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Abstract 

Background  Transport, accumulation, and degradation of microplastics (MiPs) in the aquatic environment represent 
a significant concern to the researchers and policy-makers, due to the detrimental impact on biota and human health 
through food ingestion. Although consistent investigations and research data are available worldwide, compar-
ing the results is still challenging due to the need for more regulations regarding the sampling methods, analysis, 
and results reporting. The European regulatory efforts include studies on the MiPs transport in the western basin 
of the Danube River developed with active nets-based multipoint sampling methods from suspended sediments 
and proposed for standardization. In this context, the present study aimed to address for the first time the transport 
of MiPs in the Romanian sector of the Danube, starting after entering the country (Moldova Veche) and before the 
formation of the Danube Delta (Isaccea).

Results  The multipoint nets sampling procedure facilitated the collection of suspended sediments in the water 
columns as deep as 0.0–0.6 and 3.0–3.6 m depths and near riverbed sediments (autumn 2022 sampling) dur-
ing an extensive spatio-temporal study from spring 2022 until spring 2023. The estimate of the maximum annual 
transport of 46–51 and 93–100 t·y−1 for MiPs and total (micro–meso–macroplastics) MPs at Moldova Veche was based 
on 135 collected and processed samples using 2021 water flow data. Polyethylene (58–69%) and polypropylene 
(21–33%) were the main polymer components in the separated fragments, foils, microfibers, and different colors 
spheroids of MiPs ( < 5 mm), and the foils and fibers of meso–macroplastics (5–100 mm). Advanced investigations 
highlighted various microstructural degradations of the plastic fragments at the micro- and nanoscale and attached 
minerals (clays) and heavy metals.

Conclusion  This paper presents the first comprehensive data set for microplastic annual transport in the "Low 
Danube", filling the need for a complete transport assessment in one of the most significant European rivers. 4–5 
times lower values were measured before the entrance to the Danube Delta than those from Moldova Veche. The 
investigations should continue, including flooding events, and the sampling points should be expanded to deeper 
water column layers during all the campaigns for further validation.
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Background
Worldwide plastic pollution has been reported in seas 
and freshwater courses [1–4], representing one of the 
biggest pollution problems of the twenty-first century. 
An alarming increase in the concentration of micro-
plastic pollutants was reported in waters and aquatic 
environments [5–8]. The terminology "Microplastic," 
introduced in 2004 by Thompson et  al., emerged from 
the discovery of plastic fragments sized around 20 
microns in aquatic sediments collected from UK beaches 
and seas [4]. In 2009, Barnes et al. proposed the first size-
based classification of plastic (synthetic polymers) debris 
from aquatic environments into four classes: MegaPlas-
tics (≥ 100  mm), MacroPlastics (MaPs 20–100  mm), 
MesoPlastics (5–20  mm), and MicroPlastics (MiPs, 
"larger MiPs" 1–5 mm and "smaller MiPs" 1 µm–1 mm) 
[9, 10], Later, the classification included the nanoplastic 

class (NPs, 1 nm < 1 μm) [3, 11]. Microplastic pollutants 
are divided into two sub-classes: primary microplastics 
(released directly into the environment from industrial 
activities: cosmetics, pellets for plastic and composite 
objects production, paints, fabrics) and secondary micro-
plastics (degradation products of larger plastic fragments 
under the influence of environmental factors) [5, 6, 8, 9, 
12, 13].

There is consistent evidence showing the significant 
impact of the accumulation and the persistence of MiPs 
in the environmental factors, plants, and living bodies 
[14–16]. A scientific paper announcing albatrosses with 
ingested microplastic dates back to 1969 [17]. Studies 
since 1980 focusing on the quantity of discarded marine 
waste following fishing activities highlighted the presence 
of plastic litter on the remote beaches of Alaska [18]. 
Plastics that reach the environment gradually degrade 
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into smaller particles to submicron and nanometer sizes. 
These particles become fixing agents for bacteria and 
other contaminants, producing critical toxic environ-
mental effects [15, 19–21]. Mistaken as food and entering 
the food chain through ingestion, the contaminated MiPs 
produce inflammatory processes and oxidative stress, in 
addition to wounds and malnutrition due to the absence 
of nutritional value, thus endangering the health and 
development of living organisms (biota) [9]. Both low-
density and high-density MiPs particles accumulate on 
the top biofouling layer and sink into the waterbed sedi-
ments, respectively [9, 22], increasing the plastic pollu-
tion effects.

Research carried out since the 1970s highlighted that 
the planetary oceans serve as a final sink for terrestrial 
plastic debris, generating a continuously increasing con-
cern about the pollution with micro- and nanoplastics 
[10]. Consequently, the investigation of microplastics in 
the freshwater sources expanded to the global aquatic 
environment from salted to freshwaters, surface water, 
and deeper layers column, floating litter, alluvium in 
suspension and seabed sediments, beaches and riverine 
environments, shoreline and river–sea interface section, 
minerals, and biota [4, 9, 23–27].

Rivers with their tributaries are the essential trans-
port pathways (about 80%) of terrestrial plastics from 
upstream pollution to the aquatic environment [3], 
with an estimated transport of between 1.15 and 2.41 
million t·y−1 of plastic into the seas [25]. If significant 
MiPs marine pollution emerges from river inputs, 
the MiPs quantification into the main rivers and the 
freshwater environment across different continents 
becomes of strategic environmental interest. In Europe, 
such studies were carried out in the big rivers, such as 
Seine, Rhine and Po [24], Elba [28], Rhône and Besós 
[13]. The Danube River, the second longest (2857  km) 
river in Europe extending into the territories of nine-
teen countries with the most international river basin 
in the world, is considered one of the main polluters 
of the semi-enclosed Black Sea Basin, with a previ-
ously estimated plastic input of 4.2 t·d−1 [9]. Evaluation 
of MiPs and other pollutants in the Danube basin and 
their impact on the Black Sea pollution is an important 
European issue. Focusing on accumulating valuable 
information and knowledge and, specifically, creat-
ing simulation models for quantifying the monitoring 
results [29], predicting, and ultimately reducing plas-
tic pollution should be a top and urgent priority [24, 
30–32]. Global models already exist for assessing river 
pollutant inputs in semi-enclosed sea basins aimed at 
quantifying MiPs transport that emerged from the ter-
restrial plastic [30]. Aiming at simulating the micro-
plastic river loading, the models focus on predicting the 

annual export of MiPs to each related marine sub-basin 
[30]. Studies applying the MARINA model to assess 
MiPs pollution reduction methods and to guide envi-
ronmental policies are under evaluation [33].

The first report on plastic transport by Danube waters 
emerged from studies on fish larvae [26]. During the last 
decade, several studies applying active net sampling in 
the water column (mesh size between 300 and 500 µm) 
approaching the quantification and characterization 
of the MiPs and total MPs in the Austrian basin of the 
Danube River, were conducted by Lechner et  al. They 
estimated annual emissions of 1.533 t·y−1, but also con-
siderable quantities of plastics (4.2 t·d−1) that can be 
transported via the Danube River during the flood sea-
sons [26]. A joint microplastics screening was carried 
out in the water column of an extended European Dan-
ube basin on the territory of eight countries, from Ger-
many to Ukraine, using the sedimentation box method 
to collect suspended particles [13]. MiPs pollutant input 
of Danube in the western Black Sea sub-basin and their 
impact on biota were also published by Strokal [33] and 
D’Hont [9], respectively. Kiefer et  al. reported a very 
recent comparative study conducted with active sam-
pling methods on the presence of MiPs in the Danube 
Delta surface waters [34, 35]. The applied net-sampling 
and net-provided cartridge-based sampling methods 
were operated with 20, 65, and 105  µm mesh size nets. 
A continuous important increase of the MiPs particle’s 
number-based concentration was observed when the 
mesh size decreased from 105  µm (46 p∙L−1) to 20  µm 
(2677 p∙L−1), concluding the impossibility of comparing 
the results obtained by different sampling. Some of these 
studies refer to samples collected in several locations on 
the Romanian territory of the Danube, such as Giurgiu 
[13] and Isaccea [34].

Regarding the Romanian River Basin of the Danube, 
recent comprehensive sediment studies extending almost 
to the entire Romanian length of the Danube, before the 
Iron Gates, through the Danube Delta to the discharge 
into the Black Sea and marine coastal waters were con-
ducted by Pojar [35–37]. A first study addressed the 
abundance and composition of plastic particles in surface 
waters of the Western Black Sea and in the discharge area 
of the Danube branches (near the Danube Delta). The 
results underscore the presence of fiber and fiber clumps 
(76.1%), foils (12.7%), and fragments (11.1%) of micro- 
and mesoplastics with an average concentration of 7 par-
ticles/m3 [37]. Sedimentary microplastic concentrations 
were measured in 38 sites along the river–sea route, from 
the Romanian continental river to the Danube Delta and 
the Romanian and Bulgarian regions of the Black Sea 
coast [36]. The group also investigated the distribution of 
microplastics into the superficial sedimentary [35].
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This paper presents the results of an extensive study 
carried out between spring 2022 and spring 2023 on the 
quantitative, compositional, and morphological char-
acterizations of the suspended plastic particles (MiPs 
and meso-included MaPs fractions) within the alluvium 
transported by the Danube waters along the territory of 
Romania, from the entry of the country to the front of 
the Danube Delta. The sampling was carried out at three 
key locations: Moldova Veche (km 1048, meaning 23 km 
after entering the territory of Romania), Gruia (km 851, 
downstream of the Iron Gates II), and Isaccea (km 100.2 
after the confluence with the last two big tributaries, Siret 
and Prut Rivers, before the Danube Delta) (Fig.  1). The 
study applied the multipoint measurements sampling 
procedure proposed by Liedermann et  al. [38], operat-
ing with two sampling devices at two or three horizon-
tals (water surface, in the middle, and at the bottom of 
the water column). This is the first comprehensive data 
set for microplastic transport on the Danube crossing in 
Romania. The results fill in the gap of essential informa-
tion regarding the MiPs transport in the "Low Danube" 
area, necessarily requested for a complete assessment 

of the transport and accumulation of MiPs in the Euro-
pean river with the most extensive hydrological basin. 
The study also joins the European efforts to regulate 
and standardize active sampling nets-based multipoint 
methods from the suspended sediments in large flowing 
waters.

Materials, methods, and devices
Sampling locations
The study included five monitoring seasons (spring 2022 
to spring 2023) in three locations on the Romanian route 
of the Danube, i.e., Moldova Veche, Gruia, and Isac-
cea (Fig. 1). The satellite images with the position of the 
three locations and the characteristics of the monitored 
sections are presented in Figure S1 and Table S1 (Supple-
mentary), respectively. Table S1 indicates the referential 
geographic positions and the absolute altitude of the "0" 
level gage station (Zo) in the reference system Black Sea 
Sulina (mMNS). Sampling started at Moldova Veche to 
estimate the plastic load entering the country. The moni-
toring section at Isaccea, located downstream the conflu-
ence of the last two big tributaries, Siret and Prut Rivers 

Fig. 1  Overview (a) and details for the three sampling locations: Moldova Veche (b), Gruia (c) and Isaccea (d)
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and 21  km before the formation of the Danube Delta, 
was aimed at potential preliminary estimation of the 
contribution of the Romanian Danube reach the plastic 
transported by the Danube through the Delta toward the 
Black Sea.

During the project period, in parallel with the sam-
pling campaigns in the three sections (Moldova Veche, 
Gruia, and Isaccea), the measurements of liquid flow (Q), 
water and air temperature (Twater, Tair), and water tur-
bidity (Table  S2) spanned from seven days before sam-
pling and the sampling day for a precise assessment of 
the hydrometeorological conditions that together with 
the flow (hydrological regime) may influence the water 
quality. Table 1 presents the average values measured on 
the sampling day. The last column represents the mean 
value of turbidity per section. The liquid flow is also pre-
sented as the multiannual mean value of the month. In 
2022  year, the hydrological regime remains character-
istic of low-average waters. Discharges recorded at the 
Gruia and Isaccea sections are generally below the multi-
annual mean value of the month (Qmma), calculated for 
the period 1984–2020 and presented in Table  1. At the 
Isaccea section, the discharges show a downward ten-
dency and remain slightly below the multiannual aver-
age of the month, calculated for the period 1984–2020 
(Qmma = 8956 m3·s−1, April 2022).

Monitoring plastic particles consisted of sampling the 
alluvial materials in suspended sediments, laboratory 
processing of the collected samples to extract the bio-
genic materials-free plastic particles, and the qualitative 
(polymer composition and morphology) characterization 

and quantification of the extracted MiPs and meso-
included MaPs [4].

Sampling methodology and devices
Generally, depending on the specificity of the sampling 
site and technical conditions available to the user, five 
groups of sampling methods with specific advantages/
disadvantages can be applied (plastic tracking, active 
sampling, passive sampling, visual observations, and citi-
zen science) [22, 35]. Active methods, such as nets-based 
sampling, water pumping, and water grabbing, are usu-
ally used for plastic sampling in suspended sediments 
[22].

In this study, the monitoring and the quantification of 
plastic transport were conducted based on the methodol-
ogy developed by Liedermann et  al. [38] for multipoint 
sampling of materials in suspension in large rivers. This 
sampling method utilized benthic nets (100–500  µm 
mesh size)-based collecting systems anchored to bridges 
or boats operating with cranes or manta trawl and is 
proposed for standardization [38]. The used methodol-
ogy allowed for spatial variability in monitoring the MPs 
transport in different cross sections (locations) selected 
along the river for the final estimation of MPs annual 
transport. The method facilitated accurate multipoint 
monitoring of the entire section of the river, ensuring 
flexible measurements at the selected locations across 
the river. In each section, the sampling was conducted 
in several vertical profiles at different depths, from the 
surface until close to the riverbed (only in autumn 2022). 
This strategy enables the estimation of MPs separately at 

Table 1  Hydrometeorological parameters during the sampling day of each campaign (season)

* The first project plan included only Moldova Veche and Isaccea sampling locations but starting from the summer 2022 (S2) campaign, the third monitoring location 
was introduced at Gruia, to provide information on the effect of the Iron Gates Dams

Season Location Campaign date No. of 
samples

Flow rate/Qmma 
(m3·s−1)

Temperature (° C) Turbidity 
(mg·l−1)

T (water) T(air)

S1 Spring 2022* Moldova Veche 24.05.2022 9 4136 21.0 18.5 27.0

Isaccea 04.05.2022 9 5940/8560 15.3 14.3 61.6

S2 Summer 2022 Moldova Veche 08.07.2022 9 3095 27.3 190 24.9

Gruia 03.08.2022 9 1860/3847 27.5 25.5 13.0

Isaccea 20.07.2022 9 3260/6212 27.4 24.4 31.3

S3 Autumn 2022 Moldova Veche 28.09.2022 12 4316 18.3 16.5 34.3

Gruia 05.10.2022 12 4030/3819 18.5 14.5 30.2

Isaccea 03.10.2022 12 4737/4615 20.0 12.7 87.0

S4 Winter 2022 Moldova Veche 24.11.2022 9 5509 10.8 5.5 43.0

Gruia 14.12.2022 9 4874/4928 6.0 0.0 41.0

Isaccea 08.12.2022 9 5360/5750 9.4 6.2 47.4

S5 Spring 2023 Moldova Veche 16.03.2023 9 7742 7.8 4.0 62.4

Gruia 05.04.2023 9 6190/7487 10.0 3.0 50.0

Isaccea 25.04.2023 9 8640/8956 12.8 12.6 62.3
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different water levels but also as average concentrations 
in the monitored cross sections. The temporal variability 
was realized by collecting samples at different flow rates 
during at least one year of consecutive seasons.

Two dedicated devices with two- and three-level sam-
pling, respectively, provided the sampling collections. 
The two-level device was designed and manufactured 
in collaboration with UDJG (Fig.  2a, b), inspired by the 
device developed atpace2022 BOKU for collecting solid 
alluvial samples from flowing waters [38]. This device is 
equipped with three capture nets of 3 m in length, fitted 
in metal frames with an opening size of 0.60 × 0.60 m.

To be aligned with international standards and avoid 
quick clogging, the size of the net mesh was decided to 
be 250 µm. Containers with a diameter of 10 cm for col-
lecting samples were placed at the end of the nets (details 
in Fig. 2b). This alluvial collector was tuned to reach the 
optimal weight and geometry for controllable hydro-
dynamic properties in the water flow of the river, which 
resulted in the most precise positioning of the collection 
nets at the measuring points (vertically and horizontally). 

Two anchoring eyes added to the metal frame brought 
better device stability in the water. Additionally, floats 
located on each side of the metal frame increased the 
stability of the device in the water during strong cur-
rents. Each net opening was equipped with a flowmeter-
type device for measuring the volume of water passing 
through the respective net during the sampling (detail 
Fig.  2c). During the autumn season 2022 (S3), the sam-
pling was performed by a three-level device (BOKU) [38].

The sampling methodology in the current study used 
crane boats anchored on the river. The nets were low-
ered from the ship’s stern into the water and pulled 
over the side (Fig.  2d, e and S1 (Supplementary)). Our 
approach differs from the strategy used by other similar 
studies launching the alluvium catchers with nets from 
fixed positions (from bridges). The objective during each 
sampling was to ensure as much water passage through 
the nets as possible to collect a relevant amount of allu-
vium, including MiPs and meso-included MaPs, under 
similar conditions. Based on the water flow during sam-
pling in different areas and seasons, the collection period 

Fig. 2  The two-level sampling device (UDJG device) (a–e), steps of raw samples preparation (f–g) and packing (h) for sending to the laboratory
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spanned between 30 min in extreme discharge conditions 
and 85 min in normal conditions.

Following the methodology of the reference study, 
sampling was performed under isokinetic conditions. A 
mechanical flowmeter (Model 2030R w/3 Dia, supplied 
by General Oceanics), mounted at the entrance of the 
water in the collectors, ensured accurate measurement 
of the water flow filtered through the net. The volume 
of water (V, m3) passing through the net, in this study 
around 1000m3 of water was filtered in each net, was cal-
culated according to the formula:

The net opening radius is 0.30 m and d is the length of 
the water column that passed through the net during the 
alluvium sampling period, which was calculated based on 
the number of rotations indicated by the device for the 
sampling period and the device constant. The sampling 
depths and the distances of the sampling points relative 
to the Romania shore allowed for the final calculation.

Three (Figure S1 a-c) and four (Figure S1 d) vertical 
profiles were selected to be monitored using the UDJG 
device (Fig.  2) during S1–S2 and S4–S5 seasons, and 
BOKU device during S3 season, respectively. The labeling 
of the samples according to the sampling experimental 
conditions is presented in Table S3.

During each campaign, three samples were collected 
on each vertical profile, totalling nine samples per sec-
tion. In the spring 2022 campaign (S1), only two sections 
(Moldova Veche and Isaccea) were monitored, mean-
ing 18 samples. Starting in the summer of 2022, a third 
monitoring location was introduced at Gruia (Table S3). 
During season S3 (autumn 2022), the sampling was con-
ducted with the three-level BOKU device on four vertical 
profiles. In this case, the three water levels (one sam-
pling net for each level) were located at 0.0–0.6  m, the 
middle (3.5–8.0 m) and near the bottom (6.5–11.7 m) of 
the water column (Figure S1d), adding up to 36 (12 × 3) 
samples for all three monitored stations (Table  S3). 
Therefore, within the five campaigns, 135 samples were 
collected. These samples were prepared and delivered 
to the laboratory, where they were processed, quantified 
(plastic weight), and characterized after separating into 
two size classes/groups: MiPs (250–5  mm) and meso-
included macroplastic MaPs (5–100  mm). The overall 
plastic resulting from these groups represents the total 
plastic (MPs) in the present paper.

Preparations for analysis
The preparation of the captured alluvium samples for 
delivery to the laboratory for processing and separation 
of MiPs and meso-included MaPs was an important 

(1)V =

{

3.14 · net opening radius2
}

· d

stage and was carefully treated. Thus, by washing 
with purified water directly in the collection nets, the 
resulting material was carefully passed into a plastic 
container (Fig. 1f, g) fabricated from high-density poly-
ethylene (HDPE), a non-reactive thermoplastic suit-
able for medium to heavy-duty use, resistant to impact, 
storage, and suitable for transit. From these containers, 
large objects, vegetation, and megaplastics (larger than 
100 mm) were removed after washing under a water jet, 
ensuring microplastic would not be left on the removed 
items. The resulting water and the material were 
poured into sediment filtration bags (175 µm mesh size 
material). The samples were dried for 48–96 h depend-
ing on their size, at ambient temperature. The bags 
allowed water to drain from the samples and ensured 
better preservation of the collected sample for the next 
stage of laboratory processing. The sediment filtration 
bags were transported to the laboratory into a glass 
container (Fig. 2h).

Usually, the laboratory processing methods are adapted 
according to the specifics of the samples and the sam-
pling site environment, but also to the presence of bio-
genic materials [9, 22]. The laboratory processing of raw 
samples for separation of the MiPs and meso-included 
MaPs fragments from the collected materials (Figure S2a) 
occurred in three steps (Figures S2b–f): digestion of bio-
genic materials (I), density-based separation of floating 
plastic fragments (II) and filtering of plastic fragments 
from the supernatant solution (III). The digestion was 
conducted in Berzelius glasses at room temperature (Fig-
ure S2b) under a 1:1 volume mixture of 10 M KOH and 
30 wt.% H2O2 solutions (Figure S2c) [37]. Both solutions 
were gradually and carefully added to the collected allu-
vial samples, KOH solution being added about 10  min 
after the hydrogen peroxide. The samples were left to stir 
for four days, followed by neutralization with formic acid. 
Samples were covered to prevent contamination during 
digestion. The separation of plastic fragments from the 
sediments resulting after digestion is based on changing 
the solution’s density to favor the buoyant plastic (Figure 
S2d). For this purpose, a 60 wt.% ZnCl2 saturated solu-
tion enabled the final solution to reach a density between 
1.6 and 1.8  g·cm−3 [15]. Finally, the floating plastic frag-
ments were separated from the saturated supernatant 
solution by filtration under a preliminary vacuum into a 
separation funnel (Figure S2d-e) and accumulated on fil-
ter paper of 47 mm diameter and 2 μm pore size (Figure 
S2f ). After filtering and drying, the resulting plastic frag-
ments were sorted into two size-based groups  (Fig.  3): 
MiPs (250  µm and 5  mm per mesh size) (Fig.  3a) and 
meso-included MaPs (5–100 mm) (Fig. 3b). These groups 
were weighed and analyzed in terms of composition, 
morphology, and quantity.
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Figures  S4 and S5 (Supplementary) present compre-
hensive selections of digital images of MiPs and meso-
included MaPs samples, respectively, extracted from the 
collected raw alluvial samples in the three sections dur-
ing the seasons of the project.

Analysis and calculations
Compositional and morphological analysis of separated 
plastics
In this study, both collective MiPs samples (Figure S3 
in Supplementary) and well-defined individual meso-
included MaPs particles (Figure S4 in Supplementary) 
were subjected to polymer compositional analysis. In the 
case of meso–macroplastics, the absorption spectrum 
was recorded in the near-infrared (NIR) range using 
the FTIR Spectrum3 Fourier-Transform IR Spectrom-
eter (Perkin Elmer, UK) with Attenuated Total Reflec-
tion (ATR) on fragments easily visible to the naked eye. 
The ATR-FTIR parameters used for the analysis of MaPs 
samples were as follows: 4000–650  cm−1 spectral range, 
resolution of 4  cm−1 and 16 scans accumulation. Figure 
S5 (Supplementary) presents the spectra of the identi-
fied polymers based on the comparison with the refer-
ence spectra from the equipment database (Polymers 
S.T. Japan). A minimum match of 90% was considered 
to identify the polymer. For the simultaneous identifi-
cation of polymers found in the mixture of the collec-
tive MiPs samples (Figure S3 in Supplementary) without 
separation into individual MiPs segments, a Spotlight 400 
micro-FTIR spectrometer (Perkin Elmer, UK) with fluo-
rescence optical imaging in the near IR range was used. 
The micro-FTIR analysis of MiPs particles was analyzed 
in 4000 −750 cm−1 spectral range at 16 cm−1 resolution, 
2 scans per pixel, pixel size of 25 µm, and 1 cm·s−1 inter-
ferometer speed.

The equipment scanned the entire surface of the 
collective sample, simultaneously visualizing and 

recording the optical fluorescent images of the MiPs 
fragments, sizing the scanned particles, and identi-
fying from FTIR spectra the polymer type in each 
of the scanned MiPs. Moreover, the particle’s thick-
ness is identified by the color of the fluorescence FTIR 
emission. The morphological study was performed at 
the macro- and microscopic scales on the individual 
meso–macroplastic sample. The macromorpholo-
gies of micro–meso–macro-fragments were primarily 
observed by visual analysis of the digital images (reso-
lution 1200 × 1600 pixels) (Figures  S3 and S4 in Sup-
plementary). In the case of the collective samples of 
MiPs left on the filter paper after extracting the meso- 
to macroplastic fragments, as mentioned before, the 
micro-FTIR analysis provided supplementary informa-
tion regarding the number, shape, external size, and 
thickness of each fragment. Additionally, a Scanning 
Electron Microscope (SEM) coupled with an Energy-
Dispersive X-ray (EDAX) analyser completed our 
research with more details about size and morphology 
of the tiny particles and the micro-/nanoscale obser-
vation of the surface degradation and chemosorbed 
species under the influence of environmental and bio-
chemical factors. The microstructures were performed 
by SEM–EDX system (Quanta 200 model, FEI-Thermo 
Fisher Scientific, Waltham, MA, USA). The EDX car-
ried out the semi-quantitative concentrations and 
chemical elements distribution of MiPs on the micro-
surface-analyzed samples fixed with a conductive 
carbon adhesive tape were coated with a thin (8  nm) 
metal (Au alloy) layer using the Sputter Coater equip-
ment (SPI Supplies, West Chester, PA 19380-4512, 
USA), to enhance the quality of SEM images. Imagis-
tic results were taken at different resolutions (ranging 
1 mm ÷ 10 μm), at an electron accelerating potential of 
15 kV.

Fig. 3  Digital images of representative MiPs (a) and meso-included MaPs (b) separated from digested alluvium sample
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Calculation methods for plastic quantification
This literature provides a large diversity of microplastic 
waste presence quantification in the environment, based 
on both the number of particles [26, 28, 29, 36, 39] and 
the weight of plastic particles [10], which makes it diffi-
cult to compare the results [40]. Our study presents the 
results of evaluating the transport of the MiPs and total 
MPs (micro- and meso-included macroplastics fractions) 
by measuring the quantities of plastic particles with sizes 
between 250  µm (mesh)-5  mm and 250  µm-100  mm, 
respectively [4, 16], by gravimetric method [17], after 
exclusion of larger particles, parts of objects or objects. 
Each sample containing all the filtered particles was 
weighed to obtain the total amount of extracted plastic 
and then sorted into MiPs and meso-included MaPs, 
followed by separate weighing into the two size classes, 
using a semi-microanalytical Explorer® Semi-Micro 
Ohaus EX225DM/AD balance (accuracy 0.01  mg) 
(Fig. 3).

The quantitative analysis of the resulting plastic materi-
als was carried out following the methodology provided 
by Liedermann et al. [34, 38], Hohenblum et al. [10] and 
Pessenlehner et  al. (in prep.). In short, several steps for 
the calculation of the plastic transport in the cross sec-
tion need to be done:

•	 Calculation of the plastic concentration (g·m
−3) for 

each vertical and each net by dividing the captured 
plastic mass by the filtered water volume.

•	 Calculation of the plastic transport rate (g·m
−2

·s
−1) 

in each sampling point as a product of the calculated 
plastic concentration with the flow velocity in the 
sampling point (either taken with an ADCP device or 
a mechanical flowmeter).

•	 Calculation of the mean cross-sectional plastic 
transport (g·s

−1; kg·d
−1) is then performed by spa-

tial integration comparable to the analysis of sus-
pended sediments as described in [37, 39].

•	 Estimation of annual yields (t·y
−1) based on sev-

eral measurements at different discharge conditions 
can then be determined by the establishment of rat-
ing curves and the use of annual flow hydrographs 
like suspended sediment analysis e.g., described by 
Haimann et al. [37, 39].

Results and discussion
Polymer composition of plastic samples
The ATR-FTIR spectra of individual meso–macroplas-
tic particles highlighted the presence of polyethylene 
(PE), polypropylene (PP), polystyrene (PS), ethylene–
vinyl-acetate copolymer (EVA), cellulose, polyurethane 
(PUR), acrylonitrile–butadiene–styrene (ABS), and eth-
ylene–propylene–diene monomer (EPDM) (Figure S5 
and Table S4 in Supplementary). The results (Fig. 4) con-
firmed that PE is the most abundant polymer, represent-
ing 57–69% of microparticles, followed by PP with 21% to 
33% presence. PS is the third polymer, varying between 4 
and 15% in the analyzed collective MiPs samples. EPDM 

Fig. 4  Polymer composition of the collective MiPs samples in the Moldova Veche, Isaccea stations and Gruia stations, during the spring-winter 2022 
seasons
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polymer was identified in samples from Moldova Veche 
(5–7%) Isaccea (3–7%) and Gruia (10%). Additionally, cel-
lulose fibers (2%) were observed in samples taken during 
the summer season (S2) at Moldova Veche (S2-3.1-M). 
The spatial variation of the polymer composition can be 
explained by the presence of riverine pollution sources. 
Thus, Moldova Veche, Isaccea, and Gruia sampling sta-
tions are located near urban agglomerations which may 
explain the presence of EPDM polymer in the water. This 
type of polymer is present in the composition of seal-
ing materials used in the construction, engineering, and 
automotive industries [41]. Regarding the seasonal vari-
ation of polymer composition, PE and PP were observed 
as the dominant ones, in all seasons [42]. However, tem-
poral variations are observed regarding the presence of 
certain polymers, which can be explained by meteoro-
logical conditions (rainfall favoring surface runoff), flow, 
but also the occurrence of more intense anthropogenic 
activities in certain seasons. For example, in the summer 
season (S2-3.1-M), when recreational activities on the 
watersides are more frequent, cellulose fibers, which are 
frequently present in the composition of various packag-
ing (Table S5 in Supplementary), were recorded (sample 
S3-1.3-Is and S3-3.3-Is).

These results are in line with that reported by Pojar 
et al., highlighting the presence of PE and PP as the most 
frequently present polymers in the suspended plastics 
collected with neustonic net (mesh size 200  mm) from 
surface waters of the Black Sea close to the Romanian 
shore [37]. Our findings also align with those reported for 
Danube waters in Romania [13] and the surface waters of 
the Danube and other rivers in Western Europe [13, 23].

Macro/micromorphology of plastic samples
The morphological classification of plastic fragments 
refers to foils, three-dimensional polyhedral or acicular 
fragments, spheroids, and fibers [26]. The visual obser-
vation of the digital images presented in Figures S3 and 
S4 (Supplementary) display all these macromorphologies 
for the separated plastics from the raw samples collected 
in the monitored locations during all seasons. Thus, in 
the 2022 spring season (S1), especially fiber-type meso-
included MaPs were collected at Moldova Veche V2 
profile surface sampling point specifically (S1-2.1-M), 
while polygonal fragments and foils predominate in the 
same profile for deep samples (S1-2.3-M) (Figure S4 in 
Supplementary). When referring to the corresponding 
MiPs groups, they are primarily polygonal and spheroi-
dal fragments of different colors, with some microfibers 
(Figure S3). The samples collected in the summer season 
(S2) were predominantly in the form of fibers and foils at 
Moldova Veche and Gruia and large fragments in surface 
waters at Isaccea (S2-2.1/2-Is) (Figure S4). The autumn 

season (S3) was rich in micro–meso–macroplastics of 
different shapes. The S3-2.1-M sample with many micro-
fibers and the S3-2.2-G sample with a complex mixture 
including polystyrene (PS) granules are noteworthy (Fig-
ure S3). In the winter season (S4), the dominant presence 
of larger follies in Moldova Veche (S4-1.1-M, S4-1.3-M, 
S4-2.3-M) and Isaccea (S4-3.1-Is) (Figure S4) and the 
majority presence of PS in Gruia (S4-2.1-G, Figure S3) 
stand out. The presence of polymer samples with higher 
(micro)-fiber content can be determined by seasonal var-
iations like the runoff from urban areas, changes in water 
levels and water flow, but also by specific characteristics 
of the monitored locations. Thus, in the Moldova Veche 
area, the riverbed widens and the flow speed decreases. 
At Gruia area, the “Iron gates” I and II function as a bar-
rier and modify the flow. The accumulation lakes slow 
down the flow leading to heavier particles to sink [43], 
favoring the transport of fibers and polystyrene which is 
less dense and has the tendency to travel longer distances 
[44, 45]. Very few or no fragments of meso-MaPs were 
observed in the depth samples collected from Isaccea in 
the Summer (S2-2.3-Is) and Winter (S4-2.3-Is) seasons 
(Figure S4). Corresponding samples of MiPs were present 
as small elongated or polygonal fragments (Figure S3).

The NIR fluorescence images of the MiPs collective 
samples (Fig.  5) simultaneously provided, in addition to 
identifying the types of polymers discussed above, mor-
phological information on the shapes, sizes, and thick-
ness of these particles. A general observation revealed 
a variety of shapes (polyhedral, acicular, and spheroi-
dal, but also several microfibers), sizes between 0.5 and 
5  mm, and different colors associated with the thick-
ness of the particles. Upon closer observation, different 
color variations are found on the same particle, reveal-
ing differences in particle thickness. Moreover, differ-
ent patterns of color variation were observed in Fig.  5, 
suggesting complex degradation types and levels and/or 
smaller particles attachment.

Figure 6 shows advanced micromorphological changes 
on the surface and at the edge of a fragment of MiPs 
(Fig. 6a) extracted directly from a collected alluvium sam-
ple. According to the ATR-FTIR spectrum (Figure S7), 
the identified polymer of this fragment is polyethylene. 
The images emphasize complex mechanisms of degrada-
tion under the impact of various natural factors, such as 
UV radiation, waves, dissolved chemical compounds and 
microorganisms, included into the natural waters. High 
porosity (Fig.  6b–f) and flake-type fragmentation mor-
phology at micro- and nanoscale (Fig. 6f ) were observed, 
in agreement with the results reported in the literature 
for PE degradation [46]. Attachments of fragments and 
fibers up to 10  µm size are also present (Fig.  6b). The 
EDX analysis completed these results with information 
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regarding the elemental chemical composition at the 
surface of the analyzed fragment. The SEM–EDX spec-
tra and maps) (Fig.  7) highlighted primarily carbon 
(95 + wt.%) presence, confirming the organic/polymeric 
nature of the analyzed sample. The presence of oxygen 
(~ 10 wt.%), silicon (1.3 wt.% and aluminum (~ 0.3 wt.%) 
along with elements, such as Fe, Ca, and Mg, but also 
Ti (~ 0.4 wt. %) in notable quantities indicates the pres-
ence of aluminosilicate minerals (clay type). Also, heavy 
metals like Pb (12 wt.%) and Hg (4 wt.%) are present. It 
should be noted that both types of components, miner-
als, and heavy metals, were highlighted on the fragment 
of MiPs extracted directly from the sample brought to 
the laboratory (Figures S2 b) and from samples resulting 
from the digestion of biogenic tissues (Figure S2c). The 
spatial distribution of these elements (elemental maps) 
primarily highlights the adsorption of mineral compo-
nents on the external edges of the analyzed fragment due 

to the lack of carbon and the presence mainly of Si on its 
outline. The maps also show agglomerations of Si, Al and 
O atoms highlighting possible larger mineral particles or 
major adsorption of minerals on smaller pieces of plastic 
with a high degree of physical and chemical degradation 
(Figure S8–S11). Such agglomerations are also present 
for heavy metals (Hg) (Figure S9).

A comparative analysis of the EDX spectra, distribution 
of the chemical elements especially for carbon and silicon 
but also Al, Cu, and Ti (elemental maps in Fig. 7 and Fig-
ures S8–S11), superimposed on the corresponding SEM 
images of the analyzed samples presented in the same 
figures, clearly shows that the Si-based minerals (clays) 
have fixed mostly at the edge of the particle, increasing 
its thickness in the fixing area. The observation is con-
firmed by the particles’ color variation in the NIR fluores-
cence optical images (Fig. 5). This is the case of particles 
that appear with blue-green colors at the edge (higher 

Fig. 5  NIR fluorescence optical images of MiPs collective samples separated from the Isaccea alluvial samples collected in the summer of 2022 
(S2-2.1-Is), winter of 2022 (S4-1.1-Is) and autumn of 2022 at shore-surface(S3-1.3-Is) and in channel depth water (S3-3.3-Is). The color scale 
of the MiPs fragments is proportional to their thickness
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thickness) and dark-blue purple colors in the middle (less 
thickness) (details 1 and 2 for sample S4-1.1-Is and detail 
2 for sample S2-2.1-Is). Different attachments on the sur-
face of particles are also confirmed in Fig. 5 by a higher 
thickness of the particle in the middle (green-yellow 
colors in the center) compared to blue-violet at the edge 
areas (detail 1 for sample S2-2.1-Is, detail 2 for sample 
S3-1.3-Is and details 1 and 2 for sample S3-3.3-Is). The 
detail 1 for sample S3-1.3-Is shows one-color (purple) 
particle, which means homogenous thickness (small).

The degradation of plastic particles in the natural 
environment, especially in the aquatic environment, 
represents a very complex process considering the above-
mentioned factors. The contributions of these factors 
in the global degradation process are different, depend-
ing on the specifics and characteristics of sampling sites. 
Recent studies highlight that the degradation rate is high-
est on beaches and for floating plastics due to UV expo-
sure, while in sediments, it degrades low to very low [47]. 
Microorganisms play a crucial role in accelerating the 
degradation and fragmentation of floating plastics  [37, 
48, 49].

Supposing the different types of polymers and additives 
in the plastic materials in which synthetic polymers are 
embedded are also considered, the complexity of plastic 
breakdown under natural phenomena highly increases. 

That is why very few types of polymers have been investi-
gated under the aspect of degradation in the aquatic envi-
ronment. Thus, studies were reported on the degradation 
of polyethene in oceans, which proved to be less stable 
than PP  [14, 47, 50]. Currently, studies approaching this 
subject systematically and comprehensively are limited. 
The investigation of the macroplastic degradation mech-
anisms into micro and nanoplastic fragments is of high 
interest and requires special attention in the context of 
reducing micro-/nanoplastic pollution in the ecosystem.

Quantitative analysis of separated plastics
Single point concentration
Figure  8 shows the seasonal variation of the sampling 
point concentration of micro- and total plastics for sam-
ples collected at the V1 and V2 profiles, corresponding to 
the shore and central river sites, respectively, at two levels 
(0.0–0.6 and 3.0–5.6 m depth).

Regarding the temporal variations, a first general analy-
sis shows that during the Spring 2022 (S1) and summer 
2022 (S2) seasons, characterized by low precipitation 
(Table  1), lower amounts of MiPs and total MPs were 
recorded, compared to those from autumn (S3), winter 
2022 (S4) and spring 2023 seasons rich in precipitations. 
An exception is the total MPs sample collected in Mol-
dova from the channel area (V2 profile) in-depth water in 

Fig. 6  SEM micrographs of a MiPs fragment (a) extracted directly from the collected alluvium sample S4-3.1 G and some details (b–f). Details 
from A area (b, e–f) and B area (c–d)
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the spring 2022 first campaign (Fig. 8h). The spatial vari-
ation by location, generally shows that the samples col-
lected in Moldova Veche contain amounts of MiPs and 
total MPs of 3–5 times higher than those from Gruia and 
Isaccea. Important exceptions to this trend are the total 
MPs at Isaccea in the spring of 2023 (S5) at the shore-
surface water (Fig. 8b) and the MiPs and total MPs sam-
ples collected at Gruia in the S3 season from the channel 
area-deep water (Fig.  8g, h). For Isaccea, the high value 
correlates with the highest flow rate in the spring of 2023 
(Table 1). Regarding the spatial distribution in the water 
column and the monitored profiles, similar trends can be 
observed for both shore and channel areas. Thus, on the 
surface (Fig. 8a–b, e–f), larger quantities of plastics were 
observed compared to the deep layer (Fig.  8c–d, e–f), 
especially for shore areas (Fig. 8a, b). For example, during 
the collection from winter 2022 (S4 season) in the near-
shore area at Moldova Veche, very important amounts 
of MiPs (Fig. 8a) and total MPs (Fig. 8b) were registered. 
The MiPs concentration was so high, necessitating addi-
tional recovery/extraction steps from the sediment 

through redispersion in distilled water, centrifugation, 
and filtration. Four MiPs fragments from this sample 
(Figure S6) were investigated by ATR-FTIR and SEM–
EDX (Figure S11). The FTIR spectra identified three pol-
ymers, namely PE, the PE-PP copolymer, and EPDM. A 
detailed SEM–EDX analysis highlighted areas with Cu, 
Zn and Hg (6.6 wt. %) and Pb (17.4 wt. %) heavy metals. 
It should be noted also that for this location, the amount 
of MiPs in the channel profile surface water (Fig.  8e) is 
also the highest in this season (S4) compared to all sta-
tions, suggesting a massive pollution in a wide area of the 
river, from shore to the channel. We mention here again 
the extremely large amount of MPs collected at Isac-
cea in the spring of 2023 (S5) at the shore-surface water 
(Fig. 8b). As a general observation, the concentrations of 
MiPs and MPs remain high also in the depth layers (3.0–
3.6 m) from both profiles (V1–V2), indicating agglomera-
tion and fixation on minerals, flora, and fauna, which is 
crucial for the aquatic environment’s biosphere [10].

Total MPs fragments observed in Moldova Veche 
in spring 2023 are due to a direct increase of water 

Fig. 7  EDX analysis of MiPs fragment (corresponding to Fig. 6a) extracted directly from the collected alluvium undigested sample (S4-3.1 G): 
electron secondary image of MiPs (upper left side) (20 μm scale bar); EDX spectrum and semi-quantitative results of identified elements (upper 
right side) and chemical elements distribution on the surface (bottom side)
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Fig. 8  Seasonal variation of the sampling point concentration of MiPs (left) total MPs (right) of samples collected on V1 (a–d) and V2 (e–h) profiles 
at surface 0.0–0.6 m (a, b) and at 3.0–3.6 m depth (c, d) for all the 14 campaigns at the sampling locations. S1-S5 represent the subsequent seasons 
of the sampling campaigns, from spring 2022 to spring 2023 (Table 1)
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discharge. In the spring 2023 collection campaign, the 
flow rate has the second highest value (after Isaccea) 
during the entire study (Table  1). This high flow, gen-
erated by the melting of the snow together with other 
precipitations, washed the high plastic quantities from 
urbanized areas. The observation is also confirmed by 
a large amount of plastic, especially meso–macroplas-
tic, which was collected in Isaccea, as previously men-
tioned (Fig. 8d), where the highest flow rate was recorded 
(Table 1).

Transport of plastics in the sampling sections. First 
estimation on annual transport in the Romanian Danube
The understanding of the dynamic of microplastic trans-
port in rivers is possible by continuous monitoring of 
the sediments in suspension and shoreline. Also, under-
standing the spatial and temporal variables can provide 
a better assessment of the influencing factors [47]. The 
Danube River represents a complex environment, and 
the transport of particles is influenced by their physical 
characteristics, processes, such as sedimentation, resus-
pension, and aggregation, and depends on water column 
stability and the river flow. Seasonal changes are also 
important factors that contribute to the river dynam-
ics by the transportation of a higher number of particles 
from the urban and industrial areas. Another aspect that 
contributes to the dynamic of plastic particles is human 
activity like dam’s constructions, where microplastics can 
accumulate and continuously degrade [48].

In this paper, the evaluation of the annual transport of 
MiPs and MPs was based on the discharge values of both 
2022 (a year marked by severe dryness, in which four of 
the five campaigns took place) and 2021, which exhibited 
a hydrological behavior closer to “normal”. After dry-
ing, sorting, and weighing according to the described 
methodology, the plastic transport of each sampling was 
calculated at all three monitoring cross sections. Creat-
ing the rating curves allows a correlation between water 
discharge and plastic transport by repeatedly measur-
ing under different hydrological and seasonal conditions 
and assigning the prevailing flow situation. Since plastic 
sampling and the analysis of the collected samples are 
very time-consuming and cost-intensive, especially on 
large rivers, only a limited number of measurements per 
stretch were possible within the study. To account for 
this shortcoming in the evaluation, various mathematical 
functions (linear, exponential, and potential) were used 
to extrapolate the functions used to calculate the annual 
plastic transport yields [38].

Figure 9a exemplifies a single measurement performed 
at the Gruia location for total plastic. Similar represen-
tations were created for each plastic measurement at the 
monitoring sites, plotted separately for MiPs and total 

MPs. The single measurements and the resulting rat-
ing curves are expressed in daily transport (kg·d−1). As 
seen in Fig. 9a, due to the natural scattering of the data 
resulting from the individual measurements, there is a 
significant variation when adjusting certain mathemati-
cal functions. However, in this manner, it was possible 
to estimate the potential range of plastic transport in the 
Romanian sector of the Danube, as is often done when 
dealing with limited data. From Fig. 9a, the variation of 
the determination coefficient (R2) value indicates better 
experimental data fitting with the linear model (dashed 
black line). These results also highlight the effect of the 
sampling points number and their distribution in the 
monitored cross-section. In this regard, the blue dot, 
corresponding to the multi-sampling BOKU experiment 
during season S3 (autumn 2022), closely approximated 
the curve for the latter model. This season’s experiment 
accumulated a double number of samples, compared to 
the other seasons. Thus, 36 samples were collected on 
four verticals at three levels, from the surface to near the 
bottom (6.5–11.7 m) of the water column (Figure S1d in 
Supplementary), at all three monitored stations.

Using the rating curves and the hydrographs of 2021 
and 2022, the daily plastic loads were calculated accord-
ingly, and by accumulating them, an annual load of MiPs 
and total MPs was determined for the three mathemati-
cal functions applied. The cumulative transport varia-
tion for total MPs at Gruia station is presented in Fig. 9b. 
Figure  9c–f shows the resulting annual transport values 
generated using the three mathematical functions. Values 
for 2021 are depicted in Fig. 9c, d, and those for 2022 in 
Fig. 9e, f. While the graph shows that using the different 
mathematical functions only leads to minor deviations in 
the accumulated annual transport yields, a distinct vari-
ation of the transported plastic quantities between the 
three monitoring sections is evident, both for micro- and 
total plastic.

Table  2 centralized the results showing the value 
ranges representing the minimum and maximum values 
obtained using the three above-mentioned mathematical 
functions and presented in Fig. 9c–f.

Data in Table 2 reveals that the highest transport yields 
were observed in Moldova Veche with 46–51 and 93–101 
t/y−1 for MiPs and total (micro–meso–macro) MPs, 
respectively, for normal hydrological conditions (2021). 
Based on the measurements so far, it was found, that the 
annual transport is significantly lower at Gruia (9–18 
(MiPs) and 29–43 (total MPs) t·y−1) and Isaccea—before 
entering the Danube Delta (9–14 (MiPs) and 17–25 (total 
MPs) t·y−1), compared to Moldova Veche in the same 
year (2021).

In principle, it could have been assumed that the trans-
port of MiPs would increase along the course of the 
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Danube. The measurements, however, show this is not 
the case, at least at low to average discharge conditions. 
Our findings showed lower transport values in the Roma-
nian Danube when compared to those reported earlier 

for the upstream Danube waters [26, 34], but comparable 
or a little higher (depending on the water flow of the con-
sidered year) with those obtained by Hohenblum et  al. 
(< 17 t·y−1 MiPs and < 41 t·y−1 total MPs) at Hainburg 

Fig. 9  The rating curve (a) and corresponding accumulated annual transport (b) assigned to total MPs for samples collected at Gruia station, 
calculated using three mathematical functions (linear, exponential, and potential) based on the hydrographs for 2021 (a, b). Cumulative MiPs 
and total MPs transport in the monitored sections calculated using three mathematical functions (linear, exponential, and potential) based 
on water flow values from 2021 (c, d) and 2022 (e, f). The points in figure (a) express in daily transport (kg·d−1) through the monitored section 
during monitoring day. The blue dot corresponds to BOKU experiment during autumn 2022. The red dots correspond to GWP Romania-UDJG 
experiments during summer, winter 2022 and spring 2023 seasons
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[10]. A very recent study (Strokal, M., 2023) reports the 
estimated of rivers export of macro- and microplastics 
to seas "by sources worldwide" using MARINA-Plastics 
model for riverine plastic exports. This study was based 
on the data of plastic transport in rivers from several 
continents, for example Weser (1.3 103t·y−1), Elbe (15 
103t·y−1), Rhine (0.5–6 103t·y−1), Rhone (0.7 103t·y−1), 
Danube (3, 550, 1533 103t·y−1), Seine (1100 103t·y−1), 
Tiber (1721 103t·y−1), Saigon (1100 103t·y−1), Jakarta 
area (2100 103t·y−1), Motagua (155 103t·y−1), Tiber (1722 
103t·y−1), Meycuayan + (13812 103t·y−1). The estimation 
of rivers export was about 0.5 million t·y−1 worldwide, 
of which MiPs are majority into 40% of the basins in 
Europe, North America, and Oceania (sewage effluents 
source), MaPs were dominant in African and Asian riv-
ers (mismanaged solid waste source) and in 10% of the 
basins, macro- and microplastics in seas (as mass) are 
closed important (high sewage effluents and mismanaged 
solid waste sources) [49].

Even the present study is comprehensive, it presents 
just initial data for microplastic transport on the Roma-
nian Danube. For a more in-depth discussion of the pro-
cesses regarding variance, possible sinks, dependencies 
on discharge, etc., more measurements are needed (espe-
cially for higher discharge situations). The author team 
is currently working on a manuscript that will compara-
tively analyze some of the first data sets on the Danube 
(Pessenlehner et al.).

Conclusions
This spatio-temporal study aimed at bringing forward the 
first comprehensive data set for microplastic transport in 
the Romanian sector of the Danube, from close to enter-
ing the territory of Romania (Moldova Veche location) 
until before the Danube Delta formation (Isaccea loca-
tion). Our findings are based on 135 samples collected 
during five seasons using active multipoint sampling in 
three river cross-sections: Moldova Veche, Gruia, and 
Isaccea.

Polyethylene is the main component (58–69%) in the 
analyzed samples, followed by polypropylene (21–33%); 
occasionally, PS, EVA, and EPDMS were also identified. 
MiPs are polygonal fragments, foils, and spheroids of 
different colors. In addition, the meso-included MaPs 
consist of fragments of semi-transparent and/or porous 
thin or ultrathin foils, fibers, and fibers-clumps, espe-
cially for the spring of 2023, the richest in precipitation 
season during the study.

The environmental-based degradations of plastics in 
the context of decreasing the dimensions of the persis-
tent and mobile organic pollutants at micro-/nanoscale 
in the ecohydrosystem is very topical issue. Using 
advanced NIR fluorescence optical images and SEM–
EDX investigations of both digested and non-digested 
plastic particles (extracted from collected samples), our 
study showed complex microstructural degradations at 
the micro- and nanoscale and identified the presence of 
various (chemo)sorbed components, especially miner-
als (clays) and heavy metals.

Based on the 2021 water flow, the annual transport 
estimate was 46–51 and 93–100 t·y−1 for MiPs and 
total MPs, respectively, at Moldova Veche. The values 
for Gruia and Isaccea were approximately 4 to 5 times 
lower. A paper presenting a detailed comparative dis-
cussion regarding the transport of MiPs along the Euro-
pean Danube River, from upper to lower sectors, is in 
progress (Pessenlehner et al.).

The obtained results fill in the lack of information 
regarding the MiPs transport in the "Low Danube" area, 
which is essential for a complete assessment of the trans-
port and accumulation of MiPs in the European river 
with the most extensive hydrological basin. The study 
also joins the European efforts to regulate and standard-
ize active sampling nets-based multipoint methods from 
the suspended sediments of flowing large waters.

The investigations should continue, including flood-
ing events, and the sampling points should be expanded 
to deeper water column layers during all the campaigns 
for further validation.

Table 2  Annual transport yields for the monitored stations

Sampling locations Cumulated transport yield (t·y
−1)

2021 water flow 2022 water flow

MiPs Total plastic MPs (MiPs + meso-
included MaPs)

MiPs Total plastic MPs 
(MiPs + meso-included 
MaPs)

Moldova Veche 46–51 93–100 24–38 49–76

Gruia 9–18 29–43 8–10 15–25

Isaccea 9–14 17–25 6–8 9–18
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MiPs	� Microplastics
MaPs	� Macroplastics
MPs	� Total microplastics
ATR-FTIR	� Attenuated Total Reflection Fourier-Transform InfraRed 

Spectrometry with
(micro-)FTIR	� (Micro)Fourier-transform infrared spectroscopy
NIR fluorescence	� Near-infrared fluorescence
SEM	� Scanning electron microscopy
EDAX	� Energy-dispersive X-ray analysis
PE	� Polyethylene
PP	� Polypropylene
PS	� Polystyrene
EVA	� Ethylene–vinyl-acetate copolymer
PUR	� Polyurethane
ABS	� Acrylonitrile–butadiene–styrene
EPDM	� Ethylene–propylene–diene monomer
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