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Abstract: There are various approaches to managing polyethylene terephthalate waste, including methods for
recycling PET. However, at present, only the cleanest wastes that can already be efficiently recycled using
known methods are considered in the scientific literature. The study aims to look at other forms of polyethylene
terephthalate waste that pose a challenge: low quality PET flakes, polyester tire cord, PET dust and prepolymer
waste. The waste was characterized by FTIR spectroscopy, viscosimetry, differential scanning calorimetry,
laser diffraction and sieve analysis. The findings describe the composition and properties of various forms of
polyethylene terephthalate waste. Low quality PET flake waste and polyethylene terephthalate dust have been
shown to be suitable for all chemical recycling methods. When recycling waste polyester tire cord, it is difficult
to completely separate the rubber, so its presence in the final product must be taken into account. The most
promising way to process a prepolymer is its depolymerization by hydrolysis, alcoholysis or glycolysis to
produce monomers for the synthesis of PET, similar in properties to the primary one.

Keywords: PET; polyethylene terephthalate; oligoethylene terephthalates; bis(2-hydroxyethyl) terephthalate;
ethylene glycol; waste management; recycling

1. Introduction

Currently, the annual global polyethylene terephthalate production capacity is more than 30
million tons [1].

The synthesis of polyethylene terephthalate in industry is carried out in two stages. At the first
stage, esterification of terephthalic acid [2] or transesterification of dimethyl terephthalate [3] with
ethylene glycol is carried out. Typically this process is carried out at atmospheric pressure and a
temperature below the boiling point of ethylene glycol, removing water or methanol. The product of
the first stage is bis(2-hydroxyethyl) terephthalate and oligoethylene terephthalates. After this, the
temperature is increased to 270-290 °C and the pressure is gradually reduced. In this case,
polycondensation occurs according to the transesterification mechanism with the release of ethylene
glycol [4,5]. To achieve high polycondensation degree, solid-state polymerization is carried out. This
process is carried out at temperatures below the melting point of polyethylene terephthalate and is
accompanied by the removal of ethylene glycol under vacuum or in a stream of nitrogen [6].

The main areas of use of polyethylene terephthalate are the production of polyester fibers and
packaging, primarily bottles for soft drinks. Since such products have a limited service life, the
amount of waste generated is comparable to the PET production capacity.

Waste is classified into two main types. According to ISO 14021:2016, pre-consumer waste
represents materials diverted from waste generated during manufacturing process, excluding
reutilization of materials. Accordingly, post-consumer waste is material generated by households or
by other facilities in their role as end-users of the product which can no longer be used. Waste PET
bottles and fibers constitute post-consumer waste.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The three main ways to manage plastic waste are landfilling, incineration and recycling [7,8],
with the latter being the most environmentally friendly. Recycling is currently classified into primary,
secondary, tertiary and quaternary ones [7,9]. The method of converting polyethylene terephthalate
into high added value products is known as upcycling [8].

Both primary and secondary recycling are physical (or mechanical) recycling methods based on
extrusion [9]. The difference between them is the use of industrial pre-consumer waste for primary
recycling and post-consumer PET for secondary one. The product of physical recycling is
polyethylene terephthalate, which is inferior in properties to virgin one. To regulate the properties,
mixtures of polyethylene terephthalate waste with the virgin PET are often used.

Tertiary recycling includes chemical methods [10]. First of all, chemical recycling includes
methods based on the reactions of the ester group in the polyethylene terephthalate chain. The ester
group undergoes hydrolysis, transesterification, ammonolysis and aminolysis reactions.
Transesterification reactions include alcoholysis, acidolysis and esterolysis. The two most common
methods of polyethylene terephthalate chemical recycling, methanolysis and glycolysis, are based on
alcoholysis [11]. The main products of PET chemical recycling of can be classified into two groups:
monomers and copolymers. Monomers, including terephthalic acid and its salts, dimethyl
terephthalate and bis(2-hydroxyethyl) terephthalate, can be obtained by hydrolysis, methanolysis
and glycolysis of polyethylene terephthalate, respectively, purified and used for the synthesis of
polyethylene terephthalate, similar in properties to the primary one. Also, using chemical
transformations of PET waste, various copolymers can be obtained: unsaturated polyester resins [12],
functional copolyesters [13], polyesteramides, and polyols for the synthesis of polyurethanes.

Chemical recycling also includes catalytic pyrolysis of waste [11], which produces CO and COz,
hydrocarbons, including olefins and aromatic hydrocarbons, and their derivatives.

So-called quaternary recycling involves burning waste polymer to recover heat. It is usually used
on waste that cannot be recycled in any other way [9].

Thus, at present, the main approach to polyethylene terephthalate waste recycling is the
production of PET flakes and their physical recycling for the production of bottles (bottle-to bottle
recycling [14]) and fibers (bottle-to fiber recycling [15]). There is little description in the scientific
literature of other forms of polyethylene terephthalate waste that cannot be recycled mechanically, but
still pose a threat to the environment. The aim of the study is to examine the properties of polyethylene
terephthalate waste in the forms of low quality PET flakes, polyester tire cord waste, PET dust and
prepolymer waste, and to evaluate their suitability for various chemical recycling processes.

2. Materials and Methods

2.1. Materials
Polyethylene terephthalate waste in various forms was obtained from a number of industrial
enterprises located in the Russian Federation.

2.2. Characterization of PET Waste Forms

2.2.1. FTIR Spectroscopy

The chemical composition of various forms of polyethylene terephthalate waste was confirmed
by the location of characteristic bands in the IR spectra. The main wavenumbers required to identify
polyethylene terephthalate are given in table [12].

The spectra were obtained by means of Spectrum 65 FT-IR spectrometer (Perkin Elmer, USA).
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Table 1. Xapaxrepucruueckie I1010CH OCHOBHBIX CBsI3€ll B ITOAUDTUAeHTepedTaaTe.
Absorption peak, cm-1 Type of bond Unit
1715 Carbonyl, stretching
124 E hi
3 ster group, stretching Terephthalate
1176 1,4-substituted ri
1116 ,4-substituted ring
1270 C-O-C, assym. stretching .
939 C-O-C, sym. stretching Diethylene glycol
3350 Hydroxyl Unbound and terminal ethylene glycol

2.2.2. Viscosimetry

The molecular weight of polyethylene terephthalate waste was characterized by viscosimetry.
Intrinsic viscosity 1 was measured according to ASTM D4603 Standard Test Method for Determining
Inherent Viscosity of Poly(Ethylene Terephthalate) by Glass Capillary Viscometer. A 0.5% solution
of polyethylene terephthalate in a mixture of phenol and tetrachloroethane in a ratio of 60: 40 was used.
The viscosity-average molecular weight M, was determined using the Mark-Houwink equation (1):

n=KxM," 1)

where K and a are constants depending on temperature and the nature of the polymer and solvent.
The literature provides various pairs of Mark-Houwink equation constants determined for ASTM
conditions D4603 [16]:

K=3.72-10-4,a=0.73;
K=4.6810-4, a=0.68.

2.2.3. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was carried out when heated from 30 to 300 °C. DSC
curves were obtained on a DSC 204 F1 Phoenix calorimeter (NETZSCH Geratebau GmbH, Germany)
in an inert medium (argon) at the 10 deg/min scanning rate [17]. The initial degree of crystallinity X
of PET waste was determined using the equation (2):

AH,, — AH,
- . 0
X AT 100% (2)
where AH,, — enthalpy of fusion, ] g, AH. - enthalpy of crystallization, ] g, AHY, —enthalpy of
fusion of fully crystalline PET (140.1, J g [18]).

2.2.4. Laser Diffraction

The size and size distribution of PET dust particles were determined by laser diffraction using
an analyzer Mastersizer 2000 (Malvern Instruments Ltd., UK).

2.2.5. Sieve analysis

The granulometric composition of crumb rubber, which is part of waste polyester tire cord, was
studied using the sieve method according to ISO 19.120 Particle size analysis. Sieving. To determine
the characteristics, 10 samples of cord waste were taken. For each sample, separation by the sieve
method into polymer fiber and rubber in the form of crumb rubber was followed by measurement of
their masses.
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3. Results
3.1. Appearance and composition of PET waste forms

3.1.1. Low quality PET flakes

Poor quality polyethylene terephthalate flakes that are not recyclable include two main
categories: fine flakes and contaminated flakes. Flakes smaller than 2 mm cannot be color sorted by
automatic sorters and can therefore only be used to produce low quality mixed color recycled PET.
Contaminated polyethylene terephthalate flakes are also unsuitable for recycling.

The appearance of various fractions of polyethylene terephthalate flakes is shown in Figure 1.
They appear to have the typical random shape of PET flakes and have a higher degree of crystallinity
around the perimeter of each flake.

Figure 1. Photos of low quality PET flakes.

Figure 2 shows the IR spectrum of low quality polyethylene terephthalate flakes. The spectrum
turned out to be similar to that of commercial grade PET flakes. It corresponds to partially crystalline
polyethylene terephthalate [19].
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Figure 2. FTIR spectrum of low quality PET flakes.

3.1.2. Polyester tire cord waste

Waste polyester tire cord is removed from tires during the recycling process. A passenger car
tire contains about 5 wt.% textile cord. Waste polyester tire cord is tangled fibers of polyethylene
terephthalate with residues of crumb rubber distributed in them [20]. Various photographs of waste
polyester tire cord are shown in Figures 3 and 4.

Figure 3. Photos of polyester tire cord waste.

Figure 4. Photo of polyester tire cord waste (micro).


https://doi.org/10.20944/preprints202405.0990.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2024 doi:10.20944/preprints202405.0990.v1

Waste tire cord has been found to contain 25 to 60 wt.% crumb rubber, with an average value of
about 40 wt.%. The resulting size distribution of crumb particles is shown in the Figure 5. It is
noteworthy that the distribution is bimodal.

40 A
35
30 -
25
20
15
10

Weight fraction, wt.%

50-100 100-250  250-500  500-1000 1000-1500 1500-2000 2000-5000
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Figure 5. Granulometric composition of rubber crumb from tire cord waste.

Polyethylene terephthalate fibers obtained by separating crumb rubber from waste polyester tire
cord were studied by FTIR spectroscopy. The resulting spectra are similar to the spectrum shown in
Figure 2.

3.1.3. PET dust

Polyethylene terephthalate dust is one of the by-products of PET synthesis and processing [21].
Dust formation occurs through two main mechanisms: mechanical and chemical. Mechanical dust
formation is based on the abrasion of PET particles during granulation, drying, crystallization,
transportation, storage and packaging of granules. Chemical dust formation is based on cyclization
and removal of cyclic oligomers, primarily trimer.

The accumulation of polyethylene terephthalate dust occurs in filtration systems at enterprises,
so it is a pre-consumer waste.

The appearance and shape of various polyethylene terephthalate dust particles are shown in
Figures 6 and 7.

Figure 6. Photo of PET dust.
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Figure 7. Photos of PET dust (micro).

According to the results of laser diffraction, the size of polyethylene terephthalate dust particles
ranged from 1.9 to 1096.5 um. The share of the main fraction with sizes from 239.9 to 316.2 um was
11.6 vol.%. The particle size distribution is unimodal.

The FTIR spectrum also corresponds to literature data for partially crystalline polyethylene
terephthalate (PET dust, Figure 8).
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Figure 8. FTIR spectra of PET dust before (PET dust) and after (PET dust 300) DSC.

3.1.4. Prepolymer waste

Another form of pre-consumer waste is prepolymer waste. The formation of this waste occurs
at the polycondensation stage during unloading of the polymer, sampling, distillation and
condensation of ethylene glycol. Often this type of waste contains a large amount of free ethylene
glycol, which wets the PET surface.

The appearance of various prepolymer fragments is shown in Figures 9 and 10. It can be noted
that this waste is the most diverse. There are both opaque fragments of low molecular weight polymer
and transparent drops, fibers and pieces. Also, different fragments have different degrees of
degradation, since their color varies from transparent white to dark brown.

100 pum
)

100 pm
—_

Figure 9. Photo of PET prepolymer waste.
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Figure 10. Photo of PET prepolymer waste.

Figure 11 shows the FTIR spectra of various waste prepolymer fragments. The main difference
lies in the region of the 3350 cm! band, corresponding to the terminal hydroxyl groups. The difference
may be due to both the different molecular weight of the prepolymer fragments and the presence of
residual ethylene glycol.
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Figure 11. FTIR spectra of PET prepolymer waste samples.

3.2. Molecular weight of PET waste forms

For each form of waste, 5 samples of polyethylene terephthalate were selected and examined by
viscometry. Samples taken from polyester tire cord did not include crumb rubber. The intrinsic
viscosity intervals obtained as a result of measurements are given in Table 2. To calculate the
viscosity-average molecular weight M,, both sets of constants given in paragraph 2.2.2 were used.
The ranges of viscosity-average molecular weights are also given in Table 2.

Table 2. Viscosimetry data for PET solutions in accordance with ASTM D4603.

Form of PET waste Intrinsic viscosity, dl g*M,, kg mol~
Low quality PET flakes from 0.73t00.78  from 32 to 55
Polyester tire cord waste ~ from 0.49t00.70  from 19 to 47
PET dust from 0.26 to 0.74 from 8 to 51
Prepolymer waste from 0.10 to 0.66 from 2 to 42

3.3. Thermal characteristics and crystallinity of PET waste forms

The data obtained by processing DSC curves for samples of various polyethylene terephthalate
waste forms are systematized in Table 3.

Table 3. Thermal characteristics and crystallinity of PET waste forms.

Glass transition Melting Initial degree of
Form of PET waste o . o
temperature, °C temperature, °C crystallinity, %
Low quality PET flakes 78.6 245.8 14.4
Polyester tire cord waste 78.4 250.4 8.4
PET dust 79.6 246.3 23.9
Prepolymer waste 75.7 249.1 32.0

According to the literature, when measured by DSC, depending on the size and shape of the
particles, the glass transition temperature of polyethylene terephthalate lies in the range of 70-85 °C,
and the melting point is 245-255 °C. The degree of crystallinity of polyethylene terephthalate can
reach up to 45-50% [22]. The temperature characteristics of waste low-grade PET flakes, polyester tire
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cord fibers, PET dust and prepolymer are consistent with those expected for polyethylene
terephthalate.

The DSC curve for the dust fraction also has a shoulder at 267.2 °C at the peak of melting. When
measuring the same sample again after cooling, the shoulder is absent. Since the FTIR spectra of PET
dust before (PET dust, Figure 8) and after (PET dust (300), Figure 8) heating to 300 °C coincide, we
can conclude that this shoulder corresponds to the removal of cyclic polyethylene terephthalate
oligomers, corresponding in chemical composition to linear PET.

Thus, all forms of polyethylene terephthalate waste considered, including dust and prepolymer
waste, are PET polymers and not oligomers.

4. Discussion

The obtained intrinsic viscosity values for PET flakes fall within the range for bottle-grade PET
(0.7 to 0.85 dl g) [23]. Low quality flakes can be chemically recycled by any methods known for
polyethylene terephthalate. In this case, it is important to take into account the color of the flakes and
use them either to obtain products whose color is not important, or to carry out additional
purification in the case of obtaining monomers. It is important to note that these flakes can also be
recycled by physical methods to produce mixed-color products.

Unlike flakes, waste polyester tire cord cannot be physically recycled. Currently, they are reused
as heat or sound insulating materials, additives and fillers, or subjected to pyrolysis [24]. Chemical
processing of tire cord waste is possible under conditions in which devulcanization of crumb rubber
also occurs [25]. The devulcanization process occurs due to the rupture of C-S and S-S bonds, which
have lower energy than C-C and C=C bonds [26]. The breaking of bonds occurs under the influence
of temperature, mechanical stress, chemical agents, microwave irradiation, ultrasound, and enzymes
[27]. By chemical processing of polyester tire cord, both monomers — in particular, bis(2-
hydroxyethyl) terephthalate [20] — and oligomers — unsaturated polyester resins [28] — were obtained.
It is shown that the presence of crumb rubber does not affect the transesterification reaction, and due
to the side effects of devulcanization, it is possible to achieve complete dissolution of the crumb in
the reaction mixture.

Polyethylene terephthalate dust has the widest range of viscosities and molecular weights, as
shown in Table 2. It also includes cyclic oligomers, which is confirmed by literature data [21], as well
as by DSC and FTIR methods. However, due to the purity and large specific surface area of the
particles, PET dust can apparently be successfully recycled by most known chemical methods. It is
noteworthy that the small and branched surface of the particles can allow the process to be carried
out at high speed.

The prepolymer has the lowest molecular weight among waste forms and also contains ethylene
glycol. The most promising methods of chemical processing for it are those based on reducing the
molecular weight and implying the presence of ethylene glycol in the reaction mixture or its removal.
Thus, the most promising are hydrolysis with the production of terephthalic acid or its salts and
distillation of ethylene glycol, alcoholysis with the production of dialkyl terephthalates and
distillation of ethylene glycol, or glycolysis with the production of bis(2-hydroxyethyl) terephthalate.
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