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Abstract: Microplastics are ubiquitously found in freshwater and marine environments worldwide.
In particular, wastewater treatment plants (WWTPs) or sewage treatment plants (STPs) have been
recognized as a main source of microplastics in the receiving freshwater. However, only a few
studies have been conducted to examine the impact of these facilities on receiving waters. In this
study, we investigated the distribution of microplastics in surface water, fish, and sediment near a
sewage treatment plant (STP) in the Tanchon stream, one of the main tributaries flowing into the Han
River, Korea. The concentration of microplastics in water varied spatially and temporarily, ranging
between 5.3 and 87.3 particles/m3 (31.4 ± 28.5 particles/m3). In fish, the concentration in upstream and
downstream sites was 7.3 ± 7.3 and 12.4 ± 17.9 particles/fish, respectively. Spatially, the downstream
site was the most polluted with microplastics in water and fish. The concentration of microplastics
was positively correlated with fish body length and weight. In sediment, microplastic concentration
in upstream and downstream sites was 493.1 ± 136.0 and 380.0 ± 144.2 particles/kg, respectively.
The contribution of upstream to the microplastic load in downstream was 15.8% in dry season (April),
which was higher than that of STP effluent and Yangjaechon creek. Meanwhile, the highest load
was observed in STP effluent (5.1%) in rainy season (August). Microplastics were more abundant in
water in the rainy season (37.4 ± 37.0 particles/m3) than in the dry season (28.2 ± 22.2 particles/m3).
Polyethylene (49%) and polypropylene (18%) were the most abundant polymer types in water, fish,
and sediment. Regarding shape of microplastics, fragments were dominant (95%) over fiber and film
in water, fish, and sediment.
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1. Introduction

Plastic materials and products have been an inevitable part of daily life since the world’s first-ever
manmade plastic was introduced in 1862 [1]. Due to the versatility of plastic, with it being a light
weight, strong material with low production costs, global production in 2017 exceeded 348 million
tons and is expected to increase annually [2]. As a result, plastic debris has accumulated in aquatic
environments [3]. Recently, many researchers have been interested in microplastics, i.e., plastic particles
less than 5 mm in size, in freshwater bodies, and they have observed that microplastics have been
discovered in surface water, benthic sediment, and fish in freshwater across the world [4–9]
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Microplastic pollution has been recognized as a potential threat to the health of humans and
aquatic organisms. Recent studies found that ingesting microplastics could pose risk to various aquatic
organisms [10–13]. For instance, Lu et al. [10] reported that zebrafish, Danio rerio, showed inflammation,
oxidative stress, alteration of metabolic profiles in the liver, and disturbed lipid and energy metabolism
after ingesting microplastics. Oxidative stress and lipid peroxidation were also found in the rotifer
Bachionus koreanus [11]. When Daphnia magna ingested microplastics, it was reported that mortality
and the length of the inter-brood period increased, while reproduction and food intake decreased [12].
Tigriopus japonicus was also found to have a lowered reproduction rate and reduced body size following
microplastic ingestion [13].

It is of critical importance to understand the source of microplastics to the aquatic environment as
it can provide the opportunity for mitigation to prevent the pollution and minimize the possibility
of effects in the future [14]. However, the sources of microplastics to freshwater systems are less
understood. Wastewater treatment plant (WWTPs) and sewage treatment plant (STPs) have been
recognized as the main pathways transporting microplastics to freshwater bodies [15–18]. Microplastics
which are delivered into STPs or WWTPs may bypass treatment plants, eventually entering neighboring
surface waters. Microplastics in WWTP or STP effluents can contaminate surface water, sediments,
and fish in freshwater in the vicinity of treatment plants. However, only a few studies examined the
impact of these facilities on the receiving aquatic environments and the occurrence of microplastics
in the vicinity of plants [19]. Furthermore, studies have started to investigate sources and to assess
the influences of pathways by linking weather pattern and hydrologic parameters to microplastic
concentration near WWTP or STP [14,20,21]

In this study, we investigated the distribution of microplastics in the vicinity of a sewage treatment
plant (STP) in three matrices (surface water stream, sediment, and fish). We examined microplastic
characteristics between upstream and downstream sites, i.e., before and after the STP effluent entered
the stream. We also examined the occurrence of microplastics in upstream and downstream sites before
and after the rainy season, as well as the contribution of STPs to the receiving aquatic environment.
Lastly, the characteristics of microplastics such as size distribution, shape, and polymer type of
microplastics obtained in surface water stream, sediment, and fish were compared.

2. Materials and Methods

2.1. Study Area

Tanchon stream is one of the major tributaries that flow into the Han River in Korea. There are
four major tributaries in the Han River below the Paldang dam, which is the largest drinking water
reservoir in Korea, providing a drinking water source to more than 25 million people. Tanchon stream
is adjacent to the Han River (Figure 1). It is 33.86 km long and its watershed has an area of 417 km2.
The population and density in the watershed near the Tanchon stream were 3,088,326 inhabitants and
9406 inhabitants/km2 in 2018, respectively [22]. There are two STPs in this stream, one of which was
the site for this study and is located in the downstream of the Tanchon stream. The amount of treated
effluent from this STP is 758,962 m3/day (Korean Ministry of Environment, 2018). There were four
sampling sites for water and two sites for fish and sediment in this stream (Figure 1). Sampling sites
were selected to compare the concentration of microplastics in the water, fish, and sediment before and
after the STP effluent entered the stream.

2.2. Sample Collection

Samples for analyzing microplastics were obtained from surface water, sediment, and fish. Surface
water samples were collected in the middle of the stream at four sites (upstream (n = 2), downstream
(n = 2), in the effluent of the STP (n = 2), and at the end of Yangjaechon creek (n = 2)) on two occasions
(April and August 2019). Yangjaechon creek is a tributary flowing into the Tanchon stream where there
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is no upstream STP. The upstream, Yangjaechon creek, and downstream sampling sites were located 3
km upstream, and 1.3 km and 3 km downstream, respectively, from the STP effluent inflow (Figure 1).Water 2020, 12, x FOR PEER REVIEW 3 of 14 
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collection caps, and then the samples were transferred into 1 L glass jars and transported to the 
laboratory for analysis. Blank samples were also collected to identify any contamination during the 
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For samplings of fish and sediment, two sites were selected at upstream (n = 7 for fish, n = 1 for 
sediment) and downstream (n = 7 for fish, n = 1 for sediment) locations. Sediment sampling was 
performed in April 2019. The top 10 cm of the sediment was collected with a ponar grab sampler 
from two sites, i.e., upstream and downstream in the Tanchon stream. Five sediment samples were 
collected in a transect of the stream and combined into a single representative sample, to reduce the 
sample heterogeneity. Samples were placed in 2 L glass bottles, transported to the laboratory, and 
stored at 4 °C before analysis. 

Fish were captured using a net in upstream and downstream locations in the Tanchon stream in 
April 2019. Overall, 14 fish belonging to five genera were sampled, i.e., Cyprinus carpio, Carassius 
auratus, Pseudogobio esocinus, Micropterus salmoides, and Zacco platypus. Where possible, the fish were 
transported to the laboratory alive. Then, the fish were placed straight into the freezer. Samples were 
kept at −20 °C until processed in the laboratory. 

2.3. Sample Preparation 

All samples were analyzed in the laboratory using modified methods described in previous 
research [3,23,24]. Water samples were filtered through a stacked series of metal sieves between 100 
µm and 5 mm with Milli-Q water, and particles sized >5 mm and <100 µm were discarded. After the 
filtration, the substances on the filters were immediately transferred to a beaker, and 30% H2O2 was 
used to digest the organic matter. The beaker was stirred with a glass magnetic bar at 62.5 °C and 180 
rpm for 24 h. After the digestion was completed, the sample in the beaker was vacuum-filtered 
through a stainless-steel filter (45 µm pore size). After the filtration, the metal filter was sealed in a 

Figure 1. Location of sampling sites (upstream and downstream of Tanchon stream flowing to the
Han River, Yangjaechon Creek and near the sewage treatment plant effluent). The satellite map was
obtained from google map (www.google.co.kr/maps).

Water samples were collected twice a year in the dry season (April) and the rainy season (August).
Water sampling was performed with a 100 µm pore size manta net, which is a commonly used tool.
The total volume of sampling was 3–5 m3, which was calculated using a flow meter (Digital flowmeter
(438 115), Germany). The sampling device was washed with Milli-Q water between samples to avoid
cross-contamination. Filtered samples from the manta net were collected in collection caps, and then
the samples were transferred into 1 L glass jars and transported to the laboratory for analysis. Blank
samples were also collected to identify any contamination during the sampling procedure.

For samplings of fish and sediment, two sites were selected at upstream (n = 7 for fish, n = 1 for
sediment) and downstream (n = 7 for fish, n = 1 for sediment) locations. Sediment sampling was
performed in April 2019. The top 10 cm of the sediment was collected with a ponar grab sampler from
two sites, i.e., upstream and downstream in the Tanchon stream. Five sediment samples were collected
in a transect of the stream and combined into a single representative sample, to reduce the sample
heterogeneity. Samples were placed in 2 L glass bottles, transported to the laboratory, and stored at
4 ◦C before analysis.

Fish were captured using a net in upstream and downstream locations in the Tanchon stream
in April 2019. Overall, 14 fish belonging to five genera were sampled, i.e., Cyprinus carpio, Carassius
auratus, Pseudogobio esocinus, Micropterus salmoides, and Zacco platypus. Where possible, the fish were
transported to the laboratory alive. Then, the fish were placed straight into the freezer. Samples were
kept at −20 ◦C until processed in the laboratory.

2.3. Sample Preparation

All samples were analyzed in the laboratory using modified methods described in previous
research [3,23,24]. Water samples were filtered through a stacked series of metal sieves between 100 µm
and 5 mm with Milli-Q water, and particles sized >5 mm and <100 µm were discarded. After the
filtration, the substances on the filters were immediately transferred to a beaker, and 30% H2O2 was
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used to digest the organic matter. The beaker was stirred with a glass magnetic bar at 62.5 ◦C and
180 rpm for 24 h. After the digestion was completed, the sample in the beaker was vacuum-filtered
through a stainless-steel filter (45 µm pore size). After the filtration, the metal filter was sealed in a
Petri dish and placed into an oven at 40 ◦C for 12 h prior to Fourier-transform infrared spectroscopy
(FTIR) analysis.

For fish samples, body length (mm) and weight (g) were measured. Subsequently, the entire
gastrointestinal tract (GIT) in each fish was dissembled and transferred to 250 mL glass beakers, and
150 mL of 10% potassium hydroxide (KOH) solution (Wako Chemicals USA, Inc., Richmond, VA, USA)
was added for digestion. The beaker was stirred with a glass magnetic bar at 62.5 ◦C and 180 rpm for
at least 3 days. However, the time for digestion was determined by the size of GIT. After complete
digestion of the GIT, the sample in the beaker was vacuum-filtered through a stainless-steel filter
(45 µm pore size). After the filtration, the metal filter was sealed in a Petri dish and placed into an oven
at 40 ◦C for 12 h before FTIR analysis.

Five sediment samples were collected across the stream and combined into a single representative
sample. One mixed sample was placed in stainless-steel trays and dried in an oven at 50 ◦C until
a constant weight was obtained. Approximately 50 g of dried sediment was weighed and placed
in a 250 mL beaker. Then, density separation was followed using a high-density (2.5 g/cm3) ZnBr2

solution. NaI solution, instead of the concentrated NaCl solution, enables the extraction of all types of
microplastics in environmental samples, resulting in high (98%) extraction efficiency [25]. In this study,
however, NaI was replaced with ZnBr2. When NaI was melted completely to be adjusted to 2.5 g/cm3,
dihydrate was formed on the following day. This suggests that the density of NaI is <2.5 g/cm3 and is
not capable of separating polytetrafluoroethylene PTFE from the sediment. In a previous study [26],
PTFE was found in fish but not in the water, due to its density. Considering the density of PTFE, it is
highly possible that PTFE could be found in sediments. However, there is no research that dealt with
PTFE in sediments. After the addition of a 50 mL ZnBr2 solution to the sample, the mixture was stirred
with a glass magnetic stirring bar for 1 h and allowed to stand for 24 h. The supernatant extracted
from the sediment was filtered on a 45 µm pore size steel-wire sieve. The sieve was placed into a
250 mL beaker filled with 100 mL of H2O2 (Wako Chemicals USA, Inc., USA) and shaken carefully to
separate the particles from the sieve. The solution was stirred using a glass magnetic stirring bar at
62.5 ◦C and 180 rpm for at least 3 days. After the digestion was complete, the sample in the beaker was
vacuum-filtered through a 45 µm pore size steel-wire filter. Steel-wire filters were stored in Petri dishes
and placed in an oven at 40 ◦C for 12 h before FTIR analysis.

2.4. Characterization of Microplastics

Microplastics were classified by the plastic type (e.g., polyethylene, polypropylene, and
polystyrene) and shape (e.g., fragment, fiber, and film). Furthermore, particles were measured at their
largest cross-section and categorized according to the following size classes: 0.1–0.3 mm, 0.3–0.6 mm,
0.6–1.0 mm, and 1–5 mm. Then, an FTIR microscope (NicoletTM MX Imaging, Thermo-Fisher Scientific,
Madison, WI, USA) with an array detector was used to identify the polymer composition. Images
were collected through infrared mapping with transition mode whose step size was 25 µm × 25 µm.
Ultrafast mapping covered 10 mm × 10 mm of the total imaged area at one time. Areas of interest
were then selected, and the spectra of each particle were obtained using OMNIC picta ver.1.7 HF1, an
automated software. The spectral range was set between 4000 and 715 cm−1 with a collection time
of 0.1 s and one scan per measurement. Using OMNIC Picta ver.1.7 HF1 software (Thermo-Fisher
Scientific, Madison, WI, USA), all obtained spectra were post-processed and compared with a database
of custom references provided by Thermo-Fisher Scientific. Although each polymer type has a different
matching rate, results compared with the library that matched with >65% confidence were regarded as
plastic polymers.
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3. Results and Discussion

3.1. The Concentration of Microplastics in Water

Microplastics were detected in almost all surface water, fish, and sediment samples. Microplastics
were found in all water samples. The concentration of microplastics in water varied spatially and
temporarily, ranging from 5.3–87.3 particles/m3. The highest concentration of microplastics was
observed in the downstream site in Tanchon stream in August (i.e., the rainy season), where the
microplastic concentration was one order of magnitude higher than in the lowest concentration.
The concentration of microplastic in the Han River increased from upstream to downstream as the
Tanchon stream flew toward the Seoul metropolitan area. This result was similar to the result reported
by Windsor et al. [27], in which the microplastic concentration in upstream was higher than that of
downstream in the Rhine river. In contrast, Windsor et al. [28] reported that no increase was observed
in a downstream area of a WWTP in the United Kingdom (UK) compared to upstream.

During the sampling periods, total precipitation for 2 days prior to each sampling date in the
upstream and downstream area was (data from a local station in Seoul city) 5.6 mm in April and 62.6
mm in August. Taking into account episodic precipitation which may influence the concentration
of microplastic, we compared the seasonal variation of microplastic concentration in water. Overall
microplastic concentration in water samples was higher in August, ranging from 5.3–87.3 particles/m3

(37.4 ± 37.0 particles/m3), than in April (i.e., the dry season), ranging from 8.6–60.0 particles/m3

(28.2 ± 22.2 particles/m3) at all sampling sites with the exception of the upstream site in August
(Figure 2). This result was consistent with other studies [29–31], which showed that the highest
concentration in water was observed during the rainy season. One possible reason is that runoff

could play a pivotal role in increasing the concentration of microplastic in water. Heavy rain induces
microplastics on the land to flow into streams or rivers [29,32]. The microplastic concentration in
this study was distinctively higher than that of Germany, whose result showed that there was no
evident seasonal microplastic concentration variation pattern detected [6]. This result implies that
rainfall potentially increases microplastic input into streams or rivers. Another possible reason is that
heavy rain increases the flow velocity, resulting in resuspension of microplastics deposited on the
sediment [33].
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Figure 2. The concentration of microplastics in (a) surface water, (b) fish, and (c) sediment in Tanchon
stream, Korea.

The contributions of microplastics from upstream, STP effluent, and Yangjaechon creek to the
concentration in the downstream site were calculated by calculating microplastic concentration using
microplastic concentration and flow rate at each site (Figure 3). Since the samples were collected from
the water surface, the vertical distribution was not taken into account when calculating the microplastic
load. The flow rates in upstream, in STP effluent, in Yangjaechon creek, and in downstream were
503,798, 693,904, 38,362, and 1,236,064 m3

·day−1 in April and 599,728, 693,904, 105,667, and 1,399,299
m3
·day−1 in August, respectively. On average, the flow rate in August was 62% higher than that in
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April due to the heavy rain. A seasonal load variation was observed. The contribution of upstream to
the microplastic load in downstream was 15.8% in April, which was higher than that of STP effluent
and Yangjaechon creek. Meanwhile, the highest load was observed in STP effluent (5.1%) in August
(Figure 3).Water 2020, 12, x FOR PEER REVIEW 6 of 14 
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Several studies reported that STPs or WWTPs are considered as main point sources of microplastics
in aquatic environments [34–36]. Our result indicated that, despite the higher removal efficiency
(99.9%) of microplastics in STPs and WWTPs, when the flow rate was considered, a significant amount
of microplastics escaped from these facilities and entered receiving waters [36]. However, there was
a significant discrepancy in the daily microplastic load downstream and at other sites (Figure 3).
The sum of the daily microplastic load at the upstream site, in STP effluent, and from Yangjaechon
creek was far less than that in the downstream site. This result can be due to several reasons. One
reason is that the flow rate and microplastic concentration at the downstream site were much higher
than those of other sites. As mentioned, resuspension in the downstream area caused an increased
concentration, resulting in a dramatic increase in the daily microplastic load [33]. Another reason can
be that microplastics might be washed off after the rainfall and flow into the nearby stream via surface
runoff. When the stream flows down, the area affected by rainfall is increased, which causes a dramatic
increase in microplastic concentration downstream compared to upstream [37–41]. It was reported
that the concentration in stormwater runoff from the urban area was higher than that of agricultural
runoff and treated wastewater effluent, indicating that anthropogenic particles from the urban area can
have a significant contribution to the stormwater runoff concentration [31]. This result implies that the
diffuse sources need to be quantified to understand the contribution of microplastics to adjacent water
bodies and the transport and fate of microplastic in freshwater systems.

3.2. The Concentration of Microplastics in Fish

Regarding the concentration of microplastics in fish, to the best of our knowledge, this study
is the first to monitor the concentration of microplastics ingested by fish inhabiting a surface water
environment near the STPs in Korea. Three omnivorous, one insectivorous, and one carnivorous
species were examined for microplastics (Table 1). In total, 14 freshwater fish (five species) were
examined. A total of 138 microplastic particles were observed from fish caught in Tanchon stream in
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the vicinity of the STP, implying that microplastics were observed in 93% of the sampled fish. This is a
higher detection frequency in freshwater fish compared to that reported other countries, e.g., 83% in
Brazil [42], 9% in Belgium [43], 91% in China [44], 12% in France [7], 20.6% in Germany [6], 8.2–29.2%
in Mexico [45], and 85% in the United States of America (USA) [4].

Table 1. Feeding habit, length, weight, and number of fishes used in this study and concentration of
microplastics in the fishes.

Name Scientific Name Feeding
Habit

Length
(mm)

Weight
(g) No Concentration

(Particles/Fish)

Carp Cyrinus carpio Omnivore 566 ± 59 292.8± 767.7 3 32.0 ± 12.8
Crucian carp carpcarp Carassius auratus Omnivore 369 1024.3 1 14

Goby minnow Pseudogobio esocinus Insectivore 141 24.5 1 3
Bass Micropterus salmoides Carnivore 112 16.0 1 2

Minnow Zacco platypus Omnivore 84 ± 6 6.4 ± 2.0 8 2.9 ± 2.2

The mean concentration of microplastics in the 14 fish was 9.9 ± 13.4 particles/fish. Comparing the
two sites, the concentration range of microplastics in fish at the upstream site was 7.3 ± 7.3 particles/fish,
while that of microplastics in fish from downstream was 12.4 ± 17.9 particles/fish (Figure 2). A
similar result was obtained by the study of Peters and Bratton [40], which concluded that, due to the
urbanization, the concentration in fish collected in downstream was higher than that of upstream. This
result implies that microplastic ingestion by fish is influenced by anthropogenic disturbance and point
source [27].

The highest concentration of microplastic was found in carp and the lowest concentration was
recorded in bass (Table 1). The concentration of microplastics in fish in this study showed a similar
result to that observed in the Muskeong River, Milwaukee River, and St. Joseph River in the USA, which
ranged from 10–13 particles/fish [4]. Meanwhile, the microplastic concentration reported in another
study was lower than that of this study, showing a mean ingestion value with 0.69 ± 1.25 particles/fish
in the River Thames, UK [41]. However, the concentration in fish in this study was lower than that
reported by [46], which found that the concentration in fish was approximately 8–55 particles/fish in
Argentina. This result indicates the microplastic concentration varies and is dependent on geological
factors [47,48].

The concentration of microplastic in fish was correlated with the microplastic concentration in
water (Figure 2a,b), indicating that fish is likely to be mainly exposed to microplastics present in
water. However, habitat is another important factor in determining the microplastic concentration in
fish [26]. A recent result suggested that feeding habits could determine the degree of accumulation
of microplastic in fish because different types of fish with different feeding habits consume different
amounts of microplastic in water [40].

There was a positive correlation between the concentration of microplastics and fish body length
and weight (Figure 4). Linear regression analyses indicated that the concentration of microplastic was
associated with fish length (r2 = 0.85, y = 0.06x + 2.991) and weight (r2 = 0.87, y = 0.0099x + 2.8695). A
higher concentration of microplastics was observed in omnivorous species. This result corroborates the
findings of other studies [4,41,49], implying that microplastics ingested by fish could accumulate with
age and that the higher energy demands of larger fish require an increased volume of food. In contrast,
some results were not consistent with this result, arguing that there was no correlation between the
microplastic concentration and the length or weight of fish [50].
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3.3. The Concentration of Microplastics in Sediment

While microplastic pollution was prevalent at the upstream and downstream sites of the Tanchon
stream, a different distribution pattern of microplastics was observed in the sediments (Figure 2c).
Compared to the results of water and fish, microplastic concentration in the downstream side of the
Tanchon stream was higher than that of the upstream site. The concentrations in the upstream and
downstream sites were 499.8 ± 124.8 particles/kg and 339.8 ± 52.9 particles/kg, respectively, which are
two orders of magnitude lower than those in the Pearl River (80–9597 particles/kg) [51]. Our result was
similar to other results reported by [52], in which the concentration ranged from 178–554 particles/kg in
the Beijiang River, and by [41], where the concentration ranged from 143–193 particles/kg in the River
Thames basin. The concentration of microplastics also ranged from 10–520 particles/kg in Brisbane
River sediments [53], and the microplastic concentration in the Bloukrans River in South Africa was
13.3–563.8 particles/kg [54]. Moreover, it was reported that, when the microplastic concentration
in sediment was high, the microplastic concentration in Chironomus spp., a typical deposit feeder
inhabiting in the benthic river, was also high [55]. However, in our study, the microplastic concentration
in downstream sediment was lower than that in upstream sediments, whereas the opposite results were
obtained in water and fish. Further research is needed to elucidate the reasons for these different results.

3.4. Characteristics of Microplastics

3.4.1. The Size Distribution of Microplastics

The size classification of microplastics in water, fish, and sediment was divided into four classes:
0.1–0.3 mm, 0.3–0.6 mm, 0.6–1.0 mm, and 1.0–5.0 mm, (Figure 5, Table S1, Supplementary Materials).
Regardless of the sample type, the microplastic size distributions in all sites were similar. Small
microplastics (<1 mm) were predominant at all sites (98%, 410/417), indicating that, when the particle
size is smaller, the concentration of microplastics usually increases. Similar results were reported in
other studies conducted by [26,44,55–59]. Meanwhile, in sediment samples, microplastics with a size
ranging from 0.1–0.3 mm were the most abundant (66% upstream and 54% downstream), followed
by the size class of 0.3–0.6 mm (26% upstream and 16% downstream). Higher concentrations of
small-sized microplastics in water and sediment in this study were most likely due to the decomposition
of larger particles into smaller ones [59–62]. The size distribution in fish was similar to that in water
and sediment samples. The most abundant size class was 0.1–0.3 mm (43% upstream and downstream),
followed by 0.3–0.6 mm (41% upstream and 39% downstream). The result in fish indicates that, since
small-sized microplastics appear similar to zooplankton, it is highly possible that aquatic organisms
could mistakenly ingest the microplastics [44,63].
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3.4.2. Shape of Microplastics

Although small amounts of bead-shaped particles were found in the upstream site and the
STP effluent, fragment type was the most dominant microplastic shape in water, fish, and sediment.
The fragment type comprised 92% of the microplastics in water, 97% in fish, and 97% in sediment.
Among the water samples, fragments comprised 90% of the microplastics in the upstream site and
in the STP effluent, 87% in Yangjaechon creek, and 95% in the downstream site (Figure 5, Table S2,
Supplementary Materials). Similar results were reported in other studies [17,50,57,58,64–67] (Figure 5c).
This result implies that fragment-shaped microplastics are the result of anthropogenic activities and
evidence of secondary microplastics, which are produced via the fragmentation of larger plastics [17,67].

Compared to of fragment types observed in this study, fiber-shaped microplastics were abundant
in many other studies [4,40,44,58,68–72]. This discrepancy in concentration between fragments and
fibers may be explained by the fact that this study area is mainly polluted with secondary microplastics
produced by the decomposition of larger low-density plastics such as polyethylene and polypropylene.
Another reason can be that when the sample is vacuum-filtered through a 45-µm pore size stainless-steel
filter, some fibers might be lost by passing through the filter, resulting in the concentration of fibers
being underestimated. Additional experiments are needed to elucidate the reason for the observed
difference in the concentrations of microplastic fragments and fibers.

3.4.3. Polymer Type

The most common polymer types detected in the upstream and downstream of Tanchon stream
were polyethylene (41%) and polypropylene (22%) in water, polyethylene (38%) and polyester (13%) in
fish, and polyethylene (58%) and polypropylene (13%) in sediment (Figure 5, Table S3, Supplementary
Materials). Overall, polyethylene and polypropylene were the most common polymer types observed.
These polymers are known to be the most widely produced in the world, satisfying 48.7% of the
European plastic demand [72]. The high demand in the market for polyethylene and polypropylene is
in line with the frequent detection of these plastics in aquatic environments. Although these ubiquitous
polymers have a lower density than water, they can be found in sediment [63,73,74], which can be
explained by biofilm growth or biofouling and aggregation [75–77].

In water, in addition to polyethylene and polypropylene, polyvinyl chloride (10%), polyester
(5%), polystyrene (4%), polyolefin (3%), and polytetrafluoroethylene (2%) were detected. In fish,
polyacrylamide (10%), polypropylene (10%), alkyl (6%), and polytetrafluoroethylene (5%) were
followed by polyethylene (49%) and polyester (17%). In sediment, polyolefin (8%), polyester (3%),
acrylic, silicon (2%), and polytetrafluoroethylene (2%) which was not commonly found in other studies,
were detected. Since polytetrafluoroethylene has a high density (2.2–2.3 g cm−3), it was found in
sediment and fish while it was rarely found in water in this study. This result implies that plastic
density plays an important role in determining their distribution in aquatic environments [77]. In
addition, polyester was observed only in STP effluent. The main source of this polymer is synthetic
textile [78], suggesting that it might have originated from households. This may be evidence that STPs
can contribute to microplastic contamination of receiving waters [79].
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4. Conclusions

To the best of our knowledge, this is the first investigation into the distribution of microplastics
in freshwater, fish, and sediment in the vicinity of the STP in Korea. The contributions of the STP, as
well as the diffuse source to the Tanchon stream, were determined. In particular, the contribution of
the diffuse source to the Tanchon stream was more than the sum of the amount of microplastic in the
upstream site, the STP effluent, and Yangjaechon creek. A positive correlation between the microplastic
concentration and fish body length and weight was observed. Spatially, the downstream was the
most polluted with microplastics in water and fish. However, it is not clear why the microplastic
concentration in downstream sediment was lower than that of upstream sediments, and this needs
further investigation. Temporarily, microplastic was more abundant in the rainy season than in the
dry season. Polyethylene (PE) and polypropylene (PP) were the most abundant polymer types, and
fragments were the dominant shape in all media including water, fish, and sediment. Further study is
necessary to quantitatively determine the contributions of diffuse sources to adjacent water bodies to
understand the transport, fate, and distribution of microplastics in freshwater.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/12/3333/s1,
Table S1. Size distribution of microplastic in upstream, effluent, Yangjaechon and downstream of Tanchon stream,
Korea. Table S2. Shape distribution of microplastic in upstream, effluent, Yangjaechon and downstream of
Tanchon stream, Korea. Table S3. Chemical compositions of microplastic in upstream, effluent, Yangjaechon and
downstream of Tanchon stream, Korea.
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