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Abstract: Plastic pollution in water is becoming increasingly alarming due to the annual increase in global plastic
production. Micro- and nanoplastics (MNPs) have been detected in drinking water sources and tap water, raising
concerns about the effectiveness of drinking water treatment plants and the public health of people who consume
tap or bottled water. This article presents a systematic review of the available knowledge on the global occurrence
of MNPs in drinking water sources and treated water, tap water, and/or bottled water. Data on the occurrence and
properties of MNPs (polymer type, shape, and size) are presented. It also discusses the effectiveness of MNPs removal
in various unit processes used for drinking water treatment, including coagulation, flocculation, sedimentation, sand
and membrane filtration, adsorption, advanced oxidation processes, and disinfection. Attention is also drawn to the
health risks posed by MNPs present in drinking water. Currently, there still appear to be gaps in research on MNPs
removal in drinking water treatment. This article therefore discusses the potential challenges, strategies, and research
needs related to the occurrence and removal of MNPs in unit processes used in drinking water production.

Introduction

Global plastic production in 2024 amounted to 430,9 million
tons, of which 15.4% was recycled plastic, and 1.5% was bio-
based plastics (Plastics - The Fast Facts 2025, Plastics Europe).
Due to their low cost, lightness, ease of processing, durability,
flexibility, low weight, elasticity, corrosion resistance, high
strength-to-weight ratio, and water resistance, plastics have
replaced more traditional materials such as glass and metals
(Kundu et al. 2021).

Plastic products in the environment undergo physical,
chemical, and biological degradation into smaller fragments
(Frias and Nash 2019). It is generally accepted that microplastics
(MPs) are defined as plastic particles ranging in size from 5 mm
to 1 um, while particles smaller than 1 um are usually referred
to as nanoplastics (NPs) (Li et al. 2020a). In this study, the
term “MNPs” is used as a collective term referring to both MPs
and NPs, i.e., plastic particles smaller than 5 mm formed as a
result of plastic degradation. Depending on their origin, MNPs
are divided into primary and secondary types. Primary MNPs
are usually manufactured in the form of small particles and are
found in various products, primarily cosmetics (Mai et al. 2018).
Secondary MNPs originate from larger plastic items, such as
bags, bottles and tires, which have undergone the aforementioned
degradation over time. MNPs can have various shapes, such as
fibers, granules, or fragments (Akdogan and Guven 2019). Due
to their high surface area and hydrophobic nature, both primary
and secondary MNPs act as carriers of toxic pollutants present
in the aquatic environment, such as heavy metals and endocrine-
disrupting compounds (EDCs), including polycyclic aromatic

hydrocarbons (PAHs), polybrominated diphenyl ethers (PBDEs),
pharmaceutical pollutants, and others (Lim et al. 2022). The
adsorption of these chemicals onto MNPs has adverse health
effects.

MNPs have been found in aquatic environments, including
rivers, lakes and oceans, as well as in freshwater, wastewater,
tap water and bottled water, air, food products, and aquatic
organisms (Paliulis et al. 2025, Tong et al. 2020, Mason et al.
2018). MNPs enter freshwater environments in many ways,
mainly from surface runoff, industrial and municipal wastewater
(both treated and untreated), as well as from degraded plastic
waste and atmospheric deposition (Rajmohan et al. 2019). The
presence of MNPs in freshwater and drinking water has become
a subject of growing concern in recent years due to their potential
impact on human health and the environment. Due to their small
size, MNPs enter the human food chain through the consumption
of various foods and beverages, such as table salt, beer, drinking
water, seafood and others (Rist et al. 2018).

To date, only a limited number of studies have been conducted
on the presence of MNPs in tap water, as well as in bottled
water and beverages (Kosuth et al. 2018, Mintenig et al. 2019,
2020, Hart and Lenhart 2026, Rahman et al. 2026). Compared
to the number of studies on the occurrence, characteristics, and
removal efficiency of MNPs in wastewater treatment plants, the
number of such studies conducted in drinking water treatment
plants (DWTPs) is relatively limited. Since MNPs in drinking
water pose a potential risk to human health, assessing their
occurrence, characteristics (polymer type, size, and shape), and
removal efficiency in DWTPs unit processes will help determine
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the current status and gaps in MNP removal in DWTPs, as
well as support the development of new treatment strategies.
For this reason, this analysis first identifies the sources of
MNPs in surface and groundwater, followed by a review of
the occurrence, properties, and removal efficiency of MNPs in
DWTPs located in different parts of the world. Next, studies
presenting the presence and characteristics of MNPs in tap
water and bottled water are reviewed, and the impact of MNPs
in drinking water on human health is analyzed. Finally, gaps in
research on MNP in drinking water and recommendations for
future research are presented.

MNPs in waters feeding DWTPs

Water from rivers, lakes, reservoirs, groundwater, and
the sea is the main source of water for agriculture, industry,
and human consumption (Ezugbe and Rathilal 2020). Natural
waters are polluted by industry and agriculture, causing
MNPs to enter the water sources that supply DWTPs. In
addition, MNPs enter surface waters through the abrasion of
plastic products, improperly managed plastic waste, and other
sources (Alimi et al. 2018). Sources of MNPs in groundwater
include leachate from solid waste landfills, release of MNPs
accumulated in soil through irrigation and rainfall, interactions
with surface water, and leaks from drainage systems (Selvam
et al. 2021). In general, groundwater contains less MNPs than
surface water due to less anthropogenic impact (Mintening et
al. 2019). Wastewater treatment plants (WWTPs) effectively
remove significant amounts of MNPs from the aqueous phase
(72%—98%); however, due to the large loads of MNPs entering
WWTPs, treated wastewater still contains considerable
amounts, and these contaminants accumulate in sewage sludge
(Murphy et al. 2016, Bodzek et al. 2024). In turn, the presence
of large amounts of MNPs in sewage sludge, which is often
applied in agriculture, contributes to the contamination of both
surface and groundwater (Leslie et al. 2017).

The dominant polymer type in the feed water of DWTPs
is polyethylene terephthalate (PET) (55-68%), followed
by polyethylene (PE) and polypropylene (PP), as well as
polyvinyl chloride (PVC), nylon, cellulose acetate (CA),
polyester (PES), and polystyrene (PS) (Pivokonsky et.al. 2018,
2020, Wang et al. 2020a, Sarkar et al.2021, Hendrickson et
al.2018, Shen et al. 2021). The most common shapes of MNPs
in the water supplied to DWTPs are fibers, spheres, fragments,
and films, with fragments being the dominant shape. MNP
fragments in water originate mainly from the degradation
of packaging, cosmetics, and cleaning products (Xue et al.
2022), while fibers come from plastic textiles and spherical
MNPs primarily originate from personal hygiene products and
cosmetics (Bodzek et al. 2024, Cai et al. 2020, Pivokonsky et
al. 2020, Wang et al. 2020a). Studies of MNP shapes conducted
by Pivokonsky et al. (2020) showed that fragments accounted
for 71%—76% of all MNPs in reservoir waters, while raw river
water contained lower proportions (42%—48%), although the
proportion of fibers was also significant (37%—61%). Studies
have shown that the concentration of MNPs in the water
supplying DWTPs can vary significantly, from approximately
0 to several thousand particles/L (Koelmans et al. 2019,
Lenaker et al. 2020). These differences depend on the type
of water source, wastewater discharge from WWTPs, runoff
from land or roads, the presence of plastic waste, as well as

methodological conditions, population density and human
activity in areas adjacent to water bodies.

The analytical methodology for determining MNPs is
also of great importance, as it involves the use of different
methods, equipment, detection limits, and sample volumes
(Lv et al. 2019). Moreover, in many studies, blank samples
are not analyzed in parallel, which would allow assessment of
methodological limitations and the risk of cross-contamination
during sample collection, preparation, and analysis.
Consequently, the results of studies on MNPs in DWTPs are
not directly comparable, and these limitations should be taken
into account when interpreting and comparing the results.
MNPs also vary in size. Previous studies of raw and treated
water in DWTPs, as well as during treatment, have mainly
focused on particles larger than 1 pm due to the limitations
of the analytical methods. Some studies quantify the number
of MPs larger than 1 pm in drinking water sources (Wang et
al. 2020a, Pivokonsky et al. 2020, Shen et al. 2021, Adib et al.
2021, Mintening et al. 2019, Dronjak et al. 2022). According to
Wang et al. (2020a), 54.6%-58.0% of MNPs detected in DWTP
feedwater were in the size range of 1-5 pm, and 20.0%-27.6%
were in the range of 5-10 um, while Pivokonsky et al. (2018)
reported that MNPs smaller than 10 um predominated in raw
water across all DWTPs studied. Other studies have shown that
smaller particles, i.e., NPs, dominate in raw water supplying
DWTPs (Pivokonsky et.al. 2018, 2020, Wang et al. 2020a,
Sarkar et al. 2021). In terms of size, these particles are similar
to colloids and are therefore difficult to detect using current
analytical methods (Cai et al.2020). Table 1 summarizes
the abundance and size of MNPs in selected freshwater
environments worldwide.

Future studies on the concentration, shape and polymer
types of MNPs in drinking water sources should include a
comprehensive quantitative analysis of not only MPs larger
than 1 pm but also smaller ones, i.c., NPs.

Removal of MNPs during water treatment in
DWTPs

MNPs are found in both surface and groundwater; therefore
understanding the effectiveness of water treatment in DWTPs
is important due to the impact of these contaminants on human
health (Kumar et al. 2023). The degree of MNP removal
should be assessed at the inlet and outlet of DWTPs, as well
as in individual unit processes. In addition, the effectiveness
of WWTPs is important, as wastewater is the main source of
MNPs in surface waters (Bodzek et al. 2024). This chapter
reviews the effectiveness of individual processes used in the
production of drinking water.

One ofthe key roles of drinking water treatment is to remove
or reduce particles content; therefore, treatment processes
should also be effective in removing MNPs from water,
especially since they have properties similar to many natural
particles, such as size, density, and surface charge (Mason et
al. 2018, Murphy et al. 2016). To date, no dedicated techniques
for removing MNPs have been developed. Conventional water
treatment methods primarily remove dissolved contaminants
and, incidentally, also particulate matter such as MNPs.
However, the effectiveness of these processes with respect to
MNPs has not yet been sufficiently investigated. Moreover, no
standards have been established to define permissible levels of
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Table 1: Concentration of MNPs in selected freshwater environments around the world

Location Concentration (particles/L) References

Lake Dongting, China <1-2.8 Wang et al. 2018a
Lake Taihu, China 3.4-2.6-10" Su et al. 2016
Lake Poyang, China 5-3.4-10' Yuan et al. 2019
Yangtze River, China 5-10"-3.1 Su et al. 2018
Suzhou and Huangpu Rivers, China 1.8-2.4 Luo et al. 2019
Hong Lake, China 1.3-4.7; mean: 2.9 Wang et al. 2018a
g:]ll)s;l lakes, Hanjiang and Wuhan Rivers, 17-8.9 Wang et al. 2016
Three Gorges Reservoir, China 1.6-1.3:-10"; mean: 4.7 Di and Wang 2018
River, France 7.8—-4.510' Barbier et al. 2022

Seine River, France

3:10'-5-10"; mean: 4-10"

Dris et al. 2015

Seine River, France

3-108; mean: 3.0:10"

Dris et al. 2015

Groundwater, Germany

0-7-10%; mean: 7-10*

Kosuth et al. 2018

Rivers, Germany <1 Triebskorn et al. 2019
Western Lake Superior, USA mean: 2.6-10* Hendrickson et al. 2018
29 Great Lakes, USA <1 Baldwin et al. 2016
Amsterdam Canal, Netherlands 4.8-10"-1.5-102 Leslie et al. 2017

Lake, Switzerland 3.8:102+1.5-102 Velasco et al. 2022
River, Spain 4.2+1.2 Dronjak et al. 2022
Surface water, Hungary <1 Bordos et al. 2019

Surface water, Czech Republic

3.1-10%-4.5-10%; mean: 3.1-103

Pivokonsky et al. 2018

Danube River, Austria <1 Bergmann et al. 2015
River, lake, South Korea 2.1-2.4 Jung et al. 2022
River, India 1.8-10° Sarkar et al. 2021

River, Thailand

1.4-10%-1.8-10°

Kankanige and Babel 2021

these contaminants in drinking water (Bodzek and Pohl 2022).
As aresult, these contaminants can be found in drinking water,

potentially affecting human health.

The treatment of drinking water in DWTPs most often
sedimentation,
filtration, and disinfection, with MNP removal efficiencies
ranging from 69.9% to 100% (Velasco et al. 2022, Jung et al.
2022, Acarer 2023a, Cherniak et al. 2022, Chu et al. 2022,
Dalmau-Soler et al. 2021, Romphophak et al. 2024). The most

involves coagulation,

flocculation,

commonly used system consists of coagulation/flocculation
and sand filtration (Fig. 1a), with an efficiency of 40%-70%

(Privokonsky et al. 2018, 2020), while systems additionally

sand

including ozonation and granular activated carbon (GAC)
filtration (Fig. 1b) achieve MNP removal efficiencies of >80%
(Privokonsky et al. 2018, 2020, Wang et al. 2020a). The process
consisting of coagulation/flocculation, pulsed clarifier, and
sand and membrane filtration (Fig. 1c), is also characterized
by high MNP removal, reaching 84.6% (Sarkar et al. 2021). A

Coagulant Disinfection (a)
Raw —LI| Coagulation | Flocculation > Sand l p|  Treated
water filtration water
Coagulant (b)
Raw Coagulation
water Flocculation Sand GA.C . .UV .- Treated
Sedimentation filtration filtration Disinfection water
C lant .. .
oagulan Disinfection (c)
l Coagulation l
Raw Flocculation Sanfj Membrane .|  Treated
water Sedimentation filtration filtration " water

Fig. 1. Technological schemes used in DWTPs: (a) conventional scheme, (b) advanced scheme with GAC filtration and
disinfection, and (c) advanced scheme with membrane filtration and disinfection, own work based on
(Privokonsky et al. 2018, 2020)
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Table 2: Comparison of relevant parameters and effectiveness of MPs removal from various DWTPs
Name of DWTP  |Raw water Purification processes Efficiency, % References
Milence, Czech The Uhlava River |Flocculation and sand filtration 40.0 gg;gkonsky etal
Coagulation/flocculation, sedimentation, Privokonskv et al
Pilsen, Czech The Uhlava River |sand filtration, ozonation, and GAC 88.0 2020 y ’
filtration
DWTP1, Czech Large tank Flocculation and sand filtration 70.0 gg;/gkonsky etal
Coagulation/flocculation, sedimentation, Privokonsky et al.
DWTP2, Czech | Small tank sand filtration, and GAC filtration. 81.0 2018
Sant Joan Despi, |The Llobregat Coagqlathn/flocculatlpn, sedlmelntat]on, Dalmau-Soler et
. . sand filtration, ozonation, GAC filtration, |93.0
Spain River . al. 2021
and reverse 0smosis
The Llobreaat Coagulation/flocculation, sedimentation
Barcelona, Spain River 9 tanks, sand filters, carbon filters, 98.3 Dronjak et al. 2022
reverse electrodialysis
Indira Gandhi Preliminary disinfection, coagulation/
; ’ The Ganges River | flocculation, impulse clarification, sand | 84.6 Sarkar et al. 2021
India o ) - .
filtration, and final disinfection
. The Nakdong - . .
4 drinking . Preliminary ozonation, coagulation,
DWTPs, Korea IZIIZ:; and two sedimentation, sand filtration >90.0 Jung etal. 2022
. . Coagulation/flocculation, sedimentation,
China Yangtze River sand filtration, ozonation, GAC filtration 82.1-88.6 Wang et al. 2020a
DWTP in Coagulation/flocculation, sedimentation,
.| Yellow River sand filtration, GAC filtration, 69.4-74.5 Li et al. 2024a
Zhengzhou, China —
chlorination

disadvantage of some water treatment processes is the potential
formation of MNPs in treated water, particularly during
coagulation and flocculation using polymeric coagulants and
flocculants, and in processes using polymeric membranes. For
example, Wang et al. (2020a) and Dalmau-Soler et al. (2021)
found that the coagulation/flocculation/sedimentation process
resulted in a 114% increase in MNP concentration, with the
MNPs having a different chemical composition than those in
the raw water. Polymeric membranes used in water treatment
can also contribute to MNP formation in treated water (Bodzek
and Bodzek 2025).

Table 2 presents data on the effectiveness of MNPs
removal in various DWTPs, with the efficiency of the processes
depending on the type of unit processes used. In most of the
DWTPs studied, MNP removal exceeds 80.0%, indicating
relatively high efficiency.

Coagulation/flocculation/sedimentation
Coagulation/flocculation is a commonly used method of
drinking water treatment in DWTPs that removes solid particles
and colloids in the form of flocs and other contaminants such
as bacteria, heavy metal ions, PAHs, and pesticides, which are
then removed through sedimentation/flotation and filtration
processes (Katrivesis et al. 2019, Crittenden et al. 2012). The
coagulation process is usually carried out using aluminum and
iron salts, with the choice of coagulant depending on water
quality and the desired treatment objectives (Poleneni et al.
2019). Coagulation is followed by flocculation using cationic
and anionic polymers and natural products (Crittenden et al.
2012), during which destabilized particles and coagulation

products aggregate into larger flocs that are more easily
separated from water by sedimentation or filtration. The
appropriate selection and dosage of coagulants and flocculants
are critical to achieving optimal treatment performance.

Dissolved air flotation (DAF) is an effective alternative
for removing MNPs with lower density than water and other
suspensions. A modified DAF process allows for the removal
of 100% of MPs larger than 15 pm (Wang et al. 2021a).
Pivokonsky et al. (2018) investigated the occurrence of MPs >1
mm in raw and treated water from full-scale DWTPs supplied
by rivers and surface water reservoirs in the Czech Republic.
The content of MPs in treated water was significantly reduced
compared to raw water, with removal efficiencies of 70% for
coagulation/flocculation and sand filtration, 81% for systems
additionally equipped with activated carbon filtration, and 83%
for a systems combining coagulation/flocculation, flotation,
sand filtration, and activated carbon filtration.

Table 3 shows the effectiveness of MNP removal using
various unit processes, primarily coagulation/flocculation/
sedimentation in full-scale DWTPs and laboratory-scale
studies. Despite differences in MNP concentration and
composition in raw water, the studies show comparable
MNP removal efficiencies (40.4%-61.5%) in the coagulation/
flocculation process, despite differences in several factors such
as raw water characteristics, MNP composition, coagulant type
and dose, and operating conditions.

In DWTPs, aluminum chloride (AICL.6H,0), ferric
chloride (FeCl,-6H,0) and aluminum polychloride (PACI) are
used to remove MNPs during the coagulation process (Xue
et al. 2022). Comparative studies of coagulants have shown
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Table 3: Removal of MNPs by coagulation/flocculation (CF) and sedimentation (S) DWTPs tests

MPs type Size range and Removal
Water type, Country Treatment stage ype, concentration of | . Reference

concentration (%)

MNPs
Full-scale research
:Q.d'a’ CF-pulsed tank |17.9 particle/L |<100 pym 60.9 Sarkar et al. 2021
iver water
Czech, . Privokonsky et al.
River water CFS 23 particle/L 1-100 pym 61.5 2020
g.h'”a’ CFS 6614 particle/L [1—>100 ym  |40.4-54.5% |Wang et al. 2020a
iver water
Laboratory tests
China, PS - 65-80"
Simulated water CFS PE <5 mm 16-30" Zhou et al.2022
China, 1-5 ym (balls) .
Simulated water CFS 5 um (fibres) 98 Xia et al. 2020
China, 69.8-79.35
Simulated water CFS PET 100-500 pm 2) Zhang et al.2021
China, CFS PET 0,5 um 90-100  |Luetal. 2021
Simulated water
China, 2.4-13.5"
Simulated water CFS PET <0,5-5 mm 17.7-61.39 Ma et al. 2019a
Singapore, CFS PS - >80 Li et al. 2021
Simulated water
Canada, 3,6, 25,45 and |63.7—
Lake water CFS PS 90 ym 96.1 Xue et al. 2021
Canada, CE PE 15 and 140 um |90-92 Lapointe et
River water PS 140 uym 83.7 al.2020
Korea, PE 10-100 ym 52" .
Simulated water CFS 710 Shahi et al. 2020
Korea, CF—membrane
Simulated water filtration PS 0.5and 90 ym |97 Park et al. 2021
Switzerland, Peydayesh et al.
Simulated water CFS PS 500 nm 98.2 2021
UK, Carbon filter 10 um >95
Simulated water Sand filter PS 60-80 Wang et al. 2020a
U.K ' Ultrafiltration PE 13-690 nm 54 Enfrin et al. 2020
Simulated water
UK, River and groundwater |CFS PA 63-90 um 99.99 Jonson et al. 2020
Greece, Arvaniti et al.
Simulated water CFS PS, PE 53-500 um 92.4 2021
. PP, PEST, PS, Dalmau-Soler et

Spain, Lake water CFS PAN. PE 20-500 ym >90 al. 2021

PE 40-48 pm
South Korea, water CF PET 300 um >80 Lee et al. 2023
China, tap water CF PS 10-1000 pm 48-97 Li et al. 2024b
Spain, tap water CF 213 particle/L <500 pm 43 ggzsglla etal
Brazil, tap water CF PVC <106 ym 78.2-99.6 |Godoy et al. 2025

CFS — coagulation/flocculation/sedimentation, 1) depending on the size of the MNPs particles, 2) depending on the type

and concentration of the coagulant

that PACI is the most effective in removing MNPs from PS
and PE, followed by aluminum-based coagulants (Zhou et
al. 2022, Ma et al. 2019b). These differences are related to
hydrophobic and electrostatic interactions between MNPs and

post-coagulation flocs. In addition, increased MNP removal
efficiency is achieved through the addition of flocculants, e.g.,
polyacrylamide (PAM) (Ma et al. 2019b, Ma and You 2021,
Tabatabaei et al. 2022), as well as through the additional use



72 Michat Bodzek, Alina Pohl

of ultrafiltration (Bodzek and Bodzek 2025). Despite the high
efficiency of traditional coagulants in removing MNPs, new
coagulants are being developed that are more cost-effective
and based on natural and environmentally friendly materials,
including polymer coagulants derived from starch, chitosan,
or cellulose/lignin (Peydayesh et al. 2021, Hu et al. 2022,
Pivokonsky et al. 2024).

The effectiveness of MNP removal in the CFS process
depends on many factors, including coagulant dose, polymer
type, and particle size and shape, as well as aqueous environment
conditions such as pH, mixing speed, and sedimentation time.

The dose of coagulants used in the coagulation process in
DWTPs is typically <20 mg/L in terms of Al and Fe (Ma et al.
2019b, 2021), with all types of coagulants initially showing an
increasing and then stabilizing trend in MNP removal as the
coagulant dose increases (Shahi et al. 2020, Tang et al. 2022,
Xue et al. 2021, Lapointe et al.2020). High coagulant doses
cause flocs to become loose and prone to breakage (Zhou et
al. 2022), lower pH, increase chemical consumption, sludge
production, and DWTP operating costs, and increase the risk
of corrosion in water distribution systems (Sheng et al. 2022).

The effectiveness of MNP removal in the CFS process also
depends on particle shape (Li et al. 2020a, Zhang et al. 2020a),
with fibers generally being more effectively removed than other
shapes. Such a phenomenon can be explained by the easier
formation and deposition of coagulation flocs and the fact that
fibrous MNPs are usually higher-density polymers (Katrivesis
et al. 2019). The size of MNPs also affects their removal in
the CFS process, with contradictory results. Shahi et al. (2020)
found that smaller MNPs (10-30 um) are more difficult to
remove than larger ones (30-100 um), while Xue et al. (2021)
and Lapointe et al. (2020) observed lower removal of larger
MNPs (140 pm) than smaller ones (15 um). Very small MNPs
(<10 pm) show low removal efficiency in the CFS process due
to weak attachment to flocs and poor sedimentation (Adib et al.
2021, Na et al. 2021).

MNP removal in CFS is influenced not only by particle
characteristics but also by the properties of the aquatic
environment. Lapointe et al. (2020) found that the removal
efficiencies of PES (99%) and PE (82%) fibers were consistent
with turbidity removal. Studies examining various parameters,
including zeta potential, pH, natural organic matter (NOM)
(including humic acid), and turbidity show that pH values
above 7-9 lead to larger floc sizes and, consequently, greater
MNP capture within flocs (Skaf et al. 2020, Ma et al. 2019b,
Ma and You 2021). Zeta potential analyses show that increasing
pH reduces zeta potential, reflecting decreased particle stability
at higher pH (Romphophak et al. 2024). The presence of NOM
affects MNP removal during coagulation and flocculation, as
it can either inhibit or enhance aggregation and sedimentation
processes (Xue et al. 2022, Na et al. 2021).

Overall, further research is needed to improve the efficiency
of removing different types of MPs using CFS, taking into
account the properties of MNPs commonly found in DWTPs
and the conditions under which the process is carried out. CFS
is a promising approach for MNP removal and warrants further
investigation; however, experimental setups should more
closely reflect full-scale drinking water treatment conditions.

Electrocoagulation (EC) is an advanced water treatment
process that involves generating coagulants (Fe** or Al

ions) in situ via an electric current, which then interact with
contaminants, including MNPs, to form flocs that can be
removed by sedimentation or filtration (Moussa et al. 2017,
Shen et al. 2022). Studies conducted by Perren et al. (2018)
have shown MNP removal efficiencies of over 90%, reaching
99.2% at pH 7.5. Pilco-Nuilez et al. (2024) investigated the
removal of PE MPs (average particle size of 300-355 pm)
from a synthetic solution using EC with aluminum electrodes
and a current density of 20 A/m?. The MPs removal efficiency
was very high, reaching 98.04%. The advantages of MNP
removal by electrocoagulation include the ability to remove
MNPs across a wide range (0.1 - 100 pm) and the removal
of other contaminants, such as heavy metals and various
organic substances (Moussa et al. 2017). The limitations of
electrocoagulation include the need for an external power
supply and the potential production of sludge that is difficult
to handle, which affects the overall process cost (Moussa et al.
2017).

Filtration

Sand filtration (SF), including rapid sand filtration (RSF),
and granular activated carbon (GAC) filtration are commonly
used in DWTPs to remove suspended solids and other
contaminants, including MNPs. The principle of conventional
filtration processes is to pass water through beds of sand, gravel,
anthracite, or GAC (Romphophak et al. 2024, Chowdhury et
al. 2023). The effectiveness of MNP removal is high in both
in laboratory and full-scale studies. It depends on type, height,
and pore size of the filter bed, the filtration rate, water quality
(particle size and concentration), and operational parameters
(pressure, backwashing, and bed regeneration) (Romphophak
et al. 2024, Chowdhury et al. 2023). Studies have shown
that SF can eliminate up to 99% of MNPs after coagulation
and sedimentation (Babel and Dork 2021, Sarkar et al. 2021,
Dalmau-Soler et al. 2021, Kankanige and Babel 2021, Dronjak
et al. 2022). Pivokonsky et al. (2018, 2020) studied MNPs
removal using coagulation-flocculation and sedimentation, as
well as SF and RSF filtration at several DWTPs in the Czech
Republic, achieving an overall MNP removal efficiency of
88%.

The effectiveness of MNP removal in SF and RSF is
also influenced by particle shape and size. In CF and RSF
processes, fiber-shaped MNPs are removed to a greater
extent than other shapes (Wang et al. 2020a, Babel and Dork
2021). For example, Wang et al. (2020a) reported removal
efficiencies of fiber-shaped MNPs in the range of 31-49%,
spherical particles in the range of 24-51%, and fragments in
the range of 19-28% after sedimentation and SF. Studies have
shown that MNPs larger than the pore size of filter media are
removed more effectively than smaller particles (Wang et al.
2020a, Kankanige and Babel 2021, Babel and Dork 2021).
The elimination of small MNPs (e.g., 5-10 um) in SF and RFS
processes is challenging (Siegel et al. 2021) because they are
removed only when attached to the grains of the filter layer. The
mechanism of MNPs removal in filtration processes involves
their retention on the filter surface or in the upper layers of the
filter bed, while smaller particles may penetrate deeper into the
lower layers. The low removal efficiency of small solids in SF
suggests the need to optimize CF/CFS processes or implement
an additional treatment. Nevertheless, SF and RSF are very
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effective in removing MNPs, especially those above 100 pm,
although further research is needed on the influence of MNP
morphology on their removal efficiency in SF processes.

The effectiveness of MNP removal is also influenced by
the porosity of the filter bed (Talvitie et al. 2017, Sembiring
et al. 2021, Fajar et al. 2022). A sand bed usually consists of
several layers of sand with a specific particle size distribution,
i.e., a layer of gravel (grain size 3 to 5 mm, height 1 m) and
a layer of quartz (grain size 0.1 to 0.5 mm, remaining 0.5 m).
In general, filter beds with lower porosity show higher MNP
removal efficiencies (96.4% to 99.2%), while filter beds with
higher porosity show lower efficiencies (90.5% to 96.5%)
(Fajar et al. 2022). In DWTP studies conducted in Turku,
Finland, the removal of MNPs from PE, PP, PS, and ethylene
vinyl acetate (EVA) in an RSF installation exceeded 97% with
a filter bed granulation of 0.39 mm. This efficiency dropped
to 94% when the filter bed granulation increased to 0.68 mm
(Talvitie et al. 2017, Sembiring et al. 2021).

In some advanced DWTPs, granular activated carbon
(GAC) filtration is used as the final stage of water treatment,
which is highly effective in removing MNPs of various sizes
and shapes (Pivokonsky et al. 2018, Xu et al. 2020, Arenas et
al. 2021). GAC can remove 74% of MNPs ranging in size from
1 to 5 um and over 55% of larger MNPs. Thermally activated
GAC increases the efficiency of removing larger particles (20-
50 um) to over 90% (Kim and Park 2021).

Membrane processes for removing MNPs
Pressure-driven membrane processes, i.e. microfiltration

(MF), ultrafiltration (UF), nanofiltration (NF), and reverse

osmosis (RO), are most commonly used in water and

wastewater treatment (Ezughe et al. 2020, Bodzek 2019). The
main disadvantage of membrane filtration is fouling, which
occurs as a result of the adsorption of contaminants on the
surface and within its pores (Bodzek 2019, Malankowska et al.
2021). UF, NF, and RO membranes have smaller pore sizes than
MPs, but also smaller than NPs, which makes their removal
efficiency superior to other technologies used in wastewater
treatment and drinking water treatment (Malankowska et al.
2021, Ali et al. 2024).

The MF process uses symmetrical semi-permeable
membranes with pore sizes of 0.05-10 um, while the UF
process mainly uses asymmetrical membranes with pore
sizes of 1-100 nm (Bodzek 2019, Malankowska et al. 2021).
Comparing the pore sizes of MF and UF membranes with the
particle sizes of MPs (5 mm—1 pm) and NPs (< 1 um), it is
clear that the MF process can be used to remove MPs, and the
UF process can eliminate both MPs and NPs (Xu and Wang
2020, Talvitie et al. 2017, Bodzek 2019, Malankowska et al.
2021). Many studies have analyzed the removal of MNPs in
MEF/UF processes in DWTPs at both laboratory scale (Ma et
al. 2019a, 2019b, Li et al. 2021, 2020a) and industrial scale
(Dalmau-Soler et al. 2021, Johnson et al. 2020). Most of these
studies achieved complete removal because MNPs are larger
than the membrane pore diameters (Table 4).

Pizzichetti et al. (2021) studied the efficiency and
effectiveness of removing MPs from nylon 6 (PA) and PS
using MF membranes made of polycarbonate, CA, and PTFE
with a pore size of 5 um. The removal efficiency of MNPs
for all three membranes exceeded 94%, with CA proving to
be the most effective membrane material. The main removal
mechanism was sieve separation based on particle size, but

Table 4: Results of selected studies on the use of MF and UF for MNPs removal in full-scale DWTPs

Country,Water MNPs/sizes Process type Membrane type 5 emoval, Reference
source Yo

. CFS+UF 100
China MPs made of PE <0.5-5mm [UF PVDF 100 Ma et al. 2019a, b
Synthetic water 100 KDa

UF 100
Korea . PS: 0.5 and 90 mm Coagulation-UF Filter paper: 11 97 Park et al. 2021
Synthetic water mm
Singapore UF . ) 100
) Capillary fibres .
Laariev:/ater, Raw PS: 0.1, 1,10 and 18 mm Coagulation -UF | PVDF (0.03mm) | 100 Li et al. 2021
China ; :
. PVC (<5 mm) MBR?" 0.1 mm 99.9 Li et al. 2020b

Synthetic water
UK MPs from the EP UF Polysufone 30 100 Enfrin of al. 2020
Synthetic water NPs - 13-690 nm kDa 54 '
Spain/ Ireland PA 127,000 /L ) 99.6
Synthetic water | PS 33,000 /L MF (pore: 5 mm) |PC 96.8
Spain/ Ireland PA 27 000/L MF (pore: 5 mm) Cellulose 99.8 Pizzichetti et al.
Synthetic water PS 8,000 /L pore- acetate 94.3 2021
Spain/ Ireland PA 46,000 /L ) 99.6
Synthetic water | PS 47,000 /L MF (pore: 5 mm) | PTFE 96.0

 MBR - membrane bioreactor
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membrane abrasion and fouling caused MPs to pass through
the membrane to an extent dependent on membrane properties,
MP-membrane interaction, particle size, and the applied
transmembrane pressure (TMP).

Membrane processes, mainly UF or MF, are used in
DWTPs after coagulation and flocculation, and often also
after sedimentation (Xue et al. 2022). Ma et al. (2019a, 2019b)
conducted studies on the removal of MNPs from PE in the
drinking water treatment process using a UF membrane and
coagulants FeCl,-6H,0 and AIC1,-6H,0. Because the density of
PE is very close to that of water (0.92-0.97 g/cm?), its removal
by sedimentation or flotation is difficult. When introduced into
the UF system, the overall PE removal efficiency was 86.14%
due to the small membrane pore diameter. Studies have also
shown that membrane fouling is low at conventional coagulant
doses but increases with increasing coagulant dose due to the
formation of a thicker sediment layer (Ma et al. 2019a, 2019b).
The use of a flocculant (polyacrylamide, PAM) increased the
removal efficiency of smaller MNP particles, improved process
performance, and reduced fouling because the charges of the
coagulant flocs are opposite to the charge of PAM (Ma et al.
2019a, 2019b).

Dalmau-Soler et al. (2021) used UF and RO, as well as
ozonation and GAC filtration, in DWTPs in Spain to remove
MNPs from contaminated groundwater and river water.
The average concentration of MNPs in raw water was 0.96
particles/L (n=5), with PES and PP particles dominating,
whereas the concentration in purified water was 0.06
particles/L, corresponding to an overall removal efficiency of
93%. The results showed that UF/RO (advanced treatment)
is more effective in removing microplastic particles than
ozonation and GAC filtration.

As already mentioned, membrane fouling has a significant
impact on the effectiveness of MNP removal (Li et al. 2021,
Enfrin et al. 2020, 2019), which directly results in a reduction
in water flux and an increase in TMP. If MNPs are 0.1-10
times larger than the pore size of MF/UF membranes, they
cause classic membrane fouling, while particles larger than 10
times the pore size form a filter cake (Enfrin et al. 2020, 2019).
The intensity of fouling also depends on the concentration of
MNPs, with higher concentrations leading to greater fouling
(Wang et al. 2020b, Ma et al. 2019a, 2019b). Li et al. (2021)
demonstrated that MNPs with a diameter of approximately 1
um cause the greatest contamination among the tested MNPs
with diameters of 0.1, 1, 10, and 18 pm, which may indicate
that particle size is critical for membrane flux and removal
efficiency. Luogo et al. (2022) compared the effectiveness of
MF and UF ceramic membranes in removing MNPs and their
impact on fouling. The studies showed significantly greater
fouling of the MF membrane compared to the UF membrane,
due to the adsorption of MNPs inside the MF membrane pores.
Equally dangerous is biofouling, which occurs in natural
surface waters as a result of the production of extracellular
polymeric substances (Xu and Wang 2020). The effectiveness
of MF and UF membranes therefore depends on controlling
membrane fouling through effective membrane cleaning
during operation or through pretreatment.

The main mechanism for removing MNPs through MF and
UF membranes is size exclusion, i.e., particles larger than the
pore size of the membrane are retained, while smaller ones pass

through (Acarer 2023a). In addition, adsorption of MNPs on the
membrane surface and within membrane pores, hydrophobic-
hydrophilic interactions, and electrostatic repulsive forces are
additional mechanisms involved in MNP removal through MF
and UF membranes. Therefore, the characteristics of MNPs
(size, shape, and polymer type) and membranes (structure,
pore size, and membrane material) determine the mechanisms
of MNP removal from the aquatic environment.

Nanofiltration (NF) is a pressure-driven process with
properties intermediate between RO and UF. NF membranes are
characterized by lower retention of monovalent ions compared
to divalent and multivalent ions, as well as organic compounds
with a molecular weight above 200-300 Da (Bodzek 2019,
Malankowska 2021, Namla et al. 2025). The membranes used
in NF do not have pores in the conventional sense, and the
mechanism of separation of dissolved components is based on
dissolution and diffusion within the membrane. A study was
conducted to evaluate the effectiveness of NF in removing
MNPs from raw river water and drinking water at DWTPs
in the Paris region of France (Barbier et al. 2022). MNP
concentrations in raw water ranged from 7.4 to 45.0 particles/L,
while in drinking water from zero to 0.260 particles/L (99%
removal). PE, PP, and PET were the main polymers detected in
both raw and treated water, with significant differences in the
proportions of each polymer. The results of this study suggest
that the NF process may be more effective at removing MNPs
than conventional processes.

Reverse osmosis (RO) is a pressure-driven membrane
process in which TMP drives the selective movement of
solvent molecules in the direction opposite to that resulting
from osmotic pressure, i.e., from a solution with higher osmotic
pressure to a solution with lower osmotic pressure (water).
The RO process retains low-molecular-weight molecules,
including monovalent salts, undissociated acids, and organic
compounds. The separation mechanism in the RO process is
described by the dissolution-diffusion model, which assumes
that the transport of specific components through compact
polymer membranes is determined by their dissolution in the
polymer and diffusion. The TMP pressure used in RO must
exceed the osmotic pressure of the raw water and is typically
in the range of 1.0-8.0 MPa (Bodzek 2019, Malankowska
2021). RO is most commonly used for MNP removal, mainly
as a third or even fourth stage of wastewater treatment (Xu
and Wang 2020) and partly in municipal and industrial water
treatment systems for the removal of salts, heavy metals, and
other contaminants. Recently, very few studies have focused
on the effectiveness of removing MNPs from drinking water
using RO (Koelmans et al. 2019). Fouling of RO membranes
by MNPs in surface water is one of the most important factors
and a significant obstacle to the wider use of RO in drinking
water treatment. The prerequisite for reducing fouling is
intensive pre-treatment, which can extend membrane lifetime
and reduce the need for cleaning during the process.

Adsorption

Adsorption in drinking water treatment aims to remove
organic contaminants such as heavy metals or organic
compounds that may be hazardous to health. The process is
characterized by simple operation, relatively short adsorption
equilibrium times, and the possibility of using recyclable
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adsorbents. Studies have shown that adsorption can also be
effective in removing MNPs using activated carbon, biochar,
metal oxides and hydroxides, magnetic nanoparticles, carbon
nanotubes, and other materials (Liu and Khor 2024, Ali et al.
2023, Arenas et al. 2021, Ali et al. 2024, Tiwari et al. 2020,
Sun et al. 2022, Shi et al. 2022, Tang et al. 2021, El Hadri et
al. 2021, Yen et al. 2022). Functional groups (-COOH, -OH,
-N(CH,), -NH,, -Si-O, Fe-OH) present on adsorbents play a
key role in the removal of MNPs (Batool and Valiyaveettil
2021, Rong et al. 2022). The mechanism of MNP removal
depends on their properties and those of the adsorbents as
well as environmental conditions, i.e., pH and temperature,
the presence of natural organic matter (NOM), ions, etc. (Shi
et al. 2022, Huang et al. 2022) and involves hydrophobic,
electrostatic, and intermolecular interactions, hydrogen
bonding, n-n interactions, and intramolecular diffusion (Peng
et al. 2022, Zheng et al. 2022).

Biochar produced by pyrolysis, carbonization, and
impregnation of various types of biomass (sugarcane
bagasse, corn cobs, etc.) is used for MNP adsorption (Singh
et al. 2021, Wang et al. 2021c, Rosales et al. 2017). Biochar-
based adsorbents can remove >75% of MNPs, with removal
efficiencies reaching up to 99% for modified biochar types
(Liu and Khor 2024, Arenas et al. 2021). Using a filtration
column system with biochar and sand, the removal efficiency
of MPs can reach 90% for particles larger than 10 um (Rosales
et al. 2017). Contaminants are removed mainly through a
combination of biodegradation and adsorption (electrostatic
attraction or complexation). Studies have shown that NPs
are also effectively adsorbed using biochar from corn cobs
and coffee grounds (74% efficiency) (Magid et al. 2021, Yen
et al. 2022). The removal mechanism is based primarily on
the formation of hydrogen bonds with functional groups of
adsorbents.

In order to increase sorption capacity and recyclability,
adsorbents are modified by adding metals (Mg, Zn, Fe, Cu,
Co, Mn, Pt), metal oxides (e.g., Fe,0,), strong oxidants (HNO,,
H,SO,), and minerals (e.g., kaolin) (Batool and Valiyaveettil
2021, Huang et al. 2022, Singh et al. 2021, Wang et al. 2021c,
Magid et al. 2021, Grbic et al. 2019). Adsorbents modified
with iron or other metals are of particular interest because they
can be easily separated using an external magnetic field (Shi et
al. 2022, Grbic et al. 2019).

Grbicetal. (2019) investigated the effectiveness of magnetic
extraction in isolating MNPs from seawater, freshwater, and
sediments using hydrophobic Fe nanoparticles coated with
hexadecyltrimethoxysilane (HDTMS), achieving 92% and
93% removal of PE and PS MNPs from seawater, and 84%
and 78% from freshwater and sediments, respectively. Singh et
al. (2021) studied iron-modified biochar for the elimination of
MNPs (PS-COOH and PS-NH,), achieving complete removal
of nanoparticles of approximately 1 um in size and enabling
magnetic separation from the aquatic environment. Magnetic
biochar (MBC) modified with Mg (Mg-MBC) and Zn (Zn-
MBC) was also used for the magnetic removal of MNPs from
PS with a size of approximately 1 um (Wang et al. 2021c).

The removal efficiencies in all three cases were 98.75%
and 99.46%, respectively. In this case, Mg- and Zn-modified
magnetic biochar proved more effective than iron-modified
magnetic biochar because the adsorption process is the result

of electrostatic interactions and chemical bonding between
magnetic particles and biochar (Wang et al. 2021c). Tang
et al. (2021) used magnetic carbon nanotubes (M-CNT) as
adsorbents to remove MNPs from PE, PET, and PA, with
the possibility of easily separating the formed MNP/M-CNT
composites from aqueous solutions in a magnetic field. The
maximum adsorption capacities of PE, PET, and PA were 1650,
1400, and 1100 mg/g, respectively. The adsorbed M-CNT can
be recycled by thermal treatment (600 °C), and after four
cycles, the removal efficiency remains around 80%. Magnetic
extraction is particularly suitable for removing MNPs from
drinking water (Grbic et al. 2019).

Other metal-based adsorbents are also effective for MNP
removal. For example, hydrophobic CuFeCo alloy powder
can remove more than 83% of MNP-PE from water (Grbic et
al. 2019), and CuNi carbon material (CuNi@C) completely
eliminate MNPs-PS (100 nm). The mechanism of MNP
removal involves physical adsorption, electrostatic attraction,
and monolayer coating (Zhou et al. 2022). Co/Mn-kaolin
and Fe-kaolin adsorbents are effective in removing MNPs
from PVC, PS, PET, and acrylonitrile-butadiene-styrene
terpolymer (ABS) through electrostatic interactions (Huang et
al. 2022). Layered double hydroxides of Zn-Al (LDH) can also
completely remove MNPs from freshwater at pH 4, although
their effectiveness decreases significantly under alkaline
conditions due to LDH destabilization (Tiwari et al. 2020). Sun
et al. (2022) combined cellulose with Mg-Al LDH to obtain a
cellulose/Mg-Al LDH composite with an MNP-PS (>100 nm)
removal efficiency of 97%, attributed to a combination of pore
diffusion, hydrogen bonding, and electrostatic interactions.

In summary, metal-based adsorbents are characterized by
high removal efficiency, and their magnetic properties provide
a significant operational advantage. The adsorption mechanism
is mainly based on interactions between adsorbents and MPs/
NPs and depends primarily on particle size and adsorbent
morphology.

Aerogel adsorbents produced from biomass are
characterized by high specific surface area and mechanical
strength, porous structure, biodegradability, low cost, and the
presence of many active functional groups capable of adsorbing
various pollutants, including MNPs (Rong et al. 2022, Zheng
et al. 2022, Sun et al. 2020, 2021, Wang et al. 2021b). The
efficiency of removing MNPs from PS using acrogels/sponges
is 89.8%, 72.4%, and 88.9% for PS, PS-COOH, and PS-
NH, particles, respectively (Sun et al. 2020). The adsorption
mechanism of MNPs involves hydrophobic, electrostatic, and
van der Waals interactions, hydrogen and n-m bonds, as well
as ion exchange and intramolecular diffusion. Oxygen-doped
carbon nitride (O-C,N,) introduced into chitin-based sponges
enables over 90% removal efficiency for MNPs from PS, PS-
COOH, and PS-NH, (~1 um) (Sun et al. 2021). Similarly,
plant-based sponges can adsorb up to 81.2% of MNPs from PS
due to their high porosity (83%), while hydrophobic groups in
protein side chains can form hydrophobic interactions with the
benzene rings present in PS microplastic particles (Wang et al.
2021b). Cellulose aerogel exhibits a high adsorption capacity
(146.4 mg/g) for MNPs-PS due to its unique porous
morphology and active sites that bind MNPs through
electrostatic interactions and ion exchange (Zhuang et al.
2022). Similarly, magnetic chitosan aerogels containing
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polydopamine (PDA-MCS) bind up to 91.6% of PET magnetic
particles through electrostatic interactions, physical adhesion,
hydrogen bonding, and n-m interactions (Zheng et al. 2022).
Studies have shown that a Fe,O, particle-based sponge
grafted with polydimethylsiloxane (PDMS) can remove up to
100% of MNPs (PP, PVC, and PE) through a combination of
intramolecular diffusion, electrostatic interaction, hydrogen
bonding, and o-p (or p-p) conjugation mechanism (Rong et al. 2022).

Chemical oxidation and disinfection

Chemical oxidation is used to remove organic compounds
that are difficult to remove in other unit processes. Studies have
described the removal of MNPs using various oxidants such as
ozone, hydrogen peroxide, oxidizing acids, as well as advanced
oxidation processes (AOPs). The most commonly used and
effective AOP methods are the photo-Fenton method, the
electro-Fenton method, and photocatalytic oxidation (Hiibner
et al. 2024, Miao et al. 2020, Feng et al. 2011). Chemical
oxidation causes the mineralization of polymers and their
conversion into CO,, water, and other substances. To increase
the efficiency of these processes, radiation from various sources
(e.g., UV-vis radiation and solar energy), electric current, and
ultrasound are used (Feng et al. 2011).

Disinfection involves removing contaminants from water,
mainly microorganisms (bacteria, viruses, protozoa, fungi).
The process improves water quality, thereby reducing the
risk of disease and health problems. Chemical disinfection
involves the use of chlorine, chloramines, chlorine dioxide,
ozone and physical methods including UV radiation and high
temperatures (Kumar 2021). Disinfection is usually the final
stage of drinking water treatment; therefore, MNPs present
in drinking water may interact with microorganisms found in
drinking water. For example, biofilm formation on the surface
of MNPs may reduce the effectiveness of disinfection (Enfrin
et al. 2019).

The Fenton process is one of the most commonly used
advanced oxidation processes (AOPs). The reaction between
hydrogen peroxide (H-0:) and heterogeneous catalysts
containing Fe?*" ions produces highly reactive hydroxyl
radicals, which then oxidize organic pollutants to CO-, water,
and mineral products. MNPs are difficult to oxidize using the
classical Fenton process (Tagg et al. 2017, Ortiz et al. 2022). In
practice, methods are used in which the main oxidant (H,0,) is
produced electrochemically, or UV radiation is used to produce
hydroxyl radicals from H,O, molecules in the presence of an
Fe(Il) catalyst (Hiibner et al. 2024, Miao et al. 2020). Miao
et al. (2020) used the electro-Fenton method to degrade PVC
MNPs and achieved 75% dechlorination efficiency and 56%
mass loss within 6 hours of the experiment at 100°C, using a
TiO,/graphite cathode to generate H,O,. The method is also
effective for removing MNPs from PVC, PS, PP, and PE (Miao
et al. 2020). UV radiation also increases the rate of oxidative
degradation of MNPs from PS to over 99% (Feng et al. 2011).
In conclusion, further research is needed to enable the effective
application of the Fenton process for the removal of MNPs.

The photocatalysis process involves exciting a
photocatalyst by absorbing an appropriate amount of energy
after UV irradiation or exposure to visible light. Photoexcitation
results in the generation of photogenerated electron-hole
pairs eCB/hVB* (CB - conduction band, VB - valence band)

(Ouyang et al. 2021). The hVB* valence-band holes react with
adsorbed water molecules and hydroxyl groups on the surface
of the heterogeneous photocatalyst, producing hydroxyl
radicals (+HO). At the same time, eCB~ electrons reduce O,
in solution to form superoxide anion radicals (O,), which
react with water to form hydroperoxide radicals (HOO¢).
These radicals effectively oxidize organic pollutants, including
polymers (Ouyang et al. 2021).

Various nanostructured semiconductors are used in
photocatalysis, among which metal oxide nanomaterials (ZnO,
TiO,) are the most widely used due to their high redox potential,
non-toxicity, adequate electron mobility, and flexibility in
terms of achievable particle sizes and morphologies (Tofa et al.
2019). Tofa et al. (2019) studied the photocatalytic degradation
of low-density PE-based MNPs using heterogeneous ZnO
rod-shaped nanocatalysts. Based on microscopic images,
morphological changes in the MNPs were observed, including
the appearance of irregularities, brittleness, cracks, and
stains on the irradiated surfaces. Nitrogen-containing TiO,
photocatalysts (N-TiO,) also have the ability to degrade
MNPs in both aqueous and solid phases (Tofa et al. 2019).
During irradiation with visible light, a 6.40% mass loss of
high-density PE MNPs was achieved within 18 hours. Ali
et al. (2016) demonstrated the photocatalytic degradation
of composite PE films with the addition of a blue-green dye
sensitive to visible light. Dye sensitization of nanostructures
increased the degradation rate of low-density PE films under
visible light, including sunlight. The formation of volatile
organic products during photodegradation causes defects in
the films, as confirmed by FTIR, SEM and tensile strength
measurements. Thus, polyethylene films with 10% dye-colored
titanium nanotubes showed approximately 50% degradation
under visible light exposure over a short period of 45 days. In
both cases, the surface area of the catalyst, as well as the extent
and nature of interactions between MNPs molecules and the
catalyst surface, significantly influenced removal efficiency.

Ozonation causes oxidation of polymeric substances
containing unsaturated bonds as well as aromatic rings
(Chen et al. 2018). Studies have confirmed the effectiveness
of ozone in the degradation of polymers (Chen et al. 2018,
Hidayaturrahman and Lee 2019, Tian et al. 2017) by creating
highly reactive radicals (mainly hydroxyl radicals). The process
is used as a direct method for removing MNPs or as a means of
increasing the effectiveness of other purification methods, e.g.,
biological ones. Hidayaturrahman and Lee (2019) achieved
a high degree of MNPs degradation (>90%) as a result of
ozonation, compared to other methods such as membrane
filtration (79.4%), RSF, and GAC filtration (73.8%). The main
challenges associated with ozonation are the high cost of ozone
production and environmental concerns (Hidayaturrahman and
Lee 2019, Tian et al. 2017). The combination of ozonation with
GAC filtration has shown an increase in the elimination of
small MNPs in the size range of 1-5 pum, 10-50 um and fibers,
by up to 22% (Wang et al. 2020a, Pivokonsky et al. 2020).

Ozonation is also an effective method of disinfection.
Ozone reacts quickly with microorganisms, destroying and
deactivating their cell walls. However, it requires specialized
equipment and careful control of the ozone dose. The oxidation
potential of ozone is 2.08 eV, so the process can kill chlorine-
tolerant microorganisms by attacking their cell membranes
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(Ding et al. 2019). However, MNPs can interact with ozone,
reducing the number of ozone molecules available to react with
bacteria and leaving non-disinfected pathogens in the water
(Enfrin et al. 2019). Ozonation provides relatively short-term
protection and is therefore used as a complementary method
(Kumar et al. 2023).

Chlorination is one of the most commonly used
disinfection methods in drinking water treatment. Chlorine or
its compounds kill bacteria by inhibiting the activity of their
enzymes (Mahmood et al. 2018). The method is low-cost and
effective, but micron-sized suspended solids in water, including
MNPs, can hinder the action of chlorine on microorganisms
(Kernegger et al. 2009). Therefore, these particles can act as
protective substrates, causing bacteria to become resistant to
the disinfection process (Enfrin et al. 2019). Chlorination can
also lead to the formation of disinfection by-products, which
require careful monitoring and control (Kumar 2021). Chlorine
concentration, contact time, MNP abundance and properties,
water quality, and environmental factors (pH, temperature,
etc.) can influence the interaction of MNPs with chlorine and
the effectiveness of their removal. The impact of disinfection
on MNP removal in DWTPs has not yet been fully understood.
Some studies conducted in WWTPs have shown that the
contribution of disinfection to MNP removal ranges from
15.8% to 67.6% (Galafassi et al. 2022) and even up to 71%
(Liu et al. 2019), while other studies report that chlorination
reduces MNPs by 28% (Kankanige and Babel 2021) and even
up to 7.1% (Radityaningrum et al. 2021).

UV disinfection involves neutralizing microorganisms
by damaging their genetic material, preventing them from
replicating and rendering them harmless (Carre et al. 2018).
The process is effective in combating pathogens, does not
produce chemical by-products, and does not change the taste
or smell of water. However, it requires careful consideration
of the appropriate UV dose and exposure time. Suspended
solids, including MNPs, can protect microorganisms from
UV radiation, reducing the effectiveness of MNP removal,
especially for small particles ranging in size from 0.5 to 20
pm (Cherniak et al. 2022). There are also studies suggesting
that UV disinfection contributes to the removal of MNPs
(Galafassi et al. 2022). The observed increase in MNP numbers
is likely due to the fact that the larger MNPs are first weakened
by oxidation and then fragmented by external forces such as
the shear force of water flow and aeration. Na et al. (2021)
compared the degradation of MNPs by UV photolysis with and
without the addition of H,O, (UV and UV/H,O, options). The
results showed that UV/H,O, treatment promoted fragmentation
of MNPs and changes in their physical properties (i.e., size
and morphology). Both UV and UV/H,O, treatments resulted
in a significant increase in smaller MNPs and total particle
concentration. To date, there is still a lack of knowledge
regarding the removal mechanisms of MNPs.

Despite limited information on the presence and
behavior of plastics in drinking water, the impact of MNPs
on disinfection process is harmful (Shen et al. 2020), and the
removal of MNPs remains a controversial issue. Therefore,
the impact of disinfection conditions (type and concentration
of disinfectant, contact time, pH, temperature, etc.), the
abundance and properties of MNPs in water on their removal
in DWTPs should be investigated in more detail.

MNPs in drinking water

Recently, there have been increasing studies on the
presence of MNPs in drinking water and other food products
(Yousefi et al. 2025, Acarer 2023b). The presence of MNPs
in surface water, groundwater, and wastewater (Bodzek et
al. 2024) contributes to the contamination of drinking water.
They can be found in these elements of the system as a result
of physical, chemical, and biological degradation of plastic
waste, surface runoff, industrial and municipal wastewater, and
atmospheric deposition. They can also originate from landfills,
which are considered to be the main source of MNPs in
groundwater (Chia et al. 2021). In addition, plastic equipment
used for drinking water treatment or distribution may become
damaged or destroyed, thus constituting a source of MNPs in
drinking water (Ofmann et al. 2018). MNPs contained in raw
water are not completely removed during raw water treatment
in DWTPs, and therefore the resulting drinking water contains
MNPs. So far, there is little literature data on the presence of
MNPs in water for human consumption, but MNPs have been
detected in tap water and bottled water, which has an adverse
effect on human health (Acarer 2023b, Zuccarello et al. 2019,
Kirstein et al. 2021, Mason et al. 2018, Kosuth et al. 2018,
Mintening et al. 2019, 2020). Ensuring safe drinking water is
part of the Sustainable Development Goals on access to safe
and affordable drinking water (Campos et al. 2022). Given the
daily consumption of drinking water by humans, this could be
a significant source of MNP exposure for humans.

MNPs in tap water

The presence of MNPs in tap water has been confirmed
in studies conducted in various parts of the world, with
concentrations ranging from 394 particles/L to as low as
0.01 particles/L (Chowdhury et al. 2023, Cecilia et al. 2024,
Almaiman et al. 2021, Feld et al. 2021, Lam et al. 2020, Zhang
et al. 2020b). The test results vary greatly, depending on the
analytical methods used and geographical location, as well
as differences in water management practices, infrastructure
condition, and environmental pollution levels. MNP
contamination in tap water comes mainly from three sources:
contamination of the water source, the performance of DWTPs,
and water transport pipelines.

As a result of MNPs analysis in 159 tap water samples
collected from different parts of the globe, it was found
that 81% of water samples had an average concentration of
5.45 particles/L, with the highest average number of particles
detected in tap water in the United States (9.18 particles/L),
and the lowest in the EU (France, Germany, Ireland, Italy,
Slovakia) and England, Switzerland (3.60 particles/L)) (Kosuth
et al. 2018). In addition, it was found that the average number
of particles in tap water samples taken from more developed
countries (US, EU, and others; 6.85 particles/L)) was higher
than in samples taken from less developed countries (Cuba,
Ecuador, India, Indonesia, Uganda; 4.26 particles/L)) (Kosuth
et al. 2018). For example, in tap water in Akureyri, Iceland,
only 2 pug/L of PE and 1.5-5.2 ng/L of PVC were detected
(Asmundsdottir et al. 2019). Relatively low values were
also found in drinking water fountains in Mexico, Tianjin
in China, and 12 cities in Japan, the US, and Europe (Shahi
et al. 2020, Mukotaka et al. 2021). Mintenig et al. (2020),
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Table 5: Concentration, polymer types, shapes, and sizes of MPs in tap water from different countries

Country Concentration, | Detected Shape Particle size References
particles/L polymers
9.24 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
PS, PEST, PP, | _.
USA 46 PVP Fibers>fragments> balls |19-100 ym Asmundsdottir et al.
182 - fibers/fragments/pellets 2.5-300 ym 2019
443 PET, PEST, ; 1-20 pm Pivokonsky et al.
Czech 338and 628 |PE, PP, PVC Fibers>fragments> balls 1-50 um 2018
Sweden 0.174 EE PA, PET, fibers/fragments <150 and <20um | Kirstein et al. 2021
Ecuador 4.02 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
UK 7.73 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
1.82 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
France PEST, PP, PS, | . Asmundsdottir et al.
97 PE, PVC Fibers>fragments> balls |[19-100 ym 2019
>1 - - 50-100 uym Mintenig et al. 2019
0.91 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
Germany PS, PP, PEST, Asmundsdottir et al
53 PVC, PE Fibers>fragments> balls |[19-100 ym 2019
India 6.94 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
Indonesia 3.23 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
Lebanon 6.64 - fibers/fragments 0.1-5mm Kosuth et al. 2018
Slovakia 3.83 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
Switzerland |2.74 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
Uganda 3.92 - fibers/fragments 0.1-5 mm Kosuth et al. 2018
Semmouri et al.
Belgium 0.01 EETPI?/% PS, | 214 ym 2022
’ Fajar et al.2022
Denmark 0.31 - fibers > fragments>films |- Feld et al. 2021
. PP, PS, PE, : .

Finland 47 PEST, PVC Fibers>fragments> balls | 19-100 Sembiring et al.2021
lceland 1.5-5.2 ug/lL  |PVC Asmundsdottir et al.
2 ug/L PE 2019

440 EE:I_PP’ PS, Fibers>fragments> balls | 1-5000 ym Tong et al. 2020
China PET and
0.3-1.6 others fibers/fragment 10-5000 pm Zhang et al. 2020b
1753 - fragments/ fibers 1-10>10-50>50 | 1 ot al. 2022
Hong Kong Hm
- fibers, films 150-5000 pm Lam et al. 2020
PS, PEST, . Asmundsdottir et al.
Japan 7-65 PVC, PP, PP Fibers>fragments> balls | 19-100 ym 2019
. . PE, PS, PET, Almaiman et al.
Saudi Arabia | 1.9 PA. PU fragments 25-500 pm 2021

studying groundwater and drinking water in Germany for the
presence of MNPs, observed only a few polymer particles in
both raw and drinking water, with MNP levels ranging from
0 to 0.007 particles/L. However, other studies have shown
higher concentrations of MNPs in tap water (Tong et al. 2020,
Pivokonsky et al. 2018, Shen et al. 2021). Studies of MNPs
content in 38 tap water samples collected from households in
China found concentrations ranging from 0 to 1,247 particles/L
(with an average value of 440 particles/L) (Tong et al. 2020,
Shen et al. 2021). A study conducted at three DWTPs in the

Czech Republic determined the number and nature of MNPs
(approximately 1 um) in treated water supplied from surface
water reservoirs (Pivokonsky et al. 2018). MNPs were detected
in all samples, with average values of 443 particles/L, 338
particles/L, and 628 particles/L depending on the raw water
source. The differences between these studies may be due to
different water sources, DWTPs performance, and differences
in size, shape, and color of MNPS particles, and other factors.

The main types of plastics detected in tap water MNPs
are PP, PE, PS, PET (29.6%), and PVC, which essentially



Micro- and nanoplastics in drinking water: the review 79

corresponds to the types of MNPs found in raw water (Shen
et al. 2021, Romphophak et al. 2024, Chowdhury et al. 2023).
The results showed that the size of MNPs ranged from <I-
5000 pm, with the most frequently detected particles being
83-400 pm in size (Ramphophak et al. 2024). It was found
that small MNPs sizes (<100 um) are particularly dominant in
tap water (Tong et al. 2020, Mukotaka et al. 2021). Similar to
raw water, fragments, fibers, beads, granules, and membranes
were observed in tap water, with fibers and fragments being the
most common shapes, accounting for >70% (Shen et al. 2021,
Chowdhury et al. 2023), and often even 99.2% of the identified
MNPs (Babel and Dork 2021, Lam et al. 2020, Zhang et al.
2020b, Asmundsdottir et al. 2019, Tse et al. 2022).

Table 5 summarizes studies conducted on tap water
samples collected in various countries worldwide.

MNPs in bottled water

Another way of introducing MNPs into the human body
is by drinking bottled water (Zuccarello et al. 2019, OBmann
et al. 2018, Altunisik et al. 2023, Galvez-Blanca et al. 2024,
Hossain et al. 2023). MNPs in bottled water come from both
treated water and packaging. Plastic (PET) and glass bottles are
used to package drinking water, and caps are mainly made of
PP, PE, and other plastics. MNPs are therefore transferred from
the packaging to the water, as the types of polymers in bottles
or caps correspond to the polymers found in MNPs contained
in bottled water (Mason et al. 2018, Schymanski et al. 2018,
OBmann et al. 2018). The concentration of MNPs in bottled
water varies greatly depending on the brand and country,
ranging from 0.73 to as high as 54.2 million particles/L (Zhang
et al. 2024), but most values are low, at less than 400 particles/L
(Almaiman et al. 2021, Kankanige and Babel 2020, Li et al.
2023). Mason et al. (2018) analyzed the occurrence of MNPs in
bottled water and found that concentrations ranged from a few
to several thousand particles per liter, with an average of 10.4
particles/L, and that the most common form was fragments
(66%), followed by fibers. In a study conducted in Bangladesh,
mineral water from ten different brands also showed low levels
of MNP contamination, ranging from 14 to 56 particles/L, with
an average of about 35 particles/L (Hossain et al. 2023).

In many countries, table water and mineral water also
contain high concentrations of MNPs, ranging from 1.9 to
5.42-107 particles/L (Zuccarello et al. 2019, OBmann et al.
2018, Zhang et al. 2024). For example, in Italy, concentrations
of over 5-107 particles/L were found in mineral water
(Zuccarello et al. 2019), and in bottled water from Germany,
over 35,000 particles/L. were reported (OBmann et al. 2018).
These differences result from geographical location, but also
from the origin of the water and the length of time it is stored
in bottles, the materials from which the bottles are made, the
use of different analytical methods for determining MNPs,
the level of purification and conditioning of the water in the
bottles, and the conditions of transport and storage of the water
bottles (Zhang et al. 2024). The concentration of MNPs in
bottled water also depends on the nature of the plastic bottles,
i.e., whether the bottles are disposable or reusable. Schymanski
et al. (2018) found that the concentration of MNPs in water
in 15 types of reusable plastic bottles (118 particles/L) was 8
times higher than the amount of MNPs in disposable plastic
bottles. This is due to greater material abrasion in reusable

bottles than in disposable bottles. Similar observations are
reported in a study by Omann et al. (2018), which found that
water in disposable PET bottles contained fewer MNPs than
water in reusable PET bottles.

Currently, plastic water bottles are often being replaced
with glass bottles, which should reduce the release of
chemicals from plastics, most commonly PET. A study
conducted in Germany compared the concentration of solid
particles in water from plastic and glass bottles (OBmann et al.
2018). Water from glass bottles generally had slightly lower
concentrations of MNPs, but these values were similar to
those in single-use PET bottles and, in both cases, lower than
in reusable PET bottles (OBmann et al. 2018). However, there
was a difference in the types of MNPs found, as PET particles
dominated in water from both single-use and reusable PET
bottles (over 70%), while glass bottles had a higher proportion
of PE (46%) and PP (23%) (OBmann et al. 2018). These results
suggest that the type of packaging material plays an important
role in determining the composition of MNPs in bottled water,
potentially due to the degradation of these materials into
smaller particles over time.

In general, MNP concentrations in reusable plastic bottles
are higher than in single-use and glass bottles (Di et al. 2019).
The levels found in bottled water from Bangladesh were lower
than those found in water in glass bottles from Italy, Thailand
and Germany (Shen et al. 2020, Sol et al. 2021, Silva et al.
2018). It can therefore be concluded that the reuse of plastic
bottles contributes to an increase in the content of MNPs in
bottled water. According to various studies, bottled water
contains approximately 50% more MNPs than tap water (Rist
et al. 2018). This suggests that water preparation for bottling
and polymer leaching may contribute to the accumulation and
increase of MNPs in drinking water. Similar results have been
obtained in other studies. As consumers continue to rely on
bottled water as a convenient source of drinking water, it is
important to understand the factors that contribute to MNP
contamination and to work to minimize their presence in
bottled water products. Table 6 shows the abundance of MNPs
in bottled water in different countries.

The impact of MNPs in drinking water on
human health

MNPs enter the human body through ingestion, inhalation,
and skin contact (Schwabl et al. 2019). This applies not only
to drinking water containing MNPs, but also to other products
such as seafood, honey and sugar, commercially available table
salt, and other plastic-packaged products (Rist et al. 2018,
Kosuth et al. 2018, Conti et al. 2020, Smith et al. 2018, Peixoto
et al. 2019). Cox et al. (2019) estimated that, depending on
age and gender, total human intake of MNPs through food and
beverages (mainly from seafood and bottled water) in the U.S.
ranges from 39,000 to 52,000 particles per year, while 35,000
to 62,000 MNPs per year are inhaled from the atmosphere.
Most MNPs remain in the lungs or enter the digestive system,
and some are excreted through coughing or sneezing, as well
as via urine and feces, and other metabolic pathways due to
their resistance to degradation (Wright and Kelly 2017, Cox et
al. 2019).

The average daily intake of MNPs with drinking water
varies by country (Hossain et al. 2023), ranging from 0 in
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Table 6: MNPs concentration in bottled water in different countries

Country Type of packaging Concentration, particles/L | References
Italy Plastic bottle — mineral water 5.42-107 Yuan et al. 2022
Hong Kong PET 6827 Plastic the Fast Facts — Plastic Europe,
Reusable PET bottle 19 2025
PET 2649 Di et al. 2019
Single-use plastic bottle 118 Shen et al. 2020
Glass bottle 50 Shen et al. 2020
Germany Glass bottle 3074 D? et al. 2019
Reusable PET bottle 4889 Di et al. 2019
Reusable PET bottle 242 Rozman and Kalcikova 2022
Reusable plastic bottle 14 Shen et al. 2020
Cardboard packaging 11 Shen et al. 2020
PET 315 Silva et al. 2018
Italy PET 148 Li et al. 2023
Glass bottle 195 Silva et al. 2018
Thailand Single-use plastic bottle 140 Sol et al. 2021
Glass bottle 52 Sol et al. 2021
Australia PET 13 Uoginte et al. 2022
Malaysia Single-use plastic bottle 11 Chanpiwat and Damrongsiri 2021
China Single-use plastic bottle 10 Shruti et al. 2020
Iran Plastic bottle — mineral water 8.5 Lam et al. 2020
1.9 Hamm and Lenz 2021
Saudi Arabia |Plastic bottle — mineral water 1-26 Almaiman et al. 2021
LQ Hamm and Lenz 2021
Bangladesh |Single-use PET bottle 35 ;Jazsstlc the Fast Facts — Plastic Europe,

LQ — below the detection limit

Italy to 61 particles per liter in the United States. On the other
hand, in China and the UK, intake ranges from just 2.8 to 1,787
particles and from 0.068 to 20.8 particles per day, respectively
(Kosuth et al. 2018, Han et al. 2024, Adediran et al. 2024).
Most studies base their estimates of water intake on an average
of 2 to 3 liters per day, but some report values well beyond
this range (Paray et al. 2024), which influences the different
assessment of human exposure to MNPs via tap water.

MNPs entering the human body can mainly cause oxidative
stress, tissue damage, and chronic inflammation (Schirinzi
et al. 2017), as well as gastrointestinal disorders (Wright
and Kelly 2017, Tamargo et al. 2022, Zhang et al. 2022). In
addition, autoimmune diseases, cytotoxicity, carcinogenicity,
cardiovascular disease, skin irritation and human respiratory
disorders have been reported (Smith et al. 2018, Lombardi et
al. 2022, Kurniawan et al. 2021, Rai et al. 2021, Sana et al.
2020). Other studies have also detected MNPs in the human
reproductive system (Contino et al. 2023, Enyoh et al. 2023,
Liu et al. 2023, Zhao et al. 2023), contributing to hormonal
disruption and potentially causing infertility in women. A
recent study by Contino et al. (2023) confirmed the toxicity of
PS-based MNPs to human sperm. MNPs have also been found
to have negative effects on the nervous system (Schirinzi et
al.2017, Prist et al. 2020). Hua et al. (2022) reported reduced
cell viability and changes in gene expression of DNA and neural
tissues as a result of long-term exposure to PS-based MNPs in
the human brain. A recent study found that MNPs can interact
with proteins in the brain, potentially contributing to dementia
and Parkinson’s disease (Liu et al. 2023). MNPs such as PS,

PET, and PE (>700 nm) have been detected in human blood
at a total concentration of 1.6 ug/mL in samples of healthy
volunteers, indicating the bioavailability of plastic particles in
the bloodstream (Leslie et al. 2022), reaching distant organs in
the human body (Smith et al. 2018).

Research into the potential impact of MNPs on human
health has only just begun, and the toxic effects require further
confirmatory studies. Detailed information on the impact
of MNPs on human health is presented in review papers by
Wright and Kelly (2017), Barboza et al. (2018), Rist et al.
(2018), Schirinzi et al. (2017), Triebskorn et al. (2019), Wang
et al. (2018b), and other studies. A summary of the various
effects of MNPs on human health is presented in Table 7.

When considering the potential health risks of MNPs
in drinking water, the following should be considered in
particular: (1) the physical hazards associated with particulate
matter, (2) the complexity of their chemical composition,
which includes monomeric components, additives and various
contaminants adsorbed on the surface of particles, and (3)
the possibility of biofilm formation on MNPs (Kutralam-
Muniasamy et al. 2023, Nirmala et al. 2023). The transfer of
MNPs into the body depends on a number of factors, including
their shape, composition, size, and volume, challenging
traditional human health risk assessment strategies. For
example, smaller particles are transported more easily, while
larger ones (>2 pum) usually remain in the intestinal tract. Rapa
et al. (2023) indicated that microplastic particles larger than
10 um are unlikely to be transported across an intact intestinal
barrier. As the size of MNPs decreases, penetration into
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Table 7: Detection of MNPs in human cells and their toxic effects

MPs type MPs size (um) Shape Type of toxic effect Reference
PVC No data available Irregular |Hepatic hemangiosarcoma Bolt et al. 2005
. o . Schirinzi et al.
PS 0.04, 0.25, 10 Spherical | Oxidative stress and cytotoxicity 2017
PE 0.1-16 Spherical | Cytotoxicity gg:\;ranI etal.
polycarbo_nate, No data available Irregular Adverse effgcts on brain development, Rist et al. 2018
epoxy resins hormonal disorders
Oxidative stress, cytotoxicity, poor
PS 0.1and 5 Spherical |immune response, paracellular and Wu etal. 2019,
Liu et al. 2020
transmembrane transport
Cytotoxicity, absorption challenges and Hwang et al. 2020,
0.460, 1, 3, 10, 40 . : . )
PS Spherical |poor immune response, cell proliferation | Goodman et al.
and 100 . oo
and internalisation 2021
Cytotoxicity, oxidative stress, immune
PS (1)3205 1,3, 6and Spherical |response, barrier integrity, and predictive \?V(;I:mg e:tzlll 22%22%0
) biomarker for COPD 9 '
PVC and ABS 25-75 and 75-200 |lrregular |Cytotoxicity and poor immune function Han et al. 2020
1-10, 50 (45-53) . . . - :
HDPE and 100 (90—1086) Spherical |Poor immune function and cytotoxicity Choi et al. 2021
LDPE 25-75 and 75-200 |Random | C3USes oxidative stress, poorimmune | oy, ot o1 2021
response and cytotoxicity
Toxicity to macrophages (the major
components of the immune system)
PS <0.45 Irregular |- decreased the viability of human Koner et al. 2023
macrophages, oxidative stress, and
decreased cell proliferation
Respiratory cell toxicity (bronchial and Winiarska et al
PS 0.025 and 0.050 no data |airway epithelial cells; mitochondrial ’
N : . . 2024
dysfunction, impaired bioenergetics)
Impact on the heart - indirect toxicity
PS 1 and 0.05 no data |through mitochondrial dysfunction and Ma et al. 2025
oxidative stress
Potential cytotoxic effects on intestinal
PE and PET 1and 2,6 no data |epithelial cells - oxidative-stress-induced |Najahi et al. 2025
cytotoxicity

PS - polystyrene, PE - polyethylene, PVC - polyvinyl chloride, ABS — acrylonitrile butadiene styrene, HDPE - high-
density polyethylene, LDPE - low-density polyethylene, PET - polyethylene terephthalate,

peripheral tissues and the circulatory system through lymphatic
aggregation becomes easier, leading to systemic exposure.
Although low-concentration MNPs can enter the bloodstream,
they have difficulty penetrating deep tissues through the cell
membrane due to their size, and they are removed by the
spleen (Bouwmeester et al. 2015). Ji et al. (2020) showed
that the size of PET nanoparticles (20 nm, 60-80 nm, and 800
nm) plays an important role in in vivo toxicity studies. On the
other hand, Banerjee et al. (2022) studied cellular responses to
PS particles of different sizes (50—5000 nm), finding that the
uptake of smaller nanoparticles (50 or 100 nm) by cells was
higher than that of 1000 nm particles. These examples show
that, in the context of the potential impacts on human health,
studies on NPs are of greater importance compared to studies
on MPs, especially since nanoparticles can penetrate the cell
membranes of living organisms.

In addition to MNPs, chemical additives used in plastic
production can cause diseases leading to cancer, affect immune

response and enzyme activity, and cause reproductive disorders,
as well as other disorders (Rist et al. 2018, Ziccardi et al. 2016)
(Table 8). Examples of additives include PAHs, polychlorinated
biphenyls (PCBs), brominated flame retardants, bisphenols
(BPA), triclosan, heavy metals, octadecyl trichlorosilane (ODT),
phthalates, and others that can cause physiological changes
(Okoye et al. 2022). When MNPs are in an aqueous environment,
additives are flushed out at a rate that depends on temperature,
pH, pressure, etc. Many studies have shown the presence of
plasticizers such as phthalates and bisphenol A in natural and
treated water in DWTPs (Li et al. 2024c¢). These compounds have
been associated with hormonal changes, negative effects at the
onset of puberty, toxicity and effects on the gut microbiota and the
nervous, reproductive, and immune systems (Li et al. 2018, Sun
and Wang 2023). In addition, MNPs can adsorb various chemical
compounds on their surfaces, mainly metals/metalloids such as
cadmium, manganese, lead, arsenic, copper, zinc, chromium, etc.
(Selvam et al. 2021, Gao et al. 2019). The adverse health effects
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Table 8: Selected additives in MNP and their health risks

Additives Application Effect References
Phthalates |Plasticizers May cause dysregulation o.f thyroid function, Wang and Qian 2021
reproduction, and metabolism
_ Antibacterial Ma_y cause decreased immune funct_lon a!nd metabolic Browne et al. 2013
Triclosan activity, as well as endocrine disruption, liver tumor
agent . o . Marazuela et al. 2022
promotion, and antibiotic resistance
Flame May damage the liver and digestive system. May Byrne et al. 2013,
Antimony retardants and |cause cardiovascular disease. Possibly carcinogenic |Hahladakis et al. 2018
biocides to humans. Wu et al. 2025
Heavy Inorganic It may cause cardiovascular and kidney diseases; Byme et al. 2013,
. . ) : Jan et al. 2015, Gandamalla
metals pigments, UV mental disorders; breast cancer and neurological
. ) . : et al. 2019, Massons and
e.g. Ba, Cd, |and thermal disorders, cell apoptosis, anaemia, hypertension,
. o o : . .| Turner 2017,
Ti, Pb, Cr stabilisers oxidative stress, brain and cell damage, and infertility. .
Abahussain et al. 2025

associated with metals are well known (Table 8), and changes in
the endocrine system and sudden hormonal responses induced
by metal/metalloid-laden MNPs have been confirmed in studies
(Rehman et al. 2017). In addition, ingested MNPs can also serve
as vectors for harmful bacteria adsorbed on their surface, such as
Vibrio spp. (Kirstein et al. 2016).

Final conclusions and future research

directions
This article describes research on the presence and nature

of MNPs in drinking water and water used for its production, as
well as the removal of MNPs in unit processes used in DWTPs.

Previous studies have focused more on WWTPs, and there is

a lack of research on the removal of MNPs in drinking water

treatment processes.

1. MNPs of various types, sizes, and shapes present in raw
drinking water reach DWTPs. Fragments, fibers, films,
foams, and granules are the most commonly found shapes
of these contaminants in such water samples , including
seawater, river water, and even groundwater.

2. Studies have shown the release of MNPs into treated water
during transport of raw water and its purification.
Preliminary results indicate that conventional DWTPs
treatment sequences are only partially effective in
reducing the concentration of MNPs in drinking water, as
DWTPs are not designed exclusively and specifically for
the removal of MNPs. Due to the high diversity of MNPs
in water and their incomplete removal, DWTPs with more
stages are more effective than simpler treatment systems in
terms of MNPs removal, particularly membrane processes
or advanced oxidation processes.

3. The presence of MNPs in tap water, bottled water,
and beverages has been confirmed in numerous studies
conducted in various parts of the world. Number of MNPs
varies greatly, ranging from a few to several thousand
particles per liter of water. Such significant variation in test
results is due to the analytical methods used, geographical
location, but also differences in water management
practices, infrastructure condition, and environmental
pollution levels. A comparison of the amount of MNPs
in plastic and glass water bottles shows that the use of
the former contributes to an increase in their content in
drinking water. In addition, MNPs in drinking water

vary greatly not only in concentration but also in size,
shape, and material. Commonly known MNP materials in
drinking water include PE, PP, PS, PET, PVC, etc., and the
most common shapes are fragments, spheres, and fibers.

4. Drinking water treatment plants must address the presence
of MNPs in treated water, as they pose a new threat to
human health. In addition to inhalation and ingestion of
MNPs through contaminated air and food, drinking water
is one of the main routes of exposure to MNPs. While
data on actual adverse effects in humans remain scarce,
preliminary studies have revealed a number of harmful
health effects caused by MNPs. Furthermore, another
challenge is the health effects of chemicals added to
plastics or adsorbed on MNPs surface.

In summary, further research is needed on the following
issues:

— Quantitative determination and characterization (size,
shape, polymer composition) of MNPs in surface and
groundwater, as well as drinking water, should become
an important part of various water quality monitoring
programs.

— In-depth research on the removal of MNPs by various unit
processes that can be used in water treatment, including
the optimization of current treatment technologies or the
development of new processes aimed at removing MNPs.

— Investigate the possibility of secondary contamination of
tap water with MNPs during water treatment and transport
processes to consumers.

— Undertake joint efforts to eliminate single-use plastic
products, develop appropriate rules for plastic recycling,
increase efforts to develop biodegradable materials to
replace plastics, and adopt the concept of a circular
economy in this area.
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Streszczenie. Zanieczyszczenie wody tworzywami sztucznymi staje si¢ coraz bardziej niepokojace ze wzgledu na
coroczny wzrost globalnej produkcji tworzyw sztucznych. Mikro- i nanoplastiki (MNP) wykryto w zrodtach wody pitnej
i wodzie z kranu, co budzi obawy dotyczace skutecznosci stacji uzdatniania wody pitnej oraz zdrowia publicznego osob
spozywajacych wode z kranu lub butelkowang. Niniejszy artykul przedstawia systematyczny przeglad dostgpnej wiedzy
na temat globalnego wystgpowania MNP w zrodlach wody pitnej i wodzie uzdatnionej, wodzie z kranu i/lub wodzie
butelkowanej. Przedstawiono dane dotyczace wystgpowania i wiasciwosci MNPs (rodzaj polimeru, ksztatt i rozmiar).
Nastepnie omowiono wiedze na temat skuteczno$ci usuwania MNPs w roznych procesach jednostkowych stosowanych
do uzdatniania wody pitnej, w tym koagulacji, flokulacji, sedymentacji, filtracji piaskowej i membranowej, adsorpcji,
zaawansowanych procesach utleniania i dezynfekcji. Zwraca si¢ rowniez uwage na zagrozenia dla zdrowia, jakie
moga stwarza¢c MNP obecne w wodzie pitnej. Obecnie nadal wydaja si¢ istnie¢ luki w badaniach nad usuwaniem MNP
w procesie uzdatniania wody pitnej. Ponadto, oméwiono potencjalne wyzwania, strategie i potrzeby badawcze zwigzane
z wystepowaniem i usuwaniem MNP w procesach jednostkowych stosowanych w produkcji wody pitne;.
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