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ABSTRACT

Polyethylene terephthalate (PET) is one of the world’s most used plastics. Amenable
to both mechanical and chemical recycling processes, PET is also commonly
recycled. Chemical recycling processes of PET include glycolysis, which produces
bis(2-hydroxyethyl) terephthalate (BHET); this is then re-polymerised to form new
PET. One novel method for PET glycolysis involves microwave irradiation of PET
water bottles in the presence of a catalyst and, notably, a microwave absorber. The
research presented here investigates the optimisation of this novel method for PET
fleeces. Samples were prepared using constant amounts of solvent, fleece, and
microwave absorber. The conditions chosen to be varied and optimised were catalyst
loading, irradiation time, and reaction temperature. Multiple variations of these
conditions underwent the course of experimentation and were analysed through high
performance liquid chromatography (HPLC) to determine their composition. The
conditions used in samples that produced the highest yield of BHET were determined
to be optimal. These conditions were found to be a catalyst loading of 2 mg, an
irradiation time of 3 minutes, and a reaction temperature of 250°C. It has recently
been observed that a substantial portion of microplastic pollution in bodies of water
(which greatly impacts the environment) can be attributed to fleece microfibres, which
are composed of PET. Through the capture and depolymerisation of fleece
microfibres before release, this research could play an important role in the reduction
of the amount of PET microfibre polluting the world’s oceans in the future.

Keywords: polyethylene terephthalate, microwave irradiation, microfibres,
microplastic pollution
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INTRODUCTION

Polyethylene terephthalate (also referred to as
polyester, PET, or PETE) is one of the most
commonly used plastics worldwide [1]. The
polymer is derived from petroleum and formed
through the condensation of ethylene glycol
and terephthalic acid, with water as a
byproduct. The resin formed through this
polymerisation is then melted in order to be
shaped into various products [2]. PET s
extremely versatile in its uses. Its lightweight
nature, strength, impermeability, stability at
high temperatures, and chemical resistance
render the plastic ideal for many applications
[3]. The maijority of the world’s PET is used in
fibres for fabrics and clothing, as well as plastic
water bottles. Other uses include food-grade
packaging, electrical components, and
automotive parts [2, 4].

PET is one of the most recycled plastics, as it
is amenable to both mechanical and chemical
recycling processes [5]. Mechanically recycled
PET is known as rPET, and can be further used
in products such as benches, fillers, fleeces,
and carpeting [2]. As with most plastics, the
mechanical recycling process involves
cleaning and melting the used PET to create
rPET [6]. This process, however, is not entirely
sustainable. Once recycled mechanically,
rPET can no longer be reused in the same
manner as newly made PET. Studies have
shown that with repeated mechanical

recycling, rPET loses its mechanical strength
and properties, thus becoming less applicable
to various uses [7]. To supplement this, rPET
is often combined with new PET to create
products (typically composed of no more than
50% rPET) [8]. This, however, requires more
PET to be made, rendering the original
recycling process less impactful.

A promising alternative to these mechanical
processes is chemical recycling. This method
allows used PET to be returned to its original
monomer components through
depolymerisation, a reaction that involves
chemically breaking down the polymer into its
separate constituents (Fig. 1).
Depolymerisation can be accomplished
through numerous processes, the most widely
studied being glycolysis. Glycolysis of PET
refers to the process of extensively heating
PET in ethylene glycol, using a catalyst (Fig.
2). This process produces bis(2-hydroxyethyl)
terephthalate (BHET). The BHET produced
can then be re-polymerised to form new PET,
rather than rPET [1, 9]. The extensive heating
required to perform glycolysis, however,
requires substantial amounts of time; upwards
of 4 hours is often necessary for
depolymerisation to occur, which is both
temporally inefficient and uses a relatively
substantial amount of energy [10]. Microwave
irradiation has recently been shown to be both
a more time-efficient - and therefore energy-
efficient - process, consequently reducing the
cost of PET recycling [1, 10, 11].
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Figure 1 — Process of polymerisation and depolymerisation.
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Figure 2 — Polymerisation and glycolysis of PET. Terephthalic acid and ethylene glycol polymerise to form
PET, with BHET as an intermediate. The reverse reaction is glycolysis.

In 2017, a novel method for chemically
recycling PET was reported [1]. In this method,
PET is combined with ethylene glycol, a
catalyst, and a microwave absorber to form a
mixture that is subsequently heated via
microwave irradiation, depolymerising the PET
to produce BHET. The use of a microwave
absorber, a substance that absorbs radiation
and converts it to thermal energy, renders
glycolytic depolymerisation through microwave
irradiation to be extremely energy-efficient [1].
This patented process has been applied to the
recycling of post-consumer PET water bottles.

The research presented here employs the
method of glycolytic depolymerisation through
microwave irradiation [1], previously applied to
water bottles, with various PET fleeces. The
research aims to apply and optimise this
method of chemically recycling PET bottles to
depolymerise PET fleece microplastics,

through testing of various catalyst amounts,
time, and temperature settings.

Recently, it has been discovered that a
substantial proportion of microplastic pollution
in bodies of water is a result of microfibres,
commonly released through the washing of
garments in household washing machines.
Wastewater treatment plants are often unable
to effectively filter out or recycle microfibres,
resulting in environmental contamination [12].
Polyester fleece garments are the source of a
large amount of these fibres [13, 14, 15]. The
fibres, along with the water used to wash them,
are drained into lakes and oceans [16]. The
microplastic  pollution caused by these
processes could have severely harmful effects
on marine life and human health. Ingestion of
PET fibres have been linked with higher
mortality rates among sea life [17, 18]. It has
also been discussed that the presence of these
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fibores in seafood destined for human
consumption presents human health concerns
[19, 20]. Thus, it is of increasing importance
that research be conducted with a focus on
preventing microplastics from reaching the
environment.

The results of this study concluded that
reaction conditions of a 2 mg catalyst loading,
a 3 minute irradiation time, and a 250°C
reaction temperature are optimal for the
depolymerisation of PET fleece via glycolysis.
These conditions produced the highest yield of
BHET, which in turn signifies the highest yield
of recycled PET. With further development,
these results could be applied to large-scale
recycling of PET fleece microfibres that would
otherwise contaminate bodies of water
worldwide.

METHODS

The following procedure was adapted from the
patented method for PET water bottle
depolymerisation [1]. This method was
modified to suit available resources and
optimised for the recycling of PET fleeces.

Preparation of Microwave Samples

Stock solutions of both the microwave
absorber (NaCl in water, with a concentration
of 250 mg/mL) and the catalyst (KOH in
ethylene glycol, with a concentration of 100
mg/L) were prepared. Both the microwave
absorber and catalyst were purchased from
Sigma-Aldrich. 3 mL of solvent (ethylene
glycol, also purchased from Sigma-Aldrich)
was introduced to microwave vials, followed by
5 pL of NaCl stock solution; these amounts
were  kept constant  throughout  all
experimentation. Along with a stir bar, KOH

stock solution was then added to each
microwave vial, in various amounts: 10 uL, 15
pL, 20 pL, 25 L, 50 L, and 100 pL
(corresponding to 1 mg, 1.5 mg, 2 mg, 2.5 mg,
5 mg, and 10 mg, respectively). In the case of
all tests varying catalyst amount, irradiation
length, and temperature, a cut sample of 16
ozlyard anti-pill fleece was introduced. This
fleece was purchased from PacCana
Enterprises Ltd., and samples had an average
mass of 223 + 10 mg and an average area of 9
cm2. The fleece was added to each microwave
vial such that each sample was nearly entirely
submerged in the solution. Each vial was
capped, crimped, and inserted into the sample
compartment of a Biotage Initiator+ microwave
reactor.

Experimental Settings

Settings deemed to have significant impact on
results, besides the catalyst amount, were the
length of time each sample was irradiated and
the reaction temperature. The irradiation times
investigated were 2, 3, and 4 minutes, and the
reaction temperatures were 200, 250, and
300°C. Three different sets of samples were
tested, each varying one of these three
components. As depicted in Table 1, all
catalyst loadings were tested using an
irradiation time of 3 minutes and a reaction
temperature of 250°C. All irradiation times
were tested using a catalyst loading of 25 pL
and a reaction temperature of 250°C, and all
reaction temperatures were tested using a
catalyst loading of 25 L and an irradiation time
of 3 minutes. These settings were selected
based on preliminary experimentation, which
indicated their viability in PET
depolymerisation. The conditions
corresponding to each set were, in most cases,
used in at least three replicate samples.
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Table 1 — Overview of preliminary microwave experiments concerning catalyst loading, irradiation

time and reaction temperature.

Volume of KOH Irradiation Time (minutes)
(uL)
2 3 4
10 v
15 v
20 v
25 v XV * v
50 v
100 v

X = Experiment performed with a reaction temperature of 200°C
v = Experiment performed with a reaction temperature of 250°C
* = Experiment performed with a reaction temperature of 300°C

Fleece Variations

Following analysis of results from preliminary
tests, various fleece types were studied. One
sample each of 14 oz/yard and 18 oz/yard anti-
pill fleeces were tested using a catalyst loading
of 25 pL, an irradiation time of 3 minutes, and
a reaction temperature of 250°C, prepared in
the same manner as the 16 oz/yard fleece. An
additional test was run on a fleece sample that
had been washed in a simulation of machine
washing, in order to assess the applicability of
the developed procedure on fleece microfibres
as they appear in the environment. To prepare
this sample, approximately 50 cm2 of each
fleece type (14 ozlyard, 16 ozl/yard, and 18
oz/yard) were placed together in a washbasin
filled with approximately 2 L of water and 20 mL
of Liquinox detergent. The fleece was soaked
overnight, then wrung out by hand into the
washbasin. Samples of the resulting liquid
were subsequently centrifuged to sediment

PET microfibres from the liquid. Approximately
5 mg of fibres were extracted, added to a
microwave vial in place of a cut fleece sample,
and irradiated with 25 pL of catalyst for 3
minutes at 250°C.

Preparation of HPLC Samples

HPLC analysis was performed using a Waters
HPLC instrument equipped with a
Phenomenex C16 (50 x 4.6 mm) column and
UV detector (with 220 nm filter) to detect the
composition of all irradiated samples (as well
as a commercial BHET sample), and the
guantity of each component. HPLC samples,
each containing 2 drops of the microwaved
sample and 1 drop of acetic acid in 1 mL of
dimethyl sulfoxide (DMSO), were prepared and
analysed using the following parameters:
sample volume 1 pL; solvent gradient
water/acetonitrile (0—100% water over 10
minutes).
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Microscopy

A Nikon Eclipse LV100N POL polarisation
microscope, equipped with an Infinity 1 colour
camera, was used to observe a water sample
in which the fleece for the washed sample was
soaked, as well as the irradiated washed fleece
sample.

RESULTS

PET fleece samples were irradiated with
varying catalyst loadings, irradiation lengths,
and reaction temperatures. Post-irradiation
samples were inspected both visually and by
HPLC to determine the optimal conditions for

PET fleece depolymerisation by microwave
irradiation. Full depolymerisation of the sample
was indicated by the formation of a
homogeneous mixture post-irradiation. It was
observed that upon irradiation, all resulting
samples contained a slightly cloudy, coloured
liquid, likely a result of dyes and other additives
present in the PET fleeces (Fig. 3). Full
degradation of fleece occurred upon irradiation
of all samples irradiated at 250°C or above; in
these samples, no visible remnant of the
original fleece remained (Fig. 3B). It was
observed that when the reaction temperature
was below 250°C, there was an incomplete
degradation resulting in a remnant that
resembled a grey, fibreless, brittle version of
the fleece that had been inserted (Fig. 3C).

|

Figure 3 — Samples at varying stages of degradation. (A) 16 oz/yard fleece to be irradiated. (B) Post-
irradiation, in which full degradation of the fleece occurred. (C) Post-irradiation, in which the fleece had not fully

degraded, resulting in a remnant of fleece.

Though the colour of fleece used in samples
did not impact the process of irradiation, colour
changes occurred with each different colour of
fleece irradiated. Samples originally containing
green fleece produced an orange liquid after
irradiation, while samples containing red fleece
produced a deep purple liquid. Samples
containing blue fleece produced a light pink
liquid, and the sample containing washed
fleece microfibres produced a pale yellow

liquid (Fig. 4). It was noted that with increasing
amounts of catalyst, longer irradiation times,
and higher reaction temperatures, the liquid
became lighter in colour. Small amounts of a
white precipitate were observed in most
samples and could be clearly seen after they
had settled upon standing for several hours in
the vial.
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This was confirmed by the injection of a
commercial sample of BHET provided by
Sigma-Aldrich, which eluted at 3.1 minutes
(Fig. 7). Additional significant peaks were
observed at 4, and in some cases at 4.5,
minutes. These were attributed to the presence
of dimer (structure shown in Fig. 5) and trimer
structures of BHET, respectively. Furthermore,
peaks were observed at 0.7 and 1.2 minutes.
The peak at 0.7 remained constant throughout
all samples, including the blank, which
indicates that the peak does not arise from the
sample; rather, it is hypothesised that this peak
is a result of the acetic acid added to all HPLC
samples. The peak at 1.2 minutes increased in
intensity with larger catalyst loadings and
higher reaction temperatures. This component
may be a terephthalic acid derivative,
produced from BHET hydrolysis caused by
small amounts of water present in the reaction
mixture. However, it was not possible to
definitively determine the identity of this
The highest-intensity peak, observed at 3.1 component. The HELC analysis_confirmed that
minutes in all chromatograms, was attributed BHET was the major product in all samples

to BHET, the main product of PET tested.
depolymerisation (structure shown in Fig. 5).

Figure 4 — The sample containing washed
fleece microfibres after irradiation.

Quantitative sample analysis was performed
by HPLC. All components of the mixtures
eluted after between 0.5 and 5 minutes (Fig. 6).

O/\/OH s
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Figure 5 — Chemical structures of BHET and BHET dimer.
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Figure 6 — HPLC chromatogram of a representative sample showing all peaks observed. This includes a
peak at 3 minutes attributed to BHET, the main product in PET depolymerisation.
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Figure 7 — HPLC chromatograms. (A) Overlaid HPLC chromatograms of all samples using 2.5 mg of KOH,
an irradiation time of 3 minutes, and a reaction temperature of 250°C. (B) HPLC chromatogram of a sample of

commercial BHET.

The relative composition of samples was
analysed through integration of all significant
peaks that eluted after between 1 and 5
minutes. The relative peak areas attributed to
BHET and the dimer were recorded and
compared. The average percentages and

standard deviations of relative peak areas for
these specific peaks, indicating the amount of
BHET and dimer present in each sample, are
presented in Fig. 8.
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Figure 8 — Average HPLC BHET and dimer Peak Areas (error bars represent standard deviation) for
various: (A) catalyst loadings. (B) reaction temperatures. (C) irradiation times. (D) fleece types.
*Results from the sample irradiated at 200°C in (B) are invalid, due to the observation of a fleece remnant

which had not depolymerised during irradiation.

Microscopy

Polarised optical microscopy was performed
on a sample of water in which fleece had been
soaked overnight, as well as on the post-
irradiation washed fleece sample. In the water
sample, microfibres of various colours were
visible. These microfibres varied in size, from
approximately 4 um to 400 um in length, and
from approximately 30 pm to 80 um in diameter

(Fig. 9A). There was visibly a substantially
lower concentration of microfibres in the
irradiated sample of washed fleece (Fig. 9B).
This confirms that the microfibres were
completely degraded as a result of the
depolymerisation process, and that
depolymerisation of microfibres occurred
through irradiation using the presented
procedure.
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Figure 9 - Microscope images of samples. (A) Water in which fleece was soaked. (B) Irradiated washed

fleece.

DISCUSSION

As depicted in Fig. 8A, a catalyst loading of 2
mg (or approximately 1 mass percent relative
to the amount of fleece added) resulted in the
highest BHET vyield, and catalyst loadings
above or below 2 mg exhibited either larger
amounts of dimer or lower amounts of BHET.
Fig. 8B indicates that a reaction temperature of
250°C yields the largest amount of BHET and
the lowest amount of dimer of all temperatures
tested, as well as that a temperature of 200°C
is too low to allow complete degradation of the
fleece sample. Fig. 8C shows that an
irradiation length of 3 minutes produced more
BHET and less dimer than other lengths tested.
It can thus be concluded that a catalyst loading
of 2 mg, a reaction temperature of 250°C, and
an irradiation length of 3 minutes are the
optimal  conditions for PET fleece
depolymerisation. These settings produced
relative amounts of BHET upward of 80%, and
amounts of dimer below 8%. Different fleece
masses tested had little effect on the efficiency
of the reaction, as shown in Fig. 8D.

The HPLC chromatograms in Fig. 7 compare
relative peak areas of irradiated samples to a
sample of commercial BHET. It should be

noted that the chromatograms show a notably
larger percentage of dimer in the commercial
sample when compared to the irradiated
samples. Thus, the BHET produced using
conditions presented in this report is of
comparable or better purity relative to
commercial BHET.

In some samples, the fleece did not degrade
after irradiation, and instead appeared to be
packed into the bottom of the microwave vial.
The liquid in these vials appeared lighter than
in those irradiated under the same conditions
which had fully degraded. It is hypothesised
that the stir bar in these vials became stuck and
was unable to properly stir the mixture during
irradiation. Most of these samples were
replicated an additional time, and all such
replicates showed results identical to those
irradiated under the same conditions which
had fully degraded. The samples in which the
fleece did not degrade were thus deemed
outliers and excluded from all further analyses.

Certain sources of error were identified. The
irradiation time was not entirely accurate or
precise as the microwave’s timer began when
the set temperature had been reached; the
resulting variation in the time taken to reach the
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set temperature means there was a slight
inconsistency in the overall irradiation time.
Consistency in HPLC peak integration was
also a potential source of error, as this process
was done manually by starting and ending at
the baseline around each peak. Thus, slight
differences in exact integration may arise from
this manual process from one replicate to the
next. Additionally, any peaks that were not fully
resolved were difficult to integrate in an
accurate and precise manner.

It was found that microwave irradiation in the
presence of both a catalyst and a microwave
absorber with a reaction temperature above
200°C caused PET fleece samples to fully
degrade. This procedure was also applicable
to a sample of microfibres isolated from a
simulated fleece washing process. The
isolated BHET product resulting from irradiated
samples had a comparable purity to that of a
commercial BHET sample.

Based on the average amounts of both BHET
and dimer present in the irradiated samples, it
was concluded that a catalyst amount of 2 mg
(approximately 1 mass percent relative to
mass of fleece), an irradiation time of 3
minutes, and a reaction temperature of 250°C
are optimal conditions for PET fleece
depolymerisation at the scale investigated.

This research addresses a novel method of
recycling fleece microplastics, as a solution to
the globally concerning issue of microplastic
pollution; specifically of microfibre pollution
originating from PET fleece garments [1]. This
pollution has a substantial effect on our
environment. It is necessary to reduce
microfibre pollution present in bodies of water
in order to mitigate risks to human health in the
future. The work presented here builds on
research in the area of recycling PET through
microwave irradiation, which has previously
been focused on investigating the validity of

the method, as well as on the recycling of PET
bottles [10, 21, 22, 23]. This work expands on
previous research to include optimised
glycolysis of PET microfibres, accompanied by
the use of a microwave absorber in the
irradiation process. Future research would
involve further optimisation of the procedure,
with a focus on conditions suited to the
depolymerisation of washed fleece. The
research presented here could be advanced
and applied to systems with the goal of
recycling PET microfibres before they are
released into the environment. This could be
achieved, for example, through microfibre
filtration and irradiation processes directly in
wastewater treatment plants, in order to
prevent microfibres originating from washing
machines from proceeding to bodies of water.
These treatment plants have been determined
to be the primary recipients of microplastics
prior to their release [24]. However, the
technologies employed in these plants are
unable to completely remove microplastics
from wastewater, and the effectiveness of
treatment processes varies between plants
[12]. Improving and expanding these
processes to incorporate on-site PET recycling
could play a significant role in preventing PET
microfibres from polluting the environment in
the future.
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DEFINITIONS OF KEY TERMS

Polyethylene Terephthalate (PET)
A transparent plastic used in packaging,
clothing fibres, and plastic water bottles; also
known as PET, PETE, or polyester.

Depolymerisation

The reverse of polymerisation: a process of
breaking apart a polymer into its components,
called monomers.

Glycolysis

A chemical reaction used to depolymerise
PET, involving heating PET in ethylene glycol,
with the presence of a catalyst.

Catalyst

A substance used to increase the rate of a
reaction, where the catalytic substance does
not undergo permanent alteration or
consumption during the reaction.

Microwave Irradiation

An efficient method of heating using
microwaves (electromagnetic waves with
frequencies between 300 MHz and 300 GHz).

Microwave Absorber

A substance used in microwave irradiation to
increase energy-efficiency of heating, by
absorbing radiation and converting it to thermal
energy.

Microfibres

A type of microplastic: any synthetic fibre with
a diameter smaller than 10 pm, commonly
made of PET.

High Performance Liquid Chromatography
(HPLC)

A technique used to separate and quantify the
components of a mixture by passing the
mixture through a stationary phase (often
composed of silica gel) using a mobile phase
(solvent mixture) under pressure.

AUTHOR’S NOTE

All figures, or tables, were created by the
Author, unless otherwise mentioned in the
description provided of said figure.
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