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Abstract

:

The aim of this paper is to contribute to the investigation of microplastics reaching the Baltic Sea with freshwater input. The scope of the paper was to analyze samples from several locations with different environmental characteristics. First, samples from urban areas differing in their degree of urbanization, a forest, a river and its watercourse were examined. Secondly, the ageing quantitative and qualitative characterization is discussed. Spectral techniques are crucial in identifying polymers, but the signal itself constitutes a valuable source of the crystallinity and density parameters of the polyethylene materials. The study indicates that polypropylene, polyethylene, polycarbonate and polystyrene are the most common types of microplastics in the investigated areas.
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1. Introduction


Microplastics are particles of synthetic material with irregular shapes and dimensions with at least one linear dimension < 5 mm [1,2], whereas nanoplastics (NP) are <100 nm (some authors also include debris < 1 µm). Microplastics (MP) are classified based on physicochemical properties, such as shape (fibres, fragments, granules), size and material [3]. A distinction is made between primary microplastics, which are produced with the intention of a specific application (granules, industrial abrasives, etc.), and secondary microplastics that are produced by the fragmentation or damage (abrasion, delamination, weathering) of larger objects (fragments of fishing nets, synthetic bags, etc.) [4]. Fragmentation and damage are caused by wastewater treatment, sunlight and biological processes [5,6,7]. Much of the plastic produced is not recycled and ends up in the environment, where it poses a serious threat to animals [8]. It is estimated that approximately 4.8–12.7 million of tonnes of plastic pollution enters the global ocean annually [9]. Rivers are the dominant source of microplastics in the seas [10,11]. Approximately 70–80% of the pollution found in the seas comes from land [12,13]. An estimated 5.25 trillion MP and NP are in the global ocean [14]. Despite studies conducted in different sections of the Vistula River, including near the estuary and on the coast and in the Baltic Sea, the detailed influence of the Vistula River on microplastic concentrations in the Baltic Sea is not known [15].



MP particles enter aquatic ecosystems through wind, surface runoff and direct sewage outflows [16,17]. Current wastewater treatment technologies show up to a 90% efficiency in removing microplastic pollutants [14]. Laundry, municipal and industrial wastewater are the primary sources of toxic substances in the world ocean [18,19]. MP particles have been identified in water and sediments in numerous rivers worldwide [20,21]. Many studies indicate that increased concentrations of MP in water and sediment are closely related to proximity to heavily populated areas, industrial centers and sewage treatment plants [15]. For example, sediment and water samples collected from the Vistula River in the Warsaw metropolitan area were significantly more contaminated with MP than samples deposited near the mouth and downstream [15,22].



Additionally, sediments collected near the mouth of the Vistula were the most contaminated among all deposited samples in the Gulf of Gdansk. This indicates that the Vistula River provides significant amounts of MP that may accumulate near its mouth. The variation in MP abundance along the Vistula may be explained by Warsaw being a densely populated city with industrial areas and sewage treatment plants. This hypothesis is supported by a study on the Rhine River, where MP concentrations along and across the river were highly variable but reached their maximum in the Rhine-Ruhr metropolitan area [13]. MP concentrations increased along the river, and the micropollutant profile reflected the number of cities, their population and the industrial centers. Analysis of MP concentrations conducted on the Pearl River (China), where Hong Kong, located near its mouth, has become a ‘hot spot’, suggests similar conclusions [23]. A similar phenomenon is observed in the Atoyac River, near an industrial complex and densely populated city of Puebla [24]. Additionally, it was shown that MP abundance in samples collected from urban areas on the Tamew River was 65% higher than in samples from rural areas.



Previous studies indicate that areas such as Warsaw may be a significant source of MP pollution. In addition to proximity to heavily populated areas, industrial centers and wastewater treatment plants, MP abundance is influenced by hydrodynamic characteristics (e.g., currents, channel geometry, flow velocity, standing water zones), geomorphological characteristics, weather events (e.g., flooding) and MP properties [21], [12,13,20,25]. Lin et al. (2018) found that hydrodynamic conditions can influence the different spatial distribution of MP at sampling sites. Some of the transported MP particles may temporarily accumulate in either the water column or sediments [25,26]. MP sinking may also be associated with biofouling, erosion-induced changes in MP density and particle adhesion to their surfaces [27,28]. It was observed that a low river velocity associated with the season [29] and undisturbed flow influence the increase in MP abundance in fine sediments.



In the example of the Vistula River, no apparent increase in MP abundance was observed in water and sediment samples, consistent with the river current. Similar differences in spatial distribution between water and sediment samples were found on the Antuă River [25]. Water samples from Wilanów Zawady beach, located in the southern, less urbanized part of the city, were more contaminated with MP than samples collected from the right bank of the Vistula near the “South” sewage treatment plant and the mouth of the Wilanowka tributary. This could be because the velocity of Vistula flow in the vicinity of the “South” sewage treatment plant (approximately 0.9–1 m s—1 in July 2011) was higher than in the vicinity of the Wilanów Zawady beach (approximately 0.3–0.5 m s—1 in July 2011) and, as a result, the faster flow of the Vistula may have contributed to the lower concentration of MP in the water samples [29,30,31]. However, MP abundance in sediments was highest in samples collected near the “South” wastewater treatment plant. Such a high abundance of MP in sediments at this location may have been caused by hydrological conditions (presence of arrowheads on the right bank of the Vistula causing strong current turbulence) and the probable supply of MP from the Wilanówka tributary and the sewage treatment plant.



Additionally, the complex sedimentary conditions influenced the various grain size distribution, which was not recorded in the other locations [13,16,29,30]. The highest abundance of MP in water was recorded for samples from the beach at the Prince Józef Poniatowski Bridge, located in the city’s more populated, central part. The faster flow of the Vistula may have influenced the lower concentrations of MP in sediments in the city center [15]. The hypothesis may be supported because significant amounts of coarse sand were collected at this site, indicating that smaller sediment particles were transported downstream with MP [21]. Another reason for the different abundance of MP in the sediment compared to other studies may be the different seasons in which samples were taken. Due to a reduced river flow, more MP particles may be deposited along the channel during the winter season. In all reported studies, the riverbanks and sites near freshwaters were not considered. Thus, we would like to provide insight into solid phase contamination in direct vicinity of freshwater sources within this research.



The qualitative and quantitative identification of microplastics is possible using spectral techniques. They allow for rapid measurements, have a high spatial resolution and the degradation of samples only takes place because of the excessive intensity of the laser beam. Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR) are complementary methods. A low-intensity signal or one that is impossible to register with the FTIR technique appears in the Raman spectrum, and vice versa. Therefore, spectroscopy is one of the most versatile MP identification and characterization approaches. Although FTIR [32] exhibits fewer problems with the self-luminescence of samples, Raman spectroscopy [33] has a better spatial resolution, and the potential to collect signals in higher frequencies is also not to be neglected. Many studies focus on identifying the MP type correctly, especially in complex environmental matrices. However, relatively little is known [33,34] about the proper quantitative approach to those spectra [35]. Preliminary results mainly indicated the following problems: a proper background cut off, the need for deconvolution that would separate the bands and have a physical meaning in peaks description, a lack of standards in order to make a reliable statistic and an ageing model with correlation to the spectroscopic signal.



This work provides a preliminary overview of various sources directly influencing freshwater MP. Moreover, the approach to better PE characterization is proposed and discussed. The freshwater samples were chosen as their impact on marine microplastics is direct and significant, but data are still scarce [36].




2. Materials and Methods


2.1. Study Area and Sample Collection


Samples for analysis were taken from four different locations in Poland, as shown below (Figure 1): (A) the shore of the Vistula River near the Śląsko-Dąbrowski Bridge, which is located in the more populated, central part of Warsaw; (B) the shore of the canal flowing into the Wilanówka River, which is located in a moderately built-up part of Warsaw, near a highway; (C) the forest area near the Warka wastewater treatment plant (WWTP), where the average population density is 444 person/km2; (D) a protected area of the Słowiński National Park, which is relatively intensively used for tourism. Sites A, B and C were sampled in summer, between May and July, whereas site D was sampled in autumn, after a storm. The selection of sites was guided by the degree of urbanization, population density and proximity to WWTP. Contaminants in forest areas may flow down to the nearest stream together with rainfall and silt and be further transported to the river (Pilica). At the same time, there is less risk that the micropollutants present are synthetic fibres from washing clothes.



The sampling area was chosen randomly as the 1 m × 1 m square. The sampling depth was below 5 cm (mainly surface debris, all fractions in 0–1 cm of depth and those partially buried deeper if present on the surface). In the rare cases where the fragmentation of macroplastics was already visible (by numerous pieces of the same material in its vicinity), the “main” object was also taken, although being >5 mm.




2.2. Identification by Raman Spectroscopy


In this study, Raman spectroscopy was used as an efficient method for the analysis. The technique allows for the identification of micropollutants with dimensions greater than 1 µm (source). Qualitative studies were performed at the Centre for Biological and Chemical Sciences, University of Warsaw (Warsaw, Poland). Spectra were obtained using a Thermo Scientific DXR Raman Microscope equipped with an optical microscope. The spectroscope operated at four laser line lengths: 532 nm, 455 nm, 633 nm and 780 nm. The study was performed using two laser lines: 532 nm and 633 nm. The maximum laser power used was 10 mW. Some measurements were carried out at lower powers to prevent sample degradation and reduce luminescence. The spectroscope was equipped with a 10 mm objective with a diaphragm of 50 µm aperture. The US National Oceanic and Meteorological Service (NOAA) recommends thoroughly cleaning all inorganic and organic contaminant samples before analysis. All samples were also mechanically cleaned of any lingering sand on their surface before recording spectra in the following study. This step consisted of gentle dust removal, rinsing in mill-Q water and filtration on a chromium-nickel net (25 µm). The OMNIC database extended by authors during the last seven years (>10,000 records) was used for qualitative identification. As a double-check, the SLoPP data and the Renishaw database were controlled.




2.3. Quantitative Signal Analyses


Apart from the raw spectra, the OMNIC standard background cut off was used and compared with the proper ORIGIN or Python processing. All signal analyses were carried out using the Python scripts designed for that purpose and using the following libraries: matplotlib, NumPy, scipy, spectrapepper. In addition, the authors used four different background approaches to enhance the accuracy of ageing modeling. Those included:




	▪

	
OMNIC standard;




	▪

	
Adaptive iteratively reweighted penalized least squares (AIRPLS, named A);




	▪

	
Asymmetrically reweighted penalized least squares (ARPLS, named B);




	▪

	
Asymmetric least squares smoothing (ALSS, named C) and its updates.









The second and fourth approaches were the best, respectively, noted as A and C. However, the asymmetrically reweighted penalized least squares background too deeply penetrated peaks in a non-representative physically way, which creates systematic errors, such as the negative values in ageing parameters. That is why it was not considered further for numerical modelling of those data.





3. Results and Discussion


3.1. Qualitative Characterization of MP by Raman Spectroscopy


Spectra for samples collected from the shore of the Vistula River near the Śląsko-Dąbrowski Bridge (A) are shown in Figure 2. For this location, 21 samples were collected, of which, 9 showed luminescence and could not be further identified. The identified plastics were of different shapes and colors (Table 1). One sample was not identified despite the recorded spectrum (A12). Among the tested samples, polyethylene (24%), polypropylene (19%), polycarbonate (5%) and polyamide (5%) were identified. The test was performed with a laser line of 633 nm, and the number of repetitions for all spectra was 50. The sample exposure time and the laser power were changed, which was 8 mW for most measurements. In the case of the A11 spectrum, a laser power of 2 mW was used. Spectra A1 to A5 were identified as polyethylene. A qualitative analysis of the polymers can be based on visual differences in signals from the stretching vibrations of the -CH chain at 3200–2800 cm−1. The polymer region shows two characteristic bands at ~2882 cm−1 and 2848 cm−1, corresponding to asymmetric stretching in the crystalline phase and symmetric stretching in the amorphous phase [37].



Polymer ageing is inferred from the ratio of amorphous to crystalline domains. Enhanced background noise and autofluorescence are frequently typical features of naturally weathered materials. It is the collateral effect of the organic and inorganic matter presence. The most enhanced background noise characterizes spectrum A1 compared to the other PE spectra. On this basis, it can be assumed that this is probably the oldest or most aged PE. However, additional quantitative analysis is needed (as described in Section 3.3) to confirm it. In addition, bands for oxygen-containing functional groups (mainly the C=O stretching at 1643 cm−1) are an essential indicator of ageing as they occur mainly due to oxidation.



The distinction between high-density polyethylene (HDPE) and low-density polyethylene (LDPE) is based on comparing the relative difference in intensity between asymmetric vibrations in the crystalline phase and symmetric vibrations in the amorphous phase. The degree of crystallinity is proportional to the density of the polymer. HDPE has a higher number of crystalline domains compared to amorphous domains than LDPE. All recorded spectra for polyethylene (A1–A5) are most likely not LLDPE, as the signal from asymmetric stretching vibrations (~2882 cm−1) has a higher intensity than the signal for symmetric stretching vibrations (2848 cm−1). In addition, in the range 1500–1200 cm−1, the band coming from vibrations of the -    CH  2   , the group in the crystalline phase, has a higher intensity than the band coming from vibrations of the -    CH  2   , a group in the amorphous phase.



Samples A6 to A9 were identified as polypropylene. The spectrum marked A7 belongs to new polypropylene. The other samples representing PP are either older or more aged. Samples A10 were identified as polyamide, whereas spectrum A11 was assigned to polycarbonate. The Raman spectrum of PA 6, the most common polyamide, exhibits the following bands: -CC deformation at 643 cm−1, -CCO stretching at 935 cm−1, -CC skeletal stretching at 1066, 1084 and 1132 cm−1, CN stretching and -NH bending of amide III at 1298 cm−1, -CH2 twisting at 1308 cm−1, -CH2 bending at 1448 cm−1 and -CH stretching at 2942 cm−1. At first glance, this last peak suggests the need for further examination of the presence of PA. Sample A12 is not identified.



Spectra for samples collected from the canal’s shore flowing into the Wilanówka river (B) are shown in Figure 3. For this location, 18 samples were collected. In the case of 7 of them, the phenomenon of luminescence occurred. Among the identified samples, polycarbonate constituted the most considerable part (33%), followed by polystyrene (17%) and polypropylene (6%). The identified plastics were of different shapes and colors (Table 2). Spectroscopic studies were carried out at a laser line of 633 nm, except for the measurement carried out for the sample whose spectrum was labeled B11 (532 nm). The number of repetitions, sample exposure time and laser power varied (4 mW–8 mW). The spectrum marked B1 represents polypropylene. Spectra B2, B3 unambiguously indicate polystyrene because, in the range of tensile vibrations -CH (3200–2800 cm−1), there are characteristic bands that are easy to identify. At a frequency of approximately 1000 cm−1, a signal appears, typical of bending vibrations -CH in the aromatic ring. The spectrum taken for sample B4 is characterized by significantly increased background noise and autofluorescence but most likely represents polystyrene.



The spectra labeled B5 to B10 represent polycarbonate. In all spectra, there was a signal at a frequency of ~1611 cm−1, which corresponds to the stretching vibration of the phenyl ring [38]. The spectra of polycarbonate in the polymer range (3200–2800 cm−1) are like those of polystyrene. In the polystyrene spectra, there is a high-intensity band at ~1611     cm   − 1    , corresponding to the -CH bending vibration in the aromatic ring, not present in the spectra for polycarbonate. Samples labeled B5 and B6 represent the same compound because their spectra and optical microscope images are very similar. A similar situation exists for the samples labeled B7 and B8.



The spectrum of B11 was not identified due to the presence of significant background noise.



Spectra for samples collected near the forest area near the wastewater treatment plant in Warka (C) are shown in Figure 4. For this location, 12 samples were collected, of which, 4 showed the phenomenon of autofluorescence. The identified samples included polypropylene (33%), polyethylene (8%), polystyrene (8%), cellulose (8%) and carbon (8%). The identified plastics were of different shapes and colors (Table 3). Spectroscopic measurements were performed at a laser line of 532 nm. The exposure time of the samples and the number of repetitions varied throughout the experiment. The laser power for most measurements was 10 mW, except for C1 (8 mW). The spectrum labeled C1 represents polyethylene, and the subsequent ones (C2–C5) indicate polypropylene. Subsequent designations belong to C6-polystyrene, C7-carbon and C8-cellulose. At a frequency of approximately 1000 cm−1, a signal typical of -CH bending vibrations in the aromatic ring appears. This band is very characteristic of polystyrene.



Spectra for samples collected from the area of the Słowiński National Park (D) are shown in Figure 5. For this location, 12 samples were collected, of which, the identification of 6 was not possible because of autofluorescence. Polypropylene constituted the most extensive part (33%), followed by polyethylene (17%). The identified plastics were of different shapes and colors (Table 4). Spectroscopic studies were performed at a laser line of 633 nm. Only the exposure time of the samples was changed during the measurement. The laser had a power of 50 mW, and the number of repetitions was 50. The symbol D1 denotes the polyethylene spectrum. Samples D2 to D6 were identified as polypropylene.




3.2. Characteristics of the Morphology


The most abundant particle color was blue, representing 34% of all identified plastics (Figure 6). The proportion of white particles was also significant (30%). Red, yellow, green, black and colorless particles were the least frequent. Although the films were characterized by all of the colors mentioned above, only colorless particles were absent among the fragments. The most varied particle colors were at position B. the minor color variation was observed at location C, where blue and white particles predominated. For sites A and D, the color distribution of particles was similar, with blue particles dominating at site A and the same number of green and red particles present at site B.



The most significant number of particles found at sites were not classified as microplastics. Instead, the most significant number (52%) of all plastic particles identified were fragmented (Figure 7), which are most commonly formed by the degradation of larger objects made from synthetic materials [2]. Overall, the dominant fraction of particles was from secondary sources. Furthermore, the most remarkable diversity of particle forms was found at sites A and D, in contrast to sites B and C. According to a study by, among others, Dris et al. (2015), the ubiquitous type of MP in rivers are fibers, which represent a primary source. The discrepancies between the study and the data available in the literature are most likely due to samples not being taken directly from the water and sediments but from the riverbank and land. Although more deep studies are certainly needed, it is coherent with the initial hypothesis that the type of the place determines the composition of MP fractions.



The most abundant polymer types were polypropylene, polyethylene and polystyrene (Figure 8). Site A was characterized by the most remarkable diversity of identified compounds and a high variability of particle forms, which could be related to the fact that it is a densely populated part of Warsaw. The site was dominated by particles of polypropylene and polyethylene, materials used in the production of, e.g., food packaging, bottles, toys, etc. At location B, polycarbonate was the dominant particle type. The same type of polymer was dominant in C and D: polypropylene. The lowest diversity of polymer types was observed at location D, it being a protected area (and samples being taken over a high-season period).



The surface of the plastics was examined using a scanning microscope for all identified particles. The particle surfaces had scratches and pitting, which could be caused by, for example, mechanical abrasion. Other studies have indicated that plastic degradation in freshwater environments is expected due to physical abrasion, seasonal freezing in winter and flow variability [24,27].



Microplastic and nanoplastics, being ubiquitous, have become an integral part of the environment and interact in various ways with biota. On the other hand, the weather and decomposing under natural conditions are not always according to the theoretical model developed a dozen years ago. Thus, it seems crucial to identify the type of debris and characterize it in detail from a physical and chemical perspective. That includes the quantitative description of microplastics and nanoplastics. Finally, one can point out the correlation between plastics morphology and the properties of the Plastisphere. Plastisphere, regarded from the physical and chemical perspective, appears not only as a new ecological niche but rather like a set of those. Authors claim that the different properties of a surface will determine the type of biofilm on it and enhance the growth of certain species, inhibiting others. Moreover, the adsorption and release of POPs are directly related to the morphology, not to the polymer type [36]. Thus, we focused on a quantitative approach to PE ageing modeling within this study.




3.3. Quantitative Characterization of Polyethylene MP by Raman Spectroscopy


PE diagnostic bands are located between 1000 and 1500 cm−1 in Raman spectra (1439 cm−1, 1295 cm−1, 1129 cm−1, 1062 cm−1), whereas characteristic FTIR peaks (for instance, due to the asymmetric and symmetric stretching of -CH3 group) can be observed at: 2918.86 cm−1, 2849.48 cm−1, 1463.08 cm−1, 719.67 cm−1. One of the most popular methods of PE quantification is based on the density parameter. It is assumed that the density and crystallinity are linearly correlated, and both depend on the material condition. Thus, the weathering factor is commonly calculated based on it. However, two disadvantages of this approach are crucial. Firstly, PE is produced with different densities, with the HDPE, LDPE and LLDPE already different as new, and there is no information on the reference starting material when studying the environmental sample. Secondly, as shown here, there is no universal method used to calculate crystallinity. One can consider the CH stretching or bending and twisting region. In the first case, the ratio between symmetric and asymmetric CH2 stretching bands will increase from LLDPE via LDPE to HDPE. Considering the CH stretching bands, the “cryst_1” diagnostic parameter is calculated as the ratio of ~2848 cm−1 peak intensity (CH2 symmetric) to ~2882 cm−1 peak intensity (CH2 asymmetric). In the second case, for the twisting and bending region, the ratio between the intensity of the CH2 bending bands at ~1416 cm−1 (completely absent in LLDP) and ~1440 cm−1 is considered. The “cryst_2” parameter is obtained in this way. The two suggested and used approaches should be coherent, but are not always so (Figure 9).



For the five analyzed specimens, “cryst 1” proposes an increasing density from C1 < D2 < A4 < D1 < A2 and the “cryst_2” order is the following: D2 < C1, A4 < A2 < D1. The most stable background is A (Adaptive iteratively reweighted penalized least squares algorithm).



This is probably because of the overlapping of bands in the ~~1250–1500 cm−1 region and because of the nonlinear background influence on the signal, increasing within the changing Raman shift. Another reason is that “cryst_1” refers directly to the density, whereas “cryst_2” indicates the changes in crystallinity. The ~1416 cm−1 and ~1440 cm−1 indicate the crystalline and amorphous phases, respectively. The 1400–1500 cm−1 region is commonly used for crystallinity monitoring and is a sensitive density marker. However, a simple comparison of “cryst_1” and “cryst_2” for the same sample reveals the limitations of both those quantitative approaches.



From the data obtained, one can conclude that a more enhanced approach is needed than this approach, which is commonly used in MP descriptions. First, one can base the well-known facts of PE spectra [39,40,41,42] to better choose the diagnostic bands. The frequently used “cryst_1” and “cryst_2” are not always coherent since they are influenced by the baseline approach, convoluted, susceptible to other structural changes than just the density, and the size of the coherent domain, crystal interfaces and other phenomena influence those peaks. For instance, instead of modeling in the bending and twisting region of ~1250–1500 cm−1, where considerable overlap occurs and convolution with added compounds (e.g., dyes, plasticizers, flame retardants) may occur, it would be better to base it on the CH stretching region of ~2900–3100 cm−1, assuming that the background is appropriately cut off or at least cut off in a reproducible way. Another strategy will require the analysis of differentiated signals (aged compared with new) to avoid the influence of the original crystallinity effect. Finally, it seems probable that each diagnostic parameter should have a dedicated background cutoff methodology. In addition, the standard approaches described in the literature [43,44,45,46] and used here can be further triggered with adjusted parameters.





4. Conclusions


Sixty-three samples were examined in the present study, and 35 were explicitly identified in one Raman signal registration. Unfortunately, 27 samples showed autofluorescence, and, therefore, further analysis was not possible. In addition, two samples were not identified despite the recorded spectrum. The elevated background on Raman spectra is the clearest sign of weathering. It is due to the increased inhomogeneity, traces of organic matter, complex matrices, structural disorder and morphological defects. Among all identified samples, polypropylene represents the most significant part, followed by polyethylene, polycarbonate and polystyrene. Carbon and cellulose account for a minor portion of the identified compounds.



At first sight, on the shore of the Vistula River near the Śląsko-Dąbrowski Bridge, the dominant microplastic was polyethylene. This was followed by polypropylene. One sample of polyamide and polycarbonate was identified, representing a minor fraction of all identified compounds. Not a single sample of polystyrene was found at this site. The plastic fragments identified as polyethylene and polypropylene are mainly blue, white and red. One fragment identified as polyamide was red, and the other, identified as polycarbonate, was blue. In the second location, the canal’s shore flowing into the Wilanówka River, 18 samples were found, of which, 7 showed luminescence. In this location, polycarbonate is the dominant type of microplastic, followed by polypropylene and then polyethylene. Plastic fragments identified as polyethylene and polypropylene are white and black. The samples identified as polycarbonate have the most varied colors: blue, yellow and green.



In the forest area near the Warka wastewater treatment plant, 12 plastic fragments were found in the third location, 6 of which showing luminescence. The identified samples belong to all three most common types of microplastics: polyethylene, polypropylene and polystyrene. The dominant microplastic type at this site is polypropylene. The identified samples are white and blue. In addition to the above compounds, one fragment of plastics belonging to carbon and cellulose was found. Again, the samples were black and white.



At the fourth site, in the area of the Słowiński National Park area, 12 plastic fragments were found at the fourth site, 6 of which showed luminescence. Samples from the area of the Słowiński National Park are the least diverse in terms of the type of identified polymers. Only two types of microplastics were identified here: polypropylene and polyethylene. This is the smallest number among all studied sites. The dominant number of samples belongs to polypropylene. Polyethylene samples are yellow and red, whereas samples belonging to polypropylene are white, red and green. Awareness of plastic pollution of the marine and terrestrial environment is growing year by year. The development of research in this area is significant because there are still many unknowns related to this issue. This paper reviews samples collected from an urban area (with varying degrees of urbanization), a forest area and a protected area. Most of the particles are of secondary origin (fragments, films). The hypothesis that plastics are widespread in the environment was verified, and the location likely to be characterized by a large cross-section of particle types and forms was the Vistula riverbank in the center of Warsaw. Analyses showed that polymers such as polypropylene and polyethylene dominated among the identified particles and were also found in samples at all four locations. The lowest diversity of polymer types was observed at site D, which could be related to the fact that it is a protected area.



Raman spectroscopy is a reproducible and efficient method of microplastic characterization. Although already a standard in this field, it is mainly used for qualitative identification. Relatively little is known about the limits of currently used quantitative estimations, particularly the influence of the background on the parameters of ageing and crystallinity. From five PE specimens modeled, D2 and C1 had the lowest density (possibly due to ageing), whereas D1 exhibited the highest degree of crystallinity.



The numerical approach and signal modeling proposed for PE will be extended to polypropylene and polystyrene and other polymers in the nearest future.
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Figure 1. Sampling area. 






Figure 1. Sampling area.



[image: Microplastics 01 00019 g001]







[image: Microplastics 01 00019 g002a 550][image: Microplastics 01 00019 g002b 550] 





Figure 2. Spectra for samples collected from the shore of the Vistula River near the Śląsko-Dąbrowski Bridge. The samples were identified as (A1–A5) polyethylene, (A6–A9) polypropylene, (A10) polyamide, (A11) polycarbonate and (A12) unidentified. The spectra provide information from which it can be inferred that they represent polyamide and polycarbonate, but their identification is unclear. 
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Figure 3. Spectra for samples from the canal’s shore flowing into the Wilanówka River. The samples were identified as (B1) polyethylene, (B2–B4) polystyrene, (B5–B10), polycarbonate, (B11) unidentified. The spectrum provides information from which it can be inferred to represent polycarbonate, but its identification is not finally confirmed. 
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Figure 4. Spectra for samples collected from the forest area near the Warka WWTP. The samples were identified as (C1) polyethylene, (C2–C5) polypropylene, (C6) polystyrene, (C7) carbon, (C8) cellulose. 
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Figure 5. Spectra for samples collected from the Słowiński National Park. The samples were identified as (D1,D2) polyethylene, (D3–D6) polypropylene. 
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Figure 6. Colors of particles in each location (A–D) and particles from all locations (ALL). 
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Figure 7. Distribution of particles at each location (A–D) and distribution of particles when added together. 
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Figure 8. Polymer type at each site (A–D) and polymer type distribution added together. 
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Figure 9. The “cryst_1 and cryst_2” parameters were calculated for the freshwater environmental samples with four different signal pretreatments (raw one and two different background approaches marked as A and C at the beginning of each sample name). 






Figure 9. The “cryst_1 and cryst_2” parameters were calculated for the freshwater environmental samples with four different signal pretreatments (raw one and two different background approaches marked as A and C at the beginning of each sample name).



[image: Microplastics 01 00019 g009]







[image: Table] 





Table 1. Characterization of polymers at stand A.
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Polymer Type

	
Signature

	
Color

	
Shape

	
Size






	
Polyethylene

	
A1

	
White

	
foil

	
upper limit




	
A2

	
Blue

	
fragment (rectangular)

	
upper limit




	
A3

	
Red

	
fragment (irregular)

	
upper limit




	
A4

	
Blue

	
fragment (irregular)

	
5 mm × 2 mm




	
A5

	
blue

	
fragment (irregular)

	
2 mm × 1 mm




	
Polypropylene

	
A6

	
white

	
fragment (rectangular)

	
upper limit




	
A7

	
white

	
cylindric, lollipop stick-like

	
upper limit




	
A8

	
blue

	
cylindric, lollipop stick-like

	
upper limit




	
A9

	
colorless

	
foil

	
upper limit




	
Polyamide

	
A10

	
red

	
foil

	
upper limit




	
Polycarbonate

	
A11

	
blue

	
foil

	
3 mm × 2 mm
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Table 2. Characterization of polymers at stand B.
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Polymer Type

	
Signature

	
Color

	
Shape

	
Size






	
Polyethylene

	
B1

	
black

	
Foil

	
upper limit




	
Polypropylene

	
B2

	
white

	
fragment (fibrous)

	
upper limit




	
B3

	
white

	
fragment (irregular)

	
5 mm × 4 mm




	
B4

	
white

	
fragment (irregular)

	
upper limit




	
Polycarbonate

	
B5

	
yellow

	
fragment (irregular)

	
4 mm × 2 mm




	
B6

	
yellow

	
fragment (irregular)

	
4 mm × 3 mm




	
B7

	
blue

	
foil

	
upper limit




	
B8

	
blue

	
foil

	
4 mm × 1 mm




	
B9

	
blue

	
foil

	
upper limit




	
B10

	
green

	
foil

	
upper limit
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Table 3. Characterization of polymers at stand C.
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Polymer Type

	
Signature

	
Color

	
Shape

	
Size






	
Polyethylene

	
C1

	
blue

	
fragment (irregular)

	
4 mm × 3 mm




	
Polypropylene

	
C2

	
white

	
fragment (irregular)

	
upper limit




	
C3

	
white

	
fragment (irregular)

	
3 mm × 2 mm




	
C4

	
blue

	
Foil

	
5 mm × 4 mm




	
C5

	
blue

	
Foil

	
4 mm × 2 mm




	
Polystyrene

	
C6

	
white

	
fragment (irregular)

	
5 mm × 4 mm




	
Carbone

	
C7

	
black

	
fragment (irregular)

	
upper limit




	
Cellulose

	
C8

	
white

	
fragment (irregular)

	
4 mm × 3 mm
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Table 4. Characterization of polymers at stand D.






Table 4. Characterization of polymers at stand D.





	
Polymer Type

	
Signature

	
Color

	
Shape

	
Size






	
Polyethylene

	
D1

	
yellow

	
foil

	
upper limit




	
D2

	
Red

	
spherical, cap-like

	
upper limit




	
Polypropylene

	
D3

	
white

	
foil

	
upper limit




	
D4

	
green

	
fragment (irregular)

	
upper limit




	
D5

	
Red

	
fragment (rectangular)

	
upper limit




	
D6

	
green

	
fragment (cylindric)

	
upper limit
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