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Abstract

:

The concentration of microplastics (MPs) in two important Hungarian freshwater habitats was determined in the size range of 50 μm–1 mm. Lake Balaton (LB) is the largest shallow lake in Central Europe, with a significant role in recreation and tourism. Its main inflow, the Zala River, enters the lake through an artificially constructed wetland, the Kis-Balaton Water Protection System and its catchment area (KB), which helps preserve the water quality of the lake. From these two areas, 15 samples were taken with an in situ filtration sampling method. After preparation, the samples were analyzed automatically by FT-IR microscopy. All samples, from both areas, contained MPs; the dominant microplastic (MP) shape was the fragment, while the most frequently polymer types were polyethylene, polypropylene and alkyd. Small MPs were dominant in both areas; around 90% of the MPs were smaller than 500 μm. On average, LB contained more MPs (21.0 ± 12.5 MPs/m3) compared to the KB, which presented an average concentration of MPs of 7.8 ± 5.9 MPs/m3. In the examined areas, two potential MP sources were determined, i.e., treated wastewater and road traffic. The importance of tourism should also be further investigated.
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1. Introduction


In recent years, the issue of microplastics (MPs), synthetic polymers within the size range of 1 μm–5 mm, has become an increasing environmental concern [1]. According to the ISO standard, two sub-categories of MPs can be differentiated: small MPs (1–1000 μm) and large MPs (1–5 mm) [2]. The establishment of these sub-categories was necessary because, in this wide range of sizes, it is not possible to use only one sample preparation and detection method, because this can lead to errors during quantification [3].



Studies focusing on the identification and quantification of MPs started in the marine environment, but in recent years, freshwater ecosystems have also come to the fore [4]. The presence of MPs has since been confirmed in various water bodies, such as rivers and lakes, across Asia, Europe and North America. Nonetheless, there are still less data available about the abundance of MPs in freshwater ecosystems than in the marine environment [1,5]. In the case of the freshwater environment, some direct microplastic (MP) sources can be identified, and the majority of these sources can be linked to anthropogenic factors. Consequently, MPs are present in higher concentrations in regions that are highly populated, have more wastewater treatment plants (WWTPs), have higher levels of urbanization or have intensive tourist activity [6]. MPs have become omnipresent pollutants that are observed not only near their sources but also at large distances. According to their material types, the most frequently detected MPs in freshwater are polyethylene (PE), polypropylene (PP), polystyrene (PS) and polyethylene terephthalate (PET), which correlates with the production and utilization data of plastics [5,6,7]. MPs, especially in the small size range, pose an environmental risk, as they can be consumed by aquatic organisms [8] and can enter the food chain. Furthermore, MPs can adsorb various hazardous substances (e.g., organic pollutants and heavy metals) and can act as abiotic surfaces for biofilm formation, which facilitates the spread of pathogenic and antibiotic-resistant microorganisms in the environment [9].



The largest shallow lake of Central Europe, Lake Balaton (LB), is an important summer holiday destination visited by millions of tourists every year [10,11]. Therefore, the preservation of the good water quality and biodiversity of the lake is of strategic importance from both economic and ecological aspects. Based on the intricate findings of our current survey, our research team previously published an article focusing on the concentration of MPs in LB. However, that publication exclusively presented the concentration results for MPs within the range of 50–100 μm, as this size range is crucial for conducting toxicology tests on Daphnia spp. [8]. A larger-scale study investigating MPs in a wider size range and involving the catchment area is still needed to obtain a more complete picture of the possible threats caused by MPs to the ecosystem of LB. Keeping this in mind, the present study aimed to gain comprehensive knowledge of the presence of and spatial variations in MPs in the size range of 50–1000 μm in two connected freshwater ecosystems: (1) LB; (2) the Kis-Balaton Water Protection System and its catchment area (KB), an artificially constructed wetland that helps preserve the water quality of LB.




2. Material and Methods


2.1. Study Area and Sampling


With a surface area of more than 590 km2, a mean depth of 3.25 m, and a volume of 1.8 km3, LB is the largest freshwater shallow lake in Central Europe [12,13]. LB has 20 permanent water inflows (Figure 1), with its main inflow, the Zala river, having a considerable impact on the lake’s water quality. The Zala river reaches the lake through the KB (Figure 1) [14], which is an extensive, artificially constructed wetland region that acts as a natural filter of organic pollutants to improve the water quality of LB [12,15]. The KB was built in two phases and plays a crucial role in the water management system of the region. During phase one, the Hídvégi Pond was created, which increased the water retention time by 30 days. During phase two, the Fenéki Pond was constructed, which additionally increased the water retention time by another 90 days. From the Zala river, the first pond retains 60% of the suspended solids, while the second pond retrains 75% of the remaining solids before they enter the lake [16]. Even though KB is a built environment, it is a valuable, protected wetland ecosystem known for its biodiversity and listed as a Wetland of International Importance under the Ramsar Convention (https://rsis.ramsar.org/ris/185, accessed on 27 March 2024).



Nowadays, more than 40 WWTPs with varying capacities (2–50,000 m3/day) are operating in the catchment area of LB (Figure 1) [10]; the largest one is located in the city of Zalaegerszeg. To reduce the direct discharge of treated sewage into the lake, a sewage transfer duct system was implemented in the southern and eastern coastal regions. This system effectively gathers and diverts a significant portion of treated communal sewage from the catchment area. However, the WWTPs located away from the lake release their effluent into the tributaries of LB.



To reveal MP concentrations in the KB and LB, 15 sampling points were marked out: seven sampling locations were chosen in the KB, while eight sampling locations were designated in LB, with the aid of the Western Transdanubia Water Directorate. The designated monitoring points represent locations where substantial anthropogenic impact presumably affects the water quality (shown in Figure 1). In KB, sampling was carried out from 15 to 20 June 2022, while LB was sampled from 27 to 29 July 2022. Sampling was performed with a previously described in situ filtration method [17]. The applied sampling device starts the filtration process with a pre-filter (pore size 1 mm), which prevents larger particles from entering the device. Filtration was driven by a jet pump through three stainless-steel in-line filters (pore sizes: 300, 100, 50 µm) (Infiltec GmbH, Speyer, Germany). Thus, the tested particles fell into the range from 50 µm to 1 mm. This technique allowed us to acquire a representative amount of water (one to two cubic meters per sample).




2.2. Microplastic Extraction and Analysis


The samples were prepared and examined as described previously [8]. Briefly, to remove the organic matter from the samples, two oxidation steps were applied: a hydrogen peroxide-based pre-oxidation step and a Fenton reaction to eliminate any residual organic materials. After oxidation, a density separation step was carried out. The samples were put into small-volume glass separators (SVGSs) filled with a zinc chloride brine solution (1.7 g/cm3) to separate the microplastics. The sample preparation method with SVGSs was previously described and validated by our research group [18]. Anodisc filters (Ø = 25 mm; pore = 0.2 µm) were used for the final filtration, and the concentrated samples on the filter were directly placed under a Fourier Transform Infrared imaging microscope (FTIR) (NicoletTM In10 MX; Thermo Fisher Scientific, Waltham, MA, USA).



The complete surface of the filter underwent scanning using the FTIR microscope, outfitted with a linear array detector capable of achieving a spatial resolution of 25 µm in transmission mode, along with a spectral resolution of 8 cm−1, and employing 4 scans. The collected data were then analyzed automatically with the siMPle software (https://simple-plastics.eu/, accessed on 27 March 2024), developed by Primpke et al., 2020, and applied by other research groups extensively [19,20], as demonstrated in Supplementary Figure S1. In order to accept the collected spectra as representing MPs, in comparison to the database, a hit quality index of 70% was determined. With this method, the smallest identified particle size was 50 µm, as the software is programmed to require at least two positive neighboring pixels to produce a credible result during MP identification [8]. The estimated mass concentration of MPs was also determined using the same software based on the predicted volume of each particle, assuming an ellipsoid shape and considering the specific density of its polymer type [21]. As the toxicity of MPs also depends on their shape [22], the distribution of fragments or fibers was also determined in the samples. MPs with a calculated length-to-width ratio greater than 3:1 (based on the length and width dimensions of the identified MPs measured by the software) were considered fibers [23,24].




2.3. Contamination Prevention and Quality Control


During sample preparation, precautions were taken to prevent sample contamination. Beakers and any glassware were rinsed before usage with ultra-pure water (UPW), which was produced as deionized water and was filtered through a 5 µm metal filter and a 0.7 µm glass fiber filter. During sample preparation, beakers and any glassware were covered with aluminum foil, and the laboratory staff wore cotton lab coats. Most sample preparation steps were conducted under a laminar flow hood, but due to work safety reasons, the oxidation steps were carried out in a fume hood.



To increase the reliability of MP quantification, it was necessary to run process blank samples (i.e., conduct background measurement) alongside the environmental samples to calculate the limit of detection (LOD) and the limit of quantification (LOQ) values. To accomplish this task, four blank samples were generated using UPW. The blank samples were prepared with the previously described procedure (for both preparation and analysis) [8]. From the results of the blanks, the LOD and LOQ values were calculated as follows: the LOD was determined as 3.3 times the standard deviation plus the mean values of the blanks; similarly, the LOQ was established as 10 times the standard deviation of the blanks plus their mean values. Although these values were different between the polymer types, they were calculated for the total quantity of MPs in accordance with the guidance provided by previous research articles [19,25]. Of note, following the suggestion of a previous research article [26], we did not adjust our results using the mean of the blanks.



For every sample, the concentrations of MPs were computed per cubic meter using the recorded sample volume during the sampling process. When determining the mean concentrations of MPs for KB and LB, outlier data points were excluded from the calculations.





3. Results


3.1. LOD and LOQ Values


To guarantee the reliability of our results about the MP contamination of KB and LB surface water samples, the background contamination level was assessed, and the LOD and LOQ values were calculated in all cases. In four of the process blanks, altogether eight MP particles were found that were distributed among four polymer groups as follows: three of them were PE; other three were PP; one of them was PS; and one was cellulose acetate (CA). The defined LOD value was 7.22, while the LOQ was 17.81.




3.2. MP Abundance in KB and Lake Balaton


Figure 2 shows the determined abundance of MPs in KB and LB. In LB, the MP concentrations fell into the range from 1.50 to 106.84 MPs/m3, and the average abundance of MPs was 21.0 ± 12.5 MPs/m3. In KB, the concentrations of MPs were between 1.51 and 196.85 MPs/m3, averagely 7.8 ± 5.9 MPs/m3. Of the 15 examined surface water samples, two were not above the LOD value. Moreover, although another two samples reached the LOD value, they did not reach the LOQ value (shown in Supplementary Table S1). The estimated mass concentration of MPs in LB was in the range from 4.89 to 99.46 µg/m3, with an average value of 44.4 ± 27.2 µg/m3. In contrast, the calculated mass concentrations in KB were between 0.10 and 5140.98 µg/m3 and, averagely, 128.2 ± 144.4 µg/m3.




3.3. Polymer Types of the Identified MPs


In terms of average particle numbers, the MPs detected in LB fell into 12 polymer groups, while the MPs in KB were classified in only 5 polymer groups. In both areas, PE was the most abundant (in the case of LB, 33.29% of MPs were PE; in the case of KB, 55.72% of MPs were PE), followed by PP (LB: 31.22%; KB: 30.66%) and alkyd (LB: 15.46%; KB: 10.36%). In KB, other polymer types (polyester (POS) and PS) represented only 3.26% of the total MPs (Figure 3). In contrast, in LB, other polymer types such as POS, PS, CA, epoxy, acrylic, polyvinyl chloride (PVC), polyurethane (PU), polyamide (PA) and acrylonitrile butadiene styrene (ABS) represented 20.00% (Figure 3).




3.4. MP Distribution according to Their Shapes and Sizes


For size determination, major size dimensions of the particles were used. In LB, the most frequent size category was the smallest one, with particles between 50 and 100 µm; 26.27% of the total MPs belonged to this category. In KB, this smallest MP category was just the third most abundant (11.70% of all MPs), while the most common category was that containing particles between 100 and 150 µm, representing 17.80% of all MPs. In general, our results suggest that the smaller-size category represented the greater number of the identified MPs. In both sampling areas, around 90% of all MPs were under 500 µm (shown in Figure 4).



Regarding the shape of the identified MPs (Figure 5), the fragment shape proved to be dominant in both sampling sites: in LB, 86.60% of the MPs were identified as fragments, while their abundance was 62.46% in KB.





4. Discussion


At the time of our research, only one study had been conducted in LB dealing with the concentration and composition of MPs and investigating their potential top–down effects on the water flea (Daphnia magna) [8], and no study was available about the KB region. In that study, MPs were only investigated within a narrow size range (50–100 μm), as specimens of D. magna are capable of ingesting MPs in this size range due to potential food confusion. To extend our current understanding, the present study offers the first comprehensive determination of MP concentrations for both regions, which gives a basis for the evaluation of MP spread and distribution in the area. In this study, the concentration of MPs in LB ranged from 1.50 to 106.84 MPs/m3, and the average MP abundance was 21.0 ± 12.5 MPs/m3. In KB, the MP concentrations were between 1.51 and 196.85 MPs/m3, averagely, 7.8 ± 5.9 MPs/m3. According to these results, on average, KB contained a smaller concentration of MPs than LB; however, two KB samples had the highest concentration among all examined samples. Our results show marginally elevated MP concentrations in contrast to the previously determined values for 67 European lakes, which indicated an average of 0–7.3 particles/m3 (median = 0.28) in the size range of 310–5000 μm [27]. This disparity can potentially be attributed to divergent methodological approaches.



It is known that the smaller the size range one can investigate, the more particles can be found [28]. As we could operate within smaller size ranges than those considered in previous studies, it was anticipated that more particles would be identified. Furthermore, the automation of MP identification contributed to a reduction in human bias, and the imaging μFTIR technique is more likely to perform better at analyzing smaller particles. The sampling technique, sample preparation protocol and identification method are known to influence the final reported MP concentrations; hence, it is worth comparing new research findings with those derived by analogous techniques [29]. Compared to another study that was conducted in Finland [30], an in situ pump filtration method similar to our sampling device was applied. Our results are close to their findings, determining the number of MPs as 12 ± 17 MPs/m3 in a size range of 100–300 μm. The outcomes of our current study exhibit a significant resemblance to the results of our prior research conducted in Hungarian aquatic environments: the concentration of MPs in the previous study was 13.8 ± 9.3 MPs/m3. Nevertheless, it is important to note that the MP size range examined in the prior study was between 100 µm and 2 mm, and the MP identification method was different from the one we used in our present study [31]. MP pollution is less studied in wetlands compared to other aquatic ecosystems. Significant differences can be observed among the existing studies regarding MP concentrations, ranging from 1.44 to 101,60 MPs/m3. As indicated before, the comparison of MP abundances from different studies is difficult due to the variation in sampling methods, sample preparation and identification practices [32]. As expected, our results fall into the wide range indicated by previous studies.



The estimated mass concentration was determined in LB as 44.4 ± 27.2 µg/m3 and in KB as 128.2 ± 144.4 µg/m3. To the best of our knowledge, there is only one study dealing with the estimated MP mass in freshwater lakes in Poland. In that case, the highest value was determined as 4.7 µg/m2, which indicated about 25 g of MPs in the studied lake to a depth of 0.2 m [33]. If we extrapolate our results, assuming that our pump sucked water from the upper 0.2 m layer of water and calculating the surface area (590 km2) of the lake, LB contains 5.23 kg of MPs. This is a much higher value, which can also be explained by the different sampling and detection techniques. It is also obvious that a direct connection cannot be established between the mass and the particle number concentration of MPs: a small number of larger MPs can significantly contribute to the total mass, while having a limited impact on the particle number, and conversely, a multitude of small MPs will influence the particle number, while having a low impact on the total mass. In our study, the highest mass was measured at the KB-2 point (5140.98 µg/m3), while the highest particle number was recorded at the KB-7 point (196.85 MPs/m3). Also, in light of the current knowledge on risk assessment of MPs, it is recommended that the concentrations in toxicity tests be calculated as both mass and particle number [34]; this is why we reported both values.



In both areas, the most commonly found polymer types were PE and PP. Their abundance is not surprising, because these materials possess low-density characteristics (density below 1 g/cm3), which results in their floating on the water surface. Also, these two polymer types cover 60% of the global plastic production [35]. Alkyd, which was also a commonly found polymer type, is a commonly used painting material, including in coatings for roads and buildings as well as boat painting [36,37]. Alkyd is also commonly found in WWTP effluent water [38]. Our sampling period coincided with the main peak of the tourist season, with increased recreational activity (e.g., swimming, fishing, sailing), which could have influenced our results in the case of the lake [11]. Furthermore, the abundant presence of other polymer types, among which PS (7.44%) and POS (5.16%) were the two dominant ones, supports the hypothesis that tourism influences the MP load in the lake. The presence of both polymer types can clearly be connected with the increased human activity during the summer period. PS is commonly used in microbeads in personal care products and could enter the ecosystem, for example, through WWTPs [39], while POS is a commonly used synthetic fiber (e.g., in swimming suits) [40]. Also, the polymer type distribution indicate the possibility that most of the MP load in the lake did not originate from the KB area. Not only the polymer type distribution supports this theory, but also the MP concentration data. Our results revealed that, though the lake receives water from the KB, the average MP concentration in the lake was around three times higher than the KB average value. It is therefore conceivable that some MPs present in the lake did not enter the lake in conjunction with the KB water. Thus, a portion of the MPs present in the lake can likely be associated with tourism, entering the lake either directly from tourists or indirectly through wastewater treatment plants due to the increased population around the lake [11,40,41].



This is the first study to report the MP size distribution in these areas. As previously mentioned, our study also supports the notion that if we examine a smaller size range, more particles can be found. In our investigation, the prevailing size categories of MPs were found to be below 150 µm, indicating that they are susceptible to ingestion by aquatic organisms, including various zooplankton species such as Daphnia spp. [8]. As Daphnia spp. are prey for other aquatic organisms, MPs can enter and accumulate alongside the food chain [9]. The determination of the MP shapes is important, as the shape can influence the particles’ toxicity [22]. In both examined areas, fragment-shaped MPs were dominant: of the total MPs identified, they represented 86.60% in LB and 62.46% in KB. A higher prevalence of fragments among smaller MPs can be anticipated, as fragments can originate from both the degradation of larger particles and the disintegration of larger fibers [42].



According to the analysis of the MP concentrations at the sampling points, outlier values were determined in several cases: the number of MP particles in the KB-2, KB-7 and LB-5 samples was significantly higher compared to the average values. These sampling locations were marked out to further investigate the possible origin of MPs. At the LB-5 sampling point, the concentration of MPs was determined to be 106.84 MPs/m3; this value was approximately five times higher than the average concentration of MPs in the lake. Notably, this site is situated close to a treated wastewater inlet. In line with the literature, our result also supports the hypothesis that treated wastewater can be considered the major source of MPs in the case of freshwater ecosystems [43]. In the case of the other sampling points from the KB territory (KB-2, KB-7), KB-7 showed 196.85 MPs/m3, which is around 25 times higher than the average value for this region (7.8 ± 5.9 MPs/m3). As an explanation, KB-7 was situated under a newly built highway overpass; hence, an increased concentration of MPs at this sampling point was most probably due to road traffic, as supported by the scientific literature [44,45]. KB-2 was also situated close to a heavily congested road; furthermore, near this site, a highway rainwater drainage channel is connected to the location of the sampled surface water.




5. Conclusions


The present study, for the first time, dealt with the concentration of MPs in two unique aquatic ecosystems (Lake Balaton and the Kis-Balaton Water Protection System and its catchment area). The concentrations of MPs were expressed not only in particle number but also in estimated mass (the average particle number was 21.0 ± 12.5 MPs/m3 in LB and 7.8 ± 5.9 MPs/m3 in KB, while the average mass concentration was 44.4 ± 27.2 µg/m3 in LB and was 128.2 ± 144.4 µg/m3 in KB). Given the current scarcity of data concerning the presence of MPs in European lakes and an even more limited dataset regarding the MP levels within wetlands, our results definitely mitigate a void in knowledge. Our findings revealed that the presence of MPs could be detected at all sampling points, and the most abundant polymer types were PE, PP and alkyd. The MPs were mostly fragments in shape. In the lower size ranges, more MPs could be detected, and most of the MPs (≈90%) were below 500 µm. In our study, we defined two MP sources, i.e., WWTPs and traffic. Furthermore, the lake apparently receives most of the MPs not from its biggest water supplier but from different sources. Tourism is likely to be an additional source of MPs in the case of the lake; however, further (seasonal) investigations are necessary to prove this idea. Our study can contribute to future research that aims to determine the origin and fate of MPs in freshwater ecosystems.
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Figure 1. Subfigure (I) shows the geographical location of the studied area in Hungary, and subfigure (II) indicates the magnified area with the sampling points. The location and designation of the MP sample points in the Kis-Balaton Water Protection System and its catchment area (KB) are presented in subfigure (III), and the Lake Balaton’s (LB) sample points are figured in Subfigure (IV) with the main water flow directions. 
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Figure 2. The determined abundance of MPs and their estimated mass in the areas of Kis-Balaton and its catchment area and Lake Balaton, Hungary. Bar graphs indicate average MP concentrations in MPs/m3 and estimated mass concentrations in µg/m3 in the two examined regions. Error bars indicate the standard deviation between the sampling points per region. (LB: Lake Balaton; KB: Kis-Balaton Water Protection System and its catchment area; bold straight arrows link the bar charts to their respective sampling points). 
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Figure 3. The abundance of different polymer types in Kis-Balaton and its catchment area and Lake Balaton water samples. Average microplastic distribution by polymer type in the two examined regions in percentage. (PE: polyethylene; PP: polypropylene; PS: polystyrene; ABS: acrylonitrile butadiene styrene; PA: polyamide; PU: polyurethane; PVC: polyvinyl chloride; LB: Lake Balaton; KB: Kis-Balaton Water Protection System and its catchment area). 
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Figure 4. MP distribution in the area of Kis-Balaton and its catchment area (KB) and Lake Balaton (LB). (A) size distribution of MPs in the 15 sampling points, (B) average size distribution of MPs in the two examined regions. 
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Figure 5. (A) Percentages of MP fibers and fragments in the area of Kis-Balaton and its catchment area (KB) and Lake Balaton (LB) in individual sampling points, (B,C) proportions of fibers and fragments within the entire set of examined samples from KB and LB. 
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