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Abstract

Poly(ethylene terephthalate) (PET), poly(trimethylene terephthalate) (PTT) and poly(butylene
terephthalate) (PBT) are widely known and the mostly studied polymers belonging to the
poly(alkylene terephthalate) (PAT) family, but there are many other polymers in this family of
which the full potential has not yet been disclosed. Herein, we provide an overview of the
state-of-the-art of this specific polyester type. In a first part, the various synthesis methods
including melt polycondensation, solution polycondensation and ring-opening polymerisation
together with their advantages and disadvantages are discussed. Next, an overview of the
polymer properties and a comparison of their thermal and mechanical behaviour are
provided. Due to the increasing interest in sustainability (e.g. production of PATs from bio-
based monomers) and recycling aspects (e.g. depolymerisation), recent progress on PATs in
these particular fields is also highlighted. Currently, PET, PTT and PBT are exploited in many
applications while research is striving to broaden their application field.

Keywords: poly(alkylene terephthalate), synthesis methods, polymer properties, recycling,
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1. Introduction

The main synthesis route for polyesters is through a polycondensation between a di- or
polyfunctional carboxylic acid and a di- or polyfunctional alcohol.[1-6] Depending on the
starting materials, a variety of polyesters with tuneable properties can be synthesised.[7,8]
The first generation of polyesters exhibited issues upon applying processing techniques such
as electrospinning. When polyesters based on terephthalic acid were synthesised, they
exhibited a high melting point and enabled fibre formation which rendered them industrially
relevant.[1] The overall name for polyesters constituting a rigid aromatic terephthalate group
and a flexible alkyl moiety is poly(alkylene terephthalate)s (PATs).[6,9,10] The general
structure of these polymers is depicted in Figure 1. Variation in the number of methylene
groups constituting the alkyl chain leads to polymers with different properties.[11-13]
Poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT) were the first
polymers from the PAT family being synthesised while shortly after, PET films and fibres were
produced to serve a plethora of applications. Later on, PBT, which was more easily processable
compared to PET, was applied as construction material. The name and abbreviation of various
PATs are listed in Table 1. The abbreviations PET, poly(trimethylene terephthalate) (PTT) and
PBT are generally known and accepted.[9,13-17] For the other PATs, the nomenclature has
been inconsistent over the years and there are different abbreviations currently circulating
(e.g. pGT with p representing the number of methylene groups and GT referring to glycol
terephthalate).[18,19] Throughout the current review, the abbreviations listed in Table 1 will
be used.
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Figure 1. The general structure of PATs with p being the number of methylene groups constituting the alkyl chain.



Table 1. The denotation of various PATs referred to in this review with p being the number of methylene groups
constituting the alkyl chain as indicated in Figure 1.

Name P Abbreviation

Poly(ethylene terephthalate) 2 PET

Poly(trimethylene terephthalate) 3 PTT

Poly(butylene terephthalate) 4 PBT
Poly(pentamethylene terephthalate) 5 PAT (p=5)
Poly(hexamethylene terephthalate) 6 PAT (p=6)
Poly(heptamethylene terephthalate) 7 PAT(p=7)
Poly(octamethylene terephthalate) 8 PAT (p=3)
Poly(nonamethylene terephthalate) 9 PAT(p=9)
Poly(decamethylene terephthalate) 10 PAT (p=10)

The most frequently reported PATs include the high-performance thermoplastic polyesters
PET and PBT. Currently, PET is the most used polymer worldwide as it is applied as feedstock
in numerous of products such as textile, beverage bottles, packaging material, etc.[2,6,20,21]
In 2016, up to 30 % of the total amount of PET produced was used for bottle production.[20]
PET bottles are desirable since the polymer is strong, lightweight, transparent, shatterproof
and readily available.[20,21] This makes the bottles inexpensive and easy to transport. PET is
also useful in aerospace applications, but since it needs to withstand extreme conditions,
higher molar masses of 120 000 g/mol of polymer is required (see 2.2.1).[22]

PBT is structurally very similar to PET, but it has a longer alkyl chain in between two
terephthalate moieties which makes the polymer more flexible.[14,23] This results in faster
crystallisation which is desired for injection moulding. PBT has already been applied in a
plethora of commercial applications like automotive parts, consumer goods which are
exposed to high temperature or electrical stress (e.g. egg boilers, hairdryers and oven or iron
handles, gear wheels, etc).[2,24]

More recently, investigation towards PTT has gained increasing attention for its potential use
in commercial applications like carpets and other textiles, films and food packaging.[2,25-31]
Investigations concerning PATs with p > 4 are limited and mainly cover alternative synthesis
methods along with a study describing their crystallisation behaviour.[32-36] The
industrialisation of these PATs is troublesome, mostly because of the limited availability of the
raw materials, the high cost and the complexity of the processes.[37] Yet, due to technological
advances, it is only a matter of time before these polyesters are also easily produced on a
large scale and at a reasonable cost.

In 2003, an extensive review covering PET, PTT, PBT and copolyesters thereof, has already
been published.[2] It addresses the history, the technology and chemistry concerning the
polyesters up to then. Herein, more recent developments will be addressed and PATs with a
larger number of methylene groups will be highlighted.



2. Synthesis methods

The first synthesis of an aliphatic-aromatic PAT was conducted around 1940 by Schlack, who
produced PBT, as well as Whinfield and Dickson, who synthesised PET.[2,4,38—40] Both
polymers were produced via a two-step melt polymerisation. Since then, also solution
polymerisation strategies such as ring-opening polymerisation (ROP) and single-step solution
polymerisation have been explored for the synthesis of PATs.[6,39] Also for the production of
the required monomers, various possibilities have been explored, including the synthesis from
fossil-based or biological resources.

2.1. Monomer synthesis

2.1.1. Monomer synthesis on industrial scale

PTT, PBT and PET are produced on industrial scale via the polycondensation between
terephthalic acid (TPA) or dimethyl terephthalate (DMT) and a diol. Currently, these
monomers for commercial PAT synthesis are mainly obtained from fossil-based resources.
Both TPA and DMT are produced starting from para-xylene.[41-43] Xylenes are aromatic
hydrocarbons and are mainly produced via catalytic reforming, which is a processing step in
the oil refinery of crude oil. This chemical process converts naphtha into higher-octane
products and aromatics. A mixture of multiple aromatic compounds is thereby obtained but
para-xylene is easily isolated based on the difference in freezing point.[43] Para-xylene is
almost exclusively used for the production of TPA and DMT. To obtain TPA and DMT, the
methyl groups on the aromatic hydrocarbon need to be oxidised first in the presence of a
catalyst. The currently most employed oxidation method of xylene was already
commercialised in 1970 as the AMOCO process and involves acetic acid as solvent, oxygen as
oxidant and a cobalt/manganese/bromine catalyst system (Figure 2).[42] For this reaction, the
temperature is increased to 175-225 °C and oxygen is provided at a pressure of 1.5-3 MPa.
Terephthalic acid is formed as a solid with a selective yield of 95 % which is subsequently
subjected to a purification process. Despite the high yield of the reaction, it causes some
environmental issues and safety concerns. The bromide ions that are used in the catalyst
system can form methyl bromide, which is toxic. Therefore, milder oxidation reactions of
xylenes have been investigated but a suitable alternative to produce TPA on industrial scale
has not been identified yet. Esterification of the formed TPA with methanol, leads to the
production of DMT. Another commonly applied method to produce DMT from p-xylene is via
the multistep Witten process, which is represented in Figure 3.[41,44]

Co/Mn/Br Q OH
( ) AcOH, 175-225°C HO: ( ) SO\

1.5-3.0 MPa O, TPA

p-Xylene

Figure 2. The AMOCO process to convert p-xylene into terephthalic acid (TPA) in 8-24 hours.[42]
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Figure 3. The Witten process to convert p-xylene in dimethyl terephthalate (DMT).[41]

Besides a difunctional terephthalate, also a diol is necessary for the production of PATs. In
case of PET, ethylene glycol (EG) is required. The currently applied commercial production of
EG starts with the oxidation of ethylene to form ethylene oxide, which is subsequently
hydrolysed with water.[1,45] Ethylene is mainly obtained from steam cracking, which is also a
process in oil refinery.[46] Since ethylene oxide reacts more easily with ethylene glycol than
with water, also di-, tri-, tetra- and polyethylene glycols are formed. However, their
production is minimised (< 10 %) by the addition of a large excess of water. Via vacuum
distillation, by-products and water are removed to obtain EG with high purity, which is used
as raw material for polyester synthesis or as anti-freeze.[47]

The monomer required for the synthesis of PBT is 1,4-butanediol (1,4-BDO). There are five
chemical processes known for the commercial production of this diol, as represented in Figure
4.[48,49] The Reppe method, which is the most common, includes the reaction between
acetylene and formaldehyde to form 2-butyne-1,4-diol. Catalytic hydrogenation of the latter
results in 1,4-BDO (Figure 4 A).[50,51] Another multistep pathway to form 1,4-BDO, the
Lyondell process, involves the isomerisation of propylene oxide into allyl alcohol which
subsequently undergoes hydroformylation. The end product is obtained by the hydrogenation
of 4-hydroxybutyraldehyde (Figure 4 B). The third process is the synthesis pathway patented
by Mitsubishi-Kasei, which involves three steps. The catalytic reaction of butadiene, acetic acid
and oxygen yields 1,4-diacetoxy-2-butene and subsequent hydrogenation results in another
intermediate which is hydrolysed to 1,4-BDO (Figure 4 C).[50] In the fourth process, butane is
oxidised into succinic anhydride which reacts with methanol to dimethyl succinate and further
hydrogenation leads to the diol. This production pathway is known as the Huntsman process
(Figure 4 D). The McKee process also starts from butane but this is first converted into maleic
anhydride.[52] 1,4-BDO is formed by subsequent esterification and hydrogenation (Figure 4
E).
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Figure 4. Different synthesis methods of 1,4-butanediol. (A) Reppe process, (B) Lyondell process, (C) Mitsubishi-Kasei
process, (D) Huntsman process and (E) Davy McKee process.[49]

The low availability of 1,3-propanediol (1,3-PDO) has initially limited the production of its
respective polymer PTT, even though the latter can be synthesised in the same way as PET
and PBT.[53] In the 1990s, economically feasible production pathways for the monomer have
been developed independently by Degussa, Shell and DuPont which led to the synthesis of
PTT on industrial scale.[16,54,55] The starting materials in the processes of the former two
companies are derived from petroleum and will therefore be discussed in this section. The
production of 1,3-PDO starting from glucose, which is a renewable source, will be explained
in the upcoming section (see 2.1.2).

The production method developed by Degussa starts from acrolein which is first converted
into 3-hydroxypropionaldehyde by the addition of water and subsequently reduced to 1,3-
PDO (Figure 5).[56,57] The first step in this method is catalysed by an acidic cation exchanger
and for the second step, a hydrogenation catalyst is used, such as Raney nickel and platinum
or ruthenium supported on metal oxides or activated carbon. After work-up, it was found that
the product still contained a few thousands ppm of residual carbonyls. To reduce this, a
second high temperature (110-150 °C) hydrogenation step was necessary.[58] Acrolein itself
can be obtained via the oxidation of propylene or can be derived from glycerol.[57] In an
alternative synthesis method, used by Shell Qil Company, ethylene oxide and syngas react to



B-hydroxyaldehyde which is hydrogenated to 1,3-PD0.[56,57] This reaction can proceed in a
single step if a homogeneous bimetallic cobalt-ruthenium catalyst is used in combination with
bis(phospholano)alkane catalyst precursors (Figure 5).[59] The Shell trademark name for their
PTT is Corterra.[60]

e H,0O H 0]
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aldehyde oxide

Figure 5. The synthesis pathways for the production of 1,3-propanediol (1,3-PDO) used by Degussa (left pathway) and Shell
(right pathway).
2.1.2. Alternative monomer synthesis

The commercial bio-based PTT, produced by DuPont (Sorona) since 2000, is synthesised with
1,3-PDO originating from glucose. The latter is extracted from biological materials, which
reduces the greenhouse gas emission and energy consumption accompanying PTT production
(Figure 6).[61-63] The 1,3-PDO synthesis from glucose can proceed via two steps with natural
organismes or via one step, if the organisms are genetically engineered for that purpose.[64,65]
It has been shown that monomers synthesised via this method contain less impurities than
the 1,3-PDO produced from petroleum-based reagents.[57]
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Figure 6. The production method of Sorona (PTT) from bio-based 1,3-propanediol (1,3-PDO) according to DuPont.[62]

In 2018, Lu et al. referred to the synthesis of 1,5-pentanediol from biomass, which could be
scaled up to industrial level at low cost.[37] The production includes the conversion of furfural
to the diol via multiple hydrogenation steps (Figure 7).[66—71] Furfural can be derived from
biomass, such as sawdust and corncobs, by the hydrolysis of hemicellulose into xylose which
is subsequently hydrogenated. Recent developments in the synthesis of bio-based 1,5-
pentanediol lead to opportunities for the commercial production of one of the starting
products of PAT(,-5) and will therefore initiate investigations towards a wider range of
applications for this particular polymer.
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Figure 7. The reaction pathway to obtain 1,5-pentanediol via multiple hydrogenation processes of furfural with furfuryl
alcohol (FFA) and tetrahydrofurfuryl alcohol (THFA) as intermediates.[72]

Also for PATs containing more methylene units, alternatives for the synthesis of the starting
diols, preferably from renewable sources, are investigated. The production of PATp-19)
requires 1,10-decanediol and to obtain this monomer, a bio-based synthesis route is
available.[64,73] Castor oil is obtained from plants and can be converted into sebacic acid via
treatment with a strong base at elevated temperature (250 °C). Hydrogenation of the acid
results in 1,10-decanediol, as indicated in Figure 8.

OH OH O
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\/\/\)\/\/\/\/\/\H/OH _ Nabn + HO\[]/\/\/\/\)J\OH
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1,10-decanediol

Figure 8. The production of 1,10-decanediol from castor oil with sebacic acid as intermediate.
2.2.  Polymer synthesis

2.2.1. Melt polycondensation

Melt polycondensation is the first synthesis method that was developed to produce PATs and
is still used on industrial scale and in a research context.[2,6] This step-growth polymerisation
involves two metal-catalysed steps, as indicated in Figure 9.[7,74] First, an intermediate
prepolymer is obtained by means of an esterification or a transesterification. The former
comprises a reaction between the appropriate diol and TPA, while for the latter DMT is used.
This step is generally performed at 190-230 °C under inert conditions, established via a
nitrogen or argon flow.[3,4,75] The end of the (trans)esterification is indicated by the
theoretical amount of alcohol or water that is distilled. Since this is an equilibrium reaction,
the removal of the by-product is also necessary to shift the equilibrium towards the
prepolymer site. The second step includes the polycondensation of the intermediates to form
the end product. Therefore, the pressure is reduced and the temperature is increased to 250-
275 °C. The polycondensation is terminated when a certain melt viscosity is reached.[1] Zinc-,
titanium-, antimony- and tin-based catalysts are frequently applied to accelerate the
processes at moderate temperature.[2,76,77] Melt polymerisation is used for the industrial
production of PET since it offers several advantages including large scale production
possibilities via a continuous polymerisation process without the need for purification.[78]



During the first years after the development of this synthesis method, DMT could be easily
obtained in high purity which favoured the transesterification pathway.[2] Only in the 1960s,
TPA could be produced in sufficiently high purity on industrial scale. The synthesis of PATs with
p up to 20 was already realised with this method.[79-81] PET obtained via melt
polycondensation, generally had a molar mass of about 25 000 g/mol which is suitable for film
production but insufficient to enable compression moulding.[1,7,22] The production of higher
molar mass polymers with melt polycondensation is difficult, because the high melt viscosity
complicates the removal of the by-product and high temperatures are necessary to enhance
the reaction rate. This leads to an increasing number of degradation reactions that can occur.
To obtain PET with suitable characteristics for compression moulding, a solid-phase
polycondensation can be performed following on the melt polycondensation. Herein, the
reaction temperature is lowered to 200-240 °C, which is above the T but below the Tn, of PET,
causing the rate of the degradation reactions to reduce significantly while the
polycondensation can still proceed. Moreover, remaining impurities like diols, acetaldehyde
and water are efficiently removed. The additional solid state polymerisation provides PET with
a suitable molar mass to be used for demanding applications (i.e. aerospace
applications).[10,22,82]
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Figure 9. Reaction pathway of the step-growth polymerisation for the synthesis of PATs.

The described melt polycondensation is not ideal since high temperatures and vacuum are
necessary to establish the molten state of the polymer together with by-product removal.
These harsh conditions result in monomer sublimation and diffusion constraints, which in turn
create stoichiometric imbalances and can lead to side reactions such as chain scission, chain
defects, end group modification and cyclic oligomer formation.[83—85] With the aim of solving
some of these issues, several catalysts have been investigated and it was shown that
antimony-, tin- and titanium-based catalysts were the most suitable options for
polycondensation.[2] However, as the titanium-based catalyst renders a yellow colour, the
antimony-based catalyst is associated with possible toxicity issues and some catalysts
accelerate side reactions, they introduced new problems to the synthesis.[2,6] In addition,
removing the catalyst from the end product is both technically and economically difficult.[86]
Although the antimony trioxide catalyst is widely used and excellent for the acceleration of
the polymerisation of e.g. PET, several attempts have been carried out over the last decade to
replace the current catalysts with a superior catalyst system, thereby addressing issues
associated with the former.[10,86,87] It is desired to develop a catalyst with an activity
comparable to the organometallic catalysts but which is more benign, operates at lower
temperatures and which is easier to remove after synthesis.[88] Therefore, scientists are
exploring the organocatalytic field to identify small organic molecules as potential
catalysts.[89] Some examples that have shown to be successful for the polymerisation of PET
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include 1,5,7-triazabicyclo[4.4.0]dec-5-ene and a salt of 1,8-diazabicyclo[5.4.0lundec-7-ene
and benzoic acid.[86,90] The main limitations of the organocatalysts include their often poor
thermal stability which results in partial or complete degradation during synthesis. Hence,
polymers with a lower molar mass are obtained compared to those polymerised through
organometallic catalysis.

2.2.2. Solution polycondensation

Solution polymerisation was proposed as alternative for melt polymerisation in order to
obtain polyesters.[91-93] During a solution polymerisation, all reactants are dissolved in a
common inert solvent.[94] This provides a more homogeneous mixture and the reaction can
proceed under milder conditions compared to melt polymerisation. Additionally, the viscosity
of the reaction medium is sufficiently low to allow stirring, which is not always the case for
melt polymerisation. The main disadvantages associated with solution polymerisation are the
additional costs and scale-up issues related to the use of a solvent including the extra
processing steps required for the separation of the solvent after reaction.[95] Furthermore,
organic solvents exploited for this purpose often impose additional safety issues due to e.g.
toxicity and flammability.[96]

A large number of solution polycondensation reactions between a glycol and a diacid chloride
have already been reported.[97] For the synthesis of aromatic polyesters, (anhydrous)
pyridine with chlorinated aliphatic hydrocarbons or picryl chloride were already used as
reaction media.[91] In case of picryl chloride, PAT syntheses at room temperature were even
feasible.[98] However, PET did not dissolve in pyridine which resulted in a heterogeneous
mixture.

2.2.2.1.  Single-step solution polycondensation

In 2018, Giol et al. reported a novel, catalyst-free synthesis method for PATs that proceeds via
solution polycondensation.[6,99] This procedure includes a single-step reaction between
terephthaloyl chloride (TCL) and the corresponding diol resulting in the desired polymer and
hydrogen chloride (HCl), as shown in Figure 10. The single-step solution polycondensation was
applied for PATS with an alkyl chain length varying from 5 to 10 methylene units (p=5-10). The
temperature at which optimal synthesis was realised, was investigated by executing the
reaction at both room and elevated temperature (160 °C). The latter resulted in higher molar
masses (from 3 to 5 kg/mol respectively) and increased polymer yield (from 18 to 63 %).
Although the selection of an appropriate solvent was a challenge for this synthesis approach,
various suitable solvents have been reported including tetrahydrofuran, chloroform, 1,1,2,2—
tetrachloroethane and 1,2-dichlorobenzene (DCB).[93] It has been shown that DCB results in
the highest yield (> 70 %) and molar mass (> 10 kg/mol).

0]

O
DCB
Cl M 24h,Tf HOQO y
cl + HO pOH O@O H * 2n HCI

P 7n

@) @)

Figure 10. Single-step solution polymerisation for the synthesis of PATs starting from TCL and a diol with an alkyl chain
length varying from 5 to 10 methylene groups (p=5-10).
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Since polycondensations are equilibrium reactions, removal of the HCl by-product favours
polymer formation. Therefore, an acid-capturing agent like triethyl amine or pyridine was
added to the solution to form a salt with the released acid. However, this approach demands
multiple time-consuming washing steps in order to separate the salt from the polymer. An
alternative approach is through flushing of the solution with an inert gas like nitrogen or argon
in order to remove the by-product. To avoid a corrosive and toxic environment, neutralisation
of the gas flow in an alkaline solution follows. This procedure is more efficient as HCl-removing
strategy. Giol et al. compared both options and observed a higher yield (72 %) and molar mass
(> 10 kg/mol) with the flushing method which makes it even more beneficial. Solution
polymerisation provides high purity and well-defined end products which can be used for high-
end applications such as biomedical and automotive purposes. This synthesis method is more
appealing than the melt polymerisation as it includes only one step, proceeds at lower
temperatures and does not involve the use of any toxic catalyst.[6] The latter is expected to
be beneficial when using these polymers for biomedical applications.

2.2.2.2. Ring-opening polymerisation

An alternative solution polymerisation method is ring-opening polymerisation (ROP).[100]
ROP is a chain-growth polymerisation technique in which the polymer is formed starting from
cyclic monomers.[101] Via ring-opening, the monomers are sequentially added to the active
centre of the growing polymer chain. In this mechanism, the ring-opening of the monomers is
the driving force for the synthesis of the polymer.[102] Diverse polymer architectures have
already been synthesised via this way including block copolymers, star-shaped polymers and
graft copolymers.[103] Also the PATs can be formed by ROP of a corresponding cyclic
monomer (Figure 11).

O@O 0]
n O 0o . HO

K(CHﬁp/ O%o "

0 n
Figure 11. Ring-opening polymerisation of cyclic monomers into PAT.

The synthesis of PATs via ROP has already been investigated and it was demonstrated that the
characteristics and properties of polymers produced via this method are the same as those of
PATs obtained via polycondensation.[77] The main limitation of ROP appears to be the
availability of cyclic polyesters as starting reagents. Initially, these macrocyclic alkylene
terephthalates were frequently produced via multi-step high-dilution techniques, such as the
reaction between an oligomeric diol and an oligomeric diacid chloride performed by Zahn et
al. (Figure 12).[104,105] Since very low levels (< 3 %) of cyclic oligomers were also formed as
by-product during the melt polymerisation of PBT and PET, extraction from the reaction
mixture was another technique to obtain ROP reagents.[106—-111]
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Figure 12. Preparation of cyclic PBT oligomers via multi-step high-dilution condensation of oligomers.[2,104,105,112]

These approaches only yielded a small amount of cyclic oligoesters (< 8 %) which rendered
ROP unsuitable for large scale production. This remained an issue until Brunelle et al. reported
a direct synthesis technique for cyclic oligoesters by combining a diol with a diacid chloride
which resulted in the corresponding cycles and only a minor amount of linear derivatives
(< 2 %) (Figure 13).[112] The latter needed to be removed prior to ROP to achieve high molar
mass products (~50 kg/mol).[83] This pseudo-high dilution condensation is catalysed by
unhindered amines such as 1,4-diazabicyclo[2.2.2]octane (DABCO), also known as tri-
ethylenediamine.
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Figure 13. Direct synthesis method for cyclic butylene terephthalate and polymerisation to PBT.[112]

Another promising method for the production of cyclic alkylene terephthalates is via cyclo-
depolymerisation. This is not only a suitable way to obtain cyclic monomers, but it can also be
seen as a recycling method for PATs.[113] For these reasons, multiple depolymerisation
methods have already been investigated for various polyesters.[108,114-120] For the
production of PBT cyclic oligomers for example, a tubular reactor has been designed that
depolymerises high molar mass PBT into o-xylene at 240 °C.[76,121] After 5-10 min, 70-80 %
of the PBT is already converted into cyclic oligomers.

The cyclo-depolymerisation of PAT,-¢) in order to obtain hexamethylene terephthalate cyclic
oligomers has also been reported.[77] These oligomers are abbreviated as ¢(HT)» with n being
the number of hexamethylene terephthalate units in the cyclic molecule. They can be used as
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reagents to produce for example copolyesters. Since PAT(-s) has excellent mechanical
properties, chemical resistance and is not biodegradable, a copolyester with e.g. poly(e-
caprolactone), which is biodegradable but has rather unsatisfactory thermal and mechanical
behaviour, can result in a copolymer with tuneable properties.[122-124] For the cyclo-
depolymerisation, PATp-s) was dissolved in DCB and 3 mol% dibutyltin oxide was added. After
4 days reacting at 180 °C, a mixture of cyclic oligomers ranging from the dimer to the nonamer
(c(HT)2-9) was obtained, which could be used for ROP. Due to the broad cycle range, this
mixture was suitable for the investigation of the influence of the ring size on the ROP.[113]
Gonzdlez-Vidal et al. synthesised PAT p-¢) from a c(HT)2-5s and a c(HT)e.7 mixture to compare the
reactivity. They found that the former had a lower ROP reactivity than the latter and that a
higher molar mass polymer (from 39 to 50 kg/mol) could be obtained from the hexamer- and
heptamer-enriched fraction.

Recently, Flores et al. reported alternative synthesis conditions for the production of PAT y-¢)
which allowed cyclo-depolymerisation after the synthesis with the same catalyst exploiting
other conditions.[83] The synthesis route is visualised in Figure 14. In a first step, 1,6-
hexanediol and DMT reacted in a highly diluted toluene solution with Candida Antarctica
lipase B (CAL B) as enzymatic catalyst to form cyclic oligomers.[83,125] After 24 hours, only
cyclic species were present in the reaction mixture ranging from dimers to heptamers c(HT).-
7 with decreasing abundance. Subsequently, ROP of the cyclic oligomers was executed in a
concentrated (50 g/l) toluene solution in the presence of CAL B. PATp-6) with an average molar
mass of 8.9 kg/mol was obtained after 24 hours. The subsequent cyclo-depolymerisation was
performed in the same conditions as the first step and oligomeric cycles ranging from dimers
to heptamers were obtained after 72 hours but with the trimer c(HT)s being the most
abundant species. The depolymerisation did not proceed in the absence of CAL B. This method
is promising since it avoids the use of acid chloride derived reagents, does not require an
organometallic catalyst and has the ability to efficiently recycle PATp=6). The main drawback
of the reaction is that longer reaction times are necessary than with ROP using
(organo)metallic catalysts but, according to the authors, this issue can be tackled by finding a
more efficient enzyme that functions at higher temperatures. The authors also believe that
this method can be applied to PATs of greater industrial interest like PET and PBT.
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100°C
o ,_/—\—\ o /\\
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o \_\—/_/ a0 \_/
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Figure 14. The enzymatic synthesis of c¢(HT), cyclic oligomers, the ring-opening polymerisation and cyclo-depolymerisation.

Pseudo-high-dilution techniques and cyclo-depolymerisation are frequently applied methods
for the production of cyclic esters and render the synthesis of high molar mass (> 100 kg/mol)
polyesters via ROP possible.[2,39,83] Currently, they are still used although also other
approaches like the polymer-supported cyclo-oligomerisation are available.[126-128] These
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techniques increase the potential of ROP as commercial synthesis method for PATs or
copolymers thereof.

The ROP proceeds when an active chain end is created, which is realised via the addition of an
initiator that opens one of the cyclic monomers (Figure 15).[129] For this purpose, tin- and
titanium-based initiators were found to be the most effective. After creating the active chain
end, the cyclic oligomers are propagating in order to increase the chain length until no cyclic
oligomers are left and a polymer is obtained. Given the mechanism of the polymerisation, the
initiator is incorporated within the polymer. The polymerisation was completed within
minutes and a high molar mass (> 100 kg/mol) polyester could be obtained.[39,76] ROP offers
multiple advantages including milder reaction conditions, shorter reaction times, no heat
production and the absence of by-products which makes it an attractive alternative synthesis
method.[2,129]
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Figure 15. Ring-opening polymerisation of cyclic oligomeric PBT monomers.[129]

3. Polymer properties

The properties of the commercial polyesters PET, PTT and PBT are the best known since they
have been already thoroughly investigated. All three are non-biodegradable and semi-
crystalline thermoplastic polymers with good chemical resistance and limited water
absorption.[2,115,130,131] In the following paragraph, the thermal and mechanical
properties of commercial and non-commercial PATs will be discussed in greater detail.

3.1. Thermal properties

The thermal properties of polymers are mainly determined via thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) in order to obtain characteristics like the
degradation temperature (Tdeg), the glass transition temperature (Tg), the melting
temperature (Tm) and the (cold) crystallisation temperature (T)c). A summary of these values
for PET, PTT, PBT and PATsp=5-12) can be found in Table 2.
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Table 2. An overview of the thermal properties of various PATs obtained from DSC and TGA measurements.

PAT Tg(°C)  Tmi(°C) Tm2(°C) Tc(°C) Tec(°C)  Teeg(°C)  Reference
[11,13,64,13

a_Q1b _ _ -
PET 67°-81 256-267 200 110-150 445 7-134]
[18,26,131,1
- a - - -
PTT 45-60 220-231 193 430 35-138]
6,13,18,64
PBT 252-52P - 220-224 172 - 398-416 6, 1'39]' ’
PAT(p=s)  11-15° - 122-132 64 72 404 [6,37]
77,113,140
PATp=s)  9-13°  132-134 140-148 98-125 - 386 77, 14 1'] ’
PAT(p=7) -2-3b - 90-96 - - 403 [6,142]
PAT p=g) 8" 118 131 79 - 404 [6,75]
PAT (p=9) -3-0b - 90-92 - - 388 [6,143]
PAT (p=10) 52" 115 127 88 - 404 [6,13,19]
PAT(p-12°  -1° - 121 - - 415 [35,141]

*Determined via rapid heat-cool calorimetry.
a Amorphous polymers
b Semi-crystalline polymers

The Tgeg represented in Table 2 corresponds to the maximum of the first order derivative of
the TGA thermogram.[6] This is also known as the inflection point or first derivative peak
temperature and corresponds to the maximum degradation rate of the sample.[144,145] The
values ranges from 390 to 415 °C for every polymer except for PTT and PET, which are more
resistant to thermal degradation. One report compared the thermal stability of PAT p-5) with
the commercial PATs and mentioned that its decomposition temperature is comparable to
that of PBT. Generally, PATs are stable up to 300 °C and they degrade in a one-step
decomposition process.[6,146] Although the decomposition of polyesters is complex, it is
believed that a simultaneous cleavage of ester and aliphatic bonds occurs, which is often
observed for polyesters containing aliphatic and aromatic moieties.[6,7,147,148] The
degradation behaviour of PET at high temperatures has already been studied and indicates
that, due to thermal and/or oxidative degradation reactions, by-products including
formaldehyde (FA), acetaldehyde (AA) and other cyclic oligomers are formed. The formation
of these by-products is important considering the fact that PET is abundantly applied as
packaging material for food and beverages. Both FA and AA can leach out from PET and the
latter gives rise to an undesirable taste or odour to the content of the package. [149,150]
There are multiple ways in which FA and AA can be generated in PET including via thermal
degradation during the solid state polymerisation or injection moulding and through by-
product formation during melt polycondensation of PET.[151] Villain et al. reported on the
degradation of PET and showed that a mass loss of 0.5 % was reached after exposing a sample
to 300 °Cfor approximately 20 minutes in an inert atmosphere.[152] In air, a mass loss of more
than 2 % was observed after 20 minutes at 270 °C. Liu et al. have proposed a thermal
degradation mechanism for PTT as indicated in Figure 16.[16] First, a McLafferty
rearrangement splits the polymer chain which results in a carboxylic acid and an allyl ester
end-group product. Decarboxylation of the former results in carbon dioxide and de-
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esterification of the latter produces carbon monoxide and acrylaldehyde. Also some other
fragments like phenyl-containing chains were identified.[38,136]
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Figure 16. Thermal degradation mechanism of PTT according to Liu et al.[16]

The T of PET depends among others on the degree of crystallinity. For highly crystalline PET,
a Tg of 81 °C was observed while this was 67 °C for its quasi-fully amorphous equivalent.[132]
These values are higher compared to those for PBT, for which Tg's up to 52 °C have been
reported for semi-crystalline samples.[153,154] This trend can be observed for the entire PAT
series since the flexibility of the polymer chains increases with p, which will result in a
decreasing Tg. Moreover, research has shown that the T of the polymers with an odd number
of methylene groups, e.g. PAT(p-5), PAT(p=7) and PAT -9 is lower compared to the ones with an
even number of methylene moieties, e.g. PAT(p=4), PAT(p=6), PAT(p=s), PAT(p-10) and PAT(p-12)
when recorded via rapid heat-cool calorimetry. Knowing that a semi-crystalline polymer will
possess a slightly higher T than its amorphous analogue, it is believed that this could be an
explanation for the observed odd-even pattern.[6,155] Since the Tz depends on many
different parameters including the synthesis pathway and the cooling and heating rate, the
odd-even effect is only apparent for the PATs ranging from 4 to 10 methylene groups in Table
2. Of these PATs, T¢'s originating from the same research are plotted as a function of the chain
length in order to visualise the odd-even pattern (Figure 17).
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Figure 17. Visualisation of the odd-even trend in the Ty (left) and Tm (right) of PATS(p-s-10). The values were recorded with
rapid heat-cool calorimetry.[6] PBT is indicated with an open symbol because the authors used this PAT as reference
material but did not synthesise it themselves.

PET is characterised by a single melting temperature of approximately 265 °C.[156] In the DSC
thermograms of PAT p-6), PAT(p=8) and PATs-10) on the other hand, two partially overlapping
melting endotherms can be distinguished. The melting temperatures corresponding to these
endotherms are reported in Table 2 as Tm1 and Tm2. The multiple melting peaks have already
been investigated and are hypothesised to originate from a melt-recrystallisation
model.[23,157-160] During heating, the original and less stable polymer crystals melt, which
results in the first melting peak. Simultaneously, recrystallisation occurs and upon further
increase of the temperature, melting of the recrystallised crystals follows, which gives rise to
the second melting peak. Just like with the Tg, the Tm2 also shows an odd-even trend (Figure
17) and generally decreases with increasing p, which can be interesting in view of specific
applications.[6,19,138] Dyeing of PTT for example requires less energy compared to PET
because the melting temperature, and as a result also the dyeing temperature, of the former
is lower.[131] Furthermore, various authors have already studied the odd-even effect of the
Tm and attributed this to the crystallisation behaviour. Goodman et al. described the odd-even
trend for PATs with p ranging from 2 to 10 and hypothesised that the higher melting
temperature resulted from a more intimate crystal packing of the even series.[161] Tasaki et
al. have determined the chain conformation of PATs with X-ray structure analysis.[81,162]
They showed that the odd-numbered PATs form gauche bonds around the ester moiety and
therefore adopt a kinked conformation (Figure 18). The even-numbered series on the other
hand had a fully extended conformation because of the formation of all-trans bonds. This
difference in chain conformation leads indeed to a difference in packing structure between
the odd- and even-numbered PATs and causes an odd-even pattern in the T,. However, the
trend in chain conformation only accounts for p up to 14 because longer PATs were also
expected to take the all-trans conformation, irrespective of the value of p.
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Figure 18. Chain conformation of PAT,-g) and PAT(p-10), With respectively a kinked conformation because of the gauche
bonds around the ester moiety and a fully extended conformation because of the all-trans bonds. Figure adapted from
Tasaki et al.[81]

A study comparing the crystallisation rates of PET, PTT, PBT and PATp-s5) revealed that it
decreases in the following order: PBT > PTT > PET > PAT(,-5).[163] In case of the latter, it has
been proven that the polymer crystallises slower from the melt than from the glassy state.[37]
The rapid crystallisation rate of PBT compared to PET makes the former more suitable for
injection moulding since shorter production cycles can be established.[1,2] Also for PAT(p=7),
multiple authors mention the slow crystallisation of the polymer which made it difficult to
determine the T with DSC.[36,37]

3.2.  Mechanical properties

In Table 3, some characteristics of PATs determined via tensile testing are overviewed. Tensile
tests have only been performed on a restricted number of PATs which made the available
literature in this regard rather limited. It should be noted that it is difficult to compare
properties resulting from various studies because of the different conditions and experimental
parameters applied.

Table 3. An overview of the mechanical properties of various PATs obtained from tensile testing.

Young’s Ultimate .
. Stress at Elongation
PAT modulus tensile break (MPa)  at break (%) Reference
(MPa) strength (MPa)

PET 2000-5300 62 - 4-600 [2,164,165]

PTT 1600-3000 62 32 5-300 [24,37]

PBT 2340-2800 57 - 250 [18,37]
PAT p=s) 650-1000 - 21 448 [37,166]
PAT p=6) 531-740 - 15-20 2-16 [113,140,146]
PAT(p=s) 450 - - - [166]
PAT (p=10) 400 - - - [166]
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Ward et al. compared the mechanical properties of PET, PTT and PBT and found that PTT and
PBT have a lower Young’s modulus than PET and that PTT shows superior elastic recovery
compared to the other two polymers.[167] Also in this case, the difference in chain
conformation (vide supra) is believed to be the reason for this phenomenon. Since PTT
contains only three methylene units, it will adopt a highly contracted zigzag conformation,
while both PET and PBT will be fully extended because of their even number of methylene
groups.[15] The difference in conformation can possibly explain the superior elastic recovery
and resilience of PTT over PET and PBT.[2,26,118,137] However, several properties of PTT, like
the crystallisation rate and the Tg, are in between those of PET and PBT.[5,25,56] As a result,
PTT can be processed through a similar strategy as exploited for PBT, while maintaining
mechanical characteristics comparable to those of PET (e.g. high young’s modulus and tensile
strength).[26] Other research compared the young’s moduli up to PATp-10) and found that it
decreased with increasing number of methylene moieties in the repeating unit.[166]

Stress-strain curves from samples prepared via injection moulding and exposed to
compression indicated that the processing method highly influences the tensile properties of
PAT(p=5).[37] This is also one of the reasons that the mechanical properties of the PATs
indicated in Table 3 entail broad ranges. Due to its lower glass transition temperature and
melting temperature (vide supra), PAT(p-s) is less rigid compared to PET, PTT and PBT.[166]
This manifests itself in a lower modulus and breaking strength. However, the lower Tg and the
longer aliphatic moiety is expected to result in a superior impact strength above room
temperature along with improved flexibility, elasticity and ductility compared to PTT.

From the above paragraphs, it can be understood that the properties of the PATs partially
match, but that there are some variations due to the difference in chain length which make
them suitable for diverse applications. PBT for example exhibits good electrical insulation and
very fast crystallisation, while PTT has potential due to its high elasticity, outstanding elastic
recovery, good dyeability and softness.[1,130,168] PET on the other hand is the toughest
material, but reveals poor fatigue resistance and impaired recovery from strains exceeding
5 %.[2]

In addition, the properties of PATs can be easily altered in combination with an additive like a
stabiliser, plasticiser or another polymer.[18] In the case of PET, a lot of research has already
been done towards the addition of fillers for improved mechanical properties. The
investigated fillers included carbon fibres, carbon nanotubes, glass fibres and flame
retardants.[169—-175] The use of fillers was also investigated for PATs with longer alkyl chain
lengths.[140,176—180] The tensile modulus and strength of injection moulded PTT increased
when 0.05-0.3 wt% carboxylated multi-walled carbon nanotubes (MWCNTs) were
incorporated.[136] Moreover, the nanocomposites were less brittle and their conductivity
increased with 60 %. Furthermore, also electrospun PBT fibres showed a three times higher
modulus measured via atomic force microscopy (AFM) when 5 wt% MWCNTs were
added.[139] Another option to differentiate the mechanical properties for various
applications, is via the synthesis of copolymers. Varma et al. investigated copolymers of PET
with PATp=6), PAT(p=8) and PAT,-10), which resulted in a decreasing modulus when PATs with
longer alkyl chain were combined with PET. The highest moisture regain and dye uptake was
noticed when PAT,-10) was included in the copolymer because of the lower Ty which increased
the segmental mobility and free volume.[11,181] In 2019, Xu et al. proved an enhanced
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ductility when bio-based 1,10-decanediol was incorporated in PBT via a green
polycondensation-coupling ring-opening polymerisation.[182] As eco-friendly and sustainable
alternative for packaging, Chebbi et al. synthesised a series of biobased copolyesters starting
from 1,10-decanediol, isosorbide and dimethylfuran-2,5-dicarboxylate monomers.[183] This
PAT(p-10) copolymer showed improved mechanical properties (i.e. tensile modulus, ultimate
strength and elongation at break) when isosorbide was included at lower concentrations (5-
15 mol%) and it was sensitive to biodegradation assays in soil.

4. Polymer recycling

As PET and PBT are used in a plethora of commercial applications ranging from automotive to
food packaging, they are produced in high quantities on industrial scale. Therefore, both are
highly abundant in plastic waste and play a crucial role in pollution.[184—188] In order to avoid
plastic waste and achieve a circular economy, recycling is gaining increasing attention.[189] In
2017, more than 70 % of the PET bottles in Europe were recycled. Plastic waste can be reused
(e.g. PET bottles after thorough cleaning) or processed into lower grade products (e.g. fibre
fillings for pillows or carpets from PET bottles).[190] In the past years, recycling of PATs, and
more precisely PET, was already described in various extended reviews and therefore only
covered briefly in this review.[191-200] In the context of recycling, two processes are applied,
including chemical and mechanical recycling.

4.1. Chemical recycling

One of the recycling techniques that has already been investigated for commercial PATs is
chemical recycling. This includes the total or partial depolymerisation of polymers towards
their corresponding monomers or oligomers respectively. These could in turn be used as raw
materials to synthesise new polymers.

Soon after the commercialisation of PET, a lot of chemical recycling techniques for this
polymer have been reported including hydrolysis with hot compressed water
[115,119,201,202], alcoholysis with methanol [120] and glycolysis with ethylene
glycol.[2,203-206] Since water is a cheap, readily available and environmentally friendly
solvent, it is more attractive than alcohols to use in a reaction. When water reaches
temperatures of 240-320 °C, it diffuses in the polymer and hydrolyses the ester bonds which
cleaves the polymer into smaller fragments. Via this way, it gradually dissolves PET and forms
a homogeneous solution. As the hydrolysis continues, TPA, ethylene glycol and some by-
products are formed. If the reaction proceeds at 300 °C for 10 minutes, 90 % TPA and 70 %
ethylene glycol are formed, while longer residence times decrease the yield of the latter since
it is prone to dehydroxylation in the presence of dicarboxylic acid.[201] In the case of
methanolysis, DMTA and ethylene glycol are formed. It can be concluded that both processes
result in the starting monomers required for the PET synthesis. A disadvantage of chemical
recycling of PET is the high cost related to the high processing temperature and pressure which
are required.

Also for PTT and PBT, successful depolymerisation methods, mainly based on methanolysis,
have been published.[114,118,207,208] It was recently shown that the monomers of PTT and
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PBT could be obtained in a high yield via hydrolysis (70 % 1,3-PDO, 95 % 1,4-BDO and 90%
TPA).[115,119,201,202] For PTT, a reaction at 300 °C for 15 minutes seemed to be optimal, as
the highest yields (90.5 % TPA and 69.03 % 1,3-PDO) were obtained and longer reaction times
led to an increase in formed by-products (Figure 19).[115] 1,4-butanediol, produced by the
depolymerisation of PBT, was converted into THF when reaction times exceeded 15
minutes.[119]
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Figure 19. The yield of 1,3-propanediol (left) and TPA (right) as a function of time for the depolymerisation of PTT in hot
compressed water at different temperatures.[115]

More recently, enzymes have been screened and investigated to be applied in the recycling
process of aromatic polyesters.[209] Because of the industrial relevance of PET recycling, a
substantial amount of research has been devoted to the biodegradation of this polymer. As a
result, recent reviews covering this topic are abundant.[210-213] Several enzymes can
hydrolyse the surface chains of PET but for recycling, the building blocks should be degraded.
Miiller et al. reported that an enzyme isolated from Thermobifida fusca (TfH) could hydrolyse
aliphatic—aromatic copolyesters such as poly(butylene terephthalate-co-adipate).[214,215]
Later, TfH was the first enzyme of which was demonstrated that it was capable of
depolymerising PET.[216,217] The hydrolysis products included terephthalic acid, benzoic acid
and bis(2-hydroxyethyl terephthalate).[218] To date, numerous PET hydrolases have already
been identified. The majority of them belong to the cutinase group (i.e. hydrolases that can
degrade cutin of the cuticular layer in leaves). When combined with fungal proteins, the
cutinase activity can be stimulated and the rate of enzymatic PET degradation is
increased.[219,220] However, there are several factors that affect the biodegradability of
polymers including the crystallinity, surface topography and the temperature at which the
degradation takes place. In highly crystalline materials, the mobility of the polymer chains is
restricted, thereby reducing the probability for enzymatic degradation to occur. As a result,
amorphous regions are more easily hydrolysed by polyesterases. Depending on the final
application, the polymers exhibit a different degree of crystallisation. PET bottles and textiles
for example have a crystallinity of 30-40 % while PET used for packaging is only corresponding
with a crystallinity of 8 %. Additionally, when the degradation temperature is close to the Tg
of the polymer, the chain mobility will be increased, thereby facilitating enzymatic
degradation.[217] The difficult depolymerization of highly crystalline PET waste and the high
temperatures at which the enzymes should remain active limit the biocatalytic
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depolymerization capabilities of PET on an industrial scale.[221] It might be interesting to
investigate to what extend PET hydrolases are also capable of degrading other PATs, beyond
PET.

4.2. Mechanical recycling

Mechanical recycling is another recycling process which is widely applied for various plastics
including PET. Although, to the best of our knowledge, literature for other PATs is non-
existing.[191,196,222,223] Mechanical recycling involves the remelting of the plastics, either
alone or with raw material, to reprocess them into granulates by melt extrusion. Prior to the
remelting, the PET waste is sorted and separated from other plastics in order to avoid
contamination and deterioration of the PET. Thereafter, the PET materials are washed, either
with water or with organic solvents (e.g. tetrachloroethylene). Subsequently, a drying step is
applied to remove any water or solvents left from washing in order to minimise the moisture
content. The latter would degrade the polymers because of hydrolytic chain scission during
melting. For PET, maximum 50 ppm water is allowed and therefore, dryers at 170 °C for 6
hours are used.[223] In general, mechanical recycling is a more environmentally friendly
process compared with chemical recycling. Furthermore, it is relatively simple and only low
investment costs are required. Although mechanical recycling does not alter the basic
material, as contaminants are removed, the material properties will vary. In each recycling
cycle, the molar mass will decrease due to the hydrolytic chain scissions. Since the standards
of recycled PET intended for food packaging are high, chemical recycling is favoured over
mechanical recycling in that field.

5. Overview of application potential

As mentioned earlier (vide supra), a plethora of applications exist for the PATs produced on
industrial scale while for the other PATs, investigation towards their application potential is
ongoing or should still be conducted. An overview of the current applications of PATs is given
in Figure 20.

5.1. Non-biomedical applications

The first PET production plant was built in 1959 and allowed the synthesis of PET on industrial
scale. This, together with the versatility of the polymer, resulted in commercial
applications.[2] PET is often exploited in the packaging industry because of its low cost,
transparency and limited permeability towards several gases including oxygen. To exemplify,
the oxygen permeability of PET is 1.5 cm3 mm/m? atm day while this corresponds with 60 cm3
mm/m? atm day for high density polyethylene. These barrier properties render PET an
excellent material for the preservation of food, beverages, pharmaceuticals, etc, which are
prone to oxidation. A substantial amount of research concerning the barrier properties of PET
can be consulted in literature.[224-228] Since the polymer shows low permeability against
carbon dioxide and certain organic aroma compounds, it is also preferred for packaging of
carbonated soft drinks.[39,227,228] Furthermore, PET can be drawn into long fibres that are
durable and resistant to shrinkage and stretching, making them excellent to become
processed into clothing. More than 60 % of all PET produced worldwide is consumed in the
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textile industry, often in blends with other materials such as cotton.[229,230] With a
conductivity of 1*107'8 S/cm, PET is considered an insulating material which is applied as
electrical insulator in e.g. cables and motors. A wide variety of PET-based copolymers and
blends have already been examined to tune the properties towards different
applications.[11,39,231-234] Recycled PET from PET bottles is also used in lower grade
products, for example carpets and fibre filling for pillows.[190]

PTT has only been commercialised relatively recently and is currently sold under the trade
mark Corterra by Shell and bio-based Sorona by Dupont.[53,235] Nylon 6,6 used to be the
standard polymer to produce carpets and apparel.[236—238] However, as PTT can be dyed
more easily, has a softer feel and superior stain resistance, stretch and recovery, this polymer
has become increasingly appealing for these applications since its initial commercialisation.
The PTT fibres, commercially known as Triexta, are also used in pillowcases and swimwear.
The polymer is investigated as engineering thermoplastic and for films and food
packaging.[53,57,131] Currently, PET and nylon layers are present in retort pouches. Since PTT
exhibits the transparency and heat resistance of PET but a flexibility and elasticity comparable
to that of nylon, the polymer has been investigated to replace both layers in retort
pouches.[237,239] Recently, filaments for extrusion-based 3D printing were produced from
PTT blended with biocarbon.[240]
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Figure 20. Overview of applications in which PATs are used. The included sectors are electronics (e.g. hairdryer, cable
insulation, gear wheel), automotive (e.g. door handle, trunk lid, radiator grill), textiles (e.g. carpet, pillowcase, apparel),
packaging (e.g. beverage bottles, grocery bag, food packaging), medical (e.g. insulin pen, sutures, bypass graft) and other
(e.g. toothbrush bristles and 3D printing filament).

PBT is sold under a lot of tradenames including Crastin by Dupont and Pocan by
Lanxess.[241,242] PBT is frequently applied for electronic components in the automotive
industry (vide supra).[1,130] Dupont for example applies PBT in a vehicle lighting system
because of its hydrolysis and high-temperature resistance in combination with the suitable
strength, toughness and processibility of the material. Since PBT is FDA-approved for food
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contact purposes, exhibits a low moisture absorption, and a high resistance to staining, it is
typically used in food processing machinery components. This polymer can also be found in
some fibre applications, such as toothbrush bristles and is present in food contact materials
and certain cosmetics.[2,243,244] PBT is readily processable by means of extrusion and
injection moulding. Polymer blends of PBT with poly(e-caprolactone) can be found in the
exterior and interior of cars as bumpers, radiator grills, door handles, trunk lids, etc.[1,245]
Recently, the polymer has been investigated to serve many other applications including, yet
not limited to bead foam,[246] antimicrobial packaging[247] and flame retardant
materials.[248]

Despite the low Ty and moderate Trm of PAT(p-6) (Table 2), the polymer is investigated for its
use in laminating processes. To this end the thermal and mechanical behaviour should be
improved and the melt viscosity increased. For this purpose, PATs(p=6) have been adapted by
replacing an increasing amount (5 to 50 mol%) of terephthalates with 5-sulfoisophthalate
sodium salt (SI) units.[146] The authors found that the thermal stability and Tm of the
copolyester decreased while the T increased with the number of SI units. The Young's
modulus and melt viscosity of the polymer increased gradually with the Sl content and also
the elongation at break increased drastically but only for a low amount of Sl units. Since the
SI moieties are more hydrophilic, the copolyesters experienced an enhanced hydrolytic
degradability.

For the other PATs, research on possible commercial applications is ongoing or should still
commence and is mainly limited by the low availability of the reagents which prevents the
production on industrial scale.[37] However, once the commercialisation is realised, the
future of this polymer class looks promising. PATp-5) for example could be excellent for melt
processing due to its low Tm and high thermal stability.[2] All the properties of PATy-s5) also
indicate that the polymer could be used in elastic fibres, toughening additives for rigid
polyesters and hot melt adhesives.[37] Moreover, copolymers with PATs also possess
interesting features for various applications. If copolymers of PAT(,-¢) and biodegradable
poly(e-caprolactone) are further investigated, they could be used as biodegradable
alternatives for PET plastic packaging.[77,249]

5.2. Biomedical applications

The investigation of PBT and PET for biomedical applications already started around the 1990s.
Both biocompatible polymers induce only a minor inflammatory response and can therefore
be used as biomaterials.[250—253] Currently, PET is applied as synthetic bypass graft for the
replacement of large diameter (> 6 mm) blood vessels.[254—-257] However, using the polymer
in small-diameter (< 6 mm) grafts, remains challenging because of thrombogenicity
issues.[258] The latter is the formation of a blood clot inside blood vessels which obstructs the
blood flow and results in failure of the graft. One of the causes for thrombosis to occur is the
absence of a complete endothelium, i.e. a single layer of endothelial cells on the graft
wall.[257,259] PAT(p-5-10) are currently investigated as alternatives for PET bypass grafts
because preliminary assays showed promising results regarding their endothelial cell
interactivity and indicated that the mechanical properties of PATs might more closely
resemble the ones of native vessels.[99,260,261] PET is also exploited as surgical suture
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membrane,[234] angioplasty balloon,[262] support in breast implants,[263] scaffold for tissue
engineering[264] and ligament prosthesis.[258] This enumeration indicates that PET is used
for a lot of biomedical purposes but, due to the hydrophobic nature of the polymer, surface
modifications are frequently required to realise a successful application in this field. Multiple
approaches have already been described, including grafting of a more hydrophilic polymer,
plasma treatment to create polar functional groups, the immobilisation of a coating, etc
(Figure 21). For the latter, a wide variety of coatings like fluoropolymers,[265] collagen,
heparin derivatives,[266] fibroblast growth factor [267] and gelatin [256,268] have already
been applied. When a PET graft was used as ligament prosthesis, the hydrophobic polymer
induced the formation of scar tissue around the graft which frequently resulted in graft
rupture. Therefore, surface modifications on the PET graft, which could improve the cell
compatibility of the prosthesis, were investigated.[269] Coatings containing hydroxyapatite,
bioactive glass or hydroxypropyl cellulose have been applied onto the PET surface. Also, the
immobilisation of polystyrene sodium sulfonate was realised with the “grafting from”
technique. A review from 2014 by Smith et al. discusses a plethora of polymer coatings for
biomedical applications.[270] For the PATSs, reports regarding their surface modification
strategies are limited and could be an interesting research topic.[271]

Surface Modification Methodologies

Functionalisation Grafting Surface topography Coating
modification

CTTT U s A

Figure 21. Some of the surface modification methodologies used for PET.[272]

Just like PET, PBT has shown its potential in the biomedical field but mainly in combination
with other polymers. Copolymers composed of poly(ethylene oxide terephthalate) and PBT
(PEOT/PBT) have induced in vivo calcification and bone bonding which led to the investigation
of this block copolymer as possible scaffolding material for (bone) tissue engineering.[130]
Furthermore, PEOT/PBT has also been studied as bone filler,[273] dental implant[274] and for
the treatment of bone defects.[275] Surface modifications, like gas plasma treatment and the
incorporation of hydroxyapatite have appeared to be necessary in some cases, including for
the in vitro culture of bone marrow stromal cells.[276] Moreover, PEOT/PBT scaffolds were
found to be successful to function as gradual drug release system.[277,278] In addition, other
polymer combinations containing PBT have also been investigated for tissue engineering.[279]
A copolymer of PBT with poly(ethylene oxide) (PEO) was examined for protein release by the
combination of matrix degradation and diffusion. Bezemer et al. found that the release rates
could be tuned depending on the content and molar mass of PEO.[280] This copolymer is also
applied in other biomedical fields such as in bone replacement[281] and to create artificial
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skin.[282] Moreover, PBT is also used in filtration applications for biomedical purposes. One
report indicated that PBT with a thin layer of hydroxyapatite can function as a blood filter for
the selective removal of leukocytes (white blood cells).[283] Furthermore, PBT has shown to
be biocompatible and haemocompatible in a composite with wollastonite, a component
known to enhance the mechanical performance.[284,285] The polyester has also been
incorporated in an insulin pen, rendering it light, strong and affordable to aid diabetes
patients.[286]

6. Conclusions and future perspectives

Throughout the past decades, PET, PTT and PBT have been dominating the large-scale
production for their use in many commercial applications. Industrially, melt polymerisation is
still the method of choice, but new approaches have been investigated. Solution
polymerisation has emerged as an alternative since it provides polymers via a single-step
method without the need for a catalyst. However, solvent related issues such as toxicity and
the necessity for additional purification steps must be taken into account. Despite the multiple
advantages of ROP, the limited availability of cyclic reagents currently renders the technique
unsuitable for large scale production. Recent discoveries related to synthesis methods of cyclic
oligomers could provide a solution for this issue. Due to the global awareness that emerged
recently, a more sustainable consumer flow is desired and research towards a circular
economy became increasingly important. Recycling is desired, especially for PET, PTT and PBT,
which are used for many single use plastic applications and therefore play a crucial role in
pollution. To this end, alternative reaction conditions for PATs with the possibility for chemical
recycling (e.g. via (cyclo-)depolymerisation) were investigated during the past few years.
Methods for the extraction of monomers from naturally occurring raw materials to realise the
production of PATs from renewable building blocks also received a lot of attention. The
thermal properties of the PATs up to p=12 have already been examined but literature on the
mechanical properties of PATs with p > 4 is scarce, indicating that these should be further
explored. The different properties of the PATs make them suitable for various applications.
PET, PTT and PBT are already applied in a lot of fields and recently, the potential applications
of some of the PATs with more than 4 methylene moieties have been studied, although these
investigations are still in an early stage.
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