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Microplastics (MP) are commonly present in our daily life. Reported studies on MP pollution revealed that
wastewater treatment plants (WWTPs) serve as pathways for MP to enter terrestrial and aquatic
ecosystems, causing adverse effects on the quality of water bodies, aquatic life, and even contamination
of soil and groundwater. In WWTPs, variable MP removal efficiencies from liquid streams have been
reported. However, many MP particles are still discharged into natural water bodies. Concomitantly, the
retention of MP in sewage sludge is reported, and thus, understanding MP fate in WWTPs is of great
significance towards MP management. This review discusses the most recent research focused on the
abundance and removal of MP in WWTPs, the main methodologies applied to MP sampling, extraction,
identification, and quantification in WWTPs, and the current knowledge on MP as transport vectors for
other (micro)pollutants. The transfer of MP from wastewater to sludge raises environmental concerns,
and efforts to optimize the value of sludge within a circular economy are essential. The potential of

bioaugmentation strategies with plastic-degrading microorganisms to enhance MP removal emphasizes
Received 15th June 2023 the i ¢ ¢ ) h alth hit is still in it v st It tial to i d
Accepted 12th October 2023 e importance of ongoing research, although it is still in its early stages. It is essential to improve an

standardize methods for MP sampling, extraction, visual inspection, and chemical quantification in
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Environmental significance

environmental (micro)pollutants and their potential impact on human health is also highlighted.

Microplastics (MP) are gaining wide attention from the scientific community due to their presence in our daily life. Wastewater treatment plants (WWTPs) play
an important role in the spread of MP pollution into the environment. This tutorial review gathers recent relevant work regarding the presence of MP in WWTPs.
Consistent methods for MP sampling, extraction, identification, and quantification need to be optimized. Cost-effective and efficient strategies that can be
readily implemented in WWTPs should be developed aiming to effectively eradicate the release of MP into the environment and protect ecosystems and human
health. Bioaugmentation strategies employing plastic-degrading microorganisms could offer significant benefits in the removal of MP.

1. Introduction

Over the last few decades, the world has witnessed concerns
over water quality and a growing demand for wastewater treat-
ment (WWT) processes to overcome water contamination
resulting from the increase in world population and intensive
industrial activities." The biological process remains the most
appealing approach in WWT, as microorganisms exhibit
a remarkable capability to consume organic compounds,
thereby mitigating wastewater pollution. This, in turn, makes
a valuable contribution to enhancing the overall quality of
global aquatic ecosystems. However, it is known that industrial
effluents play a significant role in water pollution. Moreover, the
discharge of inadequately treated effluents into receiving
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waters, along with the deteriorating quality and diminishing
quantity of accessible groundwater, is having a major impact on
the availability of safe drinking and household water resources.?
Also, in the past few years, with the progress and the develop-
ment of novel products, the pollutant complexity has increased.
The presence of a wide range of contaminants of emerging
concern, known as (micro)pollutants, has led to a high degree of
environmental pollution and to serious health hazards, threat-
ening the quality of life of humans, animals, and plants.*
Microplastics (MP) are included in this group of (micro)
pollutants due to the increasing demand for products of plastic
origin. Over time, all plastic materials gradually degrade into
increasingly smaller pieces, with sizes less than 5 mm.>®
Looking at the numbers, one can verify the extraordinary
increase in plastic production over the last few decades,
considering that in 1950 it was 2 million metric tons (Mt), and
in 2020, it reached 367 Mt, of which 32% was produced in
China, followed by the North American Free Trade Agreement
(NAFTA) (19%).”* Uncontrolled consumption and insufficient
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waste management practices remain the ongoing influx of
plastics into the environment, exerting a substantial influence
on the overall degree of environmental pollution across various
domains such as the atmosphere, water bodies, soil, and sedi-
ment.” Moreover, human exposure through inhalation, inges-
tion, and dermal contact is currently recognized as a primary
pathway, posing potential health hazards.'**>

MP can be categorized into two groups based on their origin:
primary MP and secondary MP."* Primary MP are commonly
found in our daily lives and are used as personal care and
cosmetic products, such as toothpaste, facial and body
cleansers, and more.** Primary MP originates from a diverse
range of sources, including synthetic fibers from textiles,*>'®
polymers after their useful life, and residues from processing
industries. On the other hand, secondary MP result from
various processes, such as mechanical degradation, photo or
ultraviolet (UV) degradation, biodegradation, thermal-oxidative
degradation, hydrolysis, and other mechanisms.™

Since late 2019, a significant increase in plastic waste has
emerged as a result of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) responsible for the viral illness
COVID-19. This remarkable increase in plastic waste can be
attributed to the widespread use of single-use personal protec-
tive equipment, including disposable gloves and face masks."”
The substantial production and consumption of these protec-
tive products in the battle against COVID-19 have quickly
become the primary drivers behind the growth in plastic
production.”*® The global rise in the production of protective
equipment made from polymeric materials such as poly-
ethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC), polyester, polyethylene terephthalate (PET), and
polyether sulfone (PES)'?* has introduced a novel environ-
mental challenge - the emergence of a new source of MP.
Recent reports indicate that COVID-19 is expected to cause
a twofold increase in plastic debris by 2030,*® raising significant
concern.

Concomitantly, MP can be considered vectors or carriers for

several toxicants, including pharmaceuticals,® persistent
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Fig. 1 Sources of MP in the ocean. Adapted from Friot and Boucher.>
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organic pollutants (POP), and heavy metals.”*** This is due to
MP's large specific surface area,” a result of their small
dimensions and irregular shapes, and lipophilic nature,* which
provide numerous sites for interactions, making them able to
absorb or adsorb hydrophobic substances, such as certain
chemicals and (micro)pollutants from their surroundings, thus
constituting an additional risk for the environment. In this
regard, MP may become even more dangerous, transferring
harmful chemicals into the food chain, compromising the
aquatic life and the ecological system.***® Moreover, it was
recently found that MP shows potential as a route for antibiotic
resistance gene (ARG), promoting its dissemination.*”

The sources of MP in the oceans are diverse, with some
originating from industrial wastewater. It is important to
emphasize that the transportation and distribution of MP in
ocean ecosystems involve complex processes, and their origins
can vary depending on geographical location, coastal currents,
and nearby human activities. Moreover, MP can find their way
into water bodies through mechanisms such as machine- and
hand-laundering, leaching, or flooding. Substantial quantities
of MP end up in wastewater treatment plants (WWTPs), which
have been identified both as recipients of MP pollution and as
a primary pathway for MP to enter the environment.”® WWTP
receive MP through multiple pathways: (i) domestic discharge
systems; (ii) discharge into municipal wastewater collecting
systems; (iii) stormwater runoff; and (iv) landfill leachates.*® To
illustrate, synthetic textiles, tires, plastic granules, urban dust,
maritime signaling components, marine coatings, WWTP
effluents, and personal hygiene products (as depicted in Fig. 1)
are among the sources of MP. Fig. 2 provides a schematic
representation of the existing challenges posed by MP in
WWTP. Consequently, it is imperative to explore solutions for
effectively managing these (micro)pollutants.

The European Union (EU) has been at the forefront of envi-
ronmental policy and sustainability initiatives, with a central
strategy being the promotion of a circular economy.***> Within
this framework, the management of wastewater and excess
sludge plays a fundamental role in achieving sustainability
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Fig. 2 Schematic representation of the existing problems of MP in WWTPs.

objectives.** In various regions across the EU, the adoption of
water reuse practices is on the rise.**** This involves utilizing
treated wastewater for purposes such as irrigation, industrial
processes, and cooling, thereby aligning with the principles of
the circular economy. Such practices effectively increase the
lifespan and the usefulness of water resources. Furthermore, it's
important to consider sludge, a natural byproduct of WWT, in
the context of the circular economy. In several EU regions,
innovative approaches have already been implemented for
treating and managing sludge in an environmentally respon-
sible manner, including its conversion into biogas or
fertilizer.’»%>3¢

When sustainable practices are implemented, the recycling
of treated wastewater and sludge can potentially contribute to
the issue of MP pollution, given the presence of MP particles in
these materials. This association can result in adverse envi-
ronmental outcomes, as MP particles have the potential to
infiltrate aquatic ecosystems, agricultural soils, and, ultimately,
pose risks to marine life while potentially entering the human
food chain. These risks highlight the critical need to address the
occurrence of MP particles in wastewater and sludge manage-
ment practices. Such measures are essential to ensure that the
principles of the circular economy are effectively integrated with
efforts aimed at combating plastic pollution and preserving our
environment.

2. Abundance and removal of
microplastics in WWTPs

Globally, WWTP exhibit some level of effectiveness in removing
MP from wastewater, but the estimated removal efficiencies are
often quite variable.*”*' Studies have revealed that several
million MP particles are still released daily through WWTP
effluents worldwide,*»*>** contributing to the dispersion of MP
in aquatic ecosystems.** This is primarily because these treat-
ment technologies are not specifically designed for MP
removal.*>*® Recent reports highlight that the removal rates are
heavily influenced by factors like MP size, density, and shape.*”
Consequently, MP are now recognized as a global environ-
mental issue of significant concern, with numerous studies in
recent years investigating their distribution*® and impacts,*
particularly within marine environments. The reported

1618 | Environ. Sci.: Adv, 2023, 2, 1616-1628

concentrations of MP in wastewater vary widely across different
WWTP, largely depending on the treatment phases, and the
types of polymer materials detected encompass a wide range.
Table 1 provides several examples from around the world,
illustrating (i) WWTPs sampling sites, (ii) the MP content in
liquid streams, (iii) the MP amount, (iv) polymer type and size,
(v) extraction and identification methods, and (vi) MP removal
efficiency.

In general, considering Table 1, it becomes evident that
studies on the presence of MP in WWTPs worldwide exhibit
significant variations. Some studies provide results on the
quantity of MP at different treatment steps, while others solely
focus on the final effluent. Analyzing the MP concentration
across different steps of WWT reveals a substantial decrease
leading up to the final effluent. Consequently, the primary
effluent exhibits the highest MP concentrations, followed by the
secondary effluent. When a WWTP incorporates tertiary treat-
ment, involving for instance filtration, it consistently contrib-
utes to improved MP removal in the majority of reported cases.
This underscores the importance of the various stages within
WWTPs, from primary treatment, through secondary treatment,
and, in some cases, tertiary treatment, in mitigating MP pollu-
tion in the liquid stream. However, there is a notable variability
among different studies regarding the MP concentration
detected in each step. This variability may be linked to the
location of the WWTPs under investigation (urban/suburban),
the proportion of domestic/industrial wastewater entering the
plant, and the specific treatment steps designed to meet the
plant's requirements in a given region. The diversity in the types
of MP and polymers detected primarily correlates with the type
of wastewater entering the treatment plant. Fibers tend to
dominate in wastewater samples, particularly in WWTP influ-
ents sourced from households, indicative of the influence of
laundry and textile washing where tiny plastic fibers are
released from the fabric due to the mechanical stress of
washing, friction, and the use of detergents. Polyesters, PP, and
PE are the most commonly identified polymers.

Removal percentages range from 40% to 99.9%, highlighting
the substantial impact of different treatment steps on waste-
water treatment and MP reduction. Notably, the presence of
various types of tertiary treatment significantly enhances MP
removal.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conducting extensive research on MP in wastewater from
diverse regions worldwide allows for insights into distribution
patterns, sources, and MP behavior. This information can
provide targeted interventions, assess the effectiveness of WWT
procedures, and guide mitigation plans. However, it is essential
to be cautious when evaluating these studies, considering the
methodologies used for sampling, extraction, identification,
and quantification. Moreover, estimates of the quantities or
loads of MP present in water bodies remain uncertain and
should be viewed with considerable concern.

Sludge is produced as a result of both primary and secondary
treatment processes within wastewater treatment (WWT) systems.
The primary treatment phase plays a pivotal role in eliminating
grit, grease, and larger debris and sediments from the raw
wastewater, which is often referred to as primary sludge. Mean-
while, secondary treatment fosters the generation of secondary
sludge due to the active presence of microorganisms. To effi-
ciently manage the diverse types of sludge generated, a systematic
approach is employed. Sludge can be collected and then subjected
to a series of essential procedures aimed at reducing its volume
and stabilizing its composition. These procedures encompass
thickening, digestion, and dewatering processes.

In contrast to the numerous studies conducted to assess MP
in WWTP liquid streams, there has been relatively little research
on sludge (see Table 2). Table 2 reveals significant variability in
the measurement of MP in sludge samples from WWTPs. Some
studies report results regarding the MP content at various stages
of sludge treatment, including both primary and secondary
sludge, while others exclusively concentrate on dewatered sludge,
making direct comparisons challenging. Studies that have
examined the presence of MP in both primary and secondary
sludge show that secondary sludge consistently contains a lower
quantity of MP. This can be attributed to the fact that primary
sludge is typically separated from wastewater at an earlier stage,
allowing larger particles and solids to settle, which means that
primary sludge may capture more MP during this phase.
Secondary sludge, on the other hand, is obtained after biological
processes followed by additional settling. Biological treatment
involves the action of microorganisms that consume organic
materials and can potentially include microorganisms able to
promote biodegradation of MP, thereby reducing their presence
in secondary sludge. Only one study has provided data on MP
levels in sludge after the thickening process (the mixture of
primary and secondary sludge) and aerobic digestion. The results
seem to indicate a lower presence of MP after sludge thickening.
The number of MP at the output of aerobic digestion did not
differ significantly from the output of the sludge thickening tank
(or input to digestion), suggesting that the reduction of MP is not
so evident. Additionally, studies presenting results from dew-
atering sludge showed variable outcomes. Dewatering techniques
are employed to further reduce the moisture content, enhancing
the sludge's handling and disposal properties. However, it is clear
that different dewatering equipment and techniques may have
varying efficiencies in removing MP. Some equipment may be
better suited for capturing small particles, while others may
perform better with larger particles. The increasing reduction of
MP in different steps of sludge processing stages can be also
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explained by the fact that some lightweight MP particles are
separated from the sludge fraction and enter the liquid phase.
Therefore, these MP particles are not removed from the process
but rather return to treatment with the water collected during
sludge processing.

Conventionally, following these processes, the treated sludge
can normally be disposed of in several environmentally
responsible ways. Options include land application as fertilizer,
incineration to recover energy, or disposal in a landfill. The
choice of disposal method is influenced by various factors,
including the composition of the treated sludge and local
regulations governing its management.

It is now widely recognized that a substantial portion of MP
removed during WWT processes ultimately accumulates in
sewage sludge. Each stage of the treatment process can influence
the concentration and properties of these MP.* Given the
considerable volume of sewage sludge generated by WWT
systems, this issue magnifies into a significant environmental
concern, whether in terms of sludge disposal in landfills or its
utilization as a fertilizer.** Consequently, MP can readily find
their way into the environment, especially when sewage sludge is
commonly used for soil amendment in agriculture, releasing
several tons of MP. Furthermore, the presence of MP in excess
sewage sludge, along with various absorbed contaminants,
elevates the potential for a considerable environmental hazard.>
Effective waste management strategies are imperative, necessi-
tating assessments of potential risks associated with soil appli-
cation or sludge disposal and the development of specific
management approaches. This poses a significant challenge to
sustainable agricultural development. To address this challenge,
considerable efforts have been invested in the effective valoriza-
tion of sludge produced in WWTP through various operational
strategies. Notably, sludge digestion has emerged as a promising
option for sludge treatment from a circular economy perspective,
as it converts sludge into biogas and reduces sludge volume.
However, it is crucial to evaluate the impact of MP on sludge
digestion since MP are present in significant concentrations in
the sludge. Recent studies indicate that, in most cases, the toxic
substances released from MP, along with the presence of adsor-
bed contaminants of emerging concern, inhibit methane
production during anaerobic digestion.*

The potential of bioaugmentation during the anaerobic
digestion step of sludge treatment, to boost biogas and
methane production while concurrently degrading MP, has
recently been suggested resulting from the microplastics-
degrading capabilities of several anaerobes.*> However, further
efforts are required to comprehensively examine the mecha-
nisms underlying the effects of MP, such as their forms, particle
sizes, contents, and compositions, on anaerobic digestion.

3. Available methods for the
identification and quantification of
microplastics

The evaluation of MP in WWTPs is a crucial step in under-
standing their prevalence and mitigating their environmental
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impact. This section explores various techniques for sampling,
extraction, identification, and quantification of MP in
WWTPs.*% It also highlights the pressing need for standardized
protocols to facilitate comparisons across studies and effective
policies for combating MP pollution.

The choice of sampling method for MP assessment depends
on the source, whether it's wastewater or sludge. Consequently,
diverse equipment and methods are commonly employed. In
the context of wastewater, the separation process can be ach-
ieved using mesh/sieve filtration with various openings,
enabling the characterization of MPs based on their size.®”
Density separation with a salt-saturated solution, followed by
MP flotation, filtration, and drying is also commonly used.?” On
one hand, filtration facilitates the quantification of MP,
providing valuable data for assessment. This approach is rela-
tively accessible and does not demand specialized equipment.
However, filtration methods can exhibit size-selectivity, poten-
tially introducing bias by favoring larger MP while overlooking
smaller particles. Moreover, filters may become clogged, espe-
cially when dealing with wastewater laden with suspended
solids, hindering the processing of samples. Density separation
demonstrates exceptional efficiency in wastewater treatment,
particularly in effectively separating MP from other particles.
The solution used creates a high-density environment in which
MP are less dense and can float. This facilitates the precise
quantification of MP and is generally not reliant on costly
equipment. However, it's essential to note that density separa-
tion may exhibit selectivity, favoring the capture of larger, less
dense MP while potentially overlooking smaller, denser parti-
cles. Moreover, the presence of organic compounds and salts is
regarded as a bottleneck in these procedures, hindering the
efficiency of the separation process.

For assessing MP in sludge, specialized equipment like the
van Veen grab sampler® or even a metal shovel** is employed for
sampling. After collection, several procedures are used for MP
extraction. One method involves again the density separation
technique as the initial step.””** This process entails mixing,
settling, and filtering to guarantee the removal of salt residues.
In sludge, the limitations of density separation are the same as
those mentioned for wastewater.

To eliminate salts and organic compounds®”* from both
wastewater and sludge, various solutions have been tested, but
the commonly accepted approach involves chemical digestion
with H,0,.%7° After digestion, the sample is typically subjected
to filtration, density separation, or other separation methods to
isolate the MP from the remaining wastewater or sludge
components.*”

Following these procedures, all samples are dried and
subsequently characterized using physical and chemical
methods.

To prevent overestimation of MP in WWTPs, a staining
procedure employing a rose-bengal solution*>*' is sometimes
employed. This procedure distinguishes between MP and other
substances where researchers can visually confirm the presence
and characteristics of MP using fluorescence microscopy. It's
important to note that rose-bengal staining specifically aids in
distinguishing MP from organic and natural particles but
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doesn't provide chemical information about the MP. An alter-
native staining method using a Nile red fluorescence-based
protocol,””*> which has been reported as viable for MP identi-
fication; however is not yet commonly utilized in WWTP
samples. Nile red selectively adheres to MP minimizing inter-
ference from other materials. The intense fluorescence emitted
by stained MP makes them easily detectable and distinguish-
able when examined under a fluorescence microscope.
However, it's worth noting that Nile red staining is most effec-
tive for hydrophobic MP, and less hydrophobic ones may
exhibit weaker fluorescence, potentially leading to underesti-
mations. Like rose-bengal staining, Nile red staining requires
access to fluorescence microscopy equipment. As with other
visual methods, the interpretation of stained samples can
involve subjectivity and may require specialized knowledge for
accurate MP identification.

Visual inspection (without staining) is one of the available
methods for the analysis of MP in wastewater and sludge
samples. It involves the manual observation and identification
of MP and can involve optical microscopy (less expensive than
fluorescence microscopy), including stereomicroscopy,'**”***!
and is commonly complemented by scanning electron micros-
copy (SEM).”>”* These techniques enable the characterization of
MP in terms of size distribution, morphology, and original
color.** However, visual inspection alone has been shown to
yield errors of up to 70% in MP classification, underscoring the
importance of chemical methods for precise MP analysis.” For
instance, one notable recent advancement is the utilization of
polarized-light optical microscopy (PLOM), a technique that
enhances the identification of microscopic particles by
employing crossed polarizers.” However, despite its potential
benefits, PLOM has yet to gain widespread adoption in research
practices.

Several chemical methods are available for investigating the
composition of MP. Some are categorized as destructive, such as
pyrolysis gas chromatography-mass spectrometry’® and
thermo-extraction desorption gas chromatography-mass spec-
trometry.”” These methodologies can incur higher costs due to
equipment and reagent expenses, and they may generate
chemical waste or consume significant energy.

Alternatively, less complex and non-destructive methods,
like Fourier-transform infrared (FTIR) spectroscopy,?*>*°
Fourier-transform infrared microscopy (pu-FTIR)***** and
Raman spectroscopy-based techniques,®***** have gained
prominence for WWTP samples, due to their ability to provide
precise chemical information, non-destructive nature, and
sensitivity to different polymer types. FTIR spectroscopy iden-
tifies functional groups within the polymer molecules, allowing
for the determination of polymer types. p-FTIR offers distinct
advantages compared to traditional transmission FTIR
methods. First, it is designed for analyzing very small samples™
and it can provide high-resolution spectra at the microscale,
making it suitable for studying individual MP. Also, it simplifies
the sample preparation process especially when analyzing small
particles and can offer high sensitivity for the analysis of small
quantities of material.”*”® These beneficial features make this
technique particularly appealing for studying the microscopic
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MP heterogeneities within wastewater and sludge samples. On
the other hand, Raman spectroscopy (despite being more
expensive) can provide information about the distribution of
MP within a sample, making it useful for studying their spatial
distribution in wastewater and sludge. The combination of
visual inspection and chemical analysis is widely accepted for
verifying the presence and identifying the suspected particles
and polymer types of MP in WWTP samples.®®

Considering recent research, it is evident that various tech-
niques have been employed for MP sampling, extraction,
identification, and quantification. However, this diversity in
methodologies presents a substantial challenge in evaluating
the quantities and loads of MP in WWTP and in effectively
comparing results. The lack of standardized protocols makes it
challenging to draw meaningful comparisons across studies,
ultimately hindering our understanding of the extent and
distribution of MP pollution.

To address this issue, future research endeavors should
prioritize the establishment of standardized protocols for the
identification and quantification of MP. By fostering uniformity
in methods, advancements in the field of MP research will be
possible, enabling more precise assessments and facilitating
data interpretation. Such standardization efforts are crucial for
the development of policies and strategies aimed at mitigating
the impacts of MP pollution on both the environment and
human health.

As a practical recommendation, for cost-effective selection,
a density separation, followed by digestion and filtration can be
consider for sample preparation. Afterwards, stereomicroscopy
to efficiently sort and categorize larger MP particles is recom-
mended. This step facilitates the rapid identification of larger
MP particles. Subsequently, for the examination of smaller MP
particles, optical microscopy is advisable due to its higher
magnification capabilities, especially suited for observing MP in
the micrometer range. To achieve a comprehensive character-
ization of MP, incorporating SEM is highly beneficial for
providing high-resolution imaging and structural details, which
prove especially valuable when dealing with smaller MP. Given
the diverse analytical techniques used to explore the chemical
composition and properties of MP, it is recommended to
employ p-FTIR due to its capability to provide in-depth chemical
insights, allowing for the determination of the polymer
composition of MP. This holistic approach ensures effective
identification, categorization, and characterization of MP,
which are fundamental for tracking the sources of MP pollution
and developing effective management strategies.

4. Microplastics as transport vectors
for other (micro)pollutants

Beyond their own direct threats to ecosystems and organisms,
MP have emerged as transport vectors or carriers for various
(micro)pollutants, including heavy metals, pharmaceuticals,
and persistent organic pollutants (POP). According to the main
literature, one of the primary mechanisms through which MP
become vectors for (micro)pollutants is through adsorption.
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Due to their inherent hydrophobic properties, MP can readily
adsorb hydrophobic compounds from their surrounding
environments.*** This adsorption process is particularly
prominent in wastewater, where MP come into contact with
a diverse range of (micro)pollutants. The substantial surface
area of MP relative to their size makes them highly effective at
accumulating these (micro)pollutants. Thus, once (micro)
pollutants adhere to the surfaces of MP, they become physically
associated with these particles. MP can then be transported over
extensive distances within aquatic systems to new locations,
facilitating the dispersion of (micro)pollutants to areas distant
from their initial sources.

Several studies are next reported regarding the interactions
between heavy metals, POP and pharmaceuticals with MP, some
of the reported potential risks to human health, and some
recommendations.

4.1. Heavy metals

Previous research has developed into the adsorption capabil-
ities of MP concerning cadmium (Cd), cobalt (Co), and lead (Pb)
when present in sewage sludge. Remarkably, it was found that
the adsorption potential of MP increased by a factor of ten after
undergoing WWT. This enhancement can be attributed to the
physicochemical alterations that take place in sludge-associated
MP during the treatment process. Additionally, the research
revealed that PE and PP had greater capacities for adsorbing
metals, highlighting their efficacy in this context.* Further-
more, investigations have unveiled substantial adsorption of
lead (Pb), chromium (Cr), and zinc (Zn) onto MP, particularly
those composed of PE and PVC. Notably, the study findings
underscored the critical role played by specific surface area,
porosity, and morphological characteristics of MP in influ-
encing their adsorption capacities. It was also deduced that the
increased adsorption of metals onto MP is mostly due to the
presence of organic matter.** A comprehensive analysis was also
conducted regarding the changes occurring in PA, PE, and PS
MP as they pass through the wastewater pipeline, grit cham-
bers, and biological aeration tanks. In general, the research
revealed an increased adsorption capacity of MP for cadmium
(Cd) following their journey through the wastewater pipeline
and biological aeration tanks, attributable to the physico-
chemical alterations experienced by the MP during this
process.®” In eastern India, a substantial presence of MP in both
surface water and sediment within treatment ponds and in the
associated wastewater canals was found. Notably, these MP
were often loaded with toxic metals such as arsenic (As),
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead
(Pb), and zinc (Zn). The predominant plastic types identified
were PET and PE, which were also detected in fish and macro-
invertebrates residing in the treatment ponds. The study also
unveiled a close correlation between the content of MP in fish
and that in surface water. This observation underscores the
potential risks associated with MP for aquatic biota.*® Addi-
tionally, it was recently reported that the characteristics and
properties of MP and heavy metals in conjunction with envi-
ronmental factors such as pH, salinity, or natural organic
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matter have the potential to influence the adsorption capacity of
MP for heavy metals.®**

4.2. Pharmaceuticals and persistent organic pollutants
(POP)

The adsorption of pharmaceuticals to PA was recently investi-
gated. pH higher than 7 and temperature of 20 °C were found to
be the suitable conditions for the adsorption of three pharma-
ceuticals (propranolol, amitriptyline, and fluoxetine) present in
wastewater. A low desorption capacity was found after waste-
water discharge to the water course, thus indicating that MP is
the main driver of pharmaceuticals for long distances after
discharge.®® The adsorption capacity of sulfamethoxazole
(SMX), an important sulfonamide antibiotic, onto six types of
MP highly present in the environment (PA, PE, PET, PS, PVC and
PP) was previously studied. It was found that PA had higher
affinity for SMX and the adsorption capacity is highly depen-
dent on the pH.* Despite there not being an investigation
carried out in WWTP, it provides significant indicators on MP
adsorption capacity. Recently, MP were studied as vectors for
exposure to hydrophobic organic chemicals (i.e., 17a-ethiny-
lestradiol, chlorpyrifos and benzo(a)pyrene) in fish (Gaster-
osteus aculeatus). The study concluded that chemical sorption,
desorption, and transfer of chemicals in fish are quite depen-
dent on the physicochemical properties of both MP and
chemicals and interactions as well.*”

Although the study was not conducted in WWTP, MP were
analyzed from Taiwan's sandy beaches to assess the presence
and composition of several POP. In addition to POP adhering to
the surface of the pellets, the authors discovered that POP can
penetrate the inner portion of the MP, leading to an increased
capacity for POP sorption.*® Another study focused on the
impact of plastic aging on the sorption capacity of MP (LDPE,
PET, and unplasticized poly(vinyl chloride) (uPVC)) to phar-
maceuticals and pesticides. The research revealed that the
degree of MP aging plays a crucial role in their sorption capa-
bilities. Aged MP exhibited increased sorption capacities for
several pharmaceuticals and pesticides. The authors found that
the extent of sorption depended on the specific (micro)
pollutant, polymer type, and the effectiveness of the aging
treatment.®

4.3. Antibiotic-resistant genes (ARG)

It seems that MP serve as conducive surfaces for microorgan-
isms to attach and form biofilms. These biofilms, characterized
by their slimy texture, play a significant role in the subsequent
adhesion of various (micro)pollutants and harmful microor-
ganisms. This effectively turns biofilms into central hubs for the
transfer of genetic material. The close interactions among
microorganisms themselves and between microorganisms and
(micro)pollutants have a substantial impact on the increased
spread of antibiotic resistance.” The role of MP as carriers of
antibiotic-resistant bacteria (ARB) and pathogens in municipal
WWTPs was recently studied, demonstrating that both PE and
PS MP enhance the development of biofilms exhibiting
sulfonamide resistance. The presence of SMX further amplifies
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the absolute abundances of antibiotic-resistant genes (ARG)
and MP selectively promote antibiotic-resistant and pathogenic
taxa, facilitating the proliferation of ARB and pathogens.*
Although studies have identified variations in the composition
of ARG between MP and their adjacent environments, a unani-
mous agreement regarding the quantity and diversity of ARG on
MP has not been achieved.”” WWTPs often present both ARB
and MP, creating an environment characterized by selection
pressure resulting from the presence of antibiotics and the
coexistence of resistant bacteria. Notable potential for the
enrichment and distribution of pathogenic bacteria and ARG
into marine ecosystems via MP is noticed. Although MP have
been observed to facilitate horizontal gene transfer (HGT), their
precise impact on the evolution and dissemination of antibiotic
resistance among pathogens and environmental bacteria
remains unexplored.”

4.4. Potential risk to human health and recommendations

When released into the aquatic ecosystem, MP can be ingested
by a variety of organisms, and can generally induce adverse
effects on biota,* and consequently, bioaccumulate in the food
chain.® Thus, the spread of MP still represents a neglected
hazard for human health.* Studies suggest that humans could
potentially ingest a significant amount of MP weekly.'*'9%°
Adverse effects on human health may include inflammation,
genotoxicity, tissue abrasion, intestinal obstruction, chronic
inflammation, and more.*****> Research has found the presence
of synthetic polymer particles and fibers in human lung tissues,
primarily derived from commonly consumed plastics like PP
and PE. The COVID-19 pandemic introduced new challenges,
with different mask types posing varying risks of MP inhala-
tion.'**'** Dermal exposure to MP can induce oxidative stress in
epithelial cells and may be linked to various health issues,
including cancer. While dermal exposure is considered less
harmful than ingestion or inhalation, further research is
needed to fully understand the risks and establish safe exposure
limits,**9%1057107

To comprehensively assess the threats posed by MP pollu-
tion to both the environment and human health, it is crucial to
understand the mechanisms governing the interactions
between MP and (micro)pollutants. There are some reports
suggesting that in some cases, the presence of MP reduced the
(micro)pollutants’ bioavailability.’®® Despite a significant
number of studies pointing to the adsorption of (micro)pollut-
ants, the majority of experiments have been conducted in the
laboratory and for short durations. Therefore, to gain a deeper
understanding of the actual and long-term effects of coexisting
MP and (micro)pollutants, it is imperative to conduct extended
investigations. The impact of MP contamination on the
bioavailability of (micro)pollutants may be influenced by
undisclosed factors, highlighting the need for more compre-
hensive and extensive research. Furthermore, research efforts
should encompass the examination of real-world scenarios
involving aged MP in the presence of (micro)pollutants, thus
simulating environmentally realistic conditions. This should
also include an exploration of their potential ecotoxicological
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effects on organisms, as well as an assessment of the associated
risks to the food chain.

5. Conclusions and perspectives

Based on the studies presented in this tutorial review, it is
evident that WWTPs serve as both sinks and sources of MP. This
underscores the significant role that WWTPs play in the
dispersion of MP pollution in the environment. Notably, there is
considerable variability in the efficiency of MP removal within
these facilities. The heterogeneous outcomes can be attributed
to factors such as the treatment process stages, MP character-
istics, and the diverse methodologies employed for the identi-
fication and quantification of MP in WWTPs. The primary
treatment phase has been found to make a substantial contri-
bution to the elimination of MP from wastewater. However, it is
important to note that MP are subsequently transferred from
wastewater to sludge, posing an additional environmental
concern. To embrace a circular economy perspective, there is
a pressing need to explore ways to maximize the value of sludge,
considering aspects such as nutrient and energy recovery.
Nevertheless, the presence of MP introduces challenges and
needs the exploration of methodologies to ensure the sustain-
able and safe use of sludge resources. The incorporation of
bioaugmentation strategies involving plastic-degrading micro-
organisms holds promise for enhancing MP removal from
wastewater and sludge. It is crucial to acknowledge that inves-
tigations into the effectiveness of bioaugmentation for MP
removal are still in their early stages. Furthermore, interactions
between MP and other environmental (micro)pollutants may
amplify the impact of MP on WWTPs, thereby exerting addi-
tional adverse effects on the environment. Investigations into
the impacts of both MP and (micro)pollutants on human health
are still in their early stages. Consequently, in-depth research is
imperative to better comprehend the specific short-term and
long-term effects of MP and environmental factors, as well as
the impact on bioavailability of (micro)pollutants.

There is a crucial necessity to optimize consistent methods
for MP sampling, extraction, identification, and quantification
in wastewater and sludge samples. To analyze MP efficiently
and cost-effectively, sample preparation could involve density
separation, followed by digestion and filtration. Larger MP
particles could be effectively assessed using stereomicroscopy,
while optical microscopy could be employed for smaller MP
particles, SEM for a comprehensive characterization of MP, and
p-FTIR to investigate the chemical composition and properties
of MP. These procedures hold the potential to enhance our
understanding of MP in wastewater and sludge, and standard-
izing them will facilitate global comparisons of results, thereby
improving our comprehension of the fate of MP in WWTPs, its
dispersion into the environment, and its subsequent impacts
throughout the food chain.

In addition to previous recommendations, mitigating the
release of MP into the environment is a global concern
demanding action. To accomplish this objective, it is crucial to
promote interdisciplinary collaborations among scientists,
policymakers, and industries for advancing our knowledge in
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this field and effectively translating research findings into
practical applications. Promoting this collaboration, will enable
the development of effective strategies for eliminating MP
pollution and preserving the health of our ecosystems.
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