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Abstract

Microplastics, defined as plastic particles smaller than 5 mm, have become a pressing global environmental issue. Ineffective recy-
cling practices allow plastics to enter and persist in the environment, breaking down into smaller particles that travel through path-
ways like rivers. These microplastics can accumulate in ecosystems, where they pose significant risks to flora, fauna, and potentially
human health. This study focuses on riverine microplastic pollution in the Hungarian section of the Danube River, Europe’s second-
largest river, as well as in its tributary system. The Danube is a vital water source for Budapest and plays a crucial role in the re-
gion’s economy and ecological balance. Water samples were collected at varying river depths using a Multilevel Manta Net. Ad-
vanced laboratory techniques, including Fourier-transform infrared spectroscopy and digital microscopy, were used to identify and
characterise microplastics collected. Additionally, flow measurements were conducted to estimate mass-flux rates. These findings
contribute to developing practical measures for understanding, managing, and reducing microplastic pollution in freshwater systems.
The findings revealed an average microplastic concentration of 0.311 mg/m?, corresponding to 142 particles/m*. The most frequently
identified polymers were polystyrene, polyethylene, and polypropylene, which appeared predominantly as fragments, foam, and
flakes. The microplastics exhibited a range of colours, including yellow, black, grey, and green.
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Mikromiianyag-szennyezés vizsgalata magyarorszagi folyoszakaszokon

Kivonat

A mikromilanyagok, azaz az 5 mm-nél kisebb miianyag részecskék napjaink egyik legsiirget6bb globalis kdrnyezeti problémajava
valtak. A nem megfelel$ Gjrahasznositasi gyakorlatok kdvetkeztében a miianyagok bejutnak és hosszu ideig megmaradnak a kornye-
zetben, mikdzben kisebb részecskékre bomlanak. Ezek a részecskék folyok altal terjedhetnek, felhalmozddhatnak az 6koszisztémak-
ban, ahol jelent6és kockazatot jelentenek a névény- és allatvilagra, valamint potencialisan az emberi egészségre is. Ez a tanulmany a
folyami mikromiianyag-szennyezést vizsgalja Eurdpa masodik legnagyobb folydja, a Duna magyar szakaszan és annak mellékfolyo-
iban. A Duna létfontossagu vizforrast jelent Budapest szamara, és kulcsfontossagu szerepet jatszik a régio gazdasagaban és dkologiai
egyensulyaban. A vizmintakat a folyd kiillonbozé mélységeibdl gyiijtottilk egy tobbszintes planktonhald segitségével. Korszerii
laboratoriumi technikakat, koztiikk Fourier-transzformacios infravords spektroszkopiat és digitalis mikroszkopiat alkalmaztunk a
gyljtott mikromilanyagok azonositasara és jellemzésére. Emellett aramlasméréseket végeztiink a tomegaramok becsléséhez. Ezek az
eredmények hozzéjarulnak a mikromiianyag-szennyezés megértéséhez, kezeléséhez és csokkentéséhez sziikséges hatékony intézke-
dések kidolgozasahoz. Az eredmények alapjan az 4tlagos mikromtianyag-koncentracié 0,311 mg/m?® volt, ami 142 részecske/m3-nek
felel meg. A leggyakrabban azonositott polimerek a polisztirol, a polietilén és a polipropilén voltak, amelyek f6ként tormelék, hab és
pelyhek forméjaban fordultak eld. A mikromiianyagok szine valtozatos volt, tobbek kozott sarga, fekete, sziirke és zold arnyalatokat
mutattak.

Kulesszavak
Mikromiianyagok, FTIR spektroszkopia, mikromiianyag-jellemzés, folyami mikromiianyagok, miilanyagszennyezés.

INTRODUCTION Shahira 2025, URL3). Owing to their durability, low

Plastic pollution is a primary global concern, intensified
by the steady rise in plastic production. In 2020, global
output reached about 380 million tonnes and is expected
to exceed 460 million tonnes by 2025 (Plastics Europe
2024). Yet nearly one-third of this plastic is mismanaged
and ultimately released into natural environments such as
rivers, oceans, and soil (Houssini et al. 2025, URL2,

recycling rates, and inadequate waste treatment, plastics
persist for decades, fragmenting into smaller pieces
through UV radiation, abrasion, temperature changes, and
microbial activity (Andrady 2011, Barnes et al. 2009,
Cole et al. 2011, Crawford and Quinn 2017, Derraik
2002, Hopewell et al. 2009, Moore 2008, Rios et al. 2010,
Roy et al. 2011).
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Plastic debris is generally classified by size into
mega- (>1 m), macro- (I m to 2.5 cm), meso- (2.5 mm to
5 mm), micro- (between 1um to 5 mm, and nanoplastics
(<1 pm). Microplastics (MPs, <5 mm) are of particular
concern because of their ubiquity and persistence (An-
drady 2011, Cole et al. 2011, Crawford and Quinn 2017,
Hartmann et al. 2019, Jahanpeyma and Baranya 2024,
Kutz 2002, Moore 2008). They are categorized as primary
MPs, produced intentionally for use in products such as
cosmetics and plastic pellets, and secondary MPs, which
arise from the breakdown of larger items (Browne et al.
2011, Cole et al. 2011, NOAA-Marine Debris Program
2009). MPs enter aquatic and terrestrial environments via
wastewater, runoff, and atmospheric deposition, and
rivers are the main transport route, carrying an estimated
1.15-2.41 million tonnes of plastic debris annually into
marine ecosystems (Adomat and Grischek 2021, Campa-
nale et al. 2020, Lebreton et al. 2017, Waldschliger et al.
2020). Key sources of MP pollution include wastewater
from laundry (35%), tire wear (28%), construction activi-
ties (24%), road markings (7%), shipping and vessel
coatings (3.7%), cosmetics (2%), and plastic manufactur-
ing pellets (0.3%) (Fadare and Okoffo 2020, Jahanpeyma
and Baranya 2024).

The ecological and health risks of MPs are increasingly
evident. They have been detected in seafood, bottled water,
salt, and honey, while inhalation and dermal exposure are
also possible pathways for human intake (Cook and Hal-
den 2020). MPs and their additives may cause toxic ef-
fects, ranging from gastrointestinal problems to DNA dam-
age, and they act as carriers for other pollutants and patho-
gens (Cook and Halden 2020, Crawford and Quinn 2017,
Geyer et al. 2017, Gouin et al. 2011, Hahladakis et al.
2018, House of Commons Environmental Audit Committee
2016, Laist 1997, Marturano et al. 2019, Mato et al. 2001,
Ogata et al. 2009, Rios et al. 2007, Teuten et al. 2009,
Waldschliger et al. 2020). In aquatic systems, MPs are
ingested by a wide range of species, leading to digestive
blockages, reproductive impacts, and behavioral changes
(Cook and Halden 2020, Crawford and Quinn 2017, Geyer
et al. 2017, Gouin et al. 2011, Hahladakis et al. 2018,
House of Commons Environmental Audit Committee 2016,
Laist 1997, Marturano et al. 2019, Mato et al. 2001, Ogata
et al. 2009, Rios et al. 2007, Teuten et al. 2009, Waldschld-
ger et al. 2020). MPs also alter soil structure and microbial
communities, reducing seed germination and plant growth
(Boots et al. 2019, Windsor et al. 2019). Furthermore,
plastics exhibit a complex relationship with global warm-
ing and are increasingly recognised as potential drivers of
global environmental change (Nel et al. 2018, Revell et al.
2021, Windsor et al. 2019).

The behavior of MPs in aquatic environments is gov-
erned by their size, density, polymer type, and interac-
tions with environmental factors such as flow velocity,
salinity, and biofilm development (4lfonso et al. 2021,
Kaiser et al. 2017, Petersen and Hubbart 2021). Polyeth-
ylene and polypropylene often remain buoyant and travel
long distances, while denser polymers like PET and PA
tend to settle near their sources (4lfonso et al. 2021, Kai-
ser et al. 2017, Petersen and Hubbart 2021). Hydrody-
namics, turbulence, and sediment interactions further

influence their transport and deposition (Ballent et al.
2016, He et al. 2021, Nel et al. 2018, Porter et al. 2018,
Waldschliger et al. 2020, Hahladakis et al. 2018, Mar-
turano et al. 2019).

Various sampling strategies have been developed to in-
vestigate MPs in aquatic environments, including selective,
bulk, and volume-reduced sampling (Eerkes-Medrano et
al. 2015, Frias et al. 2010, Yang et al. 2021). Net-based
methods such as manta or neuston nets (60—300 pm mesh)
are widely used in river and marine studies, although
methodological differences often complicate cross-study
comparisons (Obbard 2018, Liu et al. 2020, Yang et al.
2021). Standardization is therefore critical for reliable
monitoring and assessment (Hidalgo-Ruz et al. 2012, Roc-
chia et al. 2017, Petersen and Hubbart 2021). The summa-
rized workflow for sampling, preparation, and analysis of
microplastic samples, as outlined in Figure I, is constructed
based on different methodologies reported in prior studies.

Several European studies highlight the scale of MP
contamination in rivers. For instance, research in Portugal
and Spain has reported concentrations ranging from a few
to over 1,000 particles per cubic meter, with polyethylene
and polypropylene as the dominant polymers (Rodrigues
et al. 2018, Diez-Minguito et al. 2020, Bermudez et al.
2021). In the Danube, surveys in Austria, Romania, and
Hungary found a variety of polymers, with PE, PP, and
PS the most common (Liedermann et al. 2018, Pojar et
al. 2021a, Bordos 2021, Braun et al. 2022). These find-
ings confirm that the Danube is one of the significant
pathways for MPs in Europe.

As the continent’s second-largest river and an im-
portant international waterway, the Danube plays a cen-
tral role in regional ecosystems and economies. However,
limited research has focused specifically on the Hungari-
an stretch, where urban wastewater, tributary inputs, and
industrial activities are likely to intensify MP contamina-
tion. This study addresses that gap by conducting detailed
sampling along the Hungarian Danube using a Manta Net
device combined with Fourier-transform infrared (FTIR)
spectroscopy. The aim is to provide quantitative and qual-
itative insights into MP distribution and composition, to
advance understanding of their behavior and to support
effective management strategies.

Moreover, the distribution of MPs in river systems is
strongly influenced by inputs from tributaries, wastewater
treatment plants (WWTPs), and urban proximity. Tribu-
taries contribute MPs based on land use, connectivity, and
local activities, particularly those draining urban, indus-
trial, or agricultural regions. WWTPs, as significant point
sources, release MPs through effluents and sludge, with
smaller particles like fibres and microbeads often bypass-
ing filtration. Urban areas exacerbate MP pollution
through stormwater runoff, industrial discharges, and
waste mismanagement, creating pollution hotspots near
WWTP discharge points or where tributaries join main
rivers. In May 2024, a longitudinal sampling campaign
was conducted along the Danube River and its tributaries,
including the Raba, Marcal, and Mosoni-Duna Rivers, to
understand these dynamics better, offering detailed in-
sights into MP sources and distributions.
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Figure 1. Microplastic sampling and analysis processes
1. abra. Mikromiianyag mérési és elemzési eljarasok

MATERIALS AND METHODS

Field sampling was conducted at two distinct river cross-
sections located at 1640+000 rkm and 1642+000 rkm to
study microplastic pollution in the Hungarian section of the
Danube River in August 2022 and 2023, as shown in Figure
2. Water samples were collected from three vertical columns
at each cross-section (two sampling points were positioned
near the riverbanks, while the third was in the thalweg), with
samples taken at three different depths within each column

(one from the surface, one near the riverbed, and one at a
mid-depth level). This approach ensured a comprehensive
representation of the river's vertical profile. Proximity to
urban areas, factories, industries, and sewage treatment
systems can affect microplastic investigations. The selected
cross-sections were chosen for their proximity to the Buda-
pest Central Wastewater Treatment Plant (WWTP), which
treats 80% of the city's sewage and discharges effluent into
the Danube River (in the thalweg).
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Figure 2. Sampling locations in the Danube River
2. abra. Mintavételi helyszinek a Dundn

To collect water samples from specific depths within
the water column, the Budapest University of Technology
and Economics research team developed a specialised
device called the Multilevel Manta Net (MLM Net),
inspired by previous work conducted by Liedermann et
al. (2018) on the Austrian stretch of the Danube River
(Liedermann et al. 2018). The device features three nets
positioned at different depths within the water column,
suspended vertically using a crane mounted on a boat or a
pontoon (Figure 3).

Each manta net was built with sturdy metal frames
measuring 0.6x0.6 m> and featured conical polyamide
(PA) nets with a mesh size of 500 um and a length of
1.5 m. This mesh size captured MP particles ranging from
500 um to 5 mm. Based on preliminary tests, a 500 pm
mesh size was selected as the best compromise between
minimizing net clogging and capturing smaller particles.
At the end of each conical net, a polyvinyl chloride
(PVC) container with a 0.25 m diameter was attached,
fitted with a matching net to collect suspended particles
from the water. The openings of the manta nets were
oriented to align with and face the direction of the river's
flow. The nets were fixed at the specified depth by stop-
pers beneath the net frames. The horizontal position of
the nets was provided by blades attached to the ends of
the rods attached to the frames. The nets were submerged
in the water for 30 minutes. Afterwards, the nets were
lifted and rinsed thoroughly using high-pressure clear
water. The material and sediments gathered in the bottom
container were transferred to a container, taken to the

laboratory for analysis, and refrigerated until further
steps.

In addition to gaining a deeper understanding of the
dynamics of MPs in river systems influenced by tributar-
ies, urban proximity, and other factors, a longitudinal
sampling campaign was conducted along the Danube
River and its tributaries in 2024. The study included the
Réba River (7 samples collected), the Marcal River (8
samples collected), the Mosoni-Duna River (7 samples
collected), and the Danube River itself (20 samples col-
lected), providing detailed insights into MP sources and
distribution patterns.

For the Raba, Marcal, and Mosoni-Duna Rivers,
sampling was performed on the water surface using a
portable Manta Net with a frame measuring 0.12 m x
0.35 m and a 0.70 m long conical net equipped with a
1 000 um mesh to capture suspended particles. In con-
trast, the Danube samples were collected using MLM
nets, as previously described. Sampling was conducted
over 20 minutes, with the collected samples stored in
containers and transported to the laboratory for further
analysis.

A high-frequency, 1200-kHz Acoustic Doppler Cur-
rent Profiler (ADCP) device from Teledyne was used to
measure the water flow discharge and velocity. However,
since the ADCP measurements were less accurate within
0.5 m of the riverbed, an Acoustic Doppler Velocimeter
(ADV) device was attached to a net positioned close to
the bed for more precise data collection.
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Figure 3. a) Multilevel Manta Net device. b,c) Manta nets are placed in the water column
3. abra. a) Tobbszintii halés mintavételi eszkoz. b,c) Planktonhdlok beeresztése a fiiggélyben

In the laboratory, preliminary steps were taken to sepa-
rate and analyse microplastic particles (Figure 4). The col-
lected samples were placed in beakers containing a saturated
sodium chloride (NaCl) solution and left to settle for 24
hours to separate denser materials from the samples, which
were less likely to be plastics. The floating particles and
possible plastic particles were carefully collected, and the
samples were immersed in a 35% hydrogen peroxide (H202)
solution for at least 24 hours to clean the plastic particles and

remove organic materials and microorganisms. The floating
particles were carefully collected and dried in an oven at
40°C for 24 hours to remove moisture. The dried samples
were then sieved, isolating particles smaller than 5 mm for
further analysis. Visible plastic particles were carefully re-
moved from the samples using tweezers and transferred to
Petri dishes for further study. To ensure accuracy, only visible
particles were included, while fibres or particles too small to
be identified by the naked eye were excluded at this stage.

Figure 4. a) Sample purification process. The collected samples were subjected to a 24-hour immersion in a 35% H20: solution. b)
Sample after laying in NaCl and H>0: and drying in the oven. c) MPs extracted from one sample

4. abra. a) Minta tisztitasi folyamata. A begyiijtott mintdkat 24 ordn at 35%-os H20z-oldatba meritették. b) A minta NaCl- és H20:-
kezelés, majd kemencében térténd szaritdas utan. c¢) Egy mintabol kivont mikromiianyagok (MP-k)

The MP polymer types were identified using a Bruker
Tensor 37 FTIR spectrometer (with an attenuated total
reflection attachment, 4004000 cm™ wavenumber range,
2 cm'resolution, and 16 scans per sample (Figure Sa).
The FTIR technique works by analysing the light absorp-
tion spectrum emitted by the sample, which reveals the
energy characteristics of chemical bonds within the mate-
rial. Each polymer has a unique energy absorption pat-
tern, enabling the differentiation and identification of

polymer types through comparison with a spectral library
stored in the instrument.

A digital microscope (Keyence VH-Z20UR, 20x-
200x) was employed to measure the MPs’ size, shape,
and colour (Figure 5b). The total mass of the collected
MPs was weighed and recorded by using an exact digital
balance (Shimadzu AUW120D semi-micro analytical
balance, with accuracy levels of £0.01 mg for weights up
to 42 g and £0.1 mg for weights up to 120 g).

4.174 mm

Figure 5. a) FTIR spectroscopy device. b) Digital microscope. c) MP particle under the digital microscope for shape, size, and
colour analysis
5. abra a) FTIR-spektroszkopiai eszkéz. b) Digitalis mikroszkop. ¢) MP-részecske a digitalis mikroszkop alatt az alak, méret és szin
elemzéséhez
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RESULTS

The MP concentration (Cwmp) and transport rate (qmp)
were determined at specific points within the study area.
The Cwp was calculated by dividing the MP sample mass
(m) in kg (or number of MP particles) by the volume of
water passing through the designated sections (i.e., the
volume of the filtered water, V) in m>. V was estimated
by multiplying the net entrance area (A) in m?, flow ve-
locity (v) in m/s, and sampling time (t) in s.

Mass-based unit methods offer a more reliable ap-
proach to quantifying Cump (g/m®) in environmental sam-
ples than particle counting alone (particles/m?). By ac-
counting for particle size, composition, and density varia-

tions, this method provides a more comprehensive and
accurate assessment of the total plastic load within a
sample. For instance, in two samples with an identical
number of microplastics, variations in the density and
size of the particles can lead to significant differences in
the actual estimation of plastic pollution amounts.

The qmp was calculated by multiplying the con-
centration of plastic material by the water flow rate,
which was measured with the ADCP device during
the sampling. The flow discharge was 1 500 m’/s in
2022, and 2,126 m®/s in 2023. The results from the
experimental trials and subsequent calculations are
presented in Table 1.

Table 1. The MP delivery rate (qup) and concentration (Cup) at each sampling point (#) in two cross-sections in 2022 and 2023, (s:
surface of water, m: middle level of water column, b: near bed)
1. tablazat. Az MP-szallitdsi sebesség (qMP) és koncentracio (CMP) az egyes mintavételi pontokon (#) két keresztmetszetben, 2022-
ben és 2023-ban (s: a vizfelszin, m: a vizoszlop kézépso szintje, b: a mederhez kozeli szint)

= z E é ~ @
NN TN - L S T - R = | a5 | o
5| 2| & | S%¥| Z4| Ea| E% SE St | §2| §3
2 2 s £ g 2~ & g% O = Sl OF = =
s e ) > = = E < =
5 = = = B = e g
= =

1-s 1.18 765.38 0.14897 24 195 828 31.36 37.04
1-m 1.10 710.69 0.00204 11 3 11 15.478 16.98
1-b 0.45 291.60 0.01366 18 27 76 61.73 27.78
2-s 1.25 821.15 0.16471 147 201 900 179.02 223.13

1 2-m 1.12 738.47 - - - - - -
2-b 1.06 698.33 0.02906 31 42 159 44.39 47.06
3-s 1.23 795.75 0.08484 40 107 471 50.27 61.73
3-m 1.11 717.34 0.03913 21 55 217 29.27 3241
2022 3-b 0.70 451.35 0.05913 32 131 329 70.90 49.38
1-s 1.13 743.71 0.05032 64 68 276 86.05 97.66
1-m 1.05 688.40 0.13952 25 203 767 36.32 38.15
1-b 091 596.36 0.02298 41 39 126 68.75 62.56
2-s 1.48 980.37 0.01741 21 18 95 21.42 31.70
11 2-m 1.31 865.25 0.03458 24 40 188 27.74 36.23
2-b 1.07 708.85 0.02268 54 32 123 76.18 81.51
3-s 1.31 846.43 0.25643 41 303 1425 48.44 63.27
3-m 1.20 779.17 0.09083 63 117 505 80.86 97.22
3-b 0.75 486.00 0.22761 113 468 1264 232.51 174.38
1-s 1.13 735 1.03 319 1,398 1,975.1 433.79 492.28
1-m 1.05 681 0.41 190 598 723.8 279.13 293.21
1-b 0.79 513 0.37 193 719.9 495 376.21 297.84
2-s 1.82 1,176 0.33 114 277.1 1,001.9 96.91 175.93
2023 11 2-m 1.69 1,097 0.26 114 2349 738.9 103.89 175.93
2-b 1.27 820 0.34 115 417.1 733.7 140.16 177.47
3-s 1.56 1,009 0.12 123 114.8 305.6 121.86 189.81
3-m 1.40 910 0.27 104 296.8 641.7 114.32 160.49
3-b 0.87 566 0.24 167 425.1 3554 295.23 257.72

The average Cwvp and qwp in each cross-sectional area
of a specific vertical and the total cross-section Qump were
calculated in 2022 and 2023 using sedimentation engi-

neering methods. Qwmp was calculated by integrating the
particular qup along the total cross-sectional area and
summing up for a given period (e.g., g/s, t/year). The
results are presented in Table 2.
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Table 2. The average MP concentration and transport rate in two cross-sections and the overall area in 2022 and 2023 under the
specified flow rate and condition
2. tablazat. Az atlagos MP-koncentracio és szallitdsi sebesség két keresztmetszetben és a teljes vizsgalt teriileten 2022-ben és 2023-
ban, a meghatarozott vizhozam és feltételek mellett.

Flow | The average MP concentration The average The total MP transport rate
Year of Cross- rate (CMP,avg) MP transport (QMP)
sampling | section ’ rate (QMP,avg)
m?/s pg/ m? Particle/m? mg/s g/s kg/day t/year
I 1,500 104 54 156
2022 II 1,500 143 75 215 0.2 162 6
2023 II 2,126 498 218 1,059 1.06 91.5 33.39

FTIR analysis identified the polymer types in the col-
lected samples, providing insights into their potential
sources. The findings suggest that inadequate recycling
and storage practices may play a significant role in re-
leasing these materials into surface water bodies. Those

listed in 7able 3 were found in the highest concentrations
among the identified polymers. Their potential sources
are also outlined in the table. Among the various poly-
mers identified, PS, PE, and PP were found to be the most
abundant.

Table 3. The types of MP polymers identified in the collected samples through FTIR analysis and their potential sources
3. tablazat. Az FTIR-elemzéssel a begyiijtott mintakban azonositott MP-polimertipusok és azok lehetséges forrasai

Polymer Type o o
Polymer Type abbreviation Amount (%) Possible Source
Polystyrene PS 37.97 In packaging and construction insulation
Polyethylene PE 18.15 In the plastic bag and shampoo bottle production
Polypropylene PP 10.96 Commonly used in packaging and food storage
containers
other polymers 24.66
Used in automotive components, building and
Thermoplastic Vulcanizates TPV 4.20 construction products, household appliance parts,
and electrical components
Polyamide (commonly known as Used in textiles, the automotive industry, carpets,
PA 2.03 . .
nylon) kitchen utensils, and sportswear
Styrene-Ethylene-Butylene- Used in items such as grips, handles, bumpers, and
SEBS 1.03 - . .
Styrene other requiring soft-touch and medical devices
Used in the production of plastic bottles, corro-
High-Density Polyethylene HDPE 0.85 sion-resistant piping, geomembranes, and plastic
lumber
Polyethylene terephthalate PET 0.04 Used in bottle manufacturing
Thermoplastic Ela;to— TPE/TPS 0.07 Used in toothbrushes, dashboards, and cable
mer/Thermal Plastic Styrene covers
Polyvinyl chloride PVC 0.04 Used in plpe.and floor covering production, and
cable insulation

A detailed microscopic analysis was performed on the
collected samples to assess MP particle size distribution.
Figure 6 illustrate the observed particle size, shape, and
colour diversity. The study revealed that the predominant

MP particle shapes were fragments, fibres, foams, and
flakes. The most frequently identified colours among the
particles were yellow, black, semi-yellow, grey, and

green.

Figure 6. MP particles with different sizes, colours, and polymer types under a digital microscope
6. dbra. Kiilonbozé méretil, szinii és polimer tipusu MP-részecskék digitalis mikroszkop alatt
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Based on the results of the longitudinal sampling
campaign conducted in May 2024 along the Danube
River and its tributaries, the spatial distribution of micro-
plastic (MP) concentrations reflects distinct patterns
shaped by anthropogenic pressures and hydrological
features. As shown in Figure 7, the Danube exhibits sig-
nificantly higher MP concentrations compared to its
tributaries, with the most pronounced pollution hotspots
located downstream of wastewater treatment plants
(WWTPs) and urban areas. These regions are critical
sources of MPs, mainly due to stormwater runoff, indus-
trial discharges, and WWTP effluent, which contribute
substantial MP loads to the river system. Tributaries such
as the Raba and Marcal Rivers present varying MP levels,
which are influenced by their land use, including agricul-

tural activities and smaller-scale urbanisation in their
catchments. The Mosoni-Duna tributary, in particular,
plays a notable role, with the floodgate influencing MP
transport and deposition patterns, as indicated by local-
ised shifts in concentration levels. These findings high-
light the complex interplay between tributary inflows,
urban pressures, and point-source discharges in shaping
MP distribution within the Danube River system. Under-
standing the relative contributions of these factors is
crucial for developing targeted strategies to mitigate MP
pollution, particularly at critical junctions where tributar-
ies merge with the main river. This study underscores the
importance of continued monitoring and tailored inter-
ventions to address the challenges posed by MP pollution
in large riverine networks.

Mosoni-Duna
Raba
Marcal

WWTP

uP concentration, mg/m?®

<0.15
0.15-0.20
0.20 - 0.35
0.35-0.50
0.50 - 0.75
0.75 <

Figure 7. Spatial distribution of microplastic (MP) concentrations (mg/m?>) along the Danube River and its tributaries, including the
Mosoni-Duna, Riba, and Marcal rivers, based on the 2024 longitudinal sampling campaign
7. abra: A mikromiianyag (MP) koncentraciok térbeli eloszlasa (mg/m3) a Duna és mellékfolyoi, kéztiik a Mosoni-Duna, a Raba és a
Marcal folyok mentén, a 2024-es longitudinalis mintavételi kampdany alapjan

DISCUSSION

To capture and analyse smaller MP particles, including
microfibers, effectively, our findings align with prior
research indicating that rivers serve as key pathways for
transporting plastic pollutants to seas and oceans, con-
tributing significantly to global plastic pollution. Studies
estimate that rivers deliver between 1.15 and 4 million
metric tons of plastic to the ocean annually, underscoring
their critical role in this environmental issue (Pojar et al.
2021a). The Danube River is a major contributor to plas-
tic pollution in the Black Sea, transporting significant
amounts of MPs and other plastic debris (Pojar et al.
2021a, Pojar et al. 2021b). The Danube River begins in
Germany and flows through Austria, Hungary, and Ro-
mania before discharging into the Black Sea. Estimates
suggest that the Danube carries approximately 4.2 tons of
plastic daily, amounting to an annual load of 1,533 tons
delivered to the Black Sea (Lechner et al. 2014). Given
the Danube River's critical role in Budapest as a vital
waterway, a key water source, and a cornerstone of the

region's tourism, economy, and ecological balance, study-
ing plastic pollution in this river is essential.

Between 2010 and 2012, researchers from the Univer-
sity of Vienna and the University of Natural Resources
and Life Sciences Vienna (BOKU) studied the Austrian
section of the Danube River, downstream of Vienna,
using the MLM Net device (Liedermann et al. 2018).
Their analysis reported an average plastic concentration
exceeding 17 particles/m* (Liedermann et al. 2018). A
follow-up survey in 2014 at two Austrian sampling sites
estimated an annual Qmp of up to 17 tonnes at Hainburg,
with a total plastic load reaching 41 tonnes per year at the
same location (URLI 2019, Liedermann et al. 2018).

Within the framework of the Tiny Plastic Puzzle pro-
ject by Wessling Hungary Ltd., Cyp was assessed in Bu-
dapest. Measurements revealed a concentration of 45
particles/m?* at the Megyeri Bridge in the northern section
of the city, which was lower than the 55 particles/m?
recorded at the Csepel Freeport in the southern part of
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Budapest (URLI 2019, Kiss et al. 2021). These results
align closely with our findings for the region. Data col-
lected as part of our study confirm the presence of MPs in
the Danube River, with notable variability in concentra-
tions depending on sampling locations and conditions.
For instance, upstream and downstream measurements
near the Budapest Central WWTP in the Csepel area
highlighted the influence of urban runoff and untreated
effluents on MP pollution. In 2022, Cyp upstream of the
WWTP in Budapest was recorded at approximately 54
particles/m?, increasing to 75 particles/m* downstream.
By 2023, these levels had risen substantially, reaching
218 particles/m* downstream, likely due to increasing
anthropogenic activity, changes in sampling conditions,
or changes in hydrological and hydraulic factors. Our
results highlight the pronounced heterogeneity of MP
occurrence within the Danube. Concentrations varied
strongly across cross-sections, depths, and sampling peri-
ods (Table 1), with surface values occasionally an order
of magnitude higher or lower than mid- or bottom sam-
ples. Such variability reflects the dynamic interplay of
hydrodynamic conditions, particle properties, and point-
source inputs. Similar findings have been reported in other
large rivers, where near-bed samples often contain more
MPs due to resuspension processes (Liedermann et al.
2018; Mani et al. 2015). Seasonal factors such as rainfall
and discharge fluctuations also contribute to irregular dis-
tribution patterns (Moses et al. 2023, Nguyen et al. 2024).
This heterogeneity complicates both sampling and upscal-
ing, underscoring the importance of multi-depth and multi-
point approaches in future monitoring strategies.

The distribution of MPs within the water column was
assessed using specialised sampling techniques. Howev-
er, several factors suggest that our findings may underes-
timate actual Cyp. Limitations in sampling, such as using
nets with a 500 pm mesh size, restrict the detection of
smaller particles, including microfibers and transparent
MPs, which are difficult to identify visually. Furthermore,
purification processes and laboratory methods can inad-
vertently degrade or fragment MPs, affecting the accura-
cy of results. Regarding the laboratory procedures, the
margin of error was found to be negligible. Bulk sam-
pling methods, such as pump sampling, are highly rec-
ommended to capture and analyse smaller MP particles,
including microfibers effectively. These approaches im-
prove sensitivity and accuracy in detecting and character-
ising these minute particles. It is worth noting that pump
sampling involves distinct methodologies, which fall
beyond the scope of this article for detailed discussion.
Research in this area has been conducted by our team
using both the net sampling and pump sampling methods,
with the results to be presented in future publications.

The composition of MPs observed in this study pri-
marily consisted of fragmented particles, which is con-
sistent with other studies that report fragments as the
dominant form of MPs in river systems. However, fibres,
which are frequently associated with textile and
wastewater sources, were underrepresented, likely due to
methodological constraints. Future investigations should
employ alternative techniques, such as pump sampling, to

better capture smaller particles and fibres. Various fac-
tors, including urban runoff, WWTPs, and geomorpho-
logical features, influence microplastic pollution in the
Danube River system. The most frequently identified
polymers in our study were PS (37.97%), PE (18.15%),
and PP (10.96%), consistent with findings from other
studies in the region. These polymers, often associated
with packaging and household waste, highlight the signif-
icant role of urban centres as sources of MP pollution.

Although our study focused exclusively on MPs in the
water column, sediment sampling is essential for a com-
prehensive understanding of MP dynamics in the Danube
River system. Sediments act as sinks where MPs accumu-
late and are resuspended under certain conditions, influ-
encing their transport and deposition downstream. Exist-
ing studies highlight significant MP accumulation in
upstream impoundments, floodplains, and coastal sedi-
ments, particularly in areas with reduced sediment flux
caused by river regulation and hydropower activities. The
inclusion of sediment analysis in future studies will pro-
vide valuable insights into the interplay between MP
deposition and resuspension processes.

In conclusion, our study underscores the complexity
of MP pollution in riverine systems, influenced by di-
verse sources and environmental processes. Addressing
these challenges requires methodological advancements
to capture a broader spectrum of MP types and sizes.
Future research should prioritise integrating water and
sediment sampling to provide a more holistic view of MP
transport and accumulation within the Danube River and
its contribution to marine pollution in the Black Sea.

CONCLUSION

This research evaluated MP pollution in the Hungarian
section of the Danube River, addressing rising concerns
about MPs' environmental and health impacts. A struc-
tured sampling and analysis methodology was developed,
inspired by established approaches, to obtain robust data
on MP prevalence. Water samples were collected using an
MLM net with a 500 um mesh, allowing for systematic
assessment of MP concentrations across varying depths.
This study collected and identified microplastic particles
ranging from 5 mm to 500 pm through visual inspection.
Laboratory protocols facilitated the isolation and identifi-
cation of MPs, followed by FTIR spectroscopy to charac-
terise polymer types and potential sources.

Results from 2022 revealed an average MP concentra-
tion of 124 ug/m® (65 particles/m?®), equalling approxi-
mately 0.2 g/s, or 16.2 kg/day, and around 6 tons/year of
MPs passing through the investigated area. In 2023, these
values increased significantly, with a mean concentration
of 498 pg/m* (218 particles/m?), corresponding to
1.06 g/s, 91.5 kg/day, and approximately 33.39 tons/year.
MPs detected near the riverbed might point to a potential
tendency for accumulation through deposition, a hypoth-
esis that requires confirmation in future studies. The most
prevalent polymers identified were PS (37.97%), PE
(18.15%), and PP (10.96%), appearing in various forms
such as fragments, foam, and flakes, and in colours like
yellow, black, grey, and green.
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It is important to note that these estimates are con-
servative. Factors such as flow rate variability, sampling
methods, mesh size limitations, and the inability to visu-
ally identify certain particles influence the results. For
instance, smaller particles like microfibers and mi-
crobeads may not be captured. For smaller microplastic
particles (<500 pm), future studies are encouraged to
employ methods such as pump-based sampling to im-
prove capture efficiency.

This study underscores the urgent need for effective
mitigation strategies and policy interventions to address
MP pollution. Raising awareness about MPs' pervasive
nature and potential risks remains a critical step towards
safeguarding aquatic ecosystems and human health.
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