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Abstract: The widespread use of polyethylene terephthalate (PET) in bottled water pack-
aging remains significant and is expected to increase further in the coming years. This
trend raises concerns due to the generation of large amounts of waste. The degradation
of PET leads to the release of low-molecular-weight substances and microplastic particles,
which contaminate food products and the environment. This work highlights the signif-
icance of microplastic pollution, summarizes the mechanisms of PET degradation, and
discusses methods for microplastic detection. A key section of the paper explores potential
degradation management strategies, focusing on their applications and existing limitations.
The study underscores the need for coordinated action among the scientific community,
industry, and policymakers to mitigate this pressing environmental challenge.

Keywords: waste management; sustainable development; polyethylene terephthalate; PET
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1. Introduction
Managing food safety and the quality of food products is a key challenge in the mod-

ern world. Food quality is defined as the degree to which consumer expectations are met
in terms of sensation, experience, and the impact of food ingredients on human health. Pro-
viding access to healthy and safe food is a priority that requires a comprehensive approach
that includes strict control and supervision of the entire food chain, i.e., from cultivation
and breeding through processing to packaging and distribution. One of the key roles in en-
suring safe food is played by packaging, the function of which is, among others, protection
against the penetration of various types of contaminants into the product. Modern research
shows that plastic packaging can be a significant source of food contamination, especially
micro- and nanoplastic particles, so-called MPs, which negatively affect the quality of food
products and thus increase the risk to consumer health. These contaminants can be created
during the thermal forming process of the packaging, insufficient binding of substances
contained in the packaging material, or interactions between packaging components and
food that are in direct contact [1]. Under the influence of various environmental conditions,
chemicals contained in plastic packaging can migrate into the product and contribute to
changing the composition or organoleptic characteristics of packaged food. In the case of
bottled drinking waters, where the packaging material is in direct contact with the product,
this is a serious quality problem [2]. Moreover, plastic packaging, as a result of degradation,
releases MP particles into the environment, which pose a significant threat to human health.
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Exposure to microplastics can be considered a risk factor for cardiovascular disease [3];
MPs exhibit proinflammatory activity [4,5], may cause endocrine disruption and infertility
problems [6], and lead to other adverse effects.

The presence of microplastics may hinder efforts towards sustainability, particularly
in waste management and renewable energy generation. For example, MPs can negatively
affect the anaerobic digestion of organic matter during kitchen waste treatment [7,8].
This example demonstrates the far-reaching consequences of MPs, not only from the
perspective of human health but also in the context of developing technologies essential for
sustainable development.

The growing popularity of convenience foods, which are primarily sold in disposable
containers, has contributed to the steady increase in global packaging production year
over year. In 2024 alone, the value of the polyethylene terephthalate (PET) bottle market
amounted to USD 45.50 billion and is forecast to grow to USD 60.30 billion by 2033 [9].
In addition, the amount of plastic waste in 2024 was 220 million tons (an increase of over
7% compared to 2021) of which over 6 billion PET bottles were recycled [10].

The growth of PET packaging production may appear inconsistent with the UN sus-
tainable development goals and EU environmental policy. However, in the Single-Use Plas-
tic (SUP) Directive [11] and the Packaging and Packaging Waste Regulation (PPWR) [12],
there is no limit to the production volume of PET packaging, but there are guidelines on
the amount of recycled PET used in the production of new bottles. In this way, the growth
of the market value may result from the development of the recycled PET segment, which
is in line with the principles of closed circulation. Considering the above fact and the detri-
mental environmental impact of increasing bottled water consumption in PET containers,
the UN and the EU require PET packaging manufacturers to operate in compliance with
sustainable development principles, emphasizing, among other approaches, the circular
economy [11,13].

PET bottle producers are working to align their production with sustainability require-
ments. In 2021, Danone’s Aquas brand became the first in the mineral water sector to use
100% recycled PET (rPET) [14] and Coca-Cola switched to rPET bottles in the Netherlands
and Norway [15]. Other initiatives include the introduction of a deposit return system in
Europe [16,17], which helps increase PET recycling rates, and the use of “super-cleaning”
technology for rPET [18], ensuring food safety standards are met. These actions, along
with Environmental, Social, and Governance reporting and fiscal policies, support a more
sustainable circular economy.

The increasing focus on sustainability also draws attention to the material itself—its
origins, structure, and inherent properties. Polyethylene terephthalate is a polymer that
is part of the polyester group. The first step in the industrial synthesis of PET involves
the prepolymerization of dimethyl terephthalate (DMT) or terephthalic acid (TPA) with
ethylene glycol (EG). The reaction leads to the formation of the intermediate compound
bis(hydroxyethyl)terephthalate (BHET). Subsequently, polycondensation is carried out to
form the polymer. In this process, a catalyst containing elements such as Sb, Ge, or Ti is
used [19]. The obtained product exhibits glass-like transparency and good thermal and me-
chanical properties [19,20]. It is resistant to various compounds, such as oils, fats, aromatic
solvents, chlorinated hydrocarbons, most acids, and diluted alkaline solutions [21].

A significant consequence of PET degradation is the generation of microplastic par-
ticles. According to EU legislation [22], microplastic is defined as a small solid object,
insoluble in water, or wholly composed of synthetic polymers or chemically modified
natural polymers. Microplastic particles have dimensions equal to or less than 5 mm and a
length-to-width ratio of 3 or less. Additionally, microplastic fibers are defined as objects
with a length equal to or less than 15 mm and a length-to-width ratio greater than three.
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Sometimes a more precise definition is provided, distinguishing between (i) nanoplas-
tic as particles with the largest dimension ranging from 1 to 1000 nm, (ii) microplastic
with dimensions from 1 to 1000 µm, (iii) mesoplastic with dimensions from 1 to 10 mm,
and (iv) macroplastic with dimensions of 1 cm and larger [23].

To counteract adverse situations effectively, it is essential to understand the mecha-
nisms of PET degradation. These mechanisms vary depending on the degradation pathway
and conditions [24]. As a result of degradation, not only can MPs be formed [25] but also
different low-molecular-weight chemical compounds can be released [19]. The degradation
of PET depends on various factors, including UV radiation [26], the presence of water [25],
the presence of additives enhancing the material’s properties [27], and even the specific
form in which the PET material appears [25]. Factors occurring simultaneously, such as
the presence of water combined with exposure to UV radiation, interact synergistically,
accelerating the degradation of the material [28].

Previous studies have reported the presence of microplastics in bottled water [29–33].
However, these findings sometimes differ significantly regarding the composition of the
detected microplastic particles. Despite this variability, there is general agreement about
their presence. The discrepancies highlight the urgent need for the standardization of detec-
tion procedures, covering all stages of analysis—from sample collection and concentration
to quantitative determination, shape characterization, and reporting methods [22]. It is
also worth noting that matrix effects and the risk of cross-contamination are significant
challenges in such analyses. While these issues are less pronounced in the case of bottled
water, they still need to be considered carefully. Additionally, the detection of the smallest
particles is crucial, yet it continues to pose significant challenges [31]. The fraction of the
smallest MPs with sizes below 5 µm is considered to be potentially the most hazardous [34].

The aim of this work is to discuss the problem of degradation of polyethylene tereph-
thalate bottles intended for water. The paper aims not only to raise awareness of the
importance of this issue but also to highlight potential management strategies and explore
the application of solutions. The situation is critical and demands prompt action across
various fields. Increasing product stability before use [35,36] while facilitating waste degra-
dation [37,38] are two seemingly contradictory approaches, yet their application could
be a way to minimize the problem. Recycling and the use of reusable plastic bottles are
important solutions, but if they lead to a greater release of microplastics due to reduced
durability or the release of other contaminants, they may ultimately become counterproduc-
tive [32,39]. The discussed topic is complex and requires an integrated approach. Action is
needed across overlapping areas, with collaboration between chemists, scientists, industry,
and policymakers to implement new technologies and guide the direction of change.

To familiarize the reader with the discussed issue, this paper is divided into several
main sections, addressing the significance of microplastic pollution, the mechanisms of PET
degradation and the impact of environmental factors on degradation, detection methods
for microplastics, and PET bottle degradation management strategies. The final section
is the culmination point of the paper. It aims to highlight potential ways to manage the
issue and suggests possible directions for minimizing the damage. Given the complexity
of the issue, integrated strategies are essential. However, it can be argued that there is
significant application potential for solutions, though they will require further development
and legislative efforts.

2. Significance of Environmental and Food Pollution by Microplastics
Market globalization contributes to the increase in the pace of life and the emergence

of new qualitative factors influencing the lives of consumers around the world. The lifestyle
of consumers is changing with an increase in the importance of consumerism, ecological
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and health awareness, and the possibility of using new technologies to quickly and safely
meet their needs. The fast pace of life is accompanied by an increase in the popularity of
convenience foods, mostly available in disposable packaging. A healthy lifestyle is also
fashionable among consumers, resulting from the growing awareness of consumers about
food safety and the role of water in the body. This contributes to the increase in bottled
water sales. In 2022, the average amount of bottled water consumed in EU countries was
121 L per capita. The largest amount of water was consumed in Italy (249 L per capita) [40],
and the least in Sweden (10 L per capita) [41]. In 2023, the share of plastic bottles accounted
for 68.5% of the market share for water packaging.

In 2024, the size of the European bottled water market was estimated at USD
59,547.8 million. It is forecasted that by 2030, revenue from bottled water sales in Eu-
rope will amount to USD 83,302.4 million. The average annual growth rate between 2025
and 2030 is expected to be 5.7%. In 2024, European revenues in the global bottled water
market accounted for 17.1%. In 2030, the Asia-Pacific region is expected to be the world
market leader, with a value of USD 239,316.1 million. Furthermore, by 2033, the global
bottled water market will be worth about USD 551.2 billion, up from USD 328.9 billion in
2023. A compound annual growth rate (CAGR) of 5.3% is forecasted from 2023 to 2033 [42].

Observed trends in bottled water consumption are closely linked to differences in
regional environmental policies, infrastructure, and consumer behavior. In countries with
well-developed access to safe tap water and a high level of public trust—such as Swe-
den—per capita consumption remains low. In contrast, in parts of Southern Europe, bottled
water is often perceived as superior in terms of quality or taste [43]. The continued domi-
nance of plastic packaging raises legitimate concerns regarding the EU’s circular economy
goals. In response, the EU is introducing new regulations—including the Single-Use Plastics
Directive, the Packaging and Packaging Waste Regulation, and initiatives focused on the
development of Deposit Return Schemes (DRSs)—aimed at reducing environmental impact
by increasing collection and recycling rates, mandating recycled content, and enforcing
Extended Producer Responsibility (EPR) [11,12]. These systemic changes, supported by
evolving consumer preferences and the expansion of infrastructure (e.g., water refill sta-
tions), are essential for reconciling market growth with sustainability objectives. However,
it is important to critically note that without stronger enforcement mechanisms, transparent
monitoring, and harmonization across EU Member States, the effectiveness of these policies
may remain limited. There is also a risk that responsibility continues to be shifted dispro-
portionately onto consumers, rather than addressing systemic issues within production
and supply chains.

The increasing trends in bottled water consumption in countries such as China, In-
donesia, and the USA are due to population growth [44]. In developed countries, demand
correlates with increasing consumer wealth. In addition, there has been an increase in the
consumption of bottled water in tourist countries due to the growing number of tourists.
In Italy, however, there is a widespread belief in the health benefits of mineral-rich water
from specific regions of the country, which is in line with current consumer preference
trends. Moreover, worldwide demand for bottled water is driven by the growing shortage
of fresh and clean water (e.g., in India, Thailand, and Brazil) [44]. Another factor is the
development of technology, which enables faster acquisition of cheaper quality water and
water for special purposes (e.g., water enriched with magnesium ions or iodine). There
is also a growing belief among consumers that bottled water is healthier than tap water.
That is why it is becoming fashionable among parents to use bottled water intended for
children from the first day of their life. Availability and reliability are other determinants
of bottled water purchases. The largest share of bottled water sales is represented by PET
plastic packaging. The advantage of water in PET bottles is their lightness, durability,
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flexibility, and widespread availability. PET bottles are designed to be strong, shatter-
resistant, and economically viable, making them particularly attractive to both bottled
water producers and consumers. PET bottles are also highly recyclable, which increases
their appeal in environmentally conscious markets [45]. Moreover, in accordance with legal
regulations, this material is considered safe for contact with food.

Unfortunately, consumers who choose bottled water contribute to a significant and
destructive impact on the natural environment. Increased consumption of PET bottled
water results in increased waste. Data from 2021 indicates that PET waste in the United
States accounted for 44.7% from single-use bottles and 12% of global solid waste [46].
Plastic packaging waste poses a serious threat to the natural environment due to its very
long decomposition time. This is due to the inherent stability of PET, making it highly
resistant to environmental biodegradation. It is estimated that PET bottles can take up to
500 years to decompose, contributing to pollution of the terrestrial and marine environment
through the accumulation of degradation products [47,48]. In the natural environment,
under the influence of atmospheric conditions, PET fragments mechanically and chemi-
cally, resulting in the formation of microplastic particles [23,49,50]. Degradation of plastic
waste in the environment is a key process responsible for the accumulation of MP in the
environment [51,52]. The degradation rate depends on the plastic’s characteristics, the de-
gree of weathering, and the conditions of the natural environment [53]. Nanoplastics pose
a serious threat because, due to their small size, they are extremely difficult to detect and
monitor in the environment.

Studies on the occurrence of plastic decomposition products in the natural envi-
ronment have shown their presence in the air [54], soil [55,56] and water [57,58]. MPs
contamination poses serious threats to the entire food chain. The MPs contamination
pathway from bottles is presented using a modified Holdgate model (see Figure 1).

Figure 1. Paths of contamination from PET bottle decomposition products to the target object.

The analysis of the human (target object) contamination path should start with identi-
fying the sources of pollution and the types of harmful substances. In the case of PET bottles,
harmful substances released during degradation are micro- and nanoplastic particles and
chemicals (including terephthalic acid, ethylene glycol, diethylene glycol, acetaldehyde,
antimony, and bisphenol A) along with other harmful substances deposited on the surface.
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The sources of these contaminants are many, depending on the stage of the packaging life
cycle. These contaminants can be created at any stage of the bottle production process, start-
ing with the production of PET granulate, preforms, and the blowing of bottles. The next
source of pollution occurs when the empty bottles are filled with water and sealed with
plastic caps. During storage, harmful substances migrate from the packaging into water
due to direct contact. Another source of microplastic contamination in bottled water is the
cap, from which particles escape into the water when unscrewed. Once used, PET bottles
become a serious problem as post-consumer waste, ending up in both legal and illegal
landfills, both on land and in water. Some of this waste is recycled and used to produce
new PET bottles or other products (e.g., clothes), which constitute a chain reaction, becom-
ing both a source and a cause of further pollution. The source of the harmful substance
determines the rate of emission of these pollutants. These contaminants can then enter the
human body through various routes, which differ in the time it takes to reach the target
object and the number of links (objects) in the distribution chain:

• Contamination path I degree—contamination reaches the target object very quickly
because the contamination distribution chain consists of object I (e.g., air, water) and
the target object.

• Contamination path II degree—contamination reaches the target object at a moderate
pace because contamination is transferred to object I, from which it goes to object II
(e.g., plants, vegetables, fruit, animals) and reaches the target object.

• Contamination path III degree—contamination reaches the target object slowly be-
cause contamination is transferred to object I (e.g., air), then to object II (e.g., soil),
from which it gets to object III (e.g., plants, vegetables, fruit, animals) and reaches the
target object.

• Contamination path IV degree—contamination reaches the target object very slowly,
as the contamination is transferred to object I (e.g., air), then to object II (e.g., soil),
from which it passes to object III (e.g., water) and to object IV (e.g., fish, seafood,
plants) and reaches the target object.

The amount of harmful substances reaching the human body is determined by the
complexity of the distribution chain. When microplastic particles reach the human body
without passing through intermediate steps, material loss at each stage is minimized,
leading to higher concentrations and increased exposure. It is believed that the shorter
the chain, the greater the amount of substances entering the body. Some of the harmful
substances are excreted from the body (e.g., through sweat, urine, and feces [59]), and some
of them accumulate in the body, contributing to the development of diseases. Figure 2
schematically illustrates the contamination pathways categorized from degree I to IV.

Numerous studies conducted on the accumulation of PET bottle decomposition prod-
ucts in the human body have confirmed the presence of MPs in feces [60], endometrium [61],
placenta [62,63], and even in gallstones [64]. The presence of PET microplastic particles
was also detected in the bone marrow [65] and blood [66,67].

In patients with cardiovascular problems, it has been found that microplastics accu-
mulating in the main artery are responsible for clogging it [3]. In addition, they also affect
blood clotting, cause systemic inflammation, and influence the diffusion capacity of the
lungs [68,69]. Nanoplastic particles pose a very serious problem, as they can penetrate
biological barriers [70,71] and exhibit a higher level of toxicity compared to microplastic
particles [72,73]. MPs from packaging contribute to the development of various serious
diseases and infertility issues [6]. Moreover, it is important to consider their accumulation
in the body from multiple sources [74].
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Figure 2. Contamination pathways (degree I to IV) by which harmful substances (e.g., microplastics)
can enter the human body.

3. Mechanism and Factors Affecting PET Degradation
According to IUPAC, degradation of polymer materials is an alteration in the chemical

structure of these materials that results in unwanted changes of their properties [75]. These
changes may include a change in average molecular weight [25], color and transparency
(plastics become yellow and opaque), as well as mechanical properties (polymers become
brittle) [28]. Degradation, as shown in Figure 3, can be classified based on the factors that
cause it [24]:

• Thermal degradation (factor: temperature),
• Photo-degradation (UV radiation),
• Hydrolytic degradation (water),
• Chemical degradation (chemical substances),
• Mechanical degradation (mechanical factors and stress),
• Biochemical degradation (enzymes or microorganisms),
• Combination of factors above.

Thermal degradation induced by high temperature in the absence of oxygen can be
observed only in a controlled environment. The process primarily begins at the methy-
lene group in the β-position relative to the carbonyl group, which serves as the primary
site for β-scission. This reaction mainly leads to random scission of ester linkages, re-
sulting in the formation of carbonyl-terminated units and carboxylate units terminated
with a vinyl group. Intramolecular hydrogen shift leads to the formation of vinyl alcohol,
which is unstable and rapidly converts into acetaldehyde through tautomerization. Mean-
while, intermolecular reaction results in the formation of ethylene. Additionally, various
other degradation products have been identified, including CO, CO2, aliphatic aldehydes,
tetrahydrofuran, and unsaturated and aromatic hydrocarbons such as butadiene, benzene,
and biphenyl [76,77]. It is worth mentioning that Pirzadeh [78] states that the thermal
degradation rate is insensitive to moisture content, whereas the hydrolysis rate depends
on it.
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In the presence of oxygen and at elevated temperature, thermo-oxidative degradation
occurs, known as Bolland’s cycle. It begins with the formation of side groups in the form
of hydroperoxides on the diester linkage of the polyester chain, which is initiated by the
extraction of hydrogen by oxygen. Next, the hydroperoxides break down, leading to the
formation of macroradicals [24,79].

Photodegradation of PET plastics is initiated by ultraviolet (UV) light. Many studies
have proven that photodegradation of PET occurs through several major mechanisms:
Norrish type I, Norrish type II, and Photo-Fries reactions [24–28,80–83]. A Norrish type I
reaction is a reaction involving radicals in a degradation process. The radicals are created
around the ester bond of the PET polymer chain. These radicals are capable of recombina-
tion, hydrogen abstraction, or reaction with oxygen [27]. During a Norrish type II reaction,
a cyclic intermediate product is created via intramolecular rearrangement of γ-hydrogen.
This unstable product breaks down, which leads to the creation of polymer chains ended
with carboxyl groups and alkenes. The photodegradation process can also cause cross-
linking, which affects the material’s structure. The creation of vinyl ester groups can further
promote cross-linking, leading to the formation of polyenes and other colored compounds,
causing PET to turn yellow [24].

PET is able to undergo hydrolytic degradation in the presence of water at high tem-
perature and pressure. Hydrolysis leads to the formation of terephthalic acid (TPA) and
ethylene glycol (EG). Further transformations may result in the formation of benzoic acid
from TPA and acetaldehyde from EG [84].

There are many products of PET chain degradation, including carboxylic acids,
aldehydes, formates, aliphatic alcohol ending groups, quinones, dimers, anhydrides,
mono- and dihydroxyl PET derivatives, CO and CO2, terephthalic acid, and ethylene
glycol [26,27,80,84–86]. Figure 3 presents the types of degradation mechanisms along with
some of their products.

Figure 3. PET degradation mechanisms and some of their products.
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The degradation of PET in the natural environment is influenced by multiple fac-
tors, including UV radiation, temperature, oxygen, humidity, and mechanical damage.
These factors do not act independently; instead, they accelerate one another, leading to the
simultaneous occurrence of different degradation mechanisms. PET is known to be rela-
tively resistant to hydrolysis and even more to thermo-oxidative and thermal degradation,
which typically does not occur under natural conditions. However, exposure to certain
environmental factors can significantly increase the degradation rate [79,87].

The most important factor influencing PET degradation is UV radiation, as its presence
significantly enhances the process. Shi et al. [83] showed that PET that is exposed to UV
light generates significantly more microplastic fibers (MPFs) than PET that is kept in the
dark. PET strongly absorbs short wavelengths of UV light compared to longer wavelengths.
According to Horne et al. [26], this polymer shows high absorbance at λ = 302 nm. Radiation
at this wavelength does not penetrate deeper into the plastic; degradation occurs primarily
on its surface. In comparison, UV radiation at wavelength λ = 365 nm is less efficiently
absorbed. This property makes long-wavelength light able to penetrate the plastic and
cause degradation not only on the surface but also deeper within the material.

The presence of water is another crucial factor that significantly influences the
degradation of PET. A high water content accelerates the degradation process of the
material [25,28,84]. In a low-humidity environment, PET that undergoes photodegradation
does not show any visible signs of damage, such as yellowing or loss of transparency; there
are only minimal changes in its chemical composition [28]. In wet conditions, PET degrada-
tion undergoes intense degradation. Moisture leads to the hydrolysis of PET, resulting in
the creation of TPA and EG as main products [28,84].

It was proven that PET is not resistant to alkaline solutions. The study of Pfeffier et al. [82]
shows that PET particles would degrade when extracted using solutions of bases (potassium
hydroxide and sodium hydroxide). The strongest degradation effect was observed for a
concentrated NaOH solution. On the other hand, alkaline conditions do not have a great
impact on the deeper parts of PET plastics, as degradation with NaOH solution is confined
to the polymer surface [88].

The way plastics are exposed to water, such as constant submergence or wetting
by sprinkling, influences the mechanisms and types of surface defects. Different surface
changes are observed depending on the form of PET plastic and its production history [25].
As PET degrades over time, its surface contact angle decreases. This change is expected
as the carboxyl groups, which are hydrophilic, are being created by exposure to UV
radiation [26]. Interestingly, at a certain point during degradation, the contact angle in-
creases instead of continuing to decrease. The roughness and heterogeneity of the degraded
surface proved to be the cause of this change.

The temperature at which degradation takes place influences the rate of the process.
A study on degradation at different temperatures (30, 40, and 50 °C) conducted by Ros-
tampour et al. [28] has shown that degradation at 50 °C initiates photodegradation faster.
The study has proven that the creation of carboxylic acid is much faster at 50 °C than at
40 °C and 30 °C. The work of Colnik et al. [84] has shown that higher temperatures promote
PET hydrolysis to TPA and EG. In this case study, increased temperature to 350 °C also
promotes decarboxylation of TPA, leading to the creation of benzoic acid and the degrada-
tion of EG to acetaldehyde. Papers [82,86] show that increased temperature accelerates the
degradation of PET, especially in NaOH solutions.

The introduction of additional compounds in PET alters its stability. The use of UV
stabilizers and different types of coatings on bottles, in general, enhances their mechanical
properties and increases the resistance of plastics to harmful factors, such as UV light and

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Appl. Sci. 2025, 15, 5322 10 of 30

temperature. The impact of different additives on PET bottle properties is described in
detail in Section 5.1.

4. Methods for Detecting of Microplastic Particles
The above sections underlined the significance of microplastic pollution. One of the

key consequences of this problem is the necessity of determining MP content not only in
bottled water but also in other products and environments. Various research teams employ
different methods to achieve this goal. A commonly used approach is chemical imaging,
which utilizes spectroscopic techniques such as FTIR microscopy (µ-FTIR) and Raman
microscopy (µ-Raman) [22,30–32]. These techniques provide detailed information on the
number, size, and shape of microplastic particles. Additionally, the spectral data collected
for each detected particle enable the identification of polymer type. Standardization of
research procedures is certainly justified, creating the need to develop a unified method for
MP detection.

Recently, the European Commission published a decision regarding methods for
detecting microplastics in water intended for human consumption [22]. This document pro-
vides general guidelines for conducting such analyses. The method outlined in the decision
involves several key steps. First, water is filtered through cascade filters, with a minimum
sample volume of 1000 L, to collect the MPs. Sample analysis can be performed either
directly on the filter or after transferring the sample to an alternative support. To identify
the particles, microscopic techniques are used to assess their size, shape, and quantity.
In addition, spectroscopic techniques such as Raman microscopy or FTIR microscopy
are employed to determine the type of material the particles are made of by comparing
the recorded spectrum with a spectral library. The results obtained from these analy-
ses are presented by reporting the number of MPs, expressed as the number of particles
per cubic meter of water. The particles are categorized by their shape, size, and mate-
rial. To simplify the identification process, a pragmatic approach is applied, focusing on
10 priority polymers. The main material of interest in this review, PET, is included in this
group of priority polymers. A properly conducted measurement should be verified by
assessing the recovery of material through the analysis of a sample with a predetermined
amount of MPs. Additionally, the analysis of a blank sample is necessary to determine
background contamination.

The administrative decision has not yet been implemented, yet it has already faced
criticism. Concerns have been raised [31] that due to its restriction to detecting larger parti-
cles, the methodology requires refinement. It is designed for the detection of microplastic
particles larger than 20 µm, while the majority of MPs found in bottled and tap water
are smaller than 10 µm [30,31] (see Figure 4). It is obvious that this topic requires further
research and development of better methodology. Therefore, numerous research teams are
actively working on this issue.

The example of the study [30] shows that there is a great need for guidelines not
only to standardize detection methods and develop improved techniques but also to
establish harmonized reporting criteria [22]. Defining particle size and shape categories is
an undeniable necessity. Moreover, even fundamental aspects, such as data presentation
and concentration reporting, require standardization. For instance, MP concentrations
can be expressed as the number of particles per cubic meter of water [22] or as mass per
volume [31]. Guidelines are also essential to prevent fundamental errors, such as reporting
an excessive number of significant digits or presenting numerical values for measurements
where the uncertainty far exceeds the measured value [30]. Additionally, the lack of basic
statistical analysis further undermines data reliability.
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Figure 4. Cumulated microplastic particle size distribution detected in bottled waters and tap water.
Each line corresponds to a single water sample. Image from Hagelskjær et al. [31], PLOS, CC-BY 4.0.

When it comes to addressing challenges related to analytical methodology, an inter-
esting and perhaps the simplest approach is to exploit the autofluorescence properties
of PET [89]. This method involves either recording the fluorescence spectra of the bulk
solution or using fluorescence microscopy. The first approach does not directly provide
the exact number of particles but rather a general signal proportional to their concentra-
tion. The second allows for the assessment of particle quantity, shape, and size. However,
the question remains open regarding the sensitivity of this method, the lowest concentration
ranges it can detect, as well as its selectivity. The latter issue is likely still relevant despite
the fact that the analyte is dispersed in a relatively simple matrix, such as bottled water.
This method appears to be suitable for strictly defined, synthetically produced samples
with well-known composition, rather than for the analysis of environmental or real-life
food samples.

A variation in the method described above involves using the fluorescent dye Nile
Red. The use of this reagent provides a significant degree of specificity [90]. This
method is well recognized for such measurements and is sometimes considered a standard
approach [91–93]. The procedure involves binding the dye to microplastic particles, fol-
lowed by microscopic observation. However, the detection of less hydrophobic particles,
such as PET, may be somewhat limited [94].

The combination of microscopic observations with spectral techniques offers much
greater specificity and the ability to identify the material of MPs compared to simple
fluorometric techniques mentioned earlier [89,90,94]. While µ-FTIR and µ-Raman are more
complex and expensive, they do have limitations and do not address all the challenges.
Standard FTIR microscopy, for example, struggles with detecting particles smaller than
20 µm, and the resulting spectra may be inaccurate [95]. This led to the use of more
advanced techniques, such as optical photothermal infrared spectroscopy (O-PTIR) and
tunable mid-infrared quantum cascade laser (QCL-IR) technology [96].

O-PTIR is a non-invasive technique that uses the photothermal effect. The sample is
illuminated with IR radiation, causing thermal expansion of the material and a change in
the refractive index, which can then be measured using a narrow visible light beam [97]. Its
advantage is its high spatial resolution, around 450 × 450 nm [98].
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The QCL-IR system includes a set of tunable lasers enabling emission at specific
wavelengths, covering the wavelength range from 1800 to 950 cm−1 [99]. The QCL-IR
method is faster and covers a larger area of the sample, but it has a lower resolution
compared to O-PTIR. The QCL-IR is not suitable for detecting the smallest MPs, ranging
from 1 to 3 µm [96].

A promising modification of Raman microscopy for MP detection is the use of Surface-
Enhanced Raman Spectroscopy (SERS) with a Klarite substrate [100]. The substrate, on
which the sample is placed, contains a dense grid of inverted pyramidal cavities made of
gold, which focus light into hotspots. This structure enables large electric field enhancement.
The prepared surface is then subjected to Raman mapping. The aim of developing this
method was to create an uncomplicated but reliable analytical technique for detecting
particles smaller than 1 µm. Research has shown that the application of this method allows
for the detection and identification of MPs down to 360 nm.

Thermo-analytical techniques, such as pyrolysis gas chromatography-mass spectrom-
etry (py-GC-MS), represent a distinct approach compared to spectral methods [101,102].
This approach was developed in an attempt to address the limitations of IR and Raman
imaging. In this method, polymers undergo thermal decomposition (pyrolysis), followed
by separation using gas chromatography. The resulting degradation products are then
identified based on mass spectrometry analysis. The method requires the prior construction
of a reference library by analyzing known polymer types [22]. By design, thermo-analytical
methods do not allow for the determination of particle number, size, or shape [101]. How-
ever, they enable the assessment of the total mass of the polymer and the identification of
its type.

A novel approach for detecting nanoplastics may lie in the application of biosensors,
including those focusing on measuring electrochemical properties [103]. Commonly, this
type of sensor consists of three main components: a receptor, a transducer, and a read-
ing device. The receptor can be a peptide, a protein (including enzymes), an antibody,
or even a whole cell. It interacts specifically with the analyte, in this case a microplastic
particle. With the help of the transducer, these interactions generate electrochemical or
optical responses.

An example of a sensor from this group is a system with functionalized gold nanopar-
ticles designed to detect PET MPs [104]. In this approach, gold nanoparticles were intended
to be linked with a synthetic peptide exhibiting high affinity for PET monomers and PET
polymeric ligands. The authors proposed a concept for developing a tool for the instanta-
neous colorimetric evaluation of microplastic presence. However, despite its promising
potential, this concept requires practical validation, as the study was based solely on
computational in silico simulations. The microplastic detection methods described in this
section are summarized in Table 1.

The degradation of plastic can also be assessed by examining the migration of low
molecular weight substances into water. These undesirable compounds include, among oth-
ers, antimony trioxide, a catalyst used in PET production, as well as formaldehyde and
acetaldehyde, which result from the thermo-mechanical and thermo-oxidative degradation
of PET [19]. Instrumental analytical techniques, such as liquid chromatography coupled
with mass spectrometry, can be employed to detect these substances [105]. The significance
of this issue is recognized, particularly in the case of recycled PET [39].
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Table 1. Summary of methods used for microplastic detection, with particular focus on the detection
of PET particles in bottled water.

Method Key Parameters and Notes Ref.

FTIR microscopy
(µ-FTIR)

Microscopic imaging, particle identification based
on FTIR spectra. Determination of number, size,
shape and material of particles. Problematic
detection of particles smaller than 20 µm.

[22,95]

Raman microscopy
(µ-Raman)

Microscopic imaging, particle identification based
on Raman spectra. Determination of number, size,
shape and material of particles.

[22,30–32]

Autofluorescence
measurements

Recording of fluorescence spectra of the bulk
solution (does not directly provide the number of
particles) or fluorescence microscopy. Limited to
well defined samples, relatively cheap method but
low selectivity.

[89]

Fluorescence measurements
with dye Nile Red

Dye binding to microplastic particles followed by
microscopic observation. Increased specificity
compared to autofluorescence measurements.

[90–94]

Optical photothermal infrared
spectroscopy (O-PTIR)

IR-irradiated sample thermally expands, refractive
index change detected by visible light. High
spatial resolution below 1 µm.

[96–98]

Tunable mid-infrared
quantum cascade laser
spectroscopy (QCL-IR)

Tunable lasers (1800–950 cm−1). Method fast,
scans larger area, lower resolution vs O-PTIR. [96,99]

Surface-enhanced Raman
spectroscopy (SERS)

Sample placed on Klarite substrate and analyzed
by Raman microscopy. High spatial resolution
below 1 µm.

[100]

Pyrolysis gas
chromatography-mass
spectrometry (py-GC-MS)

Sample undergoes pyrolysis followed by gas
chromatography separation and mass
spectrometry identification. Determination of
polymer type and total mass only; not particle
number, size, or shape.

[101,102]

Biosensor with functionalized
gold nanoparticles

Gold nanoparticles linked with a synthetic peptide
exhibiting a high affinity for PET. Visual or
instrumental, colorimetric detection. Theoretical
concept has not yet been tested experimentally.

[104]

Summarizing this brief overview of MP detection methods, we would like to draw
attention to an important issue. Unexpectedly, data from [31] suggest that polyethylene
MPs may, in some cases, be more abundant than PET in these products. However, other
reports present different findings [30,32]. This highlights the importance of keeping an
open mind, as research findings may not always align with initial expectations.

The methods discussed here focused primarily on analytical techniques for direct
detection of microplastics and other degradation products. However, determining the MP
content is a broader challenge that encompasses several critical aspects. These include,
among others: separation [106,107], concentration, and collection of MPs, matrix removal
(for example, H2O2 digestion [31], Fenton reaction, or enzymatic treatments [101]) and
mitigation of cross-contamination. Filters used for MP collection can themselves introduce
microparticles. To ensure the reliability of results, performing appropriate negative and
positive controls is absolutely necessary. Ultimately, addressing the issue of microplastic
content determination requires a comprehensive approach that covers all stages of the
process, rather than focusing solely on the detection step itself.
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5. PET Bottle Degradation Management Strategies
The European Union has introduced a series of regulations to address the growing

issues of microplastic accumulation in the environment, aiming to reduce plastic waste,
improve recycling efficiency, and mitigate the negative impact on the environment and
human health. Directive 2018/852 on packaging and packaging waste [108] requires
member states to recycle at least 55% of all plastic packaging by 2030. A key element
of the European Union’s strategy to reduce plastic pollution is Directive 2019/904 on
single-use plastics [109], which obliges PET bottle manufacturers to include 25% recycled
materials by 2025, and this rate is expected to increase to 30% by 2030. This directive also
sets collection targets for plastic beverage bottles: by 2025, at least 77% of PET bottles
should be collected, and by 2029, 90%. Additionally, the EU tax introduced in 2021 (the
so-called plastic levy) [110] on non-recycled plastic packaging waste aims to motivate
producers to take greater responsibility for the lifecycle of their products. Implementing
these regulations is crucial in the context of supporting a circular economy, where PET
bottles are reused multiple times or recycled. Furthermore, increasing social and industrial
awareness regarding proper waste management is an important aspect.

Two key strategies, operating at different stages of the PET bottle lifecycle, distinguish
the management of PET bottle degradation, as presented in Figure 5. The first concerns PET
bottles in use and involves preventing their degradation and securing the contents of the
bottles. The second strategy relates to post-consumer PET bottles, i.e., waste, and focuses on
improving the PET degradation process, efficiently processing used bottles, and effectively
removing and monitoring microplastics in wastewater treatment plants. Both strategies
share the common goal of reducing microplastics in the environment and protecting human
health. Although they achieve these goals in different ways, their overarching aim is to
promote sustainable development and environmental protection, which is also in line with
the existing EU regulations regarding the handling of PET bottles.

Figure 5. Strategies for managing PET bottled water degradation.

5.1. Preventing PET Bottle Degradation

The use of various coatings and films on PET bottles is one of the most effective ways
to increase their durability and reduce degradation. This is particularly important from
both an environmental and human health perspective.
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The degradation of PET during the storage of water in PET bottles can lead to the
migration of microplastics and various chemical substances, such as formaldehyde and
acetaldehyde, as well as antimony, which is used as a catalyst in PET production [19,111].
Therefore, it is crucial to monitor the presence of microplastics and harmful chemical sub-
stances in bottled water, as well as to develop more advanced methods for their detection,
which are discussed in Section 4. This approach will allow for more effective monitoring
and quicker identification of potential health risks for consumers.

It is worth noting that exposing PET water bottles to sunlight during transport and
storage can cause the breaking of polymer bonds in the chemical structure, which promotes
the migration of microplastics into the water [33]. Studies indicate that the main source
of microplastics in bottled water is the degradation of PET bottles, which occurs at every
stage—from production, through transport, to consumption [33]. Additionally, UV radia-
tion and high temperatures can lead to the release of volatile organic compounds (VOCs)
from PET bottles, which affects the quality and safety of the water [112]. To minimize these
risks, it is necessary to ensure proper storage and transport conditions for PET bottles,
particularly avoiding exposure to high temperatures and direct sunlight. Additional pro-
tection can be provided by coatings on PET bottles, which limit the contact of PET with
water, thereby reducing the risk of harmful substance migration. Moreover, appropriate
coatings on PET bottles improve their barrier properties, increase thermal and mechanical
resistance, and effectively protect against UV radiation.

Surface modifications of PET to increase their resistance to degradation involve various
materials and techniques. A popular approach is the use of polymer coatings. Poly(vinyl
alcohol) (PVOH) is one of the materials that significantly improves the durability and
barrier properties of PET, particularly in terms of oxygen permeability [113]. Reducing
oxygen permeability not only prevents the oxidation of the contents but also reduces the risk
of PET degradation caused by contact with oxygen. Similarly, polyacrylates, such as methyl
methacrylate-methyl acrylate-diallyl maleate-maleic acid (MMA-MAc-DAM-MA), improve
these properties, although too thick a layer can paradoxically worsen them [114]. Another
solution is hybrid coatings, modified with OVPOSS (octavinyl-polyhedral oligomeric
silsesquioxane), UV-curable [115]. These types of coatings significantly improve the surface
properties of PET, making them more durable and resistant to mechanical and chemical
damage. These coatings also exhibit good thermal stability.

One of the most effective materials used to provide a gas barrier for PET bottles is
silicon-based coatings. Studies have shown that a thin protective layer of silicon oxide
(SiOx), applied to the inner side of the PET bottle using the plasma impulse chemical vapor
deposition (PICVD) process, effectively reduces the permeability of gases such as oxygen
and carbon dioxide [36]. The effectiveness of SiOx coatings in reducing the migration
of substances from PET material into food simulants has been quantitatively assessed
in studies conducted under realistic storage and transport conditions, such as elevated
temperatures (40 °C). Although these studies did not directly cover prolonged UV exposure
or variable temperatures, they evaluate the effectiveness of the coating under conditions
simulating contact with food. The Plasmax technology [116], used in the coating process of
PET bottles, known as FreshSafe and offered by the German PET machinery manufacturer
KHS Corpolast, allows for the creation of micro-thin, glass-like SiOx coatings on PET bottles.
FreshSafe PET bottles can be fully recycled. During the recycling process, the coating is
hydrolyzed using hot caustic lye, which allows for its removal from the inner wall of the
bottle. It is worth noting that the FreshSafe PET protective technology is also suitable
for coating PET bottles made from recycled PET (rPET). Another method is coating PET
bottles with a thin layer of hydrocarbon silicate (SiOC) using the hot wire CVD (chemical
vapor deposition) technique assisted by plasma [117]. SiOC coatings are characterized by
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high gas barrier properties against oxygen, carbon dioxide, and water vapor, and unlike
SiOx coatings, they exhibit stability in contact with various liquids, including neutral
pH beverages.

Another group of materials used to modify the surface of PET is carbon coatings.
Among them, hydrogenated amorphous carbon coatings (a-C:H) [35] and diamond-like
carbon (DLC) coatings [118] are of particular importance. The deposition of carbon films
on PET bottles is carried out using plasma technologies, which allow for the creation
of thin, uniform layers. Carbon coatings on PET bottles significantly enhance their gas
barrier properties, as well as improve their resistance to mechanical and chemical damage,
increasing their durability. Moreover, the use of carbon coatings does not hinder the
recycling process of PET bottles.

Stabilizers, used as additives in plastics, aim to increase the material’s resistance to
degradation. UV stabilizers are added to improve the durability of the plastic under UV ra-
diation. This effect has been confirmed in studies by Fechine et al. [27]. This study focused
on comparing the effects of UV radiation on the degradation of plastic with and without
the addition of a stabilizer commercially known as Tinuvin 1577w. The presence of Tinuvin
1577w stabilizer results in a reduction in the formation of carboxyl groups. Data obtained
from fluorescence measurements showed the formation of monohydroxyterephthalate
derivatives on the surface of PET with the addition of Tinuvin 1577w. This stabilizer primar-
ily acts at the surface level by absorbing UV radiation, thereby delaying the photochemical
degradation of the material’s outer layers. In the context of UV protection, PET surfaces
are coated with titanium dioxide (TiO2) nanoparticles [119]. TiO2 in its non-photocatalytic
form serves as a physical barrier to UV radiation, while also improving the material’s
thermal stability and mechanical properties, such as crack resistance. However, it is worth
noting that the impact of TiO2 on the recyclability of PET composites has not yet been
clearly determined. Another way to reduce UV permeability through PET and improve
the mechanical properties of PET bottles is to produce composite PET bottles using borates
such as takedaite (Ca3B2O6) [120] or calcium metaborate (CaB2O4) [121]. These compounds
act as barriers to UV/visible light, significantly reducing radiation permeability and in-
creasing the material’s resistance to environmental stress cracking. Composites of PET with
other polymers can also delay the degradation process. Shi et al. [83] conducted a study
that compared the photodegradation of pure PET and PET composite with polyurethane
(PET-U). The results indicated that the addition of polyurethane (PU) significantly delays
the degradation rate of the material. Despite the lower degradation rate, the PU and PET
mixture still generates significant amounts of micro- and nanoplastics. Furthermore, this
study demonstrated a decrease in the average molecular weight for both pure PET and
PET-U composite.

To date, no studies have quantitatively compared the effectiveness of different UV
stabilizers—such as Tinuvin 1577w, TiO2 nanoparticles, and borate compounds—under
identical experimental conditions using the same type of PET and testing protocols. Most
available studies assess these additives separately, under varying test parameters, which
limits the ability to perform reliable comparative evaluations. Therefore, we emphasize
the need for further coordinated research encompassing different classes of UV stabilizers,
conducted under standardized and realistic environmental conditions while also consid-
ering their long-term effects on PET material durability, health and environmental safety,
and recyclability.

In summary, although the available literature data indicate the benefits of using protec-
tive coatings in terms of improving the barrier properties of PET bottles and their resistance
to UV radiation, there is a lack of extensive studies that, under realistic storage and trans-
port conditions (e.g., prolonged exposure to sunlight and temperature fluctuations), would

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Appl. Sci. 2025, 15, 5322 17 of 30

evaluate both their effectiveness and the potential risks associated with the degradation
and migration of substances from the coatings themselves into bottled water. Therefore,
it is advisable to conduct further research aimed at quantitatively assessing the effective-
ness and stability of coatings and identifying potential chemical hazards associated with
their use.

Moreover, the use of coatings and additives on PET bottles poses a significant challenge
for recycling and upcycling, even though they significantly improve barrier properties,
increase resistance to degradation, and provide protection against harmful substances [122].
These coatings can hinder material recovery, making recycling processes more complex
and time-consuming. Therefore, despite their positive impact on the durability and quality
of the bottles, it is necessary to further develop solutions that will enable easier processing
of PET bottles after their use. A summary of the strategies for preventing PET bottle
degradation is presented in Table 2.

Table 2. Summary of strategies for preventing PET bottle degradation.

Preventive Measure Key Characteristics and Potential Drawbacks Ref.

Proper storage and transport
conditions

Avoiding high temperatures and sunlight due to
their impact on PET stability. [28,112]

Surface modifications with
polyvinyl alcohol (PVOH)

Improves durability, limits oxygen permeability.
Limits PET degradation by oxygen. [113]

Surface modifications with
MMA-MAc-DAM-MA

Limits oxygen permeability, too thick layer has
adverse effect. [114]

Hybrid coating with
octavinyl-polyhedral
oligomeric silsesquioxane

Surface more resistant to mechanical and chemical
damage. Coating has good thermal stability. [115]

Silicon-based coatings
Protective layer of SiOx or hydrocarbon silicate
applied to the inner side of the PET bottle.
Reduced gas permeability, including oxygen.

[36,116,117]

Carbon coatings

PET surface modified by hydrogenated
amorphous carbon coatings or diamond-like
carbon coatings. Enhancing gas barrier properties,
surface more resistant to mechanical and chemical
damage. Bottles may be recycled.

[35,118]

TiO2 nanoparticles coatings UV protection, increased thermal stability. [119]
Addition of UV stabilizers
(Tinuvin 1577w)

Improves durability, reduces formation of carboxyl
groups. [27]

PET composites with
Ca3B2O6 or CaB2O4

Improves mechanical properties, reduces UV
permeability. [120,121]

PET composites with
polyurethane (PET-U)

Delays degradation but composite still generates
microplastic. [83]

5.2. Improving the Efficiency of Waste Management

PET, as one of the most commonly used polymers for bottle production, is character-
ized by high strength and stability. However, these same properties make its degradation in
the environment a long-term process [48]. As a result, its accumulation in ecosystems poses
a significant environmental threat. Improper disposal of this material further exacerbates
the problem, making it necessary to implement effective methods to reduce its negative
impact on the environment.

To reduce the amount of PET waste and improve its degradation, various approaches
have been developed, including biodegradation, biological and mechanical recycling, chem-
ical recycling, and upcycling. Each of these solutions aims to increase the efficiency of
material reuse or accelerate its decomposition. The effectiveness of PET bottle recycling and
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upcycling processes largely depends on the effective segregation and classification of waste
by type of plastic. However, the segregation process poses significant technological and
economic challenges, as many products contain various components and types of plastic,
which significantly complicates their separation [46,122]. Pinter et al. [123] emphasize that
the quality of the input material, including the presence of contaminants or fragments of
other polymers, has a significant impact on the final purity of the recycled PET. The effec-
tiveness of recycling can be improved by implementing mono-collection systems, in which
only food-grade PET bottles are selectively collected. This solution provides better results
than co-collection systems [124]. Additionally, the use of artificial intelligence (AI) in the
sorting process allows for precise identification and removal of non-PET containers from
the recycling stream, significantly improving the efficiency of segregation and the quality
of the obtained rPET [46].

5.2.1. Biodegradation and Biological Recycling

Microorganisms capable of degrading PET, which can even assimilate the products
of degradation, represent one of the solutions to the problem of plastic pollution in the
environment. Reduced human involvement in the PET biodegradation process is a sig-
nificant advantage of this approach. This process is natural but usually very slow. Many
microorganisms capable of breaking down PET have already been discovered, and some of
them have been genetically modified to improve the efficiency of this process.

One of the most recognizable microorganisms degrading PET is Ideonella sakaiensis.
This gram-negative bacterium was isolated in 2016 in Sakai, Japan, from samples taken
from a PET bottle recycling site [125]. This bacterium has a unique ability to break down
PET using two enzymes: PETase and MHETase. PETase hydrolyzes PET into mono(2-
hydroxyethyl) terephthalate (MHET), which is then converted by MHETase into tereph-
thalic acid and ethylene glycol. These end products can be utilized by the bacteria but
also harvested for further applications, such as in industry. Studies have shown that
Ideonella sakaiensis grows exclusively on amorphous regions of PET while areas with high
crystallinity do not support its growth [126]. This indicates the significant impact of PET
bottle crystallinity on their enzymatic degradation and recycling process. Most PET bottle
surfaces used for water packaging are made of highly crystalline PET, which hinders their
enzymatic breakdown. In contrast, low-crystallinity PET is much more susceptible to
enzyme action [127]. To improve the efficiency of biodegradation and enzymatic recycling
of PET bottles, it may be crucial to apply techniques that modify their crystallinity, such as
rapid cooling of molten PET, leading to a more amorphous structure [126].

Protein engineering enables the design of modified enzymes that hydrolyze PET,
significantly improving the efficiency of its degradation. An example is the engineering of
PETase, with modifications aimed at increasing the enzyme’s thermal stability and activity.
The IsPETase triple mutant exhibits significantly higher thermal stability and degradation
efficiency compared to the wild-type PETase [128]. Additionally, Tournier et al. [129]
developed an improved variant of leaf-branch compost cutinase (LCC), which achieves at
least 90% PET depolymerization into monomers within 10 h at a temperature of 72 °C. This
process, based on the enzymatic depolymerization of PET waste, allows for the reuse of
monomers to produce new bottles, thereby supporting the concept of a circular economy,
where PET can be cyclically used in packaging production. Studies have shown that PET
obtained through biological recycling exhibits the same properties as PET produced from
petrochemical raw materials.

One of the solutions to increase the efficiency of PET degradation could be enzyme
engineering based on machine learning. Using this approach, Gupta and Agrawal [130] de-
signed a mutated PETase enzyme that exhibits activity at a higher optimal temperature and
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is characterized by thermostability, enabling more effective PET degradation. Additionally,
Lu et al. [37] applied machine learning to design a new PET hydrolase, named FAST-PETase.
They found that this variant exhibits significantly higher hydrolytic activity towards PET
water bottles compared to wild-type PETase and other modified variants. FAST-PETase is
capable of almost completely degrading pre-treated PET bottles at a temperature of 50 °C
in less than 2 weeks. Moreover, at this temperature, FAST-PETase can also depolymerize
untreated, amorphous parts of commercial water bottles and whole bottles subjected to
thermal treatment.

One of the key challenges for enzymatic PET recycling is its variable crystallinity,
the presence of contaminants, and additives in actual post-consumer waste streams. Al-
though enzymes such as FAST-PETase, modified LCC, and IsPETase variants exhibit high
activity under laboratory conditions, particularly toward amorphous PET, their effective-
ness in more complex environments (e.g., highly crystalline PET, laminates, or in the
presence of contaminants) remains limited and requires further verification. Thus far,
studies on these enzymes have mainly looked at processed samples that are less crystalline,
which helps evaluate their potential but does not truly represent real industrial situations.

To accelerate PET biodegradation, it is essential to use enzymatic synergy, where differ-
ent enzymes work together in the degradation process. In their study, Mrigwani et al. [131]
suggested using two different enzymes that work well together: leaf-branch compost cuti-
nase and thermostable carboxylesterase (Thermus thermophilus carboxylesterase). The first
enzyme degrades the PET surface, while the second hydrolyzes intermediate degradation
products. This approach enables the complete breakdown of PET products into terephthalic
acid (TPA) and ethylene glycol (EG).

Combining the action of enzymes and microorganisms can lead to more effective
degradation of PET microplastics during high-temperature composting [132]. The pres-
ence of microbiota, such as Acinetobacter and Bacillus, without the addition of enzymes,
contributes to a 26% reduction in PET. However, introducing PET hydrolase (WCCG,
a quadruple variant of LC-cutinase) into the compost triggers a chemical reaction with PET,
reducing the population of plastic-degrading bacteria, leading to a 35% degradation of PET.

Effective degradation of used PET bottles can be achieved by integrating chemical
and enzymatic methods [38,133]. Studies have shown that mild alkaline pre-treatment at
25 °C. modifies the PET surface, reduces its crystallinity, and increases PETase accessibility
to hydrolyzed bonds, significantly improving degradation efficiency [38]. Additionally,
pre-treatment of PET bottles using microwave irradiation supports enzymatic plastic
recycling [133]. This process effectively shortens PET polymer chains and induces favorable
conformations, increasing their availability for enzymatic hydrolysis.

5.2.2. Mechanical and Chemical Recycling

Mechanical recycling is one of the most commonly used methods for processing PET.
In the first stage, bottles are ground into small pieces, which are then washed to remove
impurities. The next step is melting the PET flakes, which allows for the production of resin
used to create new bottles. This process is energy- and cost-efficient, contributing to the
reduction in greenhouse gas emissions and preventing the accumulation of waste in landfills
and oceans [134]. Unfortunately, with each recycling cycle, PET loses its original properties
and becomes increasingly brittle [135]. Additionally, due to multiple processing cycles,
the material may contain more additives, such as dyes, toners, or catalysts. Therefore,
repolymerization becomes necessary, which involves additional costs and reduces the
overall efficiency of the process [46]. Despite these challenges, the mechanism of mechanical
recycling is well understood, and its cost-effectiveness makes it widely used [136].
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Chemical recycling involves depolymerizing the PET polymer into its original com-
ponents, i.e., monomers or smaller oligomers, which can then be repolymerized into
a new polymer. This process may also include solvolysis, which involves dissolving
the polymer for subsequent purification [46,135]. Several methods of chemical recycling
can be distinguished, including hydrolysis, which breaks down PET into ethylene gly-
col and terephthalic acid under acidic, alkaline, or neutral conditions, elevated pressure,
and temperature [46,135,136]; alcoholysis, in which PET reacts with alcohol, most com-
monly methanol or ethylene glycol, being a commercially used method [46,135,136]; pyrol-
ysis, which leads to the production of fuel compounds [134,136]; and the less studied but
promising aminolysis, yielding aminoderivatives of terephthalic acid [46,135,136].

The main advantage of chemical recycling is the ability to obtain pure, high-quality
material even from heavily contaminated waste [46], making it easier than mechanical recy-
cling. Unfortunately, this process involves high complexity, resulting in higher energy costs
and the need for catalysts [134] and may also lead to the generation of environmentally
toxic waste, such as residues from acids and amines [136]. Therefore, chemical recycling is
most often used as a complement to mechanical recycling [46,136]. Additionally, in the case
of mixed waste, particularly when it is colored, the formation of black residue in the final
product may occur [136]. This occurrence is mainly due to the degradation of pigments,
dyes, and other additives at high temperatures (e.g., during pyrolysis). Furthermore, impu-
rities like PVC found in mixed waste can cause PET undergo undesirable decomposition
reactions, create unwanted byproducts, and leave more black residue [137,138]. These
contaminants disrupt the PET decomposition process, reducing the efficiency of recycling
and the quality of the obtained products.

5.2.3. Upcycling

Upcycling PET bottles is an effective method of reducing plastic pollution, contributing
to the “waste to resource” strategy, and supporting sustainable development. This process
involves transforming PET waste into products of higher value and durability. However,
it requires advanced technologies and specialized skills, which can be a barrier to its
widespread implementation [134]. PET upcycling can lead to the creation of new materials
in various industries, including textile production [134]. An interesting example is the
conversion of used PET water bottles into high-performance activated carbon, which can
be used in electrochemical processes such as water desalination [139]. Using PET bottles
to produce activated carbon electrodes reduces plastic pollution and contributes to the
development of electrode materials, offering economical and energy-efficient solutions for
water desalination. Another approach is converting PET bottles into hydrogel materials
through aminolysis, enabling their use in water purification processes, particularly in the
removal of industrial dyes [140]. This solution represents an interesting way to recycle
plastic waste and transform it into materials with adsorptive properties. In the context of
construction, PET bottle waste has also been used as an additive to asphalt pavements [141].
Studies have indicated that the addition of processed PET bottles to stone mastic asphalt
(SMA) improves the mixture’s properties, including resistance to permanent deformation,
contributing to the extended durability of road surfaces. However, when developing
such materials, it is important to ensure that they themselves do not become a source
of microplastics [142]. Further technological innovations in PET bottle upcycling will
contribute to more effective management of plastic waste.

5.2.4. Monitoring and Removing Microplastics in Wastewater Treatment Plants

Microplastics enter wastewater systems in various ways, and one significant source of
their presence is the recycling of PET bottles and other plastics. Recycling has a positive
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impact on waste management, but this process also contributes to the emission of MP pollu-
tants [143]. Wastewater treatment plants play a crucial role in retaining microplastics, serv-
ing as the last barrier before they enter the environment [144,145]. Filter-based technologies,
such as membrane bioreactors (MBRs) and rapid sand filtration (RSF), are highly effective
in removing microplastics, achieving efficiencies of 99.99% and 97%, respectively [146].
Nevertheless, some microplastics remain in sewage sludge, which can become a secondary
source of soil and groundwater contamination, posing a threat to ecosystems and public
health [143,147,148].

One promising solution to this problem is the application of enzymatic technologies
that enable the biodegradation of PET microplastic particles. Particularly effective in this
process are Comamonas testosteroni bacteria. These organisms can significantly enhance the
efficiency of wastewater treatment and reduce the amount of particles accumulating in
sludge [149,150].

In addition to implementing new treatment technologies, it is equally important
to monitor microplastics in wastewater and sludge. Spectroscopic methods are most
often used for this purpose because they accurately identify and analyze microplastics in
environmental samples [147,151,152]. Methods for detecting microplastics are described in
detail in Section 4.

Due to the growing threat posed by the presence of microplastics in waters discharged
into the environment, the European Union adopted Directive 2024/3019 [153], which
obliges member states to implement more effective technologies for treating and moni-
toring microplastics in both wastewater and sewage sludge. According to this directive,
wastewater treatment plants should implement additional treatment stages, known as
fourth-stage treatment, aimed at removing microplastics from wastewater before it is re-
leased into the environment. Compliance with these regulations is crucial for environmental
protection and public health.

6. Conclusions
The degradation of PET in bottled water packaging poses a serious threat to both public

health and the natural environment. To mitigate the negative impacts of this phenomenon,
it is essential to implement two strategies for managing PET degradation: protecting PET
bottles in use from degradation and improving the degradation process and efficient pro-
cessing of post-consumer PET containers. Despite apparent contradictions, these strategies
are complementary, operating at different stages of the PET bottle life cycle. Their overar-
ching objective is to minimize the harmful effects of PET degradation on ecosystems and
human health.

In the context of PET bottles in use, it is crucial to coat them with special protective
coatings and films that can significantly reduce their degradation, enhance their barrier
properties, increase their resistance to UV radiation and other external factors, and prevent
the migration of PET degradation products and harmful chemicals into drinking water.
Although these coatings effectively increase consumer safety and promote the idea of
a circular economy, they can simultaneously hinder the subsequent recycling process.
Therefore, it is necessary to further improve protective coating technologies to combine
the extension of bottle durability with the possibility of their efficient processing. Actions
within this strategy also include monitoring the presence of microplastics and chemicals in
water and ensuring appropriate storage and transportation conditions for the bottles.

Regarding post-consumer PET bottles, technologies that accelerate their breakdown,
such as the use of enzymes and microorganisms, are of key importance. The development of
PET biodegradation methods creates an opportunity for more effective elimination of plastic
waste from ecosystems, thereby minimizing its long-term impact on the environment and
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human health. Effective management of post-consumer PET bottles also requires improving
recycling and upcycling processes to maximize the use of recovered material and reduce the
amount of waste entering the environment. It is crucial to streamline plastic waste sorting
systems and increase public awareness about proper waste segregation. An important
element of this strategy is also the implementation of more efficient technologies for
cleaning and monitoring the presence of microplastics and degradation products in both
wastewater and sewage sludge. Strengthening these actions in wastewater treatment plants
will allow for more effective protection of the environment and human health.

Despite significant efforts undertaken to understand the degradation processes and
factors contributing to microplastic contamination, many fundamental issues remain unre-
solved. For example, there is a lack of studies and data concerning the relationship between
low molecular weight degradation products and the formation of microplastics, as well as
analyses of the conditions influencing this relationship. The development of a mathematical
model describing the migration paths of microplastics in the environment, particularly
one based on well-established principles such as Fick’s law, would be beneficial. This task,
however, poses a considerable challenge, as it would need to account for highly variable
environmental conditions and include a wide range of parameters describing the system.
Nevertheless, such a model could support the design of strategies aimed at reducing the
risks associated with microplastic pollution. A major unresolved challenge remains the lack
of defined dose–response relationships and toxicological limits for micro- and nanoplastics
in the human body. Further research is needed to define the physiological limits at which
MPs transition from inert to pathologically active substances. Identifying these knowledge
gaps is important, as it helps to define future research directions.

Addressing the problem of PET bottle degradation requires a comprehensive approach
that includes legal regulations, the development of new technologies, improvement of
recycling processes, and actions to increase public awareness about the impact of this
phenomenon on health and the environment. Promoting responsible waste management
is also an important element. Achieving sustainable development goals and reducing
microplastic pollution will only be possible through close cooperation between the scientific
community, industry, and institutions responsible for shaping environmental policy.
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CAGR compound annual growth rate

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Appl. Sci. 2025, 15, 5322 23 of 30

CVD chemical vapor deposition
DLC diamond-like carbon
DMT dimethyl terephthalate
DRS deposit return schemes
EG ethylene glycol
EPR extended producer responsibility
EU European Union
LCC leaf-branch compost cutinase
MBR membrane bioreactor
MHET mono(2-hydroxyethyl) terephthalate
MMA-MAc-DAM-MA methacrylate-methyl acrylate-diallyl maleate-maleic
MP microplastic
MPF microplastic fiber
µ-FTIR FTIR microscopy
µ-Raman Raman microscopy
O-PTIR optical photothermal infrared spectroscopy
OVPOSS octavinyl-polyhedral oligomeric silsesquioxane
PET polyethylene terephthalate
PICVD plasma impulse chemical vapor deposition
PPWR Regulation EU Packaging and Packaging Waste Regulation
PU polyurethane
PVOH Poly(vinyl alcohol)
py-GC-MS pyrolysis gas chromatography-mass spectrometry
QCL-IR tunable mid-infrared quantum cascade laser technology
rPET recycled PET
RSF rapid sand filtration
SERS Surface-Enhanced Raman Spectroscopy
SMA stone mastic asphalt
SUP Directive EU Directive on single-use plastics
TPA terephthalic acid
UV ultraviolet
VOC volatile organic compound
WCCG quadruple variant of LC-cutinase
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