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Abstract

:

This study aims to present the identification, abundance, and chemical characterization of plastics in the intertidal zone sediment of two selected beaches in Kota Kinabalu city, Sabah, Malaysia. Plastic debris was classified according to weight and size and was identified for its heavy metal concentrations and polymer types. Results showed that a higher abundance, by more than 2-fold, of plastic debris was found in Kebagu beach (28.7 g) compared to ODEC, UMS (13.4 g). FTIR analysis showed that polypropylene (PP) and polyethylene (PE) were the dominant plastic polymers on both beaches, followed by polystyrene (PS) and polyethylene terephthalate (PET). Five heavy metals (arsenic, chromium, copper, zinc, and nickel) were detected from four types of plastics. The results showed that the concentration of Zn was higher in all four types of plastics on both beaches, with a range of 41 mg/kg–135.3 mg/kg, followed by Cr and As, while Ni was the lowest concentration detected in PE on both beaches: 5.6 mg/kg (ODEC) and 5.1 mg/kg (Kebagu stations). This study confirmed the presence of macro-, meso- and microplastics in both stations. Further studies remain necessary for a better understanding of the sources and fates of the pollutant in the marine environment. Findings from the studies of the Kota Kinabalu beaches have provided baseline data and a clearer understanding of the distribution of plastic debris. This demonstrates that commitments and actions are required to mitigate the potential risk to the ecological system and human health.
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1. Introduction


Plastic pollution has received worldwide attention due to its pervasive presence in the environment, particularly on our beaches and in our oceans. Due to the low cost, durability, high flexibility, and light weight of plastics, they are widely used in all facets of our everyday lives, leading to the accumulation of plastic wastes in the environment that are inevitably released into the ocean via numerous pathways. According to Nizzetto et al. [1], microplastics are transported via river flow regimes and flooding events; however, sedimentation is influenced by microplastic’s shape, size, and density. The fate and transport of microplastics in rivers are governed by constructed structures such as dams and reservoirs, and a large number of microplastics are retained due to sedimentation. For example, in Sweden’s Gota River, microplastics with a higher density and larger size settle to the river bottom, whereas microplastics with densities of less than 1.0 g cm3 float on the water surface and are thus transported further into marine ecosystems [2].



Other than that, human activities such as illegal dumping, accidental inputs, or insufficient treatment capacity may contribute to the large amounts of plastic as marine debris [3]. It was reported that plastic dominates marine litter globally, accounting for between 80% and 85% of total marine waste [4]. When plastic debris is discarded or released into the environment, it might persist for decades due to its chemical properties [4]. Plastics decompose naturally at an extremely slow rate. After physical, chemical, and/or biological action, the plastic waste will be broken down into small pieces [5]. Plastics with particle sizes of less than 5 mm are classified as “microplastics” (MPs) [5], a term proposed by Thompson [6].



The majority of plastics found in the ocean and coastal areas are known as microplastics [7]. Microplastics are found on global beach locations [8] and accumulate toxins on their surfaces that are harmful; adsorption and adherence of heavy metal and organic pollutants such as polycyclic aromatic hydrocarbons (PAHs) resemble food intake and at the same time are attractive to marine organisms. Reports of ingestion of microplastic debris are widespread and increasing as investigators study a broader range of marine organisms. Some reports documented microplastic ingestion in seabirds, sea turtles, manatees, and cetaceans [9]. Bivalve corals found microplastics remained in the organism and transported within the tissue [10]. Numerous studies reported the harmful consequences of microplastics ingestion to marine organisms [11]. It was found to cause inflammation and liver toxicity and cause the accumulation of lipids in fish liver [12]. The exposure of microplastics to marine organisms and directly to human health have prompted researchers to further investigate the identification and characterization of these plastics.



As a result, several approaches with great sensitivity and selectivity for the detection, distribution, and identification of microplastics have been developed in this paper. We also highlighted different sizes of plastic polymers, which consist of macroplastics (>20 mm), mesoplastics (5–10 mm) and microplastics (<5 mm). To achieve its objectives, this paper describes the abundance of these plastics in two selected beaches in Sabah, Malaysia and the potential damage to marine ecosystems. The sampling, processing, identification, and characterization of these plastics are also reported. However, we used a standard procedure for collecting and analyzing the samples. In summary, the objective of this paper was to (1) quantify the macro-, meso- and microplastics present at two selected beaches, (2) present the standard methods for plastic detection, (3) evaluate the heavy metal concentrations by different types of plastic polymers, and (4) provide knowledge and future directions for plastics detection as well as recommendations for future research.




2. Materials and Methods


2.1. Study Area and Sampling Sites


The study was conducted in the intertidal zone of ODEC, UMS public beach, Kota Kinabalu, Sabah, Malaysia (6.04304° N, 116. 11177° E). Outdoor Development Centre (ODEC) is among the landmarks of Universiti Malaysia Sabah (UMS), Malaysia. It is a place for outdoor activities such as picnics, beach sports or retreat programs. Another sampling area was selected in the intertidal zone of Kebagu public beach, Kota Kinabalu, Sabah, Malaysia (6.0539° N, 116.1154° E). Figure 1 shows the maps for ODEC, UMS beach, Kota Kinabalu and Kebagu public beach, Kota Kinabalu, Sabah, Malaysia.




2.2. Sample Collection and Sample Preparation


Sampling was conducted at UMS ODEC and Kebagu stations in March 2018. There were three randomly selected sampling sites (S1, S2 and S3) at each station before a recreational and non-recreational beach. The sampling sites were 100 m apart from each other, with a 50 m transect along the intertidal zone in each site. In each line, every 5 m, a sediment sample was taken at 0–5 cm depth within a square frame of 20 cm × 20 cm. A stainless steel scoop was used to collect sediments at 2 cm depth from the surface from each sampling quadrant, while macroplastics that could be seen were collected with forceps. Sediment was then placed into labeled plastic bags and transferred to the laboratory. Sediment collection was performed during low tide. All sediment samples were dried at room temperature. Dried sediments were sieved through a 1 mm mesh stainless steel sieve. Plastic that had been collected was separated into macroplastics (>20 mm), mesoplastics (5–10 mm) and microplastics (<5 mm) and placed into separate labeled plastic bags for classification purposes. Different sizes of plastics that were retained on the sieve were picked up using stainless steel tweezers, visually sorted, and quantitatively measured for size and weight. However, plastic fragments that escaped the 1 mm sieve and the sediment were separated using the flotation separation method with isolation using NaCl with a density of 1.2 g/cm3. The NaCl solution (ρ = 1.2 g/cm3) was prepared in distilled water. Plastic particles with a specific gravity of 1.2 g/cm3 were filtered through Whatman filter paper using a vacuum pump. The NaCI residues were removed from plastic particles with distilled water. The plastic debris flushed along with the Whatman filter was then dried in a drying oven until constant weight.




2.3. Identification of Polymer Types from Fourier-Transform Infrared (FTIR) and Surface Morphology Observation


The identification of plastic polymer types was made using a total of 66 samples (n = 66) from ODEC and 131 samples (n = 131) from Kebagu station. Samples were cut to a size of >5 mm; then, pieces were placed on the Perkin-Elmer (Model: Spectrum 100) FTIR spectrometer. The samples were then scanned in the 4000–450 cm−1 wave number range. The data were presented in the form of spectrum peaks output from the scans expressed as %T. The results were identified with online polymer spectra database libraries. For morphological features, the plastic fragments were observed under stereo microscope and Carl Zeiss Scanning Electron Microscope (SEM). Images were captured and then enhanced for suitable brightness and contrast.




2.4. Heavy Metal Analysis


Macro-, meso- and microplastics were digested before heavy metals (As, Cr, Cu, Zn and Ni) were analyzed. The digestion process was conducted using 95–97% sulfuric and 65% nitric acid. Samples were wet-digested as described by Sakurai [13] and Ernst [5]. Eight plastic polymer types were separated into different porcelain crucibles. The samples were weighed to 50 mg. To each sample in the porcelain crucible with lid was added 2 mL of 95–97% sulfuric acid. The sample was then heated at maximum temperature setting on a hotplate in a fume hood until an oil-like black colored liquid was formed. Then, two to three drops of concentrated (65%) nitric acid were added to the hot liquid to digest the black carbon. The digestion was continued with drop-wise addition of nitric acid until the solution became a clear liquid and dense white fumes formed, indicating that the digestion was complete. After the digestion process completed, the sample was cooled to room temperature. For post-digestion treatment, the polypropylene centrifuge tube was filled with 5 mL of ultrapure water. The cooled extracts were filled into the tube. The crucible content was rinsed with ultrapure water and poured into the tube; this was repeated 3 times. The tube was tightly covered with screwcaps. The extract was transferred into a syringe with 0.45 um nylon membrane and filtered into a fresh set of sanitized 15 mL polypropylene centrifuge tubes topped up to final volume (12 mL) with ultrapure water and ready for instrument analysis. The heavy metal concentration was determined by each average concentration of metal using inductively coupled plasma–optical emission spectrometry (ICP-OES; Optima 5300 DV, Perkin Elmer) reading, the volume of dilution factor and the weight of each sample. The heavy metal concentrations were calculated with the following formula:


     Concentration of heavy metal     ( mg / kg )    =      ICP - OES   reading     ( Each average concentration metal )    × Dilution factor   ( Weight of sample )    













3. Results and Discussion


3.1. Weight and Quantity of Plastic Debris


The weight of plastic fragments collected from all sampling sites varied from 3.83 g to 10.3 g (Figure 2). Most of them were detected in diverse of sizes and shapes; thus, weight was used as a subjective indicator for plastics fragments. The differences in the plastic weight across the studied area were related to chemical and physical aging, especially on land due to the higher temperature, frictional forces and UV exposures. Overall, a total of 197 items of plastic debris were recorded from 30 samples of sediment, with 66 items of plastic debris from ODEC beach and 131 items of debris from Kebagu beach. ODEC station samples were recorded with a total weight of 13.4 g represented from S1 (4.9038 g), S2 (4.6568 g) and S3 (3.8347 g), while the samples from Kebagu station were recorded with a total weight of 28.7 g, which was the sum of S1 (8.7327 g), S2 (10.335 g) and S3 (9.6717 g). Generally, the Kebagu station samples were found to have a greater quantity of plastic fragments and debris compared to those from ODEC station. It was observed that a greater number of plastics were present in the Kebagu intertidal zone as compared to the ODEC intertidal zone. The intertidal zone is the tide level on a beach nearest to land. Most of the plastic debris and particles are washed into the intertidal zone during the highest tide incident, remaining behind when the tide recedes.



As Kebagu beach is near a residential area, the primary sources of the plastic come from household activities. In addition, human activities such as fishing (employing plastic equipment), plastic litter derived from land and the direct dumping of exfoliants, and toothpaste contribute to the sources of microplastics. The indiscriminate plastic disposal on beaches and in coastal areas with stormwater runoff might contribute to the abundance of microplastics. This is due to the natural transport across large distances by ocean currents, winds, and drift. Hence, this showed that despite beach clean-ups organized by the local authorities, amounts of small plastics were still widely retained at the study beaches. On the other hand, less plastic debris was found in the ODEC beach intertidal zone compared to Kebagu. This could also be related to good administrative management at the beach, such as effective solid waste management facilities and beach clean-up activities. This result has contributed to less plastic pollution retained at the ODEC beach, which is an attractive destination in Kota Kinabalu, and likely visited by tourists. During sampling at both beaches, it was found that most of the plastic debris in solid waste were not from industrial products. Instead, most of the plastic fragments came from packaging and household goods. The items included food packaging, children’s toys, plastic bottles, plastic bags, drinking straws, packaging foam, toiletries, bottle caps, ropes, strappings, and plastic sticks (cotton buds and lollipop sticks).



Table 1 shows the comparison of average quantity of plastic debris from other sampling sites.



The data presented revealed that fishing and recreational beaches (Kebagu beach) with a high density of beach users had increased exposure to human activities. This finding supports the results reported by Fauziah et al. [14], indicating that the amount of plastic debris is significantly related to the types of activities conducted on the beaches. Consequently, the presence of a higher quantity of plastic debris in the Tanjung Aru and Teluk Likas beach areas was due to the fact that these beaches are exposed to more intense wave currents and tides from the South China Sea. Because the South China Sea is also one of the busiest shipping routes in the world, it is possible that plastic debris from the shipping industry has contributed to the problem. As a result, it is expected that more plastic debris will be stranded there as compared to Kebagu beach. UMS ODEC beach is a private beach managed by Universiti Malaysia Sabah and only accommodates 300 capacity per entry. It is a place for outdoor activities such as picnics, beach sports and retreat programs. Such programs and daily recreational activities there are not open to the public.




3.2. Size Classification of Plastic Fragments and Particles


Figure 3 shows the micro-, meso- and macroplastic quantities collected from ODEC and Kebagu stations. More mesoplastics and macroplastics of 6 mm in size were found at both beaches in the intertidal zones. Plastic fragments < 5 mm were less commonly found in the intertidal zones at both sampling stations. ODEC beach recorded 11 microplastic, 20 mesoplastic and 35 macroplastic fragments, while Kebagu beach recorded 20 microplastics, 38 mesoplastics and 73 macroplastics. Therefore, Kebagu beach had significantly more plastic fragments of all sizes compared to ODEC beach. The results showed that both beaches contained macro-, meso- and microplastics. This was due to the degradation and breakdown of plastics, which increased the quantity of fragments produced by natural processes [17]. Exposure to the dry and light conditions [3,18] and weathering events reduced the plastic debris into smaller particles. This highlights that the degradation of plastic debris by weathering events is more common on beaches compared to other natural environments [19]. The sizes of plastics resulting from the degradation can be measured in centimeters, leading to the microscopic forms prevalent in the global environment [20].



Abiotic factors such as land and water might further translocate those plastic fragments to other places. The plastic fragments revealed degraded forms including those that were irregular, flat, torn, elongated, spherical, shrunken, discolored, fragmented, flaky, powdery, or fragile. The long exposure to weathering on the beach affected the color of the plastic fragments, which appeared dull, whereas relatively new fragments still displayed strong, vibrant colors. According to previous studies, ingestion has been widely accepted as the primary way that marine organisms uptake microplastics because the particles are always mistaken for food [21]. This will significantly affect tissues at the cellular level in some sensitive organisms. Prolonged exposure to microplastics significantly inhibited the fertilization of marine organisms, resulting in a decrease in reproductive output [22].




3.3. Observation of Plastic Fragments and Particles


Figure 4 shows plastic fragments in diverse shapes and sizes. The majority of plastic fragments revealed degradation into forms that were, for example, flat, irregular, cracked, discolored, fragile and fragmented. Observation under magnifying glass and compound stereoscope found diverse shapes: linear fiber strands, spheres, flakes, and bead forms. Surface morphology evaluations from microscopic observations showed that some plastics were cracked (Figure 5). Observations of the surface features of these microplastic fragments under SEM provided valuable insights into their potentially harmful roles. Most of the plastic debris was not industrially related, but household items and packaging were observed. The plastic debris included food packaging, children’s toys, bottle caps, plastics bags, drinking straws, packaging foam, personal care and toiletry products, ropes, strappings, and plastic sticks (cotton buds and lollipop sticks).



The microplastics exhibited their shapes and surface properties under microscopic observation. Discovery of various shapes and sizes of plastic debris showed that they were from larger, degraded particles; hence, a majority the plastic debris in this study was in degraded condition. Uneven surface sizes such as those of spherical fragments were of exception from microscopic observation. Figure 6 shows the surface features of microplastic particles, such as cracks, strands of linear fibre, flakes, and beads form. The cracked surface with depressions provides a higher surface area for biological and chemical interaction due to the exposed polarity of the surface [23]. Microscopic observation and SEM images (Figure 6) showed the foam and hollow properties of polystyrene microplastics, making them lightweight and less dense.




3.4. Identification of Plastic Polymers


All plastic fragments from both beaches were pooled together, with 66 items of plastic debris from ODEC beach (n = 66) and 131 items of plastic debris from Kebagu beach (n = 131). All collected particles were identified using FTIR. Figure 7 shows the spectra of plastic types identified using FTIR. Polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET) and polystyrene (PS) were the polymers recognized and present on both beaches. Figure 8 shows that PP and PE represented the highest percentages and abundances on both beaches: 54.55% and 22.73%, respectively on ODEC beach and 48.85% and 32.82%, respectively, on Kebagu beach. Based on FTIR analysis, PS and PET accounted for 18.18% and 4.55%, respectively, at ODEC station and 14.50% and 3.82%, respectively, at Kebagu station. PP, PE, PET and PS are present in a large variety of industrial and consumer products. Plastic debris commonly found on both beaches during sampling presented a diverse range of sizes and shapes, with plastic fragments from items such as containers (food and drink packaging, toiletries), bottle caps, plastic bottles, children’s toys, stationery parts, Styrofoam packaging, plastic bags, and plastic sticks (cotton buds and lollipop sticks), as well as ropes and strappings.



Analysis of the types of plastics that can be tracked back to their sources is important as it contributes useful information on individual items of plastic debris [24]. Results from Fourier-transform infrared (FTIR) spectrometer analysis showed that PP and PE were the more dominant types of plastics compared to other polymers. Overall, the collected plastic debris from ODEC and Kebagu beaches consisted mostly of polypropylene and polyethylene. PP and PE tend to be positively buoyant and easily deposited on beaches because of their specific gravity of less than one [25]. The results of analysis showed that PE and PP were the highest in abundance, which is not surprising, since PE, with an annual global production of around 80 million tonnes, is mainly used to manufacture packaging (plastic bags, plastic films, containers including bottles), and PP, with an annual global production of around 55 million tonnes, is mainly used for packaging, reusable containers, stationery, textiles, ropes, etc. [26]. In addition, the main source of the fragments was attributed to natural processes. Larger particles that undergo fragmentation were principally produced by photo-oxidative, thermal and biodegradation processes [24], but rates and mechanisms may differ among polymer types. PE, for example, is more readily fragmented by weathering events, whereas PP is more subject to mechanical degradation [20]. Additionally, it is characterized by higher impact strength but lower working temperatures and tensile strength than PP [27]. Disadvantages of PP include poor UV resistance and poor oxidative resistance [28,29]. Therefore, PP ages faster in the ocean environment and quickly breaks down into smaller fragments.




3.5. Heavy Metal Analysis


All five targeted heavy metals (arsenic, chromium, copper, zinc, and nickel) were detected in all polymer types: polypropylene (PP), polyethylene (PE), polystyrene (PS) and polyethylene terephthalate (PET). Figure 9 and Figure 10 show the concentrations of heavy metals in different types of polymer samples from ODEC station and Kebagu station. The results obtained from these two selected beaches showed different concentrations of heavy metals (mg/kg). Zn was the metal with the highest concentration in all types of polymers from both beaches. In samples from ODEC station, it measured 135.28 mg/kg in PP, 114.823 mg/kg in PE, 118.958 mg/kg in PS, and 47.786 mg/kg in PET. In samples from Kebagu station Zn concentrations measured 121.752 mg/kg in PP, 130.058 mg/kg in PE, 123.555 mg/kg PS, and 40.954 mg/kg in PET. After Zn, As was the heavy metal found in higher concentrations in PET on both beaches, at 16.334 mg/kg in samples from ODEC station and 17.851 mg/kg in samples from Kebagu station, whereas Cr was mostly detected in PP and PE plastic in samples from ODEC station at concentrations of 21.823 mg/kg and 19.099 mg/kg, respectively. Cu had the lowest concentrations in PP and PET plastic from both sampling stations: 3.953 mg/kg and 0.965 mg/kg, respectively, in ODEC station samples and 5.069 mg/kg and 1.895 mg/kg, respectively, in samples from Kebagu station. Ni represented the lowest heavy metal concentration in PE samples from both beaches: 5.602 mg/kg in ODEC samples and 5.124 mg/kg in Kebagu station samples. The results showed that the types of polymers and heavy metal accumulations in plastic debris might not differ as greatly as they do for organic chemical pollutants [30]. This showed the possibility that the heavy metals accumulated in plastic that may have been interposed by a biofilm. It also indicates that Zn, As, Cr, Cu and Ni have many important functions as plastic additives. Zn is widely used in the plastic industry as a soap, or technically, as a metal salt, in the form of zinc stearate (C36H70O4Zn) as a stabilizer. Because of its solubility in nonpolar solvents at room temperature and in most acids and common solvents when heated, zinc stearate is considered a versatile industrial chemical compound. The non-stick and water repelling properties of plastics were also attributed to the usage of zinc stearate [31].



Zn and Cu are both inorganic antimicrobial/biocidal agents in PAs in ionic form but due to environmental considerations, toxicity and discoloration tendencies in certain plastic formulations, its usage, however, was superseded by Ag [32]. Another antimicrobial/biocidal agent incorporated in plastics is the 10,10′-oxybisphenoxarsine (OBPA), an arsenic-based material (accounting for 70% of the demand for antimicrobials in plastics) [32]. That might possibly explain the presence of As in some of the plastics analyses. Analysis also detected chromium in plastics as a catalyst for plastic production (chromium trioxide) and as a component in color pigments such as yellow, red and green colors [33]. Copper phthalocyanine (CuPc) is commonly used in the plastic industry as a color pigment and surface lubricant [34]. The presence of Ni in the samples could be attributed to nickel quenchers, a UV stabilizer [35].



In addition, plastic particles observed as carriers of heavy metal pollutants are not a new thing. The surface properties and porosity of plastics contribute to their heavy metal absorption action when the plastic particles are disposed of or released into the water column. Therefore, greater surface and reactivity levels are related to the higher absorption of heavy metals [20,36]. In addition, lengthier weathering events, precipitates of hydrogenous compounds, and biofilm accumulations that arise in the ageing of plastic particles might increase their reactivity and induce a greater adsorption of heavy metal ions from the water column [37].



Possible mechanisms for this metal adsorption are probably connected to direct adsorption of cations or composites into charged sites or neutral regions of the plastic surface [38]. According to the previous studies, heavy metals have a strong affinity for microplastics that made of organic polymers [38,39]. However, each type of plastic with differences in chemical and physical properties such as surface area, polarity, and adsorption level would be predicted to differ in its concentrations of heavy metals [40,41]. Therefore, a higher ecological threat will continue to exist from plastic particles ingested by marine organisms due to the long weathering properties of microplastics and their different abilities to accumulate metals from nearby sources. The relationship of heavy metals with plastics has implications for transferring these contaminants into the food chain [42]. Thus, invertebrates, fish, birds, and mammals that mistake plastics for food [41] have the potential to mobilize metals in their acidic, enzyme-rich digestive systems. The ingestion of microplastics that accumulate metals can thus be toxic, posing a serious concern for marine animals.



The present data were compared with data from previous studies on the concentration of heavy metals in microplastics (Table 2).



Generally, meso- and microplastics collected from the Kebagu and UMS ODEC beaches presented higher trace metal contents (specifically Zn). This might be due to the inherent load of the plastic conferred by additives during production. However, the results are remarkable compared with data from Beijing River, which showed that the concentration of Zn in microplastics was greater than that in plastic bags due to, for example fragmentation of macroplastics or micro-size plastic production, which have different metal burdens added as additives. Based on the data obtained, we suggested that most heavy metals carried by microplastics were derived from the inherent load. This is due to the long-term sorption of metals by microplastics and the comparative metal burden between microplastics, macro litters and fresh plastic products in the marine environment.





4. Conclusions


This study revealed that plastic particles were found on both investigated beaches, with Kebagu beach having a more significant quantity of plastic waste than ODEC beach. It confirmed that macroplastics were detected in large quantities on both beaches. The forms, sizes, colors, and surface fatigue properties of plastic fragments indicated various morphological characteristics. Based on this finding, the most common plastics found were identified as polypropylene (PP) and polyethylene (PE). It is important to note that heavy metals such as arsenic, chromium, copper, zinc, and nickel were all discovered in meso- and microplastic samples from all polymer types, including polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyethylene terephthalate (PET). Interestingly, heavy metal Zn was discovered in the highest concentration in all polymer forms. On the other hand, the heavy metal with the lowest concentration in PP and PET plastic from both beaches was Cu, while Ni was the heavy metal with the lowest concentration in PE, also from both beaches. Overall, further research is needed to quantitatively determine the contributions of diffuse sources to adjacent water bodies to understand the transport, fate and distributions of plastics in seawater.
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Figure 1. Overview of sampling locations at UMS ODEC Beach and Kebagu Beach, Kota Kinabalu, Sabah, Malaysia. 
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Figure 2. Weight of pooled plastic fragments collected from ODEC and Kebagu beaches. 
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Figure 3. Size classification of plastic fragments recovered from intertidal zones of the two sampling stations. 
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Figure 4. Some of the macro- and mesoplastics that were recovered with the 1 mm sieve, (a–d); (e) microplastic particles recovered with 1 mm sieve; (f) colored microplastics indicated with arrowheads affixed to a filter paper after drying. 
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Figure 5. Microplastics (1–5 mm) viewed under stereo and compound microscope. (a) Strain of polymer, (b) polyethylene fiber (50× mag.), (c) cracked surface of polyethylene plastic (50× mag.), (d) a cracked surface of polypropylene plastic (50× mag.), (e) a polyethylene microbead plastic (50× mag.) and (f) degraded polystyrene Styrofoam (40× mag.). 
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Figure 6. Surface features of sampled microplastics through SEM. (a) Structure of a polystyrene, (b) polyethylene bead, and (c) cracked surface of polypropylene fragment. 
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Figure 7. FTIR spectra of plastics found on both beaches. 
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Figure 8. Percentages of plastic fragments pooled from ODEC and Kebagu beaches, from FTIR analysis. 
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Figure 9. Concentrations of heavy metals in different types of polymers on ODEC beach. 
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Figure 10. Concentrations of heavy metals in different types of polymers on Kebagu beach. 
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Table 1. Comparison with the average quantity of plastic debris (items m−2) from other sampling sites.
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	Sampling Sites
	Type of Beach
	Items

(m−2)
	References





	Kebagu beach
	Fishing and recreational
	131
	Present work



	UMS ODEC beach
	Outdoor activities
	66
	Present work



	Tanjung Aru beach
	Recreational
	183
	[14]



	Teluk Likas beach
	Fishing and recreational
	239
	[14]



	Changjiang estuary
	Economic value (industry and aquaculture)
	231
	[15]



	Choa Phraya River
	Economic value (aquaculture)
	48
	[16]
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Table 2. Concentration of metals accumulated by microplastics, from previous studies.
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Type of Polymer

	
Sampling Area

	
Concentrations of Metals (ug/g)

	

	
Reference




	
Ni

	
Cu

	
Zn

	
Pb






	
PP

	
Kebagu beach

	
14

	
3

	
120

	
-

	
Present work




	
PE

	
3

	
20

	
129

	
-




	
PP

	
UMS ODEC beach

	
15

	
2

	
135

	
-




	
PE

	
3

	
18

	
115

	
-




	
PE

	
Beijing lake

	
1.1

	
19.6

	
0.25 ± 0.1

	
219.7

	
[38]




	
PP + PE

	
Beijing river sediment

	
<0.1

	
80.9–500.6

	
2414–14,815

	
38.2–131.1

	
[43]




	
PP

	
Chao Phraya river estuary

	
<0.1

	
-

	
1-10

	
-

	
[15]
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