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Abstract: Increasing plastic fragments (PFs) in the environment have attracted considerable social
and academic attention. Several methods have been proposed to mitigate plastic pollution, such as
filtration and degradation. This study focuses on the removal of plastic fragments from a water flow.
A field collection survey of beached PFs was conducted at Kurihama Beach (Yokosuka, Kanagawa,
Japan) to identify their polymer types and quantify different PFs. An anchored-buoy-type filter was
designed to capture surface and submerged PFs from the water flow. A small-scale experimental
apparatus was developed with the incorporation of these filters. Four types of filters (steel wire
frame, plankton net, reverse osmosis filter, and carbon-block filter) were used as PF removers based
on their size. The PF capture experiment was conducted at various PF concentrations, water densities,
and flow speeds. The number of captured PFs was calculated using particle counting and mass
measurement. The average efficiency of the designed filter was 81.53%, with the efficiency reaching
94.5%. The designed filter was reported to work well in both seawater and freshwater.

Keywords: plastic fragments; mitigation; microplastics; floating body; waterflow; capturing
efficiency; multiple filters

1. Introduction

Plastics (synthetic organic polymers) are ubiquitous in the environment [1], and they
have demonstrated different routes of entry into various compartments of marine food
webs [2—4]. Mismanaged plastic waste can enter the natural environment, particularly in
regions with high population densities [5].

Several studies have reported the presence of small plastic fragments (PFs) with
diameters <5 mm (microplastics, MPs) in oceans, including coastlines, coastal seas, marginal
seas, open oceans [3-14], sea surfaces and floors [15], deep-sea sediments [16], and marine
organisms [17].

Pelagic PFs are majorly composed of polystyrene (PS) and polyethylene (PE) [10,14,18-20].
They are lighter than seawater, making their behavior complex.

Few studies have elucidated the presence of MPs in freshwater regions and demon-
strated that their contamination level is as severe as that in oceans [21-25]. The PF entry
routes into the aquatic systems include river runoff, stormwater, and wastewater treatment
plant outlets [26-31].

River water typically flows continuously, unidirectionally, and carries plastic debris
into the oceans [3,27,32-34]. Nihei et al. [34] noted the significance of marine debris
transportation by the rivers along the Sagami Bay shore (Kanagawa, Japan) and revealed
that the majority of floating PFs comprising PE, PS, and polypropylene (PP) originated
from land and were carried through rivers; Moore [35] quantified the number of plastic
fragments (<5 mm diameter) sampled from 2 rivers in California and revealed that these
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rivers alone would release over 2 billion plastic particles into the marine environment over
a 3-day period. Freshwater systems, including rivers, are vital pathways that enable PFs to
enter oceans.

In this study, we focused on the unidirectional features of river water, which can
eliminate the need for moving to catch PFs drifting in the water, facilitating removal device
installations at a fixed river site. By capturing PFs in river water flows, the total PF discharge
into coastal oceans can be reduced. Among the three categories of PF removal methods
classified by Pandey et al. [36], namely (i) filtration and segregation, (ii) surface adhesion
and growth, and (iii) deterioration, the method proposed in this study falls within the
category (i).

This study demonstrates the effectiveness of small PFs removal from unidirectionally
flowing water. Our approach can be characterized by two aspects: first, the floating body
design aimed at mitigating coastal zone pollution, and second, the installation of filtration
in the floating body. Multiple filters with different mesh sizes were used to capture PFs
from the water flow. The floating body was designed based on naval architecture, such
that filters were placed at a targeted water depth, which collected polymers of different
densities. Although the final location of the floating body was at the site of a river mouth,
an indoor test setup was developed to determine its performance.

A field survey was conducted to understand the percentages of different polymer
types in the debris sampled from small river flows on a beach. The data obtained from the
survey were used to design a PF-removal device.

2. Materials and Methods
2.1. Field Survey

The plastic debris was collected at Kurihama Beach (Figure 1: 35°13/35”-35°13'25" N,
139°42/53""-139°42'47" E, Yokosuka, Kanagawa, Japan) on 4 November 2020. The Hirasaku
River flows into the ocean through the beach.
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Figure 1. (a) Location of Yokosuka, Kanagawa, Japan. The marked area in the small square represents
Kurihama Beach, where the PF samples were collected. (b) Magnified view of the marked area in
(a) highlighting the Kurihama Beach and Hirasaku River.

At the sampling site, the positions of the high tide lines were first determined and
delineated as the sampling area of 0.16 m? (Figure S1). The total sampling area was 0.32 m?.
Beached materials, including sands and stones within 3 cm of the coast surface, were
gathered and then placed into two sieves with mesh sizes of 4.75 and 2.00 mm. Second,
the collected beached materials were dried for one day. Contaminants, such as seashells
and glass, were removed, and 379 pieces of PFs were collected in various shapes and
colors. The sampled PFs (Figure S2) were then placed under an electron microscope to
measure their lengths, cracks, black spots, colors, shapes, and transparencies using CellSens
Standard (Olympus, Tokyo, Japan). Fourier Transform Infrared (FTIR) spectroscopy with a
spectrometer FT /IR-4600 (Jasco, Tokyo, Japan) and spectrum analysis software KnowItAll
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(Wiley Science Solutions, Philadelphia, PA, USA) was performed on each fragment to
identify the sampled PFs (Figures S3 and S4).

Of the collected PFs, 253 pieces were identified. Subsequently, the same types of
PFs, including PE, PP, polyvinyl chloride (PVC), and PS, including expanded PS (EPS),
polyurethane (PU), ethylene vinyl acetate (EVA), and PE terephthalate (PET), were placed
in a container, and the weights of each type were measured in milligrams with an analytical
balance. Although the majority of the collected PFs were identified as PE, PP, PS, EVA, and
PU, only PE, PP, PS, and PU were used for the indoor experiment, considering their ease of
acquisition from the market.

2.2. Experimental Setup

The experimental setup was designed to remove surface and submerged PFs from
the river mouth. Therefore, multiple filters with different mesh sizes were combined to
capture the PFs of different sizes. This setup comprised a water channel (for simulating
river flow) and water input and output containers (Figure 2(iia)). A small floating body
containing filter C was moored in the middle of the water channel using two metal holders.
The PF-contaminated water flowed from the input water container into the water channel.
Some of the water passed through the filters, and the remaining water from the water
channel was stored in water output container D.
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Figure 2. (i) Schematic of the setup. A is the input water container, B is a water channel, C is a floating
body containing filters, and D is the output water container. (ii) Arrangement of filters consisting of
three sections, namely (a) steel wire frame, (b) plankton net, and (c) reverse osmosis and carbon-block
filters. Blue arrows represent water flow. The unit of measurement is millimeters.

Table 1 lists the setup details. The dimensions of the tank, buoy, and other components
were specified to achieve simple maintenance with no impact on maritime transportation,
and the use of a small floating body contributed to this.
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Table 1. Specifications of the experimental setup.

Definition Value

River flow speed 0.5-1.5 knots
1025 kg/ m? in salted water (SW)

Water density 1000 kg/ m?3 in freshwater (FW)
Average water flow speed 0.514 m/s

Low-flow speed 0.257 m/s

High-flow speed 0.772m/s

Average water height 13.50 mm

Low-water height 3.40 mm

High water height 30.40 mm

Input water container volume 24 L

Output water container volume 120L

Dimensions of the model 500 mm x 250 mm X 390 mm
Dimensions of the water channel 1100 mm x 550 mm x 550 mm

Based on the beach fieldwork results, the PF concentrations in the water, water flow
speed, and water height were specified. Flow speeds in the water channel were established
to agree with that of the Hirasaku River speed. Thus, the water height in the input water
container was determined using Torricelli’s theorem.

The filter arrangement was the same at the front and back to collect the PFs from both
sides (Figure 2(iib)). The filters consisted of 2 sets of meshed (5 mm) steel frames, 2 sets
of plankton nets (150 um), 2 carbon-block filters (5 pm), and 1 reverse osmosis (RO) filter
(0.001 pm). The steel frames and plankton nets were rectangular, with a height of 400 mm
and a width of 250 mm. The four types of filters were placed in a hollow acrylic frame. The
RO and carbon-block filters were fixed to the water channel using clamps. A water transfer
pump was used to produce divergent flows to improve the performances of the RO and
carbon-block filters.

2.3. Measurement Methods and Experimental Conditions

Three flow speeds (average, high, and low) were determined by accounting for the
actual flow speeds of the rivers flowing into Sagami Bay. They were maintained in the
water channel by adjusting the three corresponding water surface heights in the water
input container (Table 1). The flow speed was measured using a flow meter. The wa-
ter temperature was measured using a thermometer after the desired water flow speed
was achieved.

The flow speed was regulated, and then the water transfer pump was turned on. Next,
PFs were added upstream of the filters for 3 min. This process was continued until the
water level in the output water container reached its maximum value, after which the
water transfer pump was turned off. The time required to fill the output container was
recorded (6.36 min on average). Subsequently, the captured PFs were collected from the
filter sections and stored in Petri dishes.

To quantify the number of captured PFs, two measurement methods, namely the
particle counting (PC) method and weight measurement (WM) method, were adopted for
each experimental condition. The number of each polymer type was counted using the
PC method, and the weight of each polymer type was measured using the WM method.
The PC method is more accurate and time-consuming, whereas the WM method involves
more uncertainties.

The influence of water density on the captured PFs was measured using both fresh-
water (FW) and salted water (SW). Two concentrations of PFs (low and high) in the water
were tested (Table 2). The percentages of different polymer types in the contaminated
water were determined based on the field survey results. The “low” PF concentration was
approximately the same as that of the field survey, and the “high” one was set to be twice
that of the “low” one.
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Table 2. Established experimental conditions.

Concentration of . Water Measurement
Case No. Test No. Flow Speed Plastic Fragments Water Density Temperature (°C) Method
1
1 2 235 PC
3 Average Low 22.5
4
> 5 23.5 WM
6 22.5
7
3 8 240 PC
? Average High 225
10
4 11 240 WM
12 22.5
13
5 14 23.5 pC
15 . 22.5
High Low
16
6 17 235 WM
18 22.5
Fw
19
7 20 23.5 pC
21 High High 225
22
8 23 23.5 WM
24 22.5
25
9 26 235 PC
27 22.5
Low Low
28
10 29 23.5 WM
30 22.5
31
11 32 23.5 pC
33 . 22.5
Low High
34
12 35 23.5 WM
36 22.5
37
13 38 23.5 pC
% Average High 225
40
14 41 23.5 WM
42 22.5
SW
43
15 44 23.0 pC
45 Average Low 225
46
16 47 230 WM
48 22.5
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In total, 16 conditions were tested, with 8 cases using the PC method and the other 8 us-
ing the WM method (Table 2). Each condition was tested thrice to address the uncertainty
involved in the experimental phenomenon.

Fragments of PE, PP, PS, and PU were produced by scraping the plastic materials. The
scraping strengths were regulated to maximize the size distribution at 4-5 mm, which was
the maximum size distribution of PFs sampled in the field study.

Different colors were used to visually distinguish these polymer types, which were
blended in approximately similar proportions as those determined from PFs sampling at
the beach. The amounts of blended fragments were specified for the PC and WM methods
(Table 3) for the purpose that the water contaminated with these PFs could approximate
the water flowing in the actual river.

Table 3. Numbers and weights of the PFs in the contaminated water. The percentages were calculated
from the field survey data (Table 4).

Numbers of Plastic Weights (g) of Plastic
Fragments from WM
Polymer Type  Percentage (%) Fragments from PC Method Method
Low High Low High
PE 35 70 140 0.17 0.34
PP 59 118 236 0.30 0.60
PS 2 4 8 0.01 0.02
PU 4 8 16 0.02 0.04
Total 100 200 400 0.50 1.00
Table 4. Weight distribution of the sampled plastic fragments.
Polymer Type Specific Gravity * Mass (g) Mass per Unit Area (g/m?)
PE 0.91-0.95 1.18779 3.71
PP 0.90-0.92 2.05171 6.41
PS 0.01-1.09 0.04488 0.14
Cellulose acetate 1.22-1.24
EVA 1.02
PU 1.067
Polyamide/nylon 1.15 0.61718 1.93
Resin and glass fiber >1.35
PVC 1.16-1.30
Total - 3.90156 -

* Specific gravity data were obtained from [20].

After each experimental run, the PFs captured by the filter sections (Figure 2) were
collected. The PFs captured on the steel wire mesh and plankton net were picked individ-
ually using tweezers. The collection of PFs from the RO and carbon-block filter sections
was difficult because the captured PFs were generally invisible. Therefore, the numbers
and weights of the PFs in this section were not included in the subsequent analysis. The
fraction of captured PFs in this section was expected to be small, considering that most
of the artificially produced PFs were visible. The efficiency of the PF capture process was
calculated from the ratios of numbers and weights of the PFs captured in the first two
sections to those in the initial contaminated water (Table 3).

3. Results
3.1. Sampling Data of PFs

The results of the field surveys are summarized in Table 4. The PE and PP samples
accounted for 30.4% and 52.6% of the total sampled PFs mass, respectively. In comparison,
the percentage of PS was small. Cellulose acetate, EVA, PU, polyamide/nylon, and resin
and glass fibers were also detected, and their masses accounted for 15.8% of the total mass.
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The largest number of sampled PFs had sizes of 4-5 mm (Figure 3a), and no PS
particles were observed within this size range. The largest number of PS particles was
found within sizes of 5-6 mm. The number of PP was maximal at 7-8 mm. The maximum
number of sampled PFs per unit area was also found to be 4-5 mm (Figure 3b).
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Fragments
86.0%

Figure 3. (a) Size ranges of sampled PFs with respect to the number. (b) Size ranges of sampled PFs
for the number per area. (c) Percentages of varying PF shapes. Cellulose acetate, EVA, PU, polyamide,
resin, glass fiber, and PVC are collectively referred to as “others”.

The fragment shape accounted for 86% of the total PFs whose shapes were determined
(Figure 3c). A total of 185 shapeless PFs were detected, including 58 PEs, 75 PPs, 18 PSs,
and 34 others. In addition, 29 pellet-shaped PFs (13 PEs, 6 PPs, and 10 other PFs) were
detected, with only 1 bead-shaped PF (PE).

3.2. Quantification of Captured PFs Using WM and PC Methods

The PC method was adopted for 8 cases (24 tests), and the maximum number of
captured PFs was observed in Cases 7 and 9 (Figure 4a). The WM method adopted for the
remaining 8 cases (24 tests) yielded the highest capture rates for Cases 10 and 16 (Figure 4b).
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Figure 4. (a) Numbers of the captured PFs from the PC method (shaded bars) and the total number of
the PFs used in each test (solid bars). (b) Weights of the captured PFs from the WM method (shaded
bars) and the total weight of the PFs used in each test (solid bars).

3.3. PF Capturing Efficiency

The capturing efficiencies determined using the PC and WM methods are plotted in
Figure 5 for (a) freshwater (FW) and (b) salted water (SW) cases. The PC method provided
the highest efficiency (94.5%) in Test 19 for Case 7. The WM method yielded the lowest
efficiency (60%) in Test 4 for Case 2.
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Figure 5. Mean = standard error (SE) of the PF capturing efficiency for (a) freshwater (FW) and
(b) salted water (SW) cases. (c) Average efficiencies determined by the particle counting (PC) and
weight measurement (WM) methods.

The highest average efficiency (91.58%) was obtained from the PC method in Case 7
(Figure 5¢). The lowest average efficiency was obtained from the WM method for Case 2
(73.33%), whereas for the PC method, the lowest average efficiency was 81.53% in Case 5.
The standard errors of the capturing efficiencies were within +5% for both the PC and WM
methods.

4. Discussion

The size distribution of the sampled PFs that peaked at 4-5 mm (Figure 3a,b) differed
from those with a peak around 1.5 mm [30], which were obtained from devices with nets of
mesh sizes of 100 or 300 um. The PF numbers per area (Figure 3b) were similar to those
measured at other Sagami Bay beaches [37].

The capturing efficiencies in Cases 1-6 (75-84%) were lower than those in the other
Cases (>85%) (Figure 5). Cases 5 and 6 exhibited particularly low efficiencies. The measure-
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ments in Cases 1-4 were performed by applying an average flow speed (Table 2). The low
efficiencies in these four cases suggest that the flow speeds were affected more effectively
than the PF concentrations, which were low in Cases 1 and 2 and high in Cases 3 and 4.
Thus, the higher and lower flow speeds employed in the present experiment tended to
yield better efficiencies, yet this observation was not always true because the conditions
with high flow speed and low PF concentration (Cases 5 and 6) resulted in low capturing
efficiencies. The combination of high flow speed and high PF concentration (Cases 7 and 8)
and low flow speed and low PF concentration (Cases 9 and 10) yielded the largest capturing
efficiencies. Greater amounts of PFs were forced to move rapidly towards the positions of
the filters due to the stronger water flows (Cases 9 and 10); however, despite the smaller
amounts of PFs, the plastic particles fed into the water channel remained near the filters
because of the lower flow speeds and were consequently captured by the filters.

The water densities (FW and SW Cases) produced few differences in the capturing
efficiencies between Cases 1-12 and Cases 13-16, indicating that the vertical positions of
the filters were appropriately set to capture the PFs moving in the surface layers of FW
and SW.

The measurement time for each test was restricted by the capacity of the output
container. Over the course of the experiment, the amount of water stored in the container
increased. Although the measurements were ceased in some tests to prevent spillage of
water from the container, these treatments scarcely affected the performance of the PC and
WM methods, as few plastic particles were found after stopping the water flow. The shortest
and longest measurement times were 4 min and 19 s and 9 min and 30 s, respectively.

Considering the uncertainty of the investigated phenomena stemming from the ran-
domness of the PF motion in the fluid flows, the measurements were performed in dupli-
cate for each experimental condition to obtain statistical analysis results. The maximum
standard error of the PF capturing efficiency was 5%, which was sufficiently small com-
pared with the average capturing efficiencies of 81% (PC method) and 83% (WM method)
(Figure 5), confirming the reproducibility of the experiments.

The obtained PF capturing efficiencies were sufficient, which demonstrates that the
anchored-buoy-type filter system developed in this study offers high-efficiency capture of
PFs from water flow. However, further investigations are required because the usefulness
of the results from the present laboratory experiment for assessing capturing performance
in practice is not guaranteed solely by this study.

Three limitations of the indoor experiment were present. First, some of the PFs in
the water channel passed through the steel mesh and drifted away from the filter. These
motions, which were unsuccessfully captured, arose primarily from the vortex flow patterns
around part C in the setup (Figure 2(iia)). They were induced by the interaction of the fluid
flows with the RO and carbon-block filters and by the driving of the water transfer pump.
The PF motion trajectories were highly dependent on the flow patterns; therefore, devices
should be attached for a smooth flow pattern in the filter vicinity. Water flow rectification
may be more distinct in actual river mouths than in indoor experiments because the flow
patterns in the river mouth are generally highly complex due to winds and tides.

Second, in the experiment, no marine organisms, such as phytoplankton or detritus,
were present in the water. The presence of these marine organisms clogs the filters and
decreases the PF capturing efficiency. To overcome this issue, the filters must be regularly
cleaned. Designing a new device that allows surfacing of the filters, cleaning of the filters,
and removal of PFs from the filters may be useful in future investigations. For filter
maintenance, the use of a floating body and an anchored buoy is advantageous because
they can provide stable positioning of the filters in the water flow and enable retrieval of
the device from the installation site.

Third, because the water channel was spatially limited, the internal flow pattern was
affected by the sidewalls of the tanks. Additionally, some portions of the plastic particles
stuck to the walls due to the surface tension. The PFs also sank in the water channel because
of their greater specific gravities than that of water. They did not reach the positions of the
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filters designed to capture surface and submerged PFs, and some remained in the input
water tank.

5. Conclusions

A field survey was conducted at Kurihama Beach to collect PF samples to assess
the number of PFs and percentages of different polymer types. The sampled PFs were
mainly composed of PE fragments with a size range of 4-5 mm and PP fragments with a
size range of 7-8 mm. Subsequently, a small-scale experimental model was developed to
eliminate PFs from water, and its PF-capturing performance was examined by conducting
an indoor experiment. In the model, multiple filters (wireframe, plankton net, RO filter,
and carbon-block filters) were placed in a floating body and subjected to water flow. This
model was designed such that it could be used at a river mouth site to decrease the number
of PFs entering the ocean. The model included a water channel to simulate the river flow.
Using the results of the beach survey, four polymer types (PE, PP, PS, and PU) were used to
artificially create PFs for the experiment.

The experimental results indicated that the filters performed moderately well. The
highest average PF capturing efficiency achieved was 91.58%. The limitations of the present
experiment include the lack of complex flow patterns, the absence of marine organisms,
and the side-wall effect. The first two limitations can be resolved by improving the filter
maintenance methods, and the third can be addressed by conducting an in-situ experiment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /jmse11050991/s1, Figure S1: sampling area setting on the beach;
Figure S2: sampled and marked plastic fragments; Figure S3: microscope used to find characteristics of
the sampled plastic fragments; Figure S4: characterizing plastic fragments using FTIR.
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