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Abstract

:

An important source of microplastics (MPs) in the Baltic Sea waters is plastic waste, which is fragmented in the natural environment. The pilot research on the identification of microplastics in the surface waters of the Port of Gdynia is presented. In this paper, microplastics of particle sizes 0.3–5 mm in harbour seawaters were investigated. Microplastics were collected from five harbour basins using an unmanned mobile research unit, HydroDron-1. Sampling of microplastics on the surface port water was conducted over four seasons. The collected plastic particles were separated by chemical oxidation and flotation in the NaCl solution (density 1.2 g/cm3). Polymer identification was carried out by visual and microscopic observations, as well as using the Total Reflection Fourier Transform Infrared spectroscopy. Based on tows conducted in five basins of the Port of Gdynia, in total, the concentration of microplastics identified ranged from 0.082 mg/m3 to 0.524 mg/m3, depending on the investigated basin. Four groups of microplastic shapes (fragments, films, fibres and spheres) were detected in all the investigated harbour basins. Fragments and fibres were prevalent when categorised by particle shape, whereas when categorised by colour, transparent, white and black particles were dominant. The predominant type of the identified polymers was polyolefins (PE, PP, PS) and their derivatives.
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1. Introduction


The Baltic Sea is a semi-closed shallow area of 374,000 km2 and is connected to the North Sea via two narrow straits, which means that the water exchange in the Baltic Sea is limited. This results in a steady increase in pollution in the Baltic Sea, as only 2–3% of pollutants can flow out through the North Sea [1]. The necessary water exchange time in the central Baltic is 25–30 years [2]. To understand the impact of anthropogenic pressures on the Baltic Sea, a reliable assessment of the presence of hazardous substances in the environment is necessary. There is a fundamental difference between the problems occurring in coastal areas, including harbour basins, and in the open sea. Several factors significantly influence the levels of contaminants in the Baltic Sea. The condition of the waters of the Baltic Sea is affected by human activities, and the sources of pollution are industrial and municipal wastes discharged directly into the sea or via rivers [3]. Due to the increasing production of synthetic polymers from year to year and their low susceptibility to biodegradation, plastic contamination has become a major environmental problem [4].



Currently, there is growing ecological awareness that plastics are a large group of marine litter. They are one of the most common types of marine waste, accounting for 60 to 80% of all the waste, and it is estimated to account for 90% of all the floating particles [5,6].



Small plastic particles are called microplastics (MPs) and are currently considered a significant component of pollution by plastic in the natural environment [7]. Various definitions of microplastics can be found in the literature, where both the upper and lower dimension limits of microplastics have been defined. Mini-microplastics are defined as plastic debris from 1 μm to 1 mm, and nanoplastics have dimensions smaller than 1 μm [8,9,10]. Some researchers define microplastics as barely perceptible particles which are sieved with a mesh size of 500 μm but are stopped by a 67 μm sieve [11]. Imohof and co-authors defined MPs as plastic particles smaller than 1 mm [12]. Currently, microplastic, as a new persistent environmental pollutant, is defined by most researchers as small plastic particles with the longest dimension being less than 5 mm [13,14].



The source of microplastics in the environment is dual in nature. Primary microplastics are defined as plastics that are included in cosmetic preparations, cleaning agents and household items, produced in millimetre or sub-millimetre sizes [15]. A change in the integrity of the plastic structure and its disintegration in the environment as a result of different kinds of degradation, such as biological, physical and chemical, leads to the formation of secondary microplastics [10,16]. Secondary microplastic is also generated during the exploitation of products such as tires, textiles or paints, with these processes occurring before plastics are released into the environment [17,18].



Microplastic pollution in marine waters comes from both terrestrial and marine sources. Microplastics might be transported by rivers, wind and surface runoff to marine ecosystems [19,20]. Sewage from wastewater treatment plants plays an important role in supplying MP, especially of primary origin, to the marine environment [10]. Shipping, fishing and other human activities in the Baltic Sea are also known as potential sources of plastic pollution. Physical fragmentation and weathering gradually break down plastic waste into smaller and smaller fragments that can remain in marine habitats for long periods [21]. Most plastics are resistant to environmental degradation. It must therefore be assumed that the number of MPs will increase [22].



The distribution of MPs depends on their physicochemical properties (e.g., composition, density and particle size) as well as on many other factors, such as water depth, surface force and bottom currents, seabed topography, wave action and source diversity. For example, in Belgian coastal waters, the concentration of microplastics in harbours was up to 50 times higher than those recorded in other similar research areas [23]. The reason may be low water flow, as microplastics accumulate where there are weak currents [24]. Plastics can easily float on the surface of seawater. Plastics with higher density are susceptible to suspension in the water column or can sink to the seabed [25]. The contamination of seas with microplastics is rapidly increasing, and particles are now found not only in the surface waters and animals but also in deep-sea sediments or the arctic ice and water [26,27,28,29,30]. Microplastics pose a serious threat to the natural environment, as well as to living resources. They are of concern because they can be ingested by various marine organisms and possibly transferred along the food web. The potential toxicity of microplastics is primarily due to the additives and monomers they include. Some studies conducted worldwide have aimed at determining the accumulation of microplastics in aquatic and terrestrial organisms [31,32].



Despite a large number of studies on MPs, there is no standard methodology for determining the number, distribution and assessment of their impact on the human body. As a result, the present knowledge base gives a non-uniform understanding of the extent of the microplastic range, fate and spatial distribution in the marine environment.



Recent studies on the presence of MPs in the marine environment have mainly focused on waters and sediments in the open sea, while relatively little information is available on MP contamination in the port area. Nevertheless, a significant plastic content in coastal sediments (especially plastic pellets and fibres) was detected near ports [33,34]. Due to the nature of their activities, seaports are a source of environmental pollution, especially water bodies and bottom sediments. Pollutants enter the aquatic environment via loading, dredging, ship traffic and run-off, sewage discharges and dust, etc. Maintenance dredging is a necessary activity to ensure the proper operation of ports and safe navigation. However, it results in a rise and mixture of bottom sediments contaminated by chemicals, including microplastics, with the water column [35]. Although it is not possible to state the exact figures concerning the introduction of plastics into the environment by migration from ports, it can be assumed that the amount will vary depending on such factors as the dynamics of work in the area of port waters and sediments, the intensity of shipping and the degree of industrialisation of the coast.



Each port is distinguished by specific natural and anthropogenic factors responsible for the level of water pollution and its specific pollution spectrum [36].



There is a large discrepancy between the amounts of microplastics expected to be found in the sea according to the calculations and the amounts actually detected. Our knowledge of the actual concentrations in the sea in the Polish coastal waters is still limited. The current study aims at making a valuable contribution to the existing limited knowledge by investigating whether microplastics are present in the waters of the Port of Gdynia. The main objectives of the study are to (i) verify the presence of MPs (0.3–5 mm in size) in the surface harbour waters; (ii) characterise in basic terms MPs separated from the waters (colour, form, average size, polymer type); (iii) assess whether there is any correlation between the site of the collection (sea- or land-influenced basins) and the type and quantity of MPs. These three challenges will be discussed further.




2. Materials and Methods


2.1. Study Area


The Port of Gdynia is located on the western coast of the Gulf of Gdansk and is considered to be one of the major international seaports. It has an area of 7.55 km2, and the length of the quayside is 17.7 km [37]. The external breakwater of the Port of Gdynia prevents water in the port from mixing with currents or high waves. The location of the docks in the port provides easy access for ships from the sea [38]. The port is involved in large-scale industrial and commercial activities, and its main sources of pollution come from the operation of the port and the city [37]. The different origins of pollutants mean that their concentration does not change at the same rate at the same time.



Distribution of chemicals in different parts of the port depends on whether a particular area is subject to the influence of the sea or it is strictly connected with the land and the anthropogenic influence. In previous studies, it has been stated that two zones responsible for the distribution of pollutants can be distinguished in the Port of Gdynia: the zone with a sea influence of significant water exchange (Basins: I–IV); and the internal basins with a greater impact of anthropogenic pollutants (Basins: V–VIII) [38,39]. Our investigations were conducted in selected port basins located in two different areas responsible for the pollutant distribution: the sea-influenced and the land-influenced zones.




2.2. Sampling of MPs on the Surface of Port Waters


Microplastics were collected from five harbour basins in the Port of Gdynia. The exact location of the selected basins (No. I, III, IV, V, VI) of the port is presented in Figure 1.



Due to their small size, the harbour basins are an area of limited manoeuvrability. Therefore, the equipment used for the collection of microplastics in oceanic, marine and inland waters (e.g., Neuston nets, Manta nets, AVANI trawl, Neuston DiSalvo nets) cannot be used in their area. Nets may have a rectangular or circular opening of different dimensions and a length typically of 1.5–8 m, although Bongo nets can be as long as 15 m [40,41,42,43]. Moreover, vessels should be small and manoeuvrable to allow the collection of samples from different zones of the pool waters.



To collect plastic particles floating on the surface seawater, a plankton net (mesh size 300 μm, HydroBios) with an inlet diameter of 25 cm and a length of 50 cm was used. The mesh size of the net determines the lower dimension limit of microplastics collected. For microplastic sampling in large tanks, especially from surface seawater or port canals, mesh sizes, such as 200, 330 and 350 μm, are recommended. In recent years, mesh sizes have been used as a standard sampling gear for microplastic surveys. As a result, the assessment of microplastics smaller than the mesh size is not present in scientific studies. However, when the mesh size of the net is too small (e.g., 10 μm), it is difficult to use because it easily clogs, mainly in port environments, where particles can be concentrated [41].



The plankton net was attached to the mobile unmanned research unit, HydroDron-1. HydroDron-1 and its equipment are presented in Figure 2. This unit is a mobile surface platform suitable for survey missions in restricted waters. Missions were carried out in the field of bathymetric, sonar, hydrological, oceanographic and other measurements, such as the collection of microplastics from the surface waters. The platform has the ability to carry out work in autonomous mode or in remote-control mode, which is particularly useful in difficult navigational situations or in areas that are inaccessible for larger manned vessels.



HydroDron-1 travelled in the central part of selected port basins shown in Figure 1. The plankton net was pulled at a 2 m distance (behind the vessel) from the stern of HydroDron-1 at a speed of approximately 2 knots. The net inlet was submerged below the water surface, and samples were taken horizontally. During the investigations conducted in the seasons of sampling of microplastics by HydroDron-1, the Beaufort wind force scale was 1–2, and the sea state scale was 0–1 (sea state calm or completely calm). It is known that weather conditions, such as wind, wave and the season, have an influence on the degree of vertical mixing of the seawater surface layer and the amount of affected microplastics which is collected. When the wave height is under 0.5 m and the Beaufort wind force scale is under 3, the collection of plastic particles can be conducted [40].



Table 1 shows the length of the route taken by the unmanned platform which towed the plankton net in the selected basins in the four seasons of the year.



During the entire research period, the boat with the plankton net sailed a total of 92 km, and 4509 m3 of water from the Port of Gdynia basins was analysed for the presence of microplastics. The volume of water filtered via the plankton net was calculated by multiplying the transect distance by the area of the submerged hole (0.049 m2) of the net. The volumes of individual samples ranged from 89 m3 to 471 m3. The volume of the filtered water in each port basin varied due to the distance travelled by HydroDron-1, which depended on the period when the port basin was available for study.



During the sample collection, nets were transported in stainless steel sealable containers to the research vessel to avoid contamination. Samples were handled by personnel wearing cotton clothing and latex gloves. After the collection, the nets were enclosed and stored again in sealable containers prior to analysis. To minimise contamination from the laboratory, the samples were covered wherever possible, glassware was used in place of plastic where it was possible, and all the reusable equipment was cleaned thoroughly with ethanol and rinsed with distilled water prior to use.



One blank sample was taken. The blank sample was collected in the field without being exposed to port water. It was taken to measure the atmospheric deposition at the port basins. The field control consisted of an empty, pre-rinsed collecting jar opened during the sample transfer. The blank sample allowed the researchers to see how clean their sampling and the analysis process were. It was also used to account for the procedural contamination from the sampling or any processing performed on the sample before the analysis.




2.3. Separation of MPs Particles Collected from the Port Waters


The methodology for separating microplastics from the port waters and their analysis was based on the procedures recommended for quantifying synthetic particles in waters [45,46,47]. The separation of microplastics collected from the surface seawater consisted of several main steps: drying; extraction; wet peroxide oxidation; density separation; filtration; and visual sorting.



After collecting the solid materials on the surface seawater of the investigated harbour basins, the contents of the net were washed through stainless steel screens (Retsch, mesh size 5 and 0.3 mm). Shells, plants, and living organisms larger than 5 mm were flushed and removed.



First, the collected solid material was dried to determine the solids mass in the sample. After drying, the organic matter was digested. Different types of sample digestion (oxidative, acidic, alkaline and enzymatic) can be carried out to separate microplastics from biological matter [41,48]. In this study, digestion was carried out using 30% hydrogen peroxide in the presence of a Fe(II) catalyst (0.05 M solution) to digest labile organic matter. It was repeated until no natural organic material was visible. The plastic debris remained unaltered. In the next step, sodium chloride NaCl was added to the mixture to increase the density of the aqueous solution (density of about 1.2 g/cm3). Sodium chloride solutions are most commonly used to make the solution thicker and separate plastics by flotation [41,45,49].



The resulting mixture was transferred to a glass density separator to isolate the plastic debris through flotation. The plastic particles with a lower specific gravity than the solvent floated on the surface. All floating plastic debris was collected in a density separator and separated using a vacuum filtration system (WaterVac 100-MB, Rocker Scientific, Taiwan) with a 0.3 mm nylon filter. A gridded nylon filter with clearly defined grid lines facilitated microplastic quantification. Other types of filters, e.g., polycarbonate, polyamide glass fibre, mixed cellulose ester and Anodisc, can also be used at this stage of microplastic separation [41]. The density separator was rinsed several times with distilled water to transfer all solids to the filtration set. In the final phase of the filtration procedure, filters were rinsed with distilled water to avoid the formation of salt crystals on the dry filters. The filters with solids were moved to glass Petri dishes and covered with aluminium foil. They were allowed to dry at room temperature. Dried filters were weighed to determine the microplastic mass [10]. Simultaneously, density separation of the microplastics collected in the blank sample was also conducted.




2.4. Identification of Collected MPs


Different methods are used to determine the type of microplastic. For example, some studies mainly use visual microplastic identification methods to differentiate synthetic polymers from organic particles [50] or image analysis of stained particles [51]. More recently, the Fourier transform infrared (FTIR) spectroscopy [52] or the Raman spectroscopy have been used in research [53].



The plastic particles collected in five investigated harbour basins were identified using microscopic and spectroscopy methods.



	
The macro- and microscopic observations—the plastic particles were observed at a macro and micro scale. Macroscopic observations of the collected plastics were analysed using a FujiFilm S2500 HD camera, whereas microscopic observations of plastics were analysed with a metallographic microscope ALPHAPHOT-2YS2-H Nikon (Polish Optical Companies, Warsaw, Poland), linked to a photo camera Delta Optical DLT-Cam PRO 6.3MP USB 3.0. (Delta Optical, Gdansk, Poland). The micrographs were collected under reflected light.



	
Chemical identification—the Attenuated Total Reflectance–Fourier Transform Infrared spectroscopy (ATR-FTIR) and OMNIC software were used to identify the collected plastic particles. FTIR spectra were recorded with an attenuated total reflection (ATR Smart Orbit Accessory, ThermoFisher Scientific, Madison, WI, USA) mode on a Nicolet 380 FTIR spectrometer (Thermo Scientific, Madison, WI, USA) with a diamond cell. The particles were manually fixed to the diamond crystal and scanned with a resolution of 4 cm−1 and an IR range of 4000 to 600 cm−1, and 32 scans were taken for each measurement. Due to size limitations, when using the ATR-FTIR, only particles above 500 μm could be analysed [54]. The acquired spectra were automatically compared to the reference spectra in 20 spectral libraries, with more than 11,300 spectra that consisted of both synthetic and natural materials and compounds. According to the plastic particle identification procedure, if the compatibility polymer type was higher than 60%, the match was considered as credible, but if it was lower, the compatibility was critically evaluated [55,56,57].








3. Results and Discussion


Compared to marine or inland waters, the surface waters of port basins are characterised by relatively low colonisation by plant and animal organisms. However, flotation particles from port handling operations can occur in these waters. In this study, samples collected using a plankton net were characterised by the relatively low organic matter content and plant particles were dominating.



It is assumed that the most suitable means for removing plant material is the Fenton reaction, using a mixture of hydrogen peroxide with an iron catalyst. Potassium hydroxide digestion should be used for significant amounts of animal tissue [58].



In most solid particles collected in this study, wet peroxide oxidation successfully decomposed the organic matter—only samples collected in port basin No. IV (located near the Baltic Grain Terminal) were characterised by a significant content of seeds with hard shells. These particles, containing a significant amount of fibre, turned out to be not susceptible to digestion processes. Therefore, they were manually removed, after the filtration step, using tweezers. Due to the presence of atypical contaminants in the tested samples, probably connected with the handling of cargoes, it will be necessary to develop a more effective method than the Fenton reaction for the digestion of the matter collected, including microplastics.



Table 2 presents the concentration of plastic particles collected by the plankton net (mesh size 300 μm) and filtered water volume for each investigated basin during the different seasons.



Based on tows conducted in the five basins of the Port of Gdynia, in total, a microplastic concentration of 0.28 mg/m3 was identified in Basin No. I, 0.082 mg/m3 in Basin No. III, 0.524 mg/m3 in Basin No. IV, 0.44 mg/m3 in Basin No. V and 0.41 mg/m3 in Basin No. VI. Lower concentration of MPs in Basin No. I and III can be connected with the location of these harbour basins (sea-influenced zone, Figure 1). No microplastics between 0.3 and 5 mm were found in the blank sample.



It is known that urbanised water bodies, with large amounts of anthropological activities such as ports, are more polluted and can be a source of microplastic migration to the marine environment. A significant increase in microplastics in the port waters is influenced by factors related to human activities on land, including rivers that have an outlet in the vicinity of seaports [39,59]. Studies on the surface waters of the industrial port of Malmö also showed a significant influence of anthropological factors on their contamination with microplastics. It was assumed that most of the plastic particles came from the stormwater discharged into the port waters [60]. In view of the above, in the conducted studies, it was expected that the waters of the land-influenced basins of the Port of Gdynia, which are more exposed to anthropogenic factors than the sea-influenced basins, would contain higher amounts of MPs. Such a distribution of pollutants was obtained during the study on the concentration of organic compounds in these basins [39]. However, the results of our study showed no such relationship. For example, in Basin No. IV, which is open to water exchange with the waters of the Gulf of Gdansk, similar values of microplastic concentrations were obtained as in Basin No. VI, which is land-influenced in nature. The least polluted with plastic particles was Basin No. III, although its hydrographic conditions are similar to those in Basin No. I. There was also no clear relationship between the presence of MPs in the port waters and the season. Such a relationship was observed in the Port of Gdynia with regard to the distribution of organic pollutants concentrations. A decrease in the amounts of these pollutants occurred in summer and was associated with an increase in microbial activity and biodegradation processes [38,39]. Plastic particles undergo very slow environmental degradation [61]; therefore, the seasons do not affect their occurrence in port waters. Taking into account the results obtained and presented in Table 2, it can be assumed, hypothetically, that the presence of MPs in the basins of the Port of Gdynia is more influenced by the intensity of transshipment in the port basins than by the anthropological factors from the land.



Although many studies have been conducted on microplastics found in sediments and water in the marine environment, the available information in terms of the sources, detection, and amount of microplastics in ports is limited. Studies on microplastics in ports showed a varied range between the concentrations in sediments and surface waters. For example, monitoring of meso- and microplastics in the Port of Durban indicates that there is a higher amount of microplastics in sediments than in waters [54].



A comparison of the results obtained in the Port of Gdynia and the results of the previous studies in other ports is difficult due to differences in sampling methods, analytical procedures, and especially in reporting units. The global comparison of our study (Table 2) suggested a lower abundance of MPs in the surface waters of the Port of Gdynia compared to MP concentrations in other locations, such as the Port of Durban (South Africa) [54], Suva Harbour (Fiji) [62], Göteborg Harbour (Sweden) [60], Turku Harbour (Finland) [63], the Port of Melbourne Australia [64], and the Swedish west coast industrial Harbour of Stenungsund (Sweden) [65]. Given that the Port of Durban and Suva Harbour are connected to ocean waters, their microplastic pollution may be higher. Thus, the location of the Port of Gdynia can be seen as an advantage. The closed nature of the Baltic prevents the inflow of migrating microplastic particles from the oceans.



Taking into consideration different sources of information, it was found that the current monitoring of waters in port areas is not sufficient. A quantitative comparison of MPs found in marine waters is problematic due to different analysis procedures and measurement units [41,66,67]. Different mesh sizes and filter pores used for filtering the solutions also cause uncertainties in the comparison process. That is why one of the most significant problems in microplastic pollution assessment in the marine environment is a lack of standardised procedures for sample collection, preparation and microplastic identification. The elaboration of those standardised procedures is vital for microplastic concentration assessment and data comparison between different studies [41,67].



Our results suggested that the 300 μm nets commonly used for microplastic sampling underestimate microplastic abundance, particularly for nets smaller than 0.3 mm. Whenever possible, sampling should aim at collecting the fullest range possible of microplastics present. However, it is equally important that sampling maintains a balance in efficiency, accuracy and detail. Some researchers carefully determined differences in detailed microplastic distributions of surface fresh and seawaters collected using smaller mesh size nets [56,57,68].



In our study, mesh selectivity was probably a major factor in low concentration because microplastic particles smaller than the mesh size (300 μm) were not collected. In many ports (such as Port Durban, Port Suva, Port Gothenburg, Port of Melbourne and Stenungsund Industrial Port), nets with a mesh size of 20–200 μm were used to extract microplastics from surface waters [54,60,62,64]. Only at the Port of Turku was a plankton net with a mesh size of 300 μm used for analyses [63].



The density of plastic particles is a key factor in their vertical distribution in the water. Microplastics with a density higher than 1.025 g/cm3 are susceptible to sinking [14,69]. In this study, plastic particles were isolated by density separation in sodium chloride (density 1.2 g/cm3). Table 3 presents selected common polymers which may have density ranges similar to those on surface seawaters.



As Table 3 shows, only a few plastics have a specific gravity lower than seawater. Furthermore, plastics in products are mixed with fillers and other additives that can change their specific gravity. Heavier varieties of plastics, such as polyamides, polyesters, etc., tend to sink or settle in bottom sediments. Therefore, the assessment of the presence of MPs in the basins of the Port of Gdynia should also include the bottom zone, which will be the next stage of the research.



Techniques for identifying microplastics can be divided into analytical and visual techniques. Visual identification enables the identification and classification of microplastics with the naked eye or using a microscope. In the case of analytical techniques, various types of laboratory equipment are used, which are common in analytical chemistry. Visual and analytical techniques make it possible to identify the nature and type of polymer. In this study, the identification of the collected plastic particles was carried out using both visual and analytical techniques.



3.1. Macro- and Microscopic Observations of MPs


According to the microplastic analytical procedure, particles separated from the surface port waters were first visually categorised by colour and shape.



Colour is used as one of the determinants to identify the source of plastic particles. Different coloured plastics are used in many applications, such as packaging and clothing materials or ropes. On the one hand, the colour identification of plastic particles can be difficult because microplastics lose their original colour. The cause of the colour change is the conditions in the aquatic environment to which the plastics have been exposed (e.g., biofilm development, weathering). On the other hand, colour identification by people is very subjective and can be hampered by visual defects [9,40,69]. Black, white, transparent, red, blue, green, multicolour and others are the most common colours of plastic particles. Multicolour means that microplastic particles have two different colours, usually one on one side and the other on the other (e.g., rope or filaments might contain more than one colour). Purple, grey, yellow, pink or brown are defined as other colours [9].



The microplastics obtained in the Port of Gdynia were often colourless, in the form of transparent films. Colours such as black, white, yellow, blue and green were also detected. The difference between transparent and white is opacity. Transparent is translucent, while white is opaque. The predominant colours were black, white and transparent.



In terms of shape, the classification of microplastics included four groups: fragments, films, fibres and spheres [69]. It is known that non-spherical microplastics’ toxicity (i.e., fragments and fibres) is higher than that of spherical microplastics [70]. Microplastic fragments are defined as irregularly shaped hard particles that appear to have been broken down from a larger piece of litter; films as thin, flat, flexible plastic particles with smooth or angular edges; fibres as thin elongated particles with one dimension much larger; and spheres as spherical plastic [8].



Macrographs of small pieces of synthetic plastics (the order of size from 0.3 to 5 mm) collected in the port waters are presented in Figure 3.



Figure 3 illustrates four categories of microplastics commonly identified in visual identification: films; fragments; fibres; spheres. The detection of spheres, films, fibre, and fragments may represent anthropogenic sources of plastic waste from cargo loss, sewage, commercial activities, and the surrounding human settlements. All the above plastic particles were found in the investigated basins of the Port of Gdynia. Fragments and fibres were the prevalent, categorised particle shape. Fibres and fragments were also the predominant type of microplastics in Suva Harbour [62].



Transparent films were often found in the Port of Gdynia. A spherical shape was seen only once.



A high fibre concentration and a significant amount of black carbon particles, as seen in the Baltic Sea waters, have also been observed in the Helsinki area archipelago. The particles of black carbon found in this region are probably a result of intense traffic and the combustion of fossil fuels. The anthropogenic oil-based particles have a specific shiny blue-black appearance, which distinguishes them from other dark particles [71]. In order to properly assess this criterion, other techniques should be used in addition to visual identification.



Figure 4 presents the structure of the surface categorised by size and shape. The microscopic observations confirm macroscopic observations. The micrographs below illustrate the different types of microplastics that can be found in the investigated harbour basins.




3.2. Spectroscopic Identification of MPs


A total number of 40 particles above 500 μm in size was collected from the port water samples for polymer identification. Thanks to the applied analytical technique ATR-FTIR, it was possible to obtain a spectrum associated with each particle analysed. To determine what polymer the particles were made of, each spectrum was compared to the reference (to more than 11,300 spectra collected in the library). This technique allowed for unambiguous determination of whether particles are made of plastic. The results of the identification of selected plastic samples that have a match higher than 60% are presented in Table 4.



Analysing the results presented in Table 4, we can state that regardless of the season, the predominant identified plastic particles presented in the surface port waters were polyolefins and their derivatives. In our study, the most commonly identified types of polymers were PE and PP. The identification of these two polymers is relatively consistent with the polymer usually seen in the marine environment, with the most commonly detected polymers in the surface waters being PS, PE, and PP [72,73]. The main prevalent polymers found in the surface waters from the Port of Durban contained PE, PET, PS and PE, PP from Suva Harbour [54,62].



It is important to know as many details as possible about the polymer composition because depending on its density, surface chemistry, degree of crystallinity and the presence of chemical additives and plasticisers, it can affect the ecosystem in different ways.



The obtained results are in good agreement with those in other microplastic reports of surface seawaters and they show a gradient distribution of plastic particles in the water tone. The low-density polymers can easily stay on the surface, and their presence decreases with depth. In contrast, high-density polymers dominate in the bottom areas and sediments [74,75]. Nevertheless, important factors influencing the presence of low-density plastics in marine bottom sediments are biofouling, aggregation with organic matter, and subsequent sedimentation [4].





4. Conclusions


In order to control the influence of human activities on the marine environment, the input from industry, shipping and rivers should be monitored directly. The condition of the Baltic Sea needs to be assessed so that all the measures can be taken as soon as possible to significantly reduce the harmful impact of microplastics. It is necessary to focus on monitoring both the waters of the Port of Gdynia and other ports, taking into account the significant amount of plastic that ends up in the natural environment. Relatively little data are collected in terms of recognising the contamination of port basins at present. There is also a lack of information as to what extent port waters, the pollution status of which can be relatively easily and regularly monitored, are a contamination indicator of the surrounding coastal waters.



This study provided preliminary data on the presence of microplastics in the surface waters of the Port of Gdynia area. The results of the surveys indicated relatively low pollution of the surface waters of the Port of Gdynia with microplastics of 0.3–5 mm in size. Regardless of the season, the predominant plastic particles present in the port waters were transparent, white and black polyolefins and their derivatives. The most common shapes of the collected plastics were fragments and fibres. No correlation was found between the location of the harbour basins and the number of microplastics in the water.



This is essential in times of growing interest in the state of the natural environment, particularly if the seawater ecosystems are to be monitored, preserved and managed in a sustainable manner for the benefit of contemporary societies as well as future generations.
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Figure 1. Location of the five harbour basins in the Port of Gdynia (No. I, III, IV, V, VI). Map provided by the Port of Gdynia Authorities. 
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Figure 2. Mobile unmanned research unit HydroDron-1: (a) illustration; (b) scheme of construction and equipment, based on [44]. 
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Figure 3. Macrograph of all MP types collected in five basins of the Port of Gdynia. 
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Figure 4. Sampling micrographs of different MPs collected in port waters: Basin No. I (a–d); Basin No. III (e–h); Basin No. V (i–l); Basin No. VI (m–p); Basin No. IV (q) and collected in different seasons: winter (a,e,i,m,q); spring (b,f,j,n); summer (c,g,k,o,r); autumn (d,h,l,p). 
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Table 1. Route length of HydroDron-1 in selected basins in each season.
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Basins of the Port of Gdynia

	
Winter

	
Spring

	
Summer

	
Autumn




	
Route Length [m]






	
Basin No. I

	
3328

	
3248

	
2552

	
2842




	
Basin No. III

	
4618

	
4226

	
4344

	
2796




	
Basin No. IV

	
5026

	
3893

	
1820

	
3119




	
Basin No. V

	
7109

	
2365

	
5674

	
5030




	
Basin No. VI

	
9628

	
9415

	
5824

	
5156
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Table 2. Seasonal microplastic abundances in the port basins.
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Basins of the Port of Gdynia

	
Seasons

	
Volume of Water Filtered (m3)

	
Concentration of Plastic Particles [mg/m3]






	
Basin No. I

	
Winter

	
163.1

	
0.067




	
Spring

	
159.1

	
0.007




	
Summer

	
125.0

	
0.198




	
Autumn

	
139.2

	
0.008




	
Basin No. III

	
Winter

	
226.3

	
0.062




	
Spring

	
207.1

	
0.002




	
Summer

	
212.8

	
0.006




	
Autumn

	
137.0

	
0.012




	
Basin No. IV

	
Winter

	
246.3

	
0.142




	
Spring

	
190.7

	
absence of plastic particles




	
Summer

	
89.2

	
0.382




	
Autumn

	
152.8

	
absence of plastic particles




	
Basin No. V

	
Winter

	
348.3

	
0.428




	
Spring

	
115.9

	
0.002




	
Summer

	
278.0

	
0.006




	
Autumn

	
246.5

	
0.004




	
Basin No. VI

	
Winter

	
471.8

	
0.392




	
Spring

	
461.3

	
0.006




	
Summer

	
285.4

	
0.007




	
Autumn

	
252.6

	
0.005
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Table 3. Densities of selected microplastics commonly used for density separation, own elaboration based on [8,54].
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	Polymer
	Density [g/cm3]
	Buoyancy





	Polystyrene
	0.01–1.06
	floating (↑)



	Polypropylene
	0.85–0.94
	floating (↑)



	low-density polyethylene
	0.89–0.93
	floating (↑)



	high-density polyethylene
	0.94–0.98
	floating (↑)



	Nylon 66, nylon 6
	1.14
	sinking (↓)



	Polyamide
	1.16
	sinking (↓)



	Acrylic
	1.19
	sinking (↓)



	Polycarbonate
	1.20
	sinking (↓)



	Polyvinyl chloride
	1.3–1.45
	sinking (↓)



	Polyester
	1.39
	sinking (↓)
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Table 4. Identification of MPs collected in different harbour basins. The symbol (*) means not identified polymer because of matching below 60%.
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Basins of the Port of Gdynia

	
Seasons

	
Spectroscopy Identification (Polymer Type)






	
Basin No. I

	
Winter

	
low density poly(ethylene), poly(propylene)




	
Spring

	
oxidized poly(ethylene)




	
Summer

	
oxidized poly(ethylene), poly(propylene)




	
Autumn

	
*




	
Basin No. III

	
Winter

	
*




	
Spring

	
*




	
Summer

	
*




	
Autumn

	
poly(propylene), poly(ethylene-propylene)




	
Basin No. IV

	
Winter

	
low density poly(ethylene), oxidized poly(ethylene)




	
Spring

	
absence of plastic particles




	
Summer

	
poly(styrene-propylene oxide), poly(ethylene), nylon 6




	
Autumn

	
absence of plastic particles




	
Basin No. V

	
Winter

	
low density poly(ethylene), poly(propylene)




	
Spring

	
*




	
Summer

	
*




	
Autumn

	
poly(propylene)




	
Basin No. VI

	
Winter

	
*




	
Spring

	
low density poly(ethylene)




	
Summer

	
poly(styrene)




	
Autumn

	
poly(ethylene), oxidized poly(ethylene)
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