Similar to epoxy resins, polyesters resins are also an attractive
class of candidates for coating application. For example, a
recent study predicted that the global market size of polyester
resins will grow to USD12.9 billion by the year 2026 from
USD?9.6 billion in 2021, at a compound annual growth rate of
6.1%, which reflects the massive global consumption of poly-
ester resins in the field of the paint and coating industry.’
Polyester resins are usually prepared by reacting polybasic acid
with polyhydric alcohol. Depending on the type of chemical
used for depolymerization and the nature of the dicarboxylic
acid used for subsequent polycondensation, the synthesized
polyester may be saturated or unsaturated. For example, Vaidya
et al. in their pioneering study reported synthesis of unsatu-
rated polyester resins from recycled PET waste products for the
first time.”® For their resin preparation, at first they depolymer-
ized PET with different amounts of propylene glycol followed by
reaction of the depolymerized product with maleic anhydride
along with styrene. Furthermore, they compared their devel-
oped resins with conventional general-purpose resins and
observed that their developed polyester resins are comparable
in terms of processibility. However, they did not use them for
any end use application purposes. It was noticed that for
preparation of unsaturated polyester resins propylene glycol
(PG) is favoured over ethylene glycol or diethylene glycol as a
glycolytic agent. The reason behind is that PET/PG-derived
unsaturated polyester resins are compatible with styrene and
increase the activity of the anhydrides before starting the
reaction, whereas PET/ethylene glycol- or PET/diethylene glycol-
derived resin glycolysis products are not fully compatible with
styrene; as a result, the reaction proceeds in a sluggish way.
Pimpan et al. synthesized a series of unsaturated polyester resins
from postconsumer PET bottles derived from polyhydric alcohol
and maleic anhydride.”” Here they depolymerized PET using
different glycols such as ethylene glycol (EG), propylene glycol
(PG), and diethylene glycol (DEG) in the presence of zinc acetate
catalyst and subsequently reacted the depolymerized products
with maleic anhydride at 200 °C for 10 h under a nitrogen
atmosphere, which resulted in the formation of polyester
resins. In another study, Tawfik and co-workers reported syn-
thesis of water-soluble polyester resin based organic coatings
using recycled PET waste derived products as starting materials.’®
To depolymerize the PET they employed 2,2-dimethyl-1,3-
propanediol with different molar ratios in the presence of zinc
acetate as a trans-esterification catalyst. Finally, to synthesize
the polyester resin, they simply performed melt polycondensa-
tion reaction of the glycolyzed product of PET with adipic acid,
isophthalic acid, 2,2-dimethyl-1,3-propanediol and trimellitic
anhydride in different ratios. FTIR and NMR characterization

© 2022 The Author(s). Published by the Royal Society of Chemistry
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confirmed that the successful synthesis of the polyester resin
took place. For end use coating application, the authors
neutralised and cured the polyester resin with different combi-
nations of dimethylethanolamine and triethylamine with
methylated high imino melamine formaldehyde. The polyester
resin prepared with a glycolyzed product:isophthalic acid:
adipic acid:trimellitic anhydride molar ratio of 1:5:1:0.3
and neutralized and cured with dimethylethanolamine and
methylated high imino melamine formaldehyde showed the
best results for coating application. The final coatings made
with this recipe showed excellent mechanical and chemical
resistance properties as well as very good hardness along with
weatherability, which suggest their application for storing
enamels for metal substrates. In addition to enamel-based
coatings, recycled PET waste derived polyesters are also used
for powder coating application.

For example, Gioa et al. synthesized a polyester by reacting
PET derived oligomers with isosorbide and succinic acid for
powder coating applications.”® The scheme for synthesis of
the polyester from PET, isosorbide and succinic acid is shown
in Fig. 4. The polyester coating obtained from this new eco-
friendly approach demonstrated very similar applicative pro-
perties, such as gloss and direct and reverse impact strength
(in some cases superior), to a commercial reference coating
obtained from non-renewable resources.

4.3. Alkyd resins

Alkyd resins are oil-based resins which consist of polyols,
dibasic acids and triglycerides or fatty acids of oils. They are
the most extensively used polymers for a wide range of
paint and coating applications due to their low cost, inherent
biodegradability, and excellent mechanical and durability
characteristics.'°°'% In addition to these, their excellent com-
patibility with a broad range of polymers makes alkyd resins
superior to other coating systems in several areas of applica-
tions with special demands such as corrosion prevention and
hydrophobic antifouling coating.'®*%® In this regard, PET
based recycled polyols can serve as some of the prime compo-
nents for preparation of alkyd resins. There are several studies
where researchers worked with recycled PET derived polyols for
synthesis of alkyd resins for coating application. For example,
Atta and co-workers developed alkyd resins derived from
recycled PET waste for corrosion resistance protective coating
of carbon steel."®” Briefly to prepare the alkyd resins, at first,
they glycolyzed PET with pentaerythritol in the presence of
manganese acetate catalyst and m-cresol solvent at 220 °C to
obtain suitable hydroxyl oligomers. Subsequently, they reacted
these PET derived oligomers with sunflower oil/linseed oil,
glycerine, and phthalic anhydride, in the presence of butyl-
hydroxytin oxide catalyst to obtain the final alkyd resins.
A performance evaluation study revealed that the sunflower
oil-based alkyd resin exhibited superior mechanical and adhe-
sion properties with steel. In addition to that, the sunflower oil
based alkyd resin exhibited excellent chemical resistance,
among the other cured resins. Incorporation of PET derived
oligomers also resulted in enhancement of the properties of the
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Fig. 4 Chemical recycling of PET waste with isosorbide and subsequent polymerization with succinic acid to obtain a polyester for powder coating
application. Reproduced with permission from ref. 99. Copyright 2013 Royal Society of Chemistry.

alkyd resin. In another recent study, Ma et al. synthesized a
waterborne alkyd resin system from recycled PET waste for coat-
ing applications.'® For synthesis of alkyd resins similar to Atta
et al.,'” they used the glycolyzed product of PET. But, instead of
pentaerythritol, they used trimethylolpropane (TMP) for glycolysis
of PET. To prepare the final resin formulation along with the

glycolyzed product of PET, they used Zanthoxylum bungeanum

seed oil (ZSO), phthalic anhydride and 2,2-bis(hydroxymethyl)-
propionic acid (DMPA) as raw materials. The schematic synthesis
procedure of their waterborne alkyd resin is shown in Fig. 5.
Compared to the commercially available alkyd resin, the alkyd
resin prepared from ZSO and the glycolyzed PET product exhi-
bited enhanced hardness, thermal stability and chemical resis-
tance with a faster drying time, which suggests its potential
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Fig. 5 Synthesis of a waterborne alkyd resin from glycolyzed PET and using other monomers. Reproduced with permission from ref. 106. Copyright

2020 Springer.
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application in organic coatings. Gliclu et al. also formulated an
alkyd resin with an oil content of 60% by reacting phthalic
anhydride (PA) with simultaneous hydrolysis and glycolysis
products derived from PET waste, glycerine (G), sunflower oil
fatty acid (SOFA) and ethylene glycol.'®® Their developed alkyd
resin also showed a better drying time, hardness and abrasion
resistance compared to the reference alkyd resin. In addition
to that, the PET-based resin showed almost the same water
resistance and adhesion strength values as the reference resin,
whereas in their subsequent study they reported synthesis of
two short oil alkyd resins with high acid values (30-40 mg KOH
g~ ") utilizing the glycolyzed products of PET waste."*® Phthalic
anhydride (PA), coconut oil fatty acids and glycerine were mixed
with glycolyzed products of waste PET to obtain the final PET-
based alkyd resins.

For final coating applications they blended alkyd resins with
30%, 40%, and 50% commercial urea-formaldehyde, melamine-
formaldehyde and urea-formaldehyde/melamine-formaldehyde
(1:1 weight ratio) mixtures and heated at 140 °C. The final alkyd-
amino resins exhibited excellent thermo-oxidative degradation
resistance, hardness and chemical resistance, which indicates
that these resins are suitable for manufacturing of industrial
baking enamels. Spasojevi¢ et al. also reported synthesis of high-
performance alkyd resins derived from postconsumer recycled
PET waste."'® To obtain the alkyd resins at first they performed
glycolysis of PET using a set of difunctional and multifunctional
alcohols such as diethylene glycol (DEG), propylene glycol (PG)
dipropylene glycol (DPG), glycerol (G), trimethylolethane (TME),
trimethylolpropane (TMP) and pentaerythritol (PE), respectively,
which led to the formation of di-, tetra- and hexa-functional
glycolyzates. In the next step, they carried out a reaction using
these glycolyzed products (individually) along with linseed oil
fatty acid (LFA), TMP, PE and phthalic anhydride (PA) to get the
final set of alkyd resins. In terms of performance, they observed
that alkyd resins derived from multifunctional glycolyzates
(TME and TMP) showed significantly improved properties in
terms of hardness, chemical resistance, drying time and adhesion
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compared to those synthesized from difunctional glycolyzates
and also compared to traditional general-purpose alkyd resins.
Other than the glycolyzed product of PET, the aminoglycolyzed
product of PET was also employed for synthesis of water
reducible alkyd resins. For example, Acar and his team
members developed a water reducible alkyd resin from the
aminoglycolyzed product of PET waste.'"" Their final alkyd
formulation was composed of glycerine (G), ethylene glycol
(EG), fatty acids (FAs), and phthalic anhydride (PA) or amino-
glycolysis depolymerization products (ADPs). From perfor-
mance test results they found that the properties of the waste
PET-based alkyd resin are compatible with the properties of the
reference resins. In addition to that, they also revealed that the
thermal stability of the water-reducible alkyd resin prepared
with the aminoglycolyzed product of PET was far better than
that of the commercial reference resin, which makes it an ideal
contender for coating application. In another very recent study,
Ding and co-workers also reported synthesis of water reducible
alkyd resins from postconsumer PET waste derived products.'
For depolymerization of PET, they used trimethylolpropane,
which led to terephthalate of trimethylolpropane, EG and
unreacted trimethylolpropane. Subsequently, they employed
the glycolyzed PET product as a raw material for alkyd synthesis
along with tall oil fatty acid (TOFA), PA, PE, EG, benzoic acid
(BA) and trimellitic anhydride (TMA) (the detailed synthesis
scheme of alkyd resins is shown in Fig. 6). They noticed that the
presence of PET enhanced the viscosity of water-reducible alkyd
resins compared to water-reducible alkyd resins without PET;
the reason behind that is that PET contains harder terephthalic
acid monomeric units, whereas the alkyd resins without PET
contain more PE with greater steric hindrance, which leads to
reduced viscosity.

In terms of physical properties (gloss, adhesion, hardness,
flexibility and impact resistance) and chemical resistance pro-
perties the PET derived water-reducible alkyd coatings demon-
strated very similar characteristics to water reducible alkyd
coatings prepared without PET waste derived monomers.

(0]

0
04 Z00.

(0]

A

Fig. 6 The synthesis reactions of water-reducible alkyd resins from the glycolyzed PET product, TOFA, PA, PE, EG, BA, and TMA. Reproduced with

permission from ref. 112. Copyright 2021 Royal Society of Chemistry.
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4.4. Acrylic resins

Owing to their outstanding durability and weatherability char-
acteristics, acrylic resins are extensively used in architectural,
automotive and plastic coatings."'*''* A current report sug-
gests that in 2020 the global market size of acrylic resins was
approximately USD16.8 billion, which was projected to reach
around USD21.9 billion by the end of 2025 at an annual
compound growth rate of 5.5%.'" In this scenario, recycled
PET waste derived materials can serve as crucial components
for acrylic resin production, especially for preparation of UV
curable acrylate crosslinkers. As for example, Karayannidis and
co-workers synthesized a methacrylated oligoester crosslinker
from glycolyzed PET waste for synthesis of UV curable acrylic
resins.’'® In their UV curable formulation they employed a
homopolymer of methacrylated oligoesters as well as a copoly-
mer of methacrylated oligoesters and styrene along with SiO, as
a reinforcing agent. The oligoesters showed good compatibility
with styrene, which suggests that the methacrylated oligoester
could be employed as a raw material in the acrylic coating
industry. In another similar type of study Soni et al. reported
synthesis of a novel acrylic aromatic amide oligomer of amino-
lysed endproducts of PET for crosslinking of acrylate
monomers.""” To obtain the acrylic aromatic amide oligomer,
at first they reacted PET waste with hydrazine monohydrate,
which resulted in terepthalic dihydrazide (TPD) along with
higher analogues of TPD. Subsequently, they further reacted
this TPD as well as its higher analogues with acrolyl chloride to
get the final products named N,N’-bis-(2-propenamido)benzene
1,4-dicarboxamide (TPDAC) and its higher homologues which
were finally used as raw materials for radcure coatings together
with other acrylate monomers such as methylmethacrylate,
ethylhexylacrylate, acrylic acid, and a photoinitiator. The
synthesized resin displayed excellent adhesion in glass as well
as metal substrates due to the excellent hydrogen bonding
capability of TPDAC and its higher homologues, which
indicates that it can be used as a potential alternative for
urethane acrylates for radcure coatings. In another study Sab-
nis and co-workers reported glycolytic depolymerization of PET
waste using methylpropanediol and subsequent utilization of
the obtained recycled product for acrylic based UV-curable
wood coating application.’® Similar to the above discussed
studies, here also they employed the PET recycled product for
synthesis of crosslinking agents in radcure coatings. To obtain
PET derived UV active crosslinking agents, at first, they reacted
postconsumer PET waste with methylpropanediol, which led to
the formation of oligomers of PET; subsequent reaction of
these oligomers with methacrylic acid resulted in UV active
crosslinking agents. Their final UV curable formulations con-
sist of a photoinitiator, a commercial epoxy acrylate resin and
the synthesized UV active oligomers with different concentra-
tions. The performance report of radcure coating formulations
on wood substrates revealed that maximum 50% replacement
of epoxy acrylate by the synthesized UV oligomers resulted
in very similar coating performance (in terms of hardness,
solvent resistance, tensile strength and thermal stability) to
the standard formulation using commercial epoxy acrylate.
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These outcomes indicate that methylpropanediol can be used
effectively for depolymerization of PET waste chemically to yield
the UV active oligomeric product suitable for radcure wood coat-
ings. In another very recent study, Hakkarainen and co-workers
reported synthesis of a series of functional precursors from PET
waste which can be used for UV-curable coatings.'*® Although
they did not use these precursors for direct coating application,
they prepared good quality polymer films using these precursors,
which suggests their potential application in coatings also.
To synthesize the UV active precursors from PET waste, they
performed microwave assisted aminolysis of PET with four dif-
ferent amines, which included allylamine, ethanolamine, furfur-
ylamine and hexylamine. Among these amines, only allylamine
was used to synthesize the crosslinker named diallylterephthala-
mide for UV curable resins by reacting it with a thiol through a
radical thiol-ene click reaction. Based on the above studies we
can say that although there is a huge scope for recycled PET
waste derived products for synthesis of UV curable acrylic resins
(especially as crosslinkers) a lot of pilot scale studies are still
required to commercialize the technology.

4.5. Polyurethanes

Since the revolutionary discovery of polyurethanes (PUs) in
1937 by Otto Bayer and co-workers, significant efforts have
been directed toward novel PU synthesis, and as a consequence,
many ground breaking technologies have been reported in the
field of PU synthesis over time. Currently polyurethane techno-
logy is so much improved that it has several applications in
multiple sectors such as the transportation, adhesive, textile,
electronics and building & construction sectors. Other than these
applications a significant portion of the total PU consumption is
used in the coating industry. A current report revealed that in
2018 the total polyurethane coating market value was ~USD16
billion with a CAGR of 4% by the end of 2025."*

Polyurethanes are usually prepared by reacting polyols with
diisocyanates with or without catalyst. For coating application,
polyurethanes are one of the prevalent choices especially for
high performance coatings due to their outstanding chemical
resistance along with good flexibility and impact resistance.
As PUs are usually prepared by reacting polyols with diiso-
cyanates, most PU coatings come with two pack systems; the first
one contains the polyol part and the second part consists of a
hardener (source of isocyanate). However, there are certain recent
developments where one pack PU systems are reported for coating
applications. In this regard, recycled PET waste derived products
can be used as sustainable resources of raw materials for PU
production; more specifically, these recycled PET waste derived
products can be economical sources of polyols for PU synthesis.
For example, the oligoesters obtained by glycolysis of PET waste
can be further reacted with aromatic/aliphatic diacids to get
polyester polyols, which are some of the prime components for PU
coatings. These polyols can be further reacted with diisocyanates
to form the urethane linkage within the polymer backbone.

As for example, Akar and co-workers developed novel
urethane oil varnishes using glycolyzed PET waste products as
raw materials.’*" To synthesize the PU oil, at first, they performed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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transesterification reaction of PET, which led to the formation of
oligoesters of PET. In the next step, they conducted a reaction of
this glycolyzed PET product with soybean oil and glycerine
followed by a reaction with toluene diisocyanate (TDI), which
ultimately led to production of urethane varnish oil, which was
simultaneously thinned with white spirit to get ~60% solids. In
terms of physical properties such as Koenig hardness, drying time
and adhesiveness, they observed that the synthesized urethane oil
varnishes have very similar values to commercialized urethane oil.
Similar to Akar and co-workers,"*! Saravari and his research
team also reported synthesis of urethane oils from recycled PET
waste.'*” Here they employed propylene glycol for glycolysis of
PET. The glycolyzed product contained oligomeric diols with
number-average molecular weights in the range of 458-844,
and was further reacted with soybean oil and toluene diisocya-
nate to obtain urethane oils at hydroxyl : isocyanate ratios from
1:1 to 1:0.7, with and without methanol, which acts as a
blocking agent. They observed that in the case of lower diiso-
cyanate content and in the presence of methanol the urethanes
produced exhibited higher viscosity, higher molecular weight,
and shorter drying times. Additionally, they noticed that other
properties of the PET based urethane oil (in both liquid and dry
film forms) were very similar to those of commercial urethane
oil. The films of the synthesized urethane oils showed good
adhesion, hardness along with excellent water and acid resis-
tance and reasonable alkali resistance. However, in terms of
flexibility and wear resistance they did not perform up to the
mark compared to commercial urethane oils. In another simi-
lar type of study Patel et al. reported synthesis of a two pack PU
system from PET waste and biological waste for coating
application.”® In their study they used glycol glycosides for
depolymerization of PET, which generated oligoesters of PET.
Subsequently, they used these oligomers for synthesis of liquid
polyester polyols by reacting these oligomers with soya fatty
acid (SOFA) for urethane coatings. TDI was used as a source of
isocyanate in their preparation. The performance test revealed
that the PU coatings took 3.5-4.5 h for drying depending on
PET oligomers present in the final coatings, whereas the
scratch hardness varied between 2.5 and 3.5 kg. Additionally,
the PU coatings also demonstrated good impact hardness,
flexibility and chemical resistance, which implies that the
urethane coating system can be successfully used in industrial
maintenance finishes. In their subsequent study also they got
very similar results.'** The only difference was that in this study
instead of SOFA they used coco fatty acids to obtain the
polyester polyol which was further reacted with TDI to get the
final PU product. In terms of performance polyurethane resin
coated panels showed good drying times, hardness, adhesion,
flexibility and chemical resistance, which suggests their poten-
tial for coating application. Sabnis and co-workers reported
glycolysis of PET waste using electron beam irradiation and
subsequent utilization of the recycled product for PU synthesis
which can be further exploited for coating purposes.'*® For
glycolysis of PET they employed ethylene glycol as a depolymeri-
zing agent, which led to the formation of BHET. Successively
the obtained BHET was subjected to esterification reaction with
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linseed oil fatty acid, followed by epoxidation using formic acid
and hydrogen peroxide and hydrolysis to prepare an eco-
friendly polyol. To get the final polyurethane coatings they
reacted the polyol with hexamethylene diisocyanates and
4,4’-methylene diphenyl diisocyanate (MDI) with 16.5 and
31.5% isocyanate content respectively. All the systems of poly-
urethane coatings exhibited overall good performance proper-
ties including adhesion, hardness, flexibility, and solvent and
chemical resistance, which suggest that BHET can be one of the
potential raw materials for synthesis of binders to generate
value added PUs for coating applications. In another very recent
study, Gan and co-workers reported polyurethane coatings
derived from recycled PET and palm olein-based polyols.*®
To prepare polyols, at first, they prepared alkyds by reacting
palm olein, glycerol and phthalic anhydride followed by simul-
taneous depolymerization of PET by EG and transesterification
reactions with the alkyds, which resulted in viscous products
(palm olein/PET alkyd polyols). For final PU synthesis, they
reacted polyols with methylene diphenyl diisocyanate in the
presence of dibutyltin dilaurate catalyst. The PU coatings
exhibited significantly improved thermal stability and better
anticorrosion properties in the presence of 3.5% NaCl solution
as measured by EIS with an enhanced loading of PET into the
palm olein alkyd, which indicates their possible application as
high-performance PU coatings for industrial or marine applica-
tions. In Table 2 different PU materials synthesized from
recycled PET waste and their physical properties along with
their application as coating systems are given.

4.6. Other corrosion inhibitors

Other than the above-mentioned recycled PET based resins, PET
derived products can also be used as corrosion inhibitors for
coating applications. For example, the compatibility of BHETA
obtained by the aminolysis of PET was evaluated for anticorrosive
paint formulations for the protection of steel structures from
rust.’** BHETA itself exhibits high hardness and stiffness, good
resistance to weathering, creep strength, and high dimensional
stability; therefore, inclusion of BHETA in the final formulations
of paint improved the overall coating performance of the paint
films without affecting their physical and mechanical properties.

Additionally, the platelet-shaped BHETA (shown in Fig. 7)
acted as a reinforcing agent and reduced the water and gas
permeability, conferring excellent anticorrosive properties and a
special appearance to the paint film. The paint formulation with a
pigment: binder ratio of 2.233 accommodating 10% BHETA
showed the best adherence on a steel substrate along with
corrosion resistance, and the results were similar to those of other
high-build controls. El-Hameed et al. also examined the perfor-
mance of BHETA obtained by aminolysis of PET waste as a
corrosion inhibitor for carbon steel (in HCI corrosive medium)
by inspecting weight loss, open circuit potential, and potentio-
dynamic polarization.’®® The polarization curves suggest that
BHETA acts as a mixed type inhibitor. The inhibition efficacy
imparted by the adsorbed BHETA on carbon steel enhanced with
increase in the concentration of the inhibitor and decreased with
increase in temperature. Furthermore, it was also observed that
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Table 2 List of PET derived raw materials for PU synthesis for coating application
Other raw materials used for PU Coating
Depolymerization product of PET synthesis Physical properties of coatings application(s) Ref.
Glycolyzed oligoester polyols obtained Castor oil, stannous octoate, The hardness varied between 20 and High performance 127
by depolymerization of PET using poly(caprolactone) diol, isophorone 127, the gloss varied between 45 and coatings and
poly(ethylene glycol) diisocyanate, dibutyltin dilaurate, 140 @ 60°, cross hatch adhesion pass adhesive
dimethylol propionic acid, 1,4-butane 5B application
diol and triethylamine
Glycolyzed oligoesters obtained by Castor oil, isophorone diisocyanate, =~ Good thermal resistance (degradation Thermal coating 128
depolymerization of PET using dimethylol propionic acid, and started at ~250 °C), the hardness application
poly(ethylene glycol) hexamethoxymethyl melamine varied between 38 and 99.4, the gloss
varied between 120 and 144 @ 60°,
cross hatch adhesion pass 5B
Transesterification as well as amida-  Castor oil, adipic acid, toluene The PU coatings showed dielectric High performance 129
tion reaction products of PET with diisocyanate strengths within 28.7-30.5 kv mm~'  metallic electrical
different molecular weights of and dielectric constants (60 Hz) insulator coatings
poly(ethylene glycol) and diethanol 3.91-5.14
amine
Polyhydroxyl compounds derived Trimethylol propane, toluene The tensile properties varied between Electrical insula- 130
from glycolyzed PET using diisocyanate, N-methyl aniline 19.45 and 46.90 MPa, the pencil ting coatings for
poly(ethylene glycol) hardness varied between 2B and HB  metals
Bis(2-hydroxyethyl) terephthalate Phosphorus oxychloride, triethyl- The scratch hardness varied between Flame retardant 131
amine, phthalic anhydride, ethylene  1.65 and 1.9 kg, and the impact coatings
glycol, para-toluenesulfonic acid, resistance was between 200 and 400
toluene, diisocynate and hexa-
methylene diisocynate
Polyol derived from glycolyzed Dimethylol propionic acid, dibutyltin PU coatings had fair impact hardness, Environment 132
PET using 1,4-butanediol dilaurate, isophorone diisocyanate good scratch hardness and good friendly low
flexibility volatile content
industrial coating
applications
Bis(2-hydroxyethylene) Ether-type polyol, 1,4-butanediol, Good adhesion properties, excellent ~ General industrial 133
terephthalamide dibutyltin dilaurate, hexamethylene = mechanical strength with good coating
diisocyanate thermal stability application

Fig. 7 Platelet shaped SEM micrographs of BHETA at magnifications of 15
(a) and 25 x 102 (b). Reproduced with permission from ref. 134. Copyright
2011 Willey.

corrosion inhibition took place through adsorption of the inhi-
bitor molecules on the metal surface without modifying the
mechanism of the corrosion process, which indicates the applica-
tion of BHETA as a corrosion inhibitor in paint formulations.

5. Current challenges involved with
the PET recycling process in industry

Although there is a huge scope for use of PET recycled products
as raw materials in the coating industry, there are a few prime
challenges involved during the upscaling process at industry.
e The first major problem is that either due to the lack of
appropriate knowledge or to reduce the cost of the overall PET

1988 | Mater. Adv,, 2022, 3,1974-1992

production different types of plastics are often combined with
virgin PET in manufacturing processes of PET based products,
which makes recycling of PET products much more difficult. To
separate out these plastics from recycled PET products, some
added purification stage is always desirable, which ultimately
leads to an increase in the overall cost of the recycling process.
In addition to that, along with plastics there are some organic
dyes often used in PET products to colourize PET products;
sometimes these dyes also create problems in purification stages.

e Sometimes it is found that virgin raw materials are cheaper
compared to recycled ones, in that case there is no benefit from
the economical point of view.

e Plastic is a multifaceted material and each type exhibits
exclusive properties which lead to its colour, structure and
melting point. Hence, it is very important to sort out PET into
different categories so that the recycled products fall into the
same category, so that the performance of the final coatings
does not alter from batch to batch.

e Another main problem is that initially there is a huge
investment cost required to set up a plastic recycling plant
under proper supervision of expert personnel which is not
possible to accommodate for small industries.

6. Conclusion and future directions

From the above studies and discussion, we can conclude that
recycling of postconsumer PET waste not only provides a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sustainable solution to the solid waste management problem
but also delivers enormous opportunities for the development
of new raw materials toward many industries, especially for the
paint and coating industry. There are already various well-
established methods developed by researchers & scientists to
synthesize value added products from PET waste and there is a
huge scope for translation of these technologies into industry.
To encounter the challenges involved with the recycling pro-
cesses, especially in separation, purification and processing
steps (e.g., separation of pigments and other polymers present
in PET waste, use of corrosive chemicals and involvement of
high temperature and pressure during the depolymerization
reaction) proper expertise and supervision is recommended
along with advanced reactor designing, appropriate process con-
trol measures and all necessary safety precautionary measures.

From the application point of view in the coating industry,
the various materials obtained from recycling of PET waste can
be used as raw materials for synthesis of various resins and
polymers. Not only that most of these resins and polymers
perform very similar to and sometimes better than commercia-
lized coating systems in terms of drying time, hardness, flexi-
bility and corrosion resistance. In recent times more efforts
have been made by researchers to develop coating systems
which are based on renewable resources like natural oils and
plant carbohydrates to enhance the properties of the recycled
PET based coatings and come up with new economical yet
efficient high performance industrial coatings, which ulti-
mately leads to a cleaner, safer and sustainable ecosystem.
Finally, we can say that there is a massive potential of recycled
PET derived products application as a raw material in coatings
industry. However, for commercialization of these coating
systems in the market some extra time and effort should be
given, especially on large scale trials; so that recovery, recycling
and reuse of these waste materials lead to a sustainable and
closed loop circular economy which is key to the success of any
country.
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