
Waste Management 119 (2021) 101–110
Contents lists available at ScienceDirect

Waste Management

journal homepage: www.elsevier .com/locate /wasman
Plastic waste from marine environment: Demonstration of possible
routes for recycling by different manufacturing technologies
https://doi.org/10.1016/j.wasman.2020.09.029
0956-053X/� 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author at: Department of Polymer Engineering, Faculty of
Mechanical Engineering, Budapest University of Technology and Economics,
H-1111 Budapest, Muegyetem rkp. 3, Hungary.

E-mail address: czigany@eik.bme.hu (T. Czigany).
F. Ronkay a,b, B. Molnar a,b, D. Gere a, T. Czigany a,c,⇑
aDepartment of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics, H-1111 Budapest, Muegyetem rkp. 3, Hungary
b Imsys Ltd, Material Testing Laboratory, Mozaik Street 14/A, H-1033 Budapest, Hungary
cMTA-BME Research Group for Composite Science and Technology, H-1111 Budapest, Muegyetem rkp. 3, Hungary

a r t i c l e i n f o
Article history:
Received 6 April 2020
Revised 27 July 2020
Accepted 17 September 2020

Keywords:
Marine waste
Sustainable development
Global environmental change
Microplastic
PET bottle
Recyclability
a b s t r a c t

The increasing amount of marine plastic waste poses challenges including, not only the collection, but
also the subsequent recyclability of the plastic. An artificial accelerated weathering procedure was devel-
oped, which modelled the marine environment and investigated the recyclability of weathered and non-
weathered PET. Marine conditions were simulated for poly(ethylene terephthalate) (PET) bottle material
and high-density polyethylene (HDPE) cap material. It consisted of 2520 h cyclical weathering, alternat-
ing the sample between a salt spray and a Xenon-chamber—this corresponds to roughly 3–4 years on the
surface of an ocean.
It was proved that the molecular weight of PET is a function of weathering time and can be described

mathematically. Microscopic examination of the surface of the PET bottles and HDPE caps proved that
these surfaces were damaged. After weathering, manufacturing tests were performed on the PET material
by extrusion, injection moulding, 3D printing and thermoforming. Quantitative comparison between
products manufactured by the same technology was performed in order to compare the qualities of prod-
ucts made from original PET, non-weathered PET waste, which was the example of classical recycling, and
weathered PET. In the case of products made from weathered PET, certain mechanical and optical prop-
erties (e.g. impact strength and transparency) were significantly impaired compared to the original PET
and the recycled, non-weathered PET. Certain other properties (e.g. strength and rigidity) did not change
significantly. It was proved that the samples from weathered plastic material can be successfully recycled
mechanically and used to manufacture plastic products.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Background

The population of the world is constantly increasing; at the
moment it is 7.7 billion (United Nations, 2019). However, it is pre-
dicted that Earth cannot support more than 10 billion people if the
current trends continue (Kin et al., 2019; Taagepera, 2014; United
Nations, 2019). It has been estimated that 6789 million metric tons
of non-fiber plastics were produced between 1950 and 2017, and
production is growing every year (Geyer et al., 2017; Nova-
Institut, 2015). Much of the plastic is used for packaging, which
becomes waste very quickly. Between 1950 and 2015, about
6300 million metric tons of primary and secondary (recycled)
waste was produced, of which only 9% was recycled, 12% was
incinerated and 79% was deposited in waste dumps or simply
thrown away illegally. Thanks to selective waste collection, less
and less recyclable waste goes to landfill (Geyer et al., 2017), but
it is very important that as much collected waste as possible is
recycled (Czigany, 2020). Unfortunately, due to irresponsible beha-
viour, much of the waste is still deposited or thrown away in the
environment (Tuffi et al., 2018).
1.2. Marine debris – Statistical background

Much data can be found in the literature about the composition
of marine debris; plastic waste is 40–80% of the total amount of
marine waste (see Supplementary Table S1), but only this is in
the limelight because much of the plastic waste floats on the sur-
face of the water, while other waste sinks to the bottom of the
sea (Polasek et al., 2017; Schneider et al., 2018; Bergmann and
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Klages, 2012; Pham et al., 2014; Coe and Rogers, 1997; Iñiguez
et al., 2016).

The first articles on oceanic plastic waste were published in the
early 1970s (Jambeck et al., 2015; Law, 2017). The importance of
this topic has increased considerably in the past decades. The num-
ber of publications with the keywords ‘‘marine plastics debris” has
greatly increased since 1975. It is mentioned in these studies that
most of this marine debris originates from dry land (Andrady,
2011; Jambeck et al., 2015; PlasticsEurope, 2018). The majority of
plastic waste enters the oceans through rivers between May and
October; the 20 most polluted rivers are responsible for two-
thirds of all marine debris (Lebreton et al., 2017). Roughly 18% of
marine plastic debris is attributed to the fishing industry, therefore
marine plastic waste is divided into two main categories: waste
connected to fishing (buoys, lines, nets and other fishing gear)
and consumer plastic waste (buckets, bottles, foamed polystyrene,
bags/films and miscellaneous plastics) (Andrady, 2011; Eriksen
et al., 2014; Galimany et al., 2019). The literature lists different
data about the amount and location of oceanic plastic waste (see
Supplementary Table S2).

Several research projects have found that about 70% of plastic
waste is at the bottom of the sea, 15% floats on the surface of the
water and 15% is on seashores (Iñiguez et al., 2016;
PlasticsEurope, 2018; Whitacre, 2012).

Waste with a density higher than that of seawater (e.g. glass,
metals, rubber, PVC, PS) sinks to the bottom of the sea, while
waste lighter than seawater floats on the surface (e.g. PE, PP, or
PET bottles with air in them) (PlasticsEurope, 2018; Simeonova
and Chuturkova, 2019). However, materials with a lower density
than that of seawater can sink in the water, ending up in deep
water or in the sediment, as deposits on floating plastic (e.g. sea-
shells, algae and sea plants) can, after a time, increase apparent
density to above that of seawater (Andrady, 2017; Cózar et al.,
2014; Fazey and Ryan, 2016; Woodall et al., 2014; Ye and
Andrady, 1991).

The type and proportion of plastics (PE, PP, PVC, PS, PET, PA)
in marine plastic waste and its form (e.g. bottles, film, textile)
is only estimated in most research (Andrady, 2017; Hidalgo-Ruz
et al., 2012; Iñiguez et al., 2018; Li et al., 2016); a review article
summarised 104 articles in which 259,822 metric tons of marine
debris was collected with 16 different methods of collection
(Schneider et al., 2018) but the composition of the waste was
not examined. The estimates may be based on the fact that a
very large proportion of plastics (42%) is used by the packaging
industry, therefore its lifetime is only a few months so it become
waste very quickly (Gere and Czigány, 2018; Geyer et al., 2017).
Also, PE, PP and PA (nylon) are used most in the fishing industry
(Andrady, 2011). Cellulose acetate (the material of cigarette fil-
ters) can be found in considerable amounts on seashores
(Iñiguez et al., 2016).

The literature also often classifies marine debris by size. The
most common classification is microplastics, mesoplastics and
macroplastics, but the size ranges of these are not uniform. For
example, microplastic is defined differently; some researchers call
plastic particles smaller than 5 mm microplastics, while others
define microplastics as plastic particles smaller than 0.5 mm
(Andrady, 2011, 2017; Hartmann et al., 2019). Nowadays most
research is focused on the origin, properties and effects of
microplastics. According to the literature, (Andrady, 2011;
Dauvergne, 2018) there are two kinds: primary and secondary
microplastics. Primary microplastics are microbeads mostly used
in cosmetics and in industrial abrasives as synthetic ‘sandblasting’
media (beads of acrylic plastics and polyester). Secondary
microplastics are formed by larger plastic pieces breaking into
smaller parts, either during use of the product or due to weather
conditions (Andrady, 2017).
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1.3. Collecting and recycling marine plastic waste

Marine plastic debris can be a source of plastic material for
recycling. However, collecting marine plastic waste is more com-
plicated than collecting municipal waste due to the fact that
microplastics on the surface and the bottom of the sea are difficult
to detect and collect (Andrady, 2017). The mechanical recycling of
marine plastic waste also poses a greater challenge than recycling
land-based waste because marine waste can contain a considerable
amount of sand, salt, shells, algae and marine plants, some even
stuck to the surface of the waste. The density of sand and sedi-
ments is typically 2.65 g/cm3, so they can probably be separated
by traditional methods based on density difference (Fazey and
Ryan, 2016; Hidalgo-Ruz et al., 2012; Iñiguez et al., 2016). In addi-
tion to contaminants, degradation induced by weather and the
environment is also a problem. Plastic waste can heat up to 40 �C
on seashores, which further accelerates weathering and degrada-
tion by sunlight. If the same plastic floats in seawater at the same
location, degradation is slower due to the lower temperature
(Andrady, 1990, 2011, 2017; Pegram and Andrady, 1989), and also
because foulants on floating waste filter out some of the solar UVR
(ultraviolet radiation) that is responsible for starting oxidative pro-
cesses (Weinstein et al., 2016). In the case of plastic waste that has
sunk in oceans, degradation is far slower due to the lack of UVB
radiation, lower temperatures and lower oxygen concentration,
therefore the waste is unlikely to break up into smaller pieces
(Andrady, 2011; Muthukumar et al., 2011). According to the liter-
ature, in the case of marine plastic waste, other degradation pro-
cesses (biodegradation, thermo-oxidative degradation, thermal
degradation, hydrolysis) are several orders of magnitude slower
than photo-oxidative degradation (Andrady, 2011). The mechani-
cal degradation caused by waves and the tide can also be men-
tioned. The degradation usually causes chain scission, which
means that the molecular weight decreases and, as a result, the vis-
cosity decreases. These decreases, not only cause problems during
processing, but also affect the properties of products made from
recycled plastic (Duarte et al., 2016; Gere and Czigany, 2020).

In the past decades, the number of publications and projects on
the collection of marine plastic waste has increased. Most publica-
tions focus on ways of reducing marine waste and the biological
effects of marine plastic debris (Schneider et al., 2018). Schneider
et al. (2018) reviewed 132 studies, articles and projects in their
review article, most of these did not deal with the recycling of col-
lected waste at all. Those that include recycling mention mechan-
ical recycling, pyrolysis and incinerating as possible methods, but
none report practical results or uses (Iñiguez et al., 2016;
Schneider et al., 2018).

Natural weathering of oceanic litter takes a long time and
follow-up is difficult, therefore artificial modelling of environmen-
tal effects is necessary to investigate the change of material prop-
erties. There are several methods and standards for the artificial
weathering of plastics (e.g. accelerated weathering by UV (ISO
4892–3, ASTM D1435) or by Xenon arc (ISO 4892–2, ASTM
D2565) (González-López et al., 2020; Vedrtnam et al., 2019;
Wypych, 2013). However, there is no universally accepted method
or standard for the artificial (accelerated) weathering of commod-
ity thermoplastics in marine conditions. For this reason, some
researchers have experimented with simple methods, such as an
aquarium, UV lamp and seawater (Iñiguez et al., 2018).

In summary, increasing effort is being made to collect marine
plastic waste, therefore it is important to prepare for its targeted
recycling. Based on the available literature, little is known about
the morphological changes and the recyclability of PET bottles col-
lected from the oceans and seashores. The goal in this article is to
analyse the morphological changes and the possibility of sec-
ondary processing of PET bottles that have spent years in a marine
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environment by using standard tests modelling an oceanic envi-
ronment. Examining the possible mechanical recycling of weath-
ered waste with the help of manufacturing experiments is the
further goal.
2. Experimental

2.1. Materials

NeoPET 80 (Neo Group, Lithuania) granules with an intrinsic
viscosity (IV) of 0.80 ± 0.01 dl/g were used in the experiments as
original raw material (‘‘original PET”), while PET bottle flakes
(Jász-Plasztik Kft, Hungary) from collected, washed and sorted
post-consumer PET bottles with an IV value of 0.77 ± 0.02 dl/g
were used as secondary material (‘‘non-weathered PET”). Grinding
the bottles had no effect on the surface quality of the plastic and
does not change its chemical and physical properties (e. g. molec-
ular weight, density, crystallinity), only the size.

PET bottles may or may not float depending on several factors,
the most important of which is whether the cap closes properly.
For this reason, the environmental resistance of HDPE (high den-
sity polyethylene) bottle caps is an important question. Post-
consumer bottle caps were used to investigate this.
2.2. Methods

2.2.1. Weathering method
In order to facilitate the accurate tracking of the weathering of

the PET flake and HDPE cap samples investigated, and to make the
weathering process faster, an artificial weathering method was
developed that included artificial UV weathering with dry and
wet cycles and salt spray cycles.

The environmental effects to be modelled are determined by
the environment at the location of the waste. One of the most crit-
ical areas from the point of view of plastic waste is the Great Pacific
Garbage Patch (Lebreton et al., 2018). The weather conditions in
this area can be determined from meteorological databases. Based
on the data, the average sea surface temperature (SST) in the past
ten years has been 21.7 �C (NOOA, 2019), while the average inten-
sity of the sun in the short wave range has been 108.1 W/m2

(Copernicus Climate Change Service, 2019). These were considered
the boundary conditions of the model.

The goal was to create a model that can be universally used,
even on a larger number of samples, and which takes into account
major environmental effects (sunlight, temperature, seawater).

The artificial weathering process consisted of cycles. One cycle
lasted 7 days (168 h) and included one day in the salt spray cham-
ber and six days of weathering in the Xenon chamber.

15 cycles of artificial weathering were performed with a total
time of 2520 h, of which 2150 h was irradiation in the Xenon
chamber. In this time, the total irradiation energy in the 300–
400 nm (UV) range was 465 MJ/m2, which corresponds to roughly
3–4 years on the surface of an ocean.

It is known that the PET is a hydrophilic polymer, even if some
publications define PET as hydrophobic because, due to the polar-
ity of the ester segments, it can generally absorb less than 1% of
water from the surrounding environment, (Benvenuta-Tapia
et al., 2018; Dubelley et al., 2017; Negoro et al., 2016; Zhang
et al., 2019). Therefore, it was proved with experiments that the
hydrophilic PET bottle (wall thickness 0.15–0.35 mm) saturates
in the salt spray chamber in 24 h, after previous drying until the
equilibrium state at 65 �C was reached, and the moisture content
of the samples reaches a state of equilibrium in 144 h (6 days) in
the Xenon chamber. The time to reach saturation and equilibrium
determined the length of the cycles.
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The salt spray cycle was performed in a SF/450 type chamber
(C + W, United Kingdom) in accordance with ASTM B117, with
the use of artificial seawater in accordance with ASTM D1141-98
(Re-approved 2013).

The samples were weathered in a Xenon chamber with a Q-SUN
XE-3-HS device (Q-LAB, USA) in accordance with ISO 4892-2,
method ’A’, a daylight filter and continuous irradiation. The inten-
sity of irradiation was 600W/m2 in the 300–800 nm range. The PET
bottle flakes were evenly distributed on a tray in the Xenon
chamber. The Xenon chamber cycle consisted of two sub-cycles
in accordance with the standard: a 102-minute dry sub-cycle
(65 �C black-standard temperature, 38 �C chamber temperature,
50% RH) plus an 18-minute wet, rain sub-cycle.

Although there is no exact method to determine the weathering
acceleration factor, a factor of 10 to15 can be estimated based on
the fact that the average intensity of irradiation is 6 times that of
natural sunlight and chamber temperature is ca. 16 �C higher than
in nature. This estimation corresponds to the findings of Philip and
Al-Azzawi (2018), who compared the natural and artificial weath-
ering of PET samples and achieved one year of natural weathering
with about 25 days of artificial weathering.
2.2.2. Characterization methods
In the experiments, some of the PET flakes and HDPE caps were

weathered. The degradation of PET bottle flakes was tracked
throughmolecular degradation, which was characterized by Intrin-
sic Viscosity (IV). IV was measured in accordance with ASTM
D4603, and calculated with the Billmeyer equation. The IV value
of the PET material was determined with a computer-controlled
RPV 1 automatic solution viscometer (PSL Rheotek, USA) equipped
with an optical sensor. A phenol-tetrachloroethane mixture
(Sigma-Aldrich, USA) in the ratio of 60/40 w/w% was applied as a
solvent; concentration was 0.50 g/dl, and examination tempera-
ture was 30 �C.

Morphology (crystalline fraction) and melting temperature are
important characteristics from the point of view of processability;
their change in PET bottle flakes was examined as a function of
weathering time with a DSC131 EVO type (Setaram, France) differ-
ential scanning calorimeter (DSC). Heating and cooling rates were
10 �C/min, and the tests were done in a nitrogen atmosphere.
The endothermic peak during the first heating indicates the pro-
portion of the ordered, crystalline part of the material and its melt-
ing temperature, while the exothermic peak in the cooling phase
shows the tendency to crystallize after the thermal history was
deleted. The percentage crystallinity (vc) of the endothermic or
exothermic peaks was calculated according to (Eq. (1)).

vc %½ � ¼ DHm=DH
0
m

� �
� 100; ð1Þ

where DHm [J/g] is the endothermic or exothermic peak area (en-
thalpy) and DHm

0 is the melting enthalpy of a perfect PET crystal
equal to 140 J/g (Wu et al., 2019).

During weathering, the total time was split into 9-day periods,
and IV and DSC tests were performed once in each period on two
samples. From the results, the mean and standard deviation were
determined.

The surface changes of bottle flakes and caps were examined
with a microscope at the end of the weathering process. An EVO
MA10 (Carl Zeiss AG, Germany) scanning electron microscope
(SEM) and a Stemi 508 (Carl Zeiss AG, Germany) stereo microscope
were used. In the case of the PET bottle flakes, there was no evi-
dence that any microplastics were produced. However, signs of
microplastics were noticed during the weathering of HDPE caps.
When the surface of the caps is damaged, microparticles can break
off, which can be determined by measuring mass. An AS60/220.R2
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(Radwag USA LLC, USA) analytical balance was used for this and for
moisture absorption/release measurement.
2.2.3. Processing methods
In order to prove that PET bottle material exposed to marine

conditions can be recycled with widely used plastic processing
technologies, five different manufacturing methods were tested.
The tests were filament and sheet extrusion, injection moulding,
3D printing and thermoforming. The tests were performed, not
only on weathered PET, but also on non-weathered PET and origi-
nal PET. In this way, it was possible to compare differently weath-
ered products exposed to various degrees of degradation.

Using different materials made it possible to examine whether
the additional degradation during recycling is different in the case
of materials of different origin. The parameters and equipment
used for the various processing technologies, were as follows.

Filaments were produced on an LTE 26-48 (Labtech Scientific,
Thailand) twin-screw extruder (L/D = 48, screw diameter:
26 mm). Before extrusion, the materials were dried at 160 �C for
4 h. Zone temperatures between the hopper and the die were
between 245 �C and 270 �C for the original PET and between
230 �C and 260 �C for the different PET bottle flakes. Screw rota-
tional speed was 18 rpm in each case. The diameter of the fila-
ments produced was 1.32 ± 0.12 mm.

Some of the filaments were used for prototype production with
a Craftbot 3 (CraftUnique Kft., Hungary) (dual head) printer. The
temperature of the printing head was 300 �C, while the tempera-
ture of the tray was 80 �C. A nozzle with a diameter of 0.8 mm
and layer thickness of 200 mm was used.

Some of the filaments were granulated and dried at 160 �C for
4 h before injection moulding. This was done in a 50 MEtII (Mit-
subishi, Japan) electric injection moulding machine. Zone temper-
atures varied from 260 �C to 275 �C, and mould temperature was
60 �C. Injection speed was 100 mm/s, holding pressure was
40 MPa and back pressure was 3 MPa. Flat specimens of size
60 mm � 60 mm � 2 mm were manufactured.

Further tests were performed on the injection moulded samples
made from non-weathered original PET material, non-weathered
PET flakes and weathered PET flakes. The functionality of the injec-
tion moulded samples is mostly determined by their mechanical
and optical properties. Mechanical properties were characterized
with tensile and Charpy impact tests, based on the ISO 527-2 and
the ISO 179-1 standards, respectively. The tensile tester was a
3369 (Instron, USA), and crosshead speed was 10 mm/min. For
the Charpy impact tests, a 5113.10/01 impact tester (Zwick Roell
Group, Germany) was used with a 5.4 J pendulum. The tests were
performed at room temperature. In the tensile tests, 3 samples of
each material were tested, while 10 samples of each material were
tested in the case of notched Charpy impact tests.

Optical properties were measured with a spectro-guide 45/0
spectrophotometer (BYK Gardner, Germany) and a haze-gard dual
transparency meter (BYK Gardner, Germany).

Films were produced from the different PET materials with an
LTE 25-30/C (Labtech Scientific, Thailand) single-screw extruder
and an LCR 300 (Labtech Scientific, Thailand) flat film line. The
temperature profile on the extruder (from the feed section to the
die) was 260–265–270–275–280 �C, and the temperature of the
die was 280 �C. The rotational speed of the screw was 100 1/min
and pulling speed was 10 m/min. The width of the films was
270 mm and their nominal thickness was 300 mm.

Thermoforming of the manufactured sheets was carried out on
a VFP-0705-2SL (OVM, Hungary) semi-industrial scale machine. An
aluminiummould was used. During preheating, the 100 �C ceramic
heaters spent 20 s over the sheets, which were cooled with fans for
20 s after a delay of 5 s.
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The structure of the experiments is shown schematically in
Fig. 1.
3. Results and discussion

3.1. Change of PET bottles during weathering

Pictures of the weathering process can be found in the Supple-
mentary Material I.

The Intrinsic Viscosity (IV) of PET characterizes its molecular
weight. Fig. 2 shows the measured points and the fitted function
of how IV changes as a function of time spent in the Xenon cham-
ber. The function can be modelled with an exponential propor-
tional rate decrease function (Eq. (2)). (In Fig. 2 the function is
shown with the dashed grey trend line):

IV tð Þ ¼ IV0 � IVD;1 1� exp �ktð Þð Þ; ð2Þ

where IV (t) [dl/g] is the IV value as a function of time; IV0 [dl/g] is
the initial IV; t [h] is the time spent in the Xenon chamber; k [1/h] is
a proportionality factor; IVD,1 [dl/g] is theoretical IV reduction at
infinite time. The corresponding values from regression analysis
are: IV0 = 0.7698, IVD,1 = 0.2049, k = 0.0018. The detailed statistical
analyses can be found in Supplementary Material.”

According to the fitted model, the IV reduction expected at infi-
nite time is 0.21 dl/g, therefore, in the case of an initial IV of
0.77 dl/g, the IV of the weathered material will probably not fall
below 0.56 g/dl. This value indicates that the material can still be
reused industrially (Frounchi, 1999). Since the decreasing IV tends
to a constant, it can be assumed that, in addition to chain scission, a
small degree of branching also occurs and these two processes pro-
duce an equilibrium of molecular weight (Venkatachalam et al.,
2012). Cross-linking is not likely as, during the measurement of
solution viscosity, there were no insoluble parts indicating cross-
linking (Bikiaris and Karayannidis, 2003).

The surface of PET bottles changed considerably during weath-
ering. Fig. 2 shows the smooth surface of the bottles before weath-
ering and the surface after the full period of weathering. No small
parts broke off, therefore no PET microplastics were created during
the experiment.

Changes in morphological properties were analysed by ANOVA
analysis (statistical details can be found in Supplementary Mate-
rial). The crystalline fraction of the PET flakes did not change signif-
icantly during weathering; it was between 29.9% and 32.5%, with
an average value of 31.4% (Fig. 3/a). The melting temperatures
shown by Fig. 3/b decreased significantly during the weathering.
The cause of this decrease is that UV radiation can damage molec-
ular chains, both amorphous and crystalline parts, on the fold sur-
face of the crystallite, which increases the free energy of the
crystallite. This, in turn, influences melting temperature (Fechine
et al., 2002).

The differences between the crystalline properties of materials
cooled under the same conditions after heating primarily indicate
differences in the molecular structure of the materials. Crystallinity
on cooling (Fig. 3/c) and crystallization temperature (Fig. 3/d) at
the end of the weathering are significantly higher than before the
test.

3.2. Change of HDPE caps during weathering

The full weathering process was also performed on the HDPE
caps of PET bottles. After 2150 h of weathering, the surface of
the caps displayed slight cracking (Fig. 4). The damaged surface
was examined by scanning electron microscope (SEM) and it
was found that the surface was cracked and small plastic particles



Fig. 1. Possible recycling routes of plastic waste. The raw materials of the experiments were original PET granulate and plastic waste. Marine plastic waste was simulated by
artificial weathering with the use of Xenon- and salt spray chambers. In the recycling tests, products were manufactured with different technologies. In the case of extrusion,
thermoforming and injection moulding only photos of the products made from weathered PET are shown, while in the case of 3D printing, photos of all the three types of
product (made from original PET, non-weathered PET and weathered PET) are provided.

Fig. 2. Change of PET bottle properties during weathering. (Left) The change of Intrinsic Viscosity as a function of time spent in the Xenon chamber. (Upper right) The
scanning electron microscope image of the surface of the PET bottle before weathering and (Lower right) after 2150 h in the Xenon chamber.
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broke off. Damage was slight, the mass reduction of the cap was
only 1.5 mg (0.096% of the total mass), but the parts that broke off
were in the range 10–100 lm, therefore they are considered
microplastics.

In the accelerated weathering process (simulating 3–4 years in
marine environment), the damage the caps suffered did not pre-
vent them from closing properly so the bottles they were on would
not have sunk to the bottom of the sea.
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3.3. PET products manufactured with different technologies

The test results showed that all five manufacturing technologies
can be successfully used, even with weathered PET (Fig. 5).

The IVvaluesof thematerials investigatedand theproductsmade
from them with various technologies can be found in Table 1. The
reduction in IV indicates that, at the processing temperature of recy-
cling (250–280 �C), hydrolytic and thermal degradation occurs. This



Fig. 3. The change in characteristics determined by DSC as a function of time spent in the Xenon chamber (A: the crystalline fraction determined from the melting peak
during heating; B: melting peak temperature during heating; C: the crystalline fraction determined from the crystallization peak during cooling; D: crystallization peak
temperature during cooling).

Fig. 4. Change of HDPE caps properties during weathering. Photo and scanning electron microscope images (Left: 0 h; Right: 2150 h in the Xenon chamber).
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degradation is most pronounced during injection moulding, which
can be attributed to the highest processing temperature and the
highest shear rates experienced by themelt. In the case of this tech-
nology, IV decreases by 0.13 ± 0.01 dl/g for the original PET, by 0.2
6 ± 0.01 dl/g for the non-weathered PET and by 0.10 ±
0.01 dl/g for the of weathered PET. Filament and sheet extrusion
cause less degradation. Therefore, during filament production, the
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IV reduction is only 0.08 ± 0.01 dl/g for the original PET, 0.05 ± 0.01
dl/g for the non-weathered PET and 0.02 ± 0.01 dl/g for the weath-
ered PET, while during sheet extrusion the IV reduction is only 0.0
2 ± 0.02 dl/g for the original PET, 0.06 ± 0.01 dl/g for the non-
weathered PET and, finally, 0.03 ± 0.01 dl/g for the weathered PET.

Since the functionality of plastic products is mostly determined
by aesthetics and mechanical performance, the mechanical and



Fig. 5. Products manufactured by different technologies, made from original, non-weathered PET and weathered PET.

Table 1
The IV values of the different materials and the various products manufactured from
them.

IV [dl/g] Product from
original PET

Product from non-
weathered PET
bottles

Product from
weathered PET
bottles

Raw material 0.80 0.77 0.56
Extruded

filament
0.72 0.72 0.54

3D printed
product

0.70 0.69 0.52

Injection
moulded
product

0.66 0.52 0.45

Extruded film 0.76 0.72 0.53
Thermoformed

product
0.75 0.72 0.53

Fig. 6. The impact strength and strain at break of the injection moulded samples as
a function of Intrinsic Viscosity.
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optical properties of injection moulded products were examined.
The transparency of the sample injection moulded from original
PET was 89 ± 3%, the transparency of the sample made from
non-weathered PET bottle was 62 ± 3%, while that of the product
made from weathered PET bottle was 43 ± 2%. There are significant
differences between the results of the three samples. Products
manufactured from weathered PET bottles will, therefore, defi-
nitely not be suitable for transparent products. To characterize col-
our change, the sample made from non-weathered PET bottle was
used as reference and deviation from this in the CIElab colour space
was examined. Difference along the L* (lightness) axis was �20.0
± 0.6 (measured sample is lighter than the reference); difference
along the a* (green–red) axis was 12.2 ± 1.0 (measured sample is
more red than the reference), while along the b* (blue–yellow) axis
it was 22.7 ± 0.9 (measured sample is yellower than the reference).
The results of the three samples differed significantly. The detailed
statistical analyses can be found in Supplementary Material.

These results indicate that the weathered sample became con-
siderably darker and its colour shifted towards red and yellow, in
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other words, significant browning occurred. This can be attributed
to UV radiation and the molecular degradation due to the process-
ing technology.

Mechanical properties on specimens cut out from the injection
moulded samples were measured using tensile and Charpy impact
tests. The tensile strength (52.2 ± 0.8 MPa for non-weathered, and
51.9 ± 1.6 MPa for weathered) and Young’s moduli (1263 ± 15 MPa
for non-weathered, and 1257 ± 49 MPa for weathered are the same
as those of the original material (tensile strength: 52.6 ± 1.8 MPa
and modulus: 1262 ± 56 MPa). The detailed statistical analyses
can be found in Supplementary Material. The toughness of the
samples was characterized by their strain at break (determined
in the tensile test) and their Charpy impact strength. Fig. 6 contains
the results as a function of the IV of the samples. The strain at break
of the specimens made from weathered PET is roughly half that of
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samples made from non-weathered PET or original PET, but their
strain is still over 200%, which is enough for being applied in injec-
tion moulded products.

The impact strength of the specimenmade from non-weathered
PET is 22% lower (3.4 ± 0.7 kJ/m2), while the impact strength of the
specimen manufactured from weathered PET is 37% less (2.8 ± 0.
5 kJ/m2) than the corresponding value of the part made from orig-
inal PET (4.4 ± 0.5 kJ/m2). This is a considerable decrease in tough-
ness. The detailed statistical analyses can be found in
Supplementary Material. In summary, degradation decreased
molecular weight, as a result of which the toughness of the parts
was reduced, and this can limit applicability.
3.4. The prospects for PET recycling

Impaired aesthetics and fragility may limit the usability of
products from recycled weathered plastic but, if necessary, the
negative effects of degradation can be compensated for with differ-
ent methods (e.g. colourants, solid-state polymerization reaction,
chain extender additives (Awaja and Pavel, 2005; Bocz et al.,
2019)).

In summary, it was proved that, even although the PET bottles
may float on the surface of oceans for years, recycling is still possi-
ble after cleaning and sorting. An important task is to find areas of
application, i.e. product ideas from recycled plastic. An example is
presented of a sun cream jar made from an injection moulded pre-
form (Fig. 7). The concept was to make such products from recy-
cled oceanic plastic waste that are connected to the sea; in this
way they indicate that their user supports the protection of the
environment. The blue colour of the product indicates that it was
made from recycled marine plastic debris, and the traditional
international logo of recycling was also redesigned to be wavy so
that it also refers to the recycling of marine plastic waste.

It was shown that the marine plastic debris needs to be col-
lected, not only to protect marine life and the environment, but
also because these plastics can be recycled successfully and so they
can be excellent materials for new products. At the same time, it is
also important that littering and depositing plastic waste should be
stopped as plastics enter the waters due to human negligence. Sus-
tainable development and the future of Earth and humankind
depends on the change of approach to waste, as climate change
as a result of urbanization, the increasing volume of transport
Fig. 7. Product design for recycled, weathered PET bottles.
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and the increasing use of fossil fuels already endangers life on
Earth. Therefore, a lot more attention should be paid to renewable
energy sources and continuous recycling. Teaching people to value
products, whether they are metal, ceramic, wood or plastic is of
paramount importance. It is recommended that the term ‘‘dispos-
able” is replaced with ‘‘recyclable,” and ‘‘single-use” with
‘‘multiple-use” (Czigany, 2020). This can also help today’s dis-
carded plastic waste to become recyclable and valued products.
4. Conclusions

An artificial, accelerated weathering procedure was developed,
with which 3–4 years of exposure in a marine environment was
modelled. It was found that, in this period, the HDPE caps of bottles
are damaged but not enough to let water into the bottle, which
would cause the bottle to sink. It was shown that the material of
the PET bottles is damaged as a result of UV radiation, the molec-
ular chains get shorter but degradation slows with time.

Five processing technologies were tested using the weathered
material. Filaments were successfully manufactured and used for
3D printing, the filaments were granulated and used for injection
moulding and extruding sheets, and thermoformed samples were
produced from the sheets. Injection moulding can be an excellent
choice for recycling as the technology is productive and widely
used, and so it requires a lot of material. For this reason, functional
tests were performed on injection moulded samples. It was shown
that, due to weathering and degradation during recycling, trans-
parency is significantly impaired, and considerable colouring also
occurs (colours shifted towards brown). The strength and rigidity
of the parts does not change noticeably. However, the rigidity of
the recycled parts is an issue which manifested itself in the reduc-
tion of strain at break and fracture energy.
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