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Abstract: Microplastics are widespread in coastal and marine environments, and sediments serve
as a sink for microplastics. In this study, four sediment cores were collected from the Kuala Gula
Mangrove area. The abundance of microplastics in mangrove sediments ranged from 25-130 items/kg
dry weight. The highest abundance of microplastic was observed at the KG04 site near the mouth of
the river. The number of microplastics by sampling site was significantly different (p < 0.01), with
station KG04 having the highest fiber content. The dominant color of microplastics was blue, and the
main shape was fiber. Rayon, cotton, Polyethylene terephthalate (PET), and azlon were observed
from FT-IR, indicating that the potential sources of microplastic and fiber could come from household
laundry wastewater. Microplastics tended to accumulate in deeper depths at KGO01 (p < 0.01), whereas
other stations showed no significant difference (p > 0.05). However, this study provides evidence that
mangroves can be a trap for microplastics and can be used as baseline data for future studies.

Keywords: microplastic; sediment core; mangrove area; marine debris; aquatic pollution

1. Introduction

Over the last decades, plastic production has increased significantly and reached
367 million tons in 2020 due to increasing consumption [1]. Plastic pollution has now
become a global environmental concern as an emerging contaminant in marine and coastal
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environments. The Malaysian economy has grown rapidly over the past 15 years, along
with increasing plastic demand. It is estimated that about 62 kg per capita per year of
plastic is produced for consumption in the country, which was the world’s 8th largest
dumper of plastic waste in 2021 [2]. According to Tan et al. [3], there are a number of
reasons that contribute to plastic pollution in Malaysia, including limited recycling capacity,
weak processes and law enforcement, low societal awareness, and a lack of uniformity in
local monitoring.

When plastic is released into the ocean, it can break down under the influence of
several environmental factors, such as physical, chemical, and biological processes, which
lead to the formation of microplastics [4,5]. Microplastics are tiny plastic fragments of
<5 mm diameter in size and can be classified based on their shape, size, color, and starting
material [6]. They can easily spread into the environment due to their small size [7]. In
addition, their small size means that microplastics could easily be ingested by various
marine animals such as zooplankton [8], fish [9], shellfish [10], and shrimp [11]. The great
concerns about microplastics are associated with toxic chemicals such as heavy metals [12]
and persistent organic pollutants [13], which result in marine animals being exposed to
these chemicals and transfer them to higher trophic levels [14]. Previous studies indicate
that microplastics can be transported through the food chain and can be toxic to organisms,
affecting the nervous system and leading to immune diseases, gastrointestinal exposure,
cancer, and liver toxicity [15].

Mangroves are highly productive wetlands that can protect land from coastal erosion,
storms, and tsunamis [16]. Mangroves are also a habitat for fauna and provide nursery
grounds for various fishes and shellfish, while they also trap sediments and suspended
matter in the water column [17]. In addition, it has been found that the aerial roots of
mangrove trees play an important role in trapping marine plastic because of their complex
root systems, which can sieve and block the flow of water and lead to the accumulation
of microplastics in the sediments [18]. Ibrahim et al. [19] reported that mangrove forests
in Malaysia are highly susceptible to plastic pollution due to their position at the intersec-
tion of land and ocean, where waste from nearby industrial areas is sometimes disposed
of, whether intentionally or unintentionally. Additionally, a study on the prevalence of
microplastics in the Kapar Mangrove Area, Selangor, reported that in 5 cm deep sediment
samples at depths of 1 and 2 cm, there was an abundance of microplastics in the form of
micro-sized polystyrene and plastic fragment shapes.

In addition, a study on the microplastic abundance in the Kapar Mangrove Area,
Selangor, discovered that microplastics in the form of micro-size polystyrene and plastic
fragments could be found abundantly in sediment samples at 1 and 2 cm of 5 cm deep
soil samples [20]. Meanwhile, a review by Ibrahim et al. [19] summarized a few studies
of microplastic uptake by aquatic organisms in Malaysia, which reported the presence of
microplastics in sea bass [19] and hard clams [21] sampled from mangrove sites in Malaysia.

Mangrove forests are important as essential food sources and for the maintenance
of the coastal fishery industry for local people in Malaysia. According to a study on
the distribution of microplastics in mangrove forests in Malaysia, data is still limited.
In particular, no microplastics study has been conducted in the Kuala Gula mangrove
area. The authors predict the presence of microplastics based on a previous study by
Pradit et al. [22] in mangrove sites in southern Thailand situated in a similar setting which
could impact aquatic animals and humans who consume aquatic animals contaminated
with microplastics.

Therefore, the aim of this study was to investigate the accumulation of microplastics
in sediment cores at Kuala Gula Mangrove, Malaysia. The abundance of microplastics in
sediment cores, including the shape, size, color, and types of microplastics, was analyzed.
The novelty of this research is to provide baseline information on microplastic accumulation
in a mangrove ecosystem. Our results provide relevant data for further investigation of mi-
croplastic pollution and its ecological effects in these areas, which can lead to conservation
policies to manage and develop Malasia’s mangrove areas in the future.
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2. Materials and Methods
2.1. Study Area and Sample Collection

The Kuala Gula Mangrove Area is located in northern Perak, Malaysia. The mangrove
area consists of mangrove islands, coastal mangrove forests, buffer areas which function as
a stopover for various species of migratory and resident birds, and fishing villages with a
total population of 7200 people on the outskirts of the mangrove area [23]. Approximately
one-third of the population is involved in fishery and aquaculture industries and ongoing
land reclamation in the study area [24]. As a result, the overall quality of the habitat will
suffer in the future, as land-based pollutants tend to enter the mangrove sediment and
water quality in the coastal area. Figure 1 and Table 1 provide information on the sample
stations (KG01, KG02, KG03 and KG04). Sediment cores were collected in triplicate at the
sampling stations using a hand corer (diameter 86 mm). The cores were later subsampled
into 2 cm intervals of the core length. Samples were then oven-dried at about 50-60 °C for
several days until they reached full dryness.

100°26'E 100°28'E 100°30'E 100°32'E

4°58'N

4°56'N

4°54'N

Figure 1. Map of sampling stations in the Kuala Gula Mangrove Area.

Table 1. Coordinates and site description of sampling stations in the Kuala Gula Mangrove Area.

Station Coordinates Site Description
KGOl 04°56'37.12"" N Near the boat jetty, samples were taken close to
100°2848.37" E mangrove vegetation.
KGO2 04°55’46.2"" N Taken at the river mouth, where a lot of aquaculture
100°28'12.7" E activities are conducted.
o Aler off Taken at the estuary, near a mudflat area. Slightly
KG03 04°54°55.9" N southward from the river mouth. Boats coming in
100°28'06.8" E : &
and out.
KGO4 04°54'54.5""N Taken at a mudflat area, facing seaward. Birds are
100°27'10.8" E seen foraging.

2.2. Microplastic Extraction from Sediment

In the laboratory, 20 g of dry sediment was weighed and added. The beaker was then
filled with 200 mL of saturated and filtered sodium chloride (NaCl) solution. It is common
practice to remove microplastics from sediments using the NaCl technique [25,26]. After
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mixing with a glass rod, the mixture was placed aside for one hour to allow the sediment
particles to settle. Following that, 100 mL of supernatant was filtered through a new 300 um
filter cloth made from nylon. Another 100 mL of NaCl was added to the initial sample
beaker and was placed aside for one hour. The process was repeated 3 times before taking
the 300 pm filter cloth to another beaker and washing the contents with distilled water, and
covering it with aluminum foil. Then, the sample water was filtered through the 300 um
filter cloth and was filtered again through a 20 um filter cloth. Later, that 20 um-micrometer
filter cloth was placed in another beaker, the contents washed with distilled water, and
the beaker was covered with aluminum foil. After that, 10 um of H,SO4 and H,O, each
were added to the samples and left to heat on a hot plate (controlled temperature of not
more than 75 °C) to digest the contents. Then, 6 g of NaCl reagent powder was added to
the sample beakers and left for 24 h at room temperature. The samples were then filtered
using another clean set of 300 um filter cloth and glass microfiber GF/C and were placed in
individual petri dishes. The petri dishes were then placed in a hot oven at 50 °C for 3 h to
let the samples dry completely before viewing under the microscope.

2.3. Microplastic Identification

Under a stereo microscope, the microplastics in the filter paper were visually identified
using the physical and morphological characteristics of the plastic particles [22]. This
technique made use of a Leica EZ4 W Stereomicroscope with a magnification of 1040 times.
The Leica Application Suite was used to capture the particle photos. There was no bias in
the light reflection from the microscope since the filters were entirely dry. The microplastic
particles were categorized by their type (fiber, fragment, and others such as microbeads,
film foam, and pellets), size (<500 pm, 500 um~! mm, and >1 mm), and color (blue, black,
red, white, and other). All these categories of microplastic were observed and recorded.
A few microplastic particles were randomly chosen from each sample and placed in a
clean petri dish in order to analyze the properties of the polymer. To distinguish the
microplastic polymers, Fourier Transform Infrared Spectroscopy (FTIR) (Spectrum Two
with Spotlight 200i, Perkin Elmer, Waltham, MA, USA) was employed. The spectral range
was defined at 4 cm ™! resolution and 4000 cm~! to 400 cm~! wavelength. The microplastic
spectrum found in the sediment samples was compared to the spectrum library of each type
of polymer.

2.4. Contamination Control

Extensive precautions were taken during the separation process of the sediment
samples to prevent any contamination when handling and processing them. To ensure
that the experiment was as contaminant-free as possible, cotton lab coats and polymer-free
gloves were used [27,28]. Distilled water and saturated NaCl were filtered before use in the
experiment to prevent microplastic contamination. Clean filter papers were used during
the filtration procedure to avoid contamination. Throughout the experiment, aluminum
foil was used to shield the samples in the beaker from any potential airborne contaminants.
All the tools and glassware used for the analysis were meticulously cleaned and rinsed
with distilled water.

2.5. Statistical Analysis

The data were described with mean, SE (standard error of the mean), frequency, and
percentage with Microsoft Excel (Office Professional Plus 2020). The normal distribution
of the data was tested by the Klomogorov-Smirnov test. It was found that the fiber data
had a normal distribution (p > 0.05); therefore, the number of fibers was compared by
the One-way ANOVA method, and the mean was compared by Scheffe’s. Fragments and
size were not normally distributed (p < 0.01), so the number of fragments and size were
compared using the Kruskal-Wallis test.
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3. Results and Discussion
3.1. Abundance of Microplastics

The microplastic abundance at different depths in sediment cores from stations KG01-
KG04 is shown in Figure 2. Because the sediment at KG04 was much harder than at the
other stations, we obtained a shorter core. Microplastics were detected in 84 sediment
samples with a total of 1016 pieces from KG01-KG04. The abundance of microplastics
in sediment cores ranged from 2.5-130.0 (Min—-Max) particles/kg (dry weight) with an
average abundance in cores KG01, KG02, KG03, and KG04 of 29.8 £+ 17.5, 28.5 + 15.9,
40.8 & 21.3, and 56.5 & 28.0 particles/kg dry weight, respectively. The highest concen-
trations of microplastics were observed at site KG04. Since the location of KG04 site is
located near the mouth of the river, as the river flows, it could pick up sediment and
microplastics from rivers and bring them to the mouth of the river. The river mouth is
where much of the sediment and microplastics are deposited due to the slowing of the
current, which reduces the energy to carry all the microplastics and particles [29]. Overall,
the concentrations of microplastics in the core sediments collected at KG02, KG03, and
KG04 sites show a decreasing trend from top to bottom with variations in the deep layers.
This may be due to the accumulation of more microplastics that settled from seawater into
the surface sediments in recent years. This vertical trend in the sediment has been reported
in previous works [30,31]. However, KG01 showed a trend of increasing microplastics with
depth. The region that this site is located in is abundant in mangrove forests. Reinold
et al. reported that most microplastics (66%) were found in high-tide sediments, and only
11% were observed in low-tide sediments [32]. Therefore, it is likely that during high tide,
mangrove roots might gather marine debris and microplastic, which would then be trapped
or deposited inside the sediment of the mangroves or in the mangrove ecosystem [33]. This
result shows the use of sediment cores to understand the history and trends of microplastic
pollution. There was a temporal trend, showing that the abundance of microplastics in the
sediment cores increased over time.

3.2. Physical Characteristics of Microplastics: Shape, Size, and Color

The results of the shape, size, and color classification of microplastics are shown in
Figures 3-5. An example of microplastic shapes collected from Kuala Gula Mangrove,
Malaysia, is shown in Figure 3.

3.2.1. Shape

Different shapes of microplastics were observed in the four stations of sediment cores
at Kuala Gula Mangrove, Malaysia (Figure 3). Fibers were the most prominent microplastics,
with an average of 88.0%, followed by fragments with an average of ~10.1% and others
with an average of 1.9%. Similar results for shapes of microplastics in sediment cores, in
which fibers were the main types, were observed in Qingdao Beach [34] and Hangzhou Bay,
China [35]. Microplastic fibers are formed in the textile industry as staple fibers or filaments
are released during washing and laundry [36]. Belzagui et al. [37] reported that about
0.28 million tons/year of microplastic fibers was released into the aquatic environment via
washing and removal during wastewater treatment. The elongated form of the fibers and
the very large surface area to volume ratio increases the chance of adhering to inorganic
sediment particles. Additionally, fibers towards the flow’s base are more likely to be
trapped and buried by depositing sediment [38]. It is possible that the high concentration
of fibers at the Kuala Gula Mangrove may be the result of microplastic particles being
carried from municipal and fishing villages with a population of 7200 people outside the
mangrove area.
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Figure 2. Abundance of microplastics at different depths in sediment cores: (a) KG01; (b) KG02;
(c) KG03; and (d) KG04 from Kuala Gula Mangrove, Malaysia.
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Figure 3. Percent of microplastic occurrence based on shape at stations (a) KG01; (b) KG02;
(c) KGO03; and (d) KG04 from Kuala Gula Mangrove, Malaysia.
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3.2.2. Size

Figure 4 shows the different size distributions at all stations. Microplastics were classi-
fied into three types in the size range of <500 pm, 500 pm-1 mm, and >1 mm on the basis of
their size. At sites KG02 and KGO03, <500 pm microplastics had the highest percentage with
37% and 44%, respectively. Meanwhile, the highest percentage of microplastics in stations
KGO01 and KG04 were larger (>1 mm) with 37% and 35% (500 um-1 mm), respectively.
Previous works have shown that microplastics smaller than 100 pm are predominant [39]
and tend to aggregate with natural colloids, which leads to their increased precipitation [40].
In addition, microplastics sized >500 um have been observed in mangroves. It is possi-
ble that the roots of mangroves can serve to trap even larger moving objects. However,
small microplastics were also found to accumulate in mangroves in many areas, such as
Singapore’s coast [41] and Beijing, China [42]. This may be due to the differences between
the estuarine and fringe mangroves. The small size of microplastics might pose potential
threats to the biota due to their strong adsorption of persistent organic pollutants (POPs)
and easy transportation to the tissues.

3.2.3. Color

Figure 5 shows the color distribution at all stations. At site KG01, 61% of microplastics
found were blue in color, with transparent (Figure 6) and other colors contributing to
23% and 16.4%, respectively. For KG02, the main color of microplastics was blue (44%),
and the proportions of transparent and others were 26.4% and 29.6%, respectively. Blue
was predominant (38%), followed by transparent (34.2%) and other (27.5%) at site KGO03.
KGO04 showed the same trend, with blue microplastics representing 50.1%, followed by
transparent (38.1%) and others (11.7%). The results indicate that blue is the predominant
color of microplastics found in the Kuala Gula Mangrove, which corresponds with other
studies [43]. The variation in different colors in the study area might be due to various
microplastic sources. At the same time, blue and transparent plastic might be widely used
in this area. It is possible that the color of microplastics might originate from packaging,
fishing, and textile-related activities in surrounding residential areas. It was deposited in
the sediment, creating large amounts of blue and transparent debris through cracking [44].
Ory et al. [45] showed that marine fauna can confuse their common prey with microplastic
colors. They reported that plankton fish preferred blue-colored fragments because it is
similar to their prey in the natural environment [45]. Thus, the color of microplastic might
be an important factor that affects the transportation of pollutants to higher chain levels.

Figure 6. Examples of microplastic color shapes collected from Kuala Gula Mangrove, Malaysia
(left: blue color; right: transparent).

3.2.4. Type of Microplastic Polymers

The collected microplastics were further studied by FI-IR in Figure 7. Four main
types of polymer were found, with three types classified as microplastics (synthetic poly-
mer) which were found in the sediment cores in this study, namely rayon, polyethylene
terephthalate (PET), and azlon, while one type of natural polymer found was cotton. The
presence of cotton and rayon fibers in this study indicates that these fibers originate from
the degradation of natural and synthetic woven textiles [46]. Rayon was the most widely
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distributed and abundant microplastic in the studied sediment core. This can be seen by the
fiber, which shows a broad band at 3435.0 (O-H str), 2894.3 (C-H str), 1064.0 (C-O-C str), and
897.1 cm~! (C-C str) vibrations [47]. Rayon is a man-made fiber used in personal hygiene
products and textiles. Many previous works report that rayon fibers are a major source of
microplastics in the deep sea [48] and have been found to contaminate fish gastrointestinal
tract [49]. PET may be released from food packaging and beverages, especially carbonated
soft drinks, juices, and water and also woven belts, filter cloth, and others [50]. These
results indicate that the presence of rayon, cotton, azlon, and polyethylene terephthalate
could be related to municipal waste outflows since all these polymers are generally used in
the textile industry and therefore are released due to washing clothes.

Azlon

Poly(ethyléneterephthaIate)

el \
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Figure 7. FT-IR of microplastics found in Kuala Gula Mangrove, Malaysia.

3.2.5. Statistical Analysis

Table 2 offers descriptive information about the fibers, fragments in the sediment core,
and other types of microplastics that were examined. The number of microplastics by
sampling site was significantly different (p < 0.01), with station KG04 having the highest
fiber content. The highest abundance by the number of fibers was found at station KG04
(19.20), and fewer fibers were found at the KGO01 (9.45) and KGO02 (10.60) sites. In addition,
the number of microplastics sized (<500, 500-1 mm, and >1 mm) by sampling site were
significantly different (p < 0.01). Overall, microplastics of every size class were found
to have the highest content at station KG04. This is attributed to the location of KG04
sites which are located near the mouth of the river, where a large amount of sediment
and microplastics are deposited. Chi-square values were used to analyze color classifica-
tion according to sampling points, and it was discovered that there was no statistically
significant difference (p > 0.05). Simple linear regression was carried out to test the rela-
tionship between microplastic particles per kilogram and the depth of all sediment cores.
Microplastics tend to accumulate in deeper depth at KG01 (p < 0.01), whereas other stations
showed no significant difference (p > 0.05). Overall, at the surface, it can be seen that the top
layer (0-20 cm) in the river stations (KG01, KG02) had fewer microplastics than the river
mouth (KG03, KG04), and the accumulation was highest at station KG03, although in the
2040 cm and 40-60 cm layers, KG04 had the most microplastic (Figure 8). The microplastic
abundance reported in this study is in the same range as reported in the mangrove area at
the North Coast of the Persian Gulf [51] and Songkhla Lagoon, Thailand [22].
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Table 2. Descriptive information relating to the number (particles) of fibers, fragments, and others
with various sizes of microplastics in the sediment cores.

Station Values Fibers Fragment Others <500 um Soonﬁ:_l >1 mm
Mean 9.45 2.25 0.20 3.90 4.15 3.85
KG01 S.E. 1.28 0.98 0.12 1.14 0.71 0.57
Median 9.00 1.00 0.00 2.00 3.00 3.50
Mean 10.60 0.52 0.28 4.40 3.88 3.12
KG02 S.E. 1.22 0.19 0.16 0.69 0.59 0.72
Median 9.00 0.00 0.00 4.00 3.00 3.00
Mean 14.46 1.79 0.08 6.75 4.71 4.88
KG03 S.E. 1.604 0.37 0.08 0.76 0.65 0.71
Median 15.00 1.50 0.00 6.50 4.00 4.50
Mean 19.20 3.07 0.33 8.40 7.33 6.87
KG04 S.E. 2.19 0.89 0.16 1.83 0.72 1.03
Median 19.00 2.00 0.00 7.00 8.00 7.00
Mean 12.96 1.75 0.21 5.67 4.80 4.46
S.E. 0.84 0.32 0.07 0.54 0.35 0.39
Median 12.00 1.00 0.00 5.00 4.00 4.00

0-20 cm
Microplastics (Particles/kg)

KG04

20-40 cm
Microplastics (Particles/kg)

40-60 cm
Microplastics (Particles/kg)

Figure 8. Abundance of microplastics at different depths in sediment cores from Kuala Gula Man-
grove, Malaysia.
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4. Conclusions

The present study is the first to report the microplastic content in the core sediment
of Kuala Gula Mangrove, Malaysia. Our data indicate that high amounts of microplas-
tics were collected and deposited near the mouth of the river, especially at the KG04 site.
The number of microplastics at KG02, KG03, and KG04 decreased with increasing depth,
showing increased production and use of microplastics over time. Meanwhile, KG01
showed a trend of increasing microplastics with depth. The majority of the microplastics
were fibers and fragments which could be released during washing and laundry by the
community. Most microplastics were sized less than 500 um, and the predominant color
was blue. FTIR spectroscopy analysis revealed the existence of rayon, cotton, azlon, and
polyethylene terephthalate which indicate that textile materials and food packaging were
possible sources of microplastics. Thus, appropriate solid waste management and investi-
gations on microplastic contamination are required to prevent microplastic pollution in the
environment, especially in mangrove wetlands.
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