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Abundance and distribution of
microplastics in tropical
estuarine mangrove areas
around Penang, Malaysia

Evonne Tan and Norlaila Binti Mohd Zanuri*

Centre for Marine and Coastal Studies (CEMACS), Universiti Sains Malaysia, Gelugor, Penang, Malaysia

Introduction: This study reports the abundance and distribution of microplastics
in tropical estuarine mangrove areas in Penang, Malaysia.

Methods: Samples were collected by using a neuston net and Ponar grab at four
study sites (Seberang Perai, Kuala Muda, Penaga and Balik Pulau).

Results and Discussion: A total of 8775 pieces were collected from the four sites,
with abundance in coastal surface water, coastal bottom sediment, and estuarine
sediment ranging between 201 + 21.214 - 1407 + 124.265 pcs/L, 255 + 22.368 -
350 + 25.892 pcs/kg, and 430 + 7.234 - 4000 + 29.174 pcs/kg respectively.
Seberang Perai was found with the highest microplastics abundance in all
compartments while fragment is the dominant morphology throughout all study
sites. Stereomicroscopic analysis showed that microplastics are of numerous
colours and irregular in shape while Field Emission Scanning Electron Microscope
(FESEM) observed severe surficial weathering. Polyethylene is the most common
identified polymer type via Fourier Transform Infrared Spectroscopy (FTIR) analysis
and inorganic chemical compounds such as dimethylmercury were detected
which pose a threat to organisms and the environment. The overall outcome
suggests that human activities play a significant role in microplastic input into the
estuarine environment and that the dominant polymer type in respective study site
are closely related to the nature of human activities. This baseline study presents
fundamental knowledge on microplastic pollution in the estuarine environment of
Penang and encourages similar research to be conducted in the future for pollution
control and management.

KEYWORDS

microplastics (MPs), estuarine mangrove, field emission scanning electron microscope
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1 Introduction

In today’s world, plastic can be found everywhere in the ocean because of improper
waste management on land that brings them into nearby water bodies (Hammer et al.,
2012). Plastic pollution is borderless as debris can be washed on and offshore to and from
different countries, travelling throughout different water bodies, and even carried to remote
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locations such as the poles by water and wind action (Klien et al.,
2018). Plastics are widely used because they are cheap, light-weight,
and highly durable, thereby creating huge convenience in everyday
life (Zhou et al., 2022). High consumption of non-reusable single-
use plastics (SUPs) is the major contributor to plastic pollution
because of their minimal lifespan, with 40% of plastic production
coming from them (Chen et al., 2021). Plastic pollution has become
more severe since the COVID-19 pandemic with high consumption
of single-use PPE and masks globally. Face masks have been
estimated to contribute at least 40000 kg of plastics into the
ocean monthly (10 million pieces of 4 g face mask) (Ricciardi
et al, 2021). Marine organisms ingesting plastic debris are often
reported to suffer from physical entanglement, drowning, and
blockage of air and food pathways, ultimately leading to death
(GESAMP, 2015).

Exposure of larger plastic to sunlight, mechanical, biological,
and chemical degrading mechanisms increases the formation of
microplastics (MPs) (GESAMP, 2015). MPs are small, fragmented
polymers with sizes up to 1 um-5 mm (GESAMP, 2015). There are
two types of MPs based on their origin: primary and secondary
MPs. Primary MPs are commercially produced standard-shaped
plastics while secondary MPs are irregular pieces formed from the
degradation of large plastic debris into small fragments (Zhang,
2017). Meanwhile, there are five morphological classifications of
MPs as suggested by GESAMP (2019): foam, film, fragment, fibre,
and pellet. The presence of MPs in the aquatic environment is
expected to rise concurrently with the input of plastic waste because
a single piece of large plastic may produce up to a thousand pieces
of MPs (Gimiliani et al., 2020). High abundance of MPs recovered
in water bodies near to land implies that terrestrial input is
significant to the environment (Luo et al, 2018). Compared to
larger plastics which can be collected through clean-up activities or
deploying vessels, MPs are nearly impossible to recover once they
enter into the aquatic environment because of their small size (Klien
et al,, 2018). The density of MPs influences their occupancy in
different compartments of a water body, in turn affecting their
distribution vertically and horizontally (Zhang, 2017). Low density
MPs tend to float on surface waters or stay suspended in water
columns while high density MPs often settle to the bottom of the
ocean floor (Kumar et al., 2021). When MPs float on surface water,
they can travel a longer distance following surface currents while
particles that settle in the bottom sediment stay relatively static
unless particle buoyancy changes which then allows them to
resuspend into water columns or float on water surfaces
(GESAMP, 2015). The discovery of MPs in aquatic organisms
across different trophic levels is a huge concern to human health
as they are not biodegradable and may accumulate in the body if
contaminated sea-based food and beverages are accidentally
consumed (Ricciardi et al., 2021). Nevertheless, research on the
effects of MPs towards human health remains unclear, unlike the
understanding towards aquatic animals and plants (Campanale
et al.,, 2020).

Estuaries sit between the land and ocean, making them highly
vulnerable to pollution, including from MPs (Govender et al., 2020).
Estuaries can accumulate MPs from direct terrestrial input, riverine
flow, and back washing of coastal currents that carries them into the
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estuaries (Ricciardi et al., 2021). Riverine flow is considered as one of
the most important MP sources carried from land (Li et al., 2021). In
fact, the hydrodynamics of estuaries encourage accumulation of
larger and heavier MPs which makes them a potential sink for
MPs (Defontaine et al., 2020). For example, the presence of a
strong cohesive force in sediment due to finer sediment grains and
muddy conditions of estuaries may increase MPs accumulation in
estuaries (Furukawa & Wolanski, 1996; Lamichhance et al., 2021).
Moreover, mangrove-dominated estuaries with numerous protruding
roots that hold sediment and reduce coastal erosion would help build
up MPs abundance as their roots can help filter out MPs from river
input before entering nearby coastal waters (Govender et al., 2020).
Mangrove-dominated estuaries are important nurseries and habitats
for numerous terrestrial and estuarine organisms (Bujang & Zakaria,
2020). Due to their high productivity and uniqueness of fresh-
saltwater mixture, they also support a wide variety of fish species
and serve as fishing grounds for fishery communities (Omar &
Misman, 2020). Thus, MPs invasion into estuarine environment
can be harmful to both animals and humans as accidental
ingestion may affect development and health (Talbot et al., 2022).

To the best of our knowledge, our study is the first work to
assess MP pollution in tropical mangrove estuaries of Penang. This
study is significant to the environment as quantifying MP
abundance in the mangrove estuaries would present an insight on
the pollution status that will reflect the influence of nearby
anthropogenic activities towards the severity of MP pollution.
Our study sites were reported to have a relatively high diversity of
mangrove tree species, compared to the well-conserved Matang
Mangrove Forest and mangrove park in Klang, even though they
are located around highly urbanized areas and are unprotected by
law (Stiepani et al., 2021). Our study is driven by the emerging
reports of MPs in different compartments of estuarine environment
in Malaysia. All study sites have been reported to provide ecological
benefits and services to respective communities and organisms. The
estuarine environment in Penang harbours significant mangrove
tree species and marine birds that require conservation and
protection (Foong et al., 2016). There is also high reliance of local
communities on the estuarine environment as fishery activities are
important to provide a source of income and supply seafood to
nearby states. Therefore, four study sites located around Penang
with ecological and community importance were selected: Seberang
Perai, Teluk Air Tawar-Kuala Muda (TAT-KM), and Balik Pulau.
Specifically, TAT-KM was recently considered as a new Ramsar Site
for conservation purposes (Aziz, 2022). A lack of supporting data
and understanding on the pollution status of these study sites may
hamper conservation and preservation effort in the near future.
With our study, more data will be available to suggest conservation
and preservation efforts to protect the ecosystem and maintain its
environmental quality. This study is important for future pollution
studies on MPs to contribute to data comparison.

The vulnerability of estuarine mangroves towards pollution is
also one of the concerns of our study. These areas are facing threats
from conversion for human settlement, industrial, aquaculture, and
agriculture activities, coastal reclamation, and unsustainable tourism
that would release pollutants into the water (Foong et al., 2016).
These estuaries are experiencing busy shipping traffic and fishing boat
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activities, particularly in Seberang Perai which is near to the Perai
Free Industrial Zone (FIZ). On top of that, the mangroves are located
near highly populated settlements and industrial sites along Sungai
Perai (Yii et al,, 2020). Meanwhile, in mangroves estuaries of Kuala
Muda, gears used in the fishing industry may release synthetic
polymers such as fragments and fibres if submerged in the water
for along time. These activities may contribute to the increase of MPs
abundance in the water and threaten public health as fish caught from
this area are supplied to local markets.

Our study aims to provide a basic understanding on the abundance
of MPs present in mangrove estuaries around Penang and assess the
extent of its pollution. We are interested to see whether the influence of
anthropogenic activities coincides with the severity of MP pollution of
the study sites. Our study also aims to provide meaningful data that can
be used for pollution management and control. Furthermore, we aim to
narrow the knowledge gap on MP pollution in Malaysia that will
encourage mitigation efforts in the near future.

The scope of study for MPs involved sample collection from
coastal surface waters, coastal bottom sediment, and estuarine
sediment from four estuarine mangrove in Penang. All samples
are used to assess and compare the abundance between each study
site, followed by physical characterization and chemical analysis of
representative MP samples. Samples were classified based on five
morphologies as suggested by GESAMP (2019).

Therefore, the objectives of this study are:

a. To determine the abundance of microplastics in coastal
surface water, coastal bottom sediment, and estuarine
sediment of tropical estuarine mangroves in Penang.

b. To assess the physical changes and chemical composition of
microplastics collected from coastal surface water, coastal
bottom sediment, and estuarine sediment of tropical
estuarine mangroves in Penang.

2 Materials and methods

2.1 Study sites

Figure 1 shows the location of Penang, situated at the north of
Peninsular Malaysia and along the Straits of Malacca, and the
sampling station at each study site.

2.1.1 Seberang Perai

Sungai Perai is approximately 60.5 km long, the longest river in
Penang, with mangrove swamps at the river mouth (Think City,
2021). Weeds are distributed along the river with mangrove trees
dominating the estuary (Johan et al., 2012). The river flows through
Perai Free Industrial Zone, a dense residential area and with local
scale fishing activities (Johan et al.,, 2012). Perai River is also an
important international shipping route as the 56 hectares of Perai
Bulk Cargo Terminal was built near Perai FIZ (PPC, 2018).

2.1.2 Teluk Air Tawar-Kuala Muda (TAT-KM)
The Teluk Air Tawar-Kuala Muda (TAT-KM) coastal region is
located at Seberang Perai Utara, the northern region of mainland
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FIGURE 1

Location of Penang at Peninsular Malaysia, and study sites and
sampling stations at the estuarine environment of Penang Seberang
Perai, Penaga, Kuala Muda, and Balik Pulau (clockwise).

Penang, covering about 200 hectares of mangrove and mudflats (Foong
et al,, 2016). It was recognized by BirdLife International in 2007 as an
Important Bird & Biodiversity Area (IBA). TAT-KM IBA coast is
about 8 km long, covering the mouth of Sungai Muda north to
Butterworth in the south (MNS, 2015; Foong et al., 2016). The Kuala
Muda estuary receives riverine input from Sungai Muda, one of the
largest rivers (180 km) in the northern Peninsular Malaysia, and forms
a 30 km boarder with Penang (Sim et al,, 2019). This area is dominated
by dense fishing activities at Kuala Muda (Foong et al., 2016). The
Kuala Muda coastline is a bird sanctuary area and haven for thousands
of birds each season as their stopover site (MPSP, 2020).

2.1.3 Balik Pulau

The mangrove patch of Balik Pulau is located along the west
coast of Penang Island, where urbanization is slightly less intense
compared to the east coast of the island. The mangrove-dominated
estuarine environment is biologically and ecologically important
because they are breeding grounds for fishes that provide a source of
living to local fishing communities (SAM, 2019). However, the
mangrove patch is threatened by the Penang South Reclamation
Project (PSRP) which wants to build highways to enhance
accessibility around Penang Island (Chee et al., 2020).

2.2 Sample collection

Samples were collected during high tide for boat accessibility.
All samples were collected in 2022 on different days for each
location. Sampling was carried out at Seberang Perai on 3™
January, Kuala Muda and Penaga on 16™ February, and Balik
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Pulau on 17" March. All glass containers were washed, rinsed with
filtered distilled water, and stored in a clean ice chest before
sampling. The following was carried out with modifications of a
literature review method described by Masura et al. (2015) and Li
et al. (2021).

2.2.1 Coastal surface waters

Samples were collected using a neuston net with mesh size 330
pm. The net was towed along the coast of each study site covering
an approximate 10 + 2 km (estimated distance of 2 + 0.5km between
each sampling points) with boat speed controlled at 3-4 knots. The
average time spent at each sampling site was about 3 hrs. The net
was ensured to float on the water surface when towing. At each
sampling point, the net was lifted and flushed with site water before
collection to ensure samples enter the collector at the bottom of the
net. Collected samples were kept in an ice chest at ambient
temperature until analysis. For contamination control, blank
samples were prepared by filling double-filtered distilled water in
a clean sampling glass bottle before net towing started.

2.2.2 Coastal bottom sediment

Together with water samples, sediment samples were collected
alongside the coastal area of each study site using a Ponar grab
sampler. During sampling, the coordinate and depth of each station
was taken using a handheld GPS and depth sounder respectively.
Precaution steps were taken to reduce any contamination of the
samples. During sample retrieval, only the inner part of the
sediment sample was collected using a metal shovel. Collected
samples were placed in glass containers and kept in an ice chest
at ambient temperature until analysis.

2.2.3 Estuarine sediment

A random selected transect of 200 m was selected at each
study site to collect 10 sediment samples 20 m apart from each
other. Surficial sediment (top 5 cm layer) was only considered and
scoped approximately 200-300 g sediments using a metal shovel.
The transect was selected in-situ depending on boat accessibility
and GPS coordinates was recorded. Samples was kept in tightly
sealed glass bottles and an ice chest at ambient temperature
until analysis.

2.3 Laboratory analysis

All blank samples were treated similarly to field samples. The
following was carried out with modification of a literature review
method describes by Lusher et al. (2020).

2.3.1 Water

Potassium hydroxide (KOH) was added to the samples for
organic matter digestion and the solution was left for 24 hours at
room temperature. Once organic matter had completely sunk to the
bottom, the clear solution formed on the top layer was pipetted into
a beaker and filtered using 0.45um GC/F Whatman filter paper.
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MPs present on the filter paper were kept in clean and dry petri
dishes for further analysis.

2.3.2 Sediment

Samples were dried in an oven at 60°C for 36-72 hours. For
organic matter digestion, 200 g of dried sample was added to 300
mL of Fenton’s solution (30% Hydrogen peroxide, H,O,: Iron (II)
sulphate, FeSO, at ratio 1:2) and left for 24 hours. The clear solution
formed in the mixture was pipetted into a clean beaker and filtered
using 0.45um GC/F Whatman filter paper. The remaining mixture
was transferred into a funnel, stirred thoroughly after adding zinc
chloride (ZnCl,) (density:l.Sg/cmS), and left overnight to maximise
MP extraction. The clear solution formed above the sediment layer
was collected and filtered with 0.45pum GC/F Whatman filter paper.
All filter papers were kept in clean, dry petri dishes for further
analysis. For contamination control, blank wet filter paper was
prepared by wetting dry filter paper with double-filtered distilled
water, placed in a rinsed clean petri dish, and left aside when
samples processed were exposed to a laboratory environment.

2.4 Instrumental analysis

The following was carried out with a modification of a literature
review method describes by Li et al. (2021).

MPs collected on filter papers were observed under an Olympus
SZ61 stereomicroscope to calculate their abundance and
photographs of representative samples were simultaneously taken.
30 representative MP samples were selected for identification and
chemical composition analysis. FEI Quanta 650 FEG Field Emission
Scanning Electron Microscopy-Energy Dispersive X-Ray (FESEM-
EDX) located at the Center for Global Archaeological Research,
Universiti Sains Malaysia was used to study the surface morphology
and texture of the MPs respectively while Bruker LUMOS II Fourier
Transform Infrared Spectrometry (FTIR) was used to detect
chemical compounds present in the MPs. Microplastic samples
were rinsed with distilled water, air-dried, and coated with gold
prior to FESEM-EDX analysis. The FTIR operates at a spectra range
between 400-400cm ™' with a scanning rate of 64x per analysis.

2.5 Data analysis

MP abundance was calculated using Microsoft Excel and
statistically analysed using IBM SPSS version 27. All tabular and
graphical data were created using Microsoft Excel while study site
maps were created using ArcGIS 10.7. MP abundance is expressed
in pieces of MPs/L in waters and pieces of MPs/kg in sediments.

All data on MP abundance were statistically analysed based on
respective study sites and sampling compartments for significance
differences. One-way ANOVA was used when assumptions for
normality and homoscedasticity met (Shapiro-Wilk and Welch’s
test respectively) and significant ANOVA test (p<0.05) was tested
using Games-Howell post-hoc test to compare pollution status of
the study sites.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1148804
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Tan and Mohd Zanuri

3 Results

3.1 Microplastics abundance

Microplastics (MPs) were found in all sampling sites and
compartments of the estuarine environment. This section reports
the MPs abundance recovered at three different compartments
(coastal surface waters, coastal bottom sediment, and estuarine
sediment) from each study site.

3.1.1 Coastal surface waters

Figure 2 presents the total MPs abundance at coastal surface waters
in respective study sites. The total abundance decreases from Seberang
Perai (1407 + 124.265 pcs/L) > Penaga (358 + 50.991 pcs/L) > Balik
Pulau (273 + 24.943 pcs/L) > Kuala Muda (201 + 21.214 pcs/L).
Comparing the morphological composition at each site (Figure 2),
Seberang Perai is dominated by fragments at 677 pcs/L (48%) while
Penaga, Kuala Muda, and Balik Pulau are dominated by foam at 272
pes/L (76%), 120 pes/L (60%), and 131 pes/L (48%) respectively.

Meanwhile, the MPs abundance in coastal surface waters was
analysed using one-way ANOVA, showing no significant difference
between each sampling site with F(3, 16) = 3.697, p=0.054
(> 0.05) (Table 1).

Total microplastic abundance at coastal surface waters of estuarine

mangroves in Penan;
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FIGURE 2

Total MP abundance and MP composition at coastal surface waters
at each study site.
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3.1.2 Coastal bottom sediment

Coastal bottom sediment samples were collected alongside
coastal surface waters. Figure 3 presents the average MP
abundance in coastal bottom sediments of all sampling sites. The
average MP abundance decreases from Seberang Perai (350 +
25.892 pcs/kg) > Kuala Muda (290 + 24.505 pcs/kg) > Penaga
(270 + 18.070 pes/kg) > Balik Pulau (255 + 22.368 pcs/kg). The
morphological composition of MPs at Seberang Perai and Penaga is
dominated by fragments at 217 pcs/kg (62%) and 142 pcs/kg (53%)
while Kuala Muda and Balik Pulau are dominated by fibre at 220
pes/kg (76%) and 200 pcs/kg (78%) respectively (Figure 3).

The MP abundance in coastal bottom sediment was analysed
using one-way ANOVA, showing no significant difference between
each sampling site, F(3, 56) = 2.030, p= 0.120 (> 0.05) (Table 2).

3.1.3 Estuarine sediment

Figure 4 presents the total MP abundance in estuarine sediment
of three sampling sites: Seberang Perai, Penaga, and Kuala Muda.
The total MP abundance in estuarine sediments decrease from
Seberang Perai (4000 + 29.174 pcs/kg) > Penaga (940 + 15.773 pcs/
kg) > Kuala Muda (430 + 7.234 pcs/kg). Figure 4 shows the MP
morphological composition at three sampling sites. Fragments

Average microplastic abundance in coastal bottom sediment of tropical
estuarine mangrove in Penang
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FIGURE 3
Average MP abundance and MP composition in coastal bottom
sediment of each study site.

TABLE 1 One-way ANOVA output on assessing MP abundance at coastal surface waters of four different estuarine mangroves in Penang.

MPs Sum of Squares
Between Groups 193812.000
Within Groups 279606.000

Total 473418.000
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TABLE 2 One-way ANOVA output assessing the MP abundance at coastal bottom sediment of different estuarine mangroves in Penang.

MPs Sum of Squares df Mean Square F Sig.
Between Groups 6778.200 3 2259.400 2.030 0.120
Within Groups 62320.400 56 1112.864

Total 69098.600 59

dominate both Seberang Perai and Penaga at 2765 pcs/kg (69%) and
465 pcs/kg (50%) respectively while fibre dominates Kuala Muda at

Total microplastic abundance in estuarine sediment of mangrove areas

w500 around Penang 280 pcs/kg (65%).
B 4000 00 Unlike coastal surface waters and bottom sediment, MP
%3500 abundance of estuarine sediment between each study sites shows
gzzz statistical significance. Table 3 shows the analysis of one-way
% 2000 ANOVA F(2, 27) = 97.067, p < 0.001 (<0.05). The Games-Howell
fg”"o ” post-hoc test shows that Seberang Perai and Penaga, Seberang Perai,
g 1(5)22 450 and Kuala Muda is significantly different at p<0.001 while Penaga
° 0 and Kuala Muda is significant at p=0.030 (Table 4).
Seberang Perai Penaga Kuala Muda

Sampling Sites

MPs composition in estuarine sediment of Penang estuarine environment

3.2 Instrumental analysis

3.2.1 Stereomicroscope photographs
Figure 5 shows the representative microscopic image of MPs

collected from the study sites.

m Pellet

3.2.2 Field emission scanned electron

= Fiber Eilm ] . . .
Filn H AR microscope-energy dispersive X-ray (FESEM-EDX)
Pl 2 SP: 30peske @) . L
«Fragnent it g o Figures and spectrums below show the surface characteristics
and state of the MPs and inorganic elements present in each sample
FIGURE 4 . . .
Total MP abundance and MP composition in estuarine sediment of respectlvely. The morphOIOgy captured includes pellet (Flgure 6)’
each site in Penang. fibre (Figure 7), film (Figure 8), foam (Figure 9), and fragment

(Figure 10). All samples showed obvious signs of wear and tear

TABLE 3 One-way ANOVA output assessing MP abundance in estuarine sediment of three study sites.

Sum of Squares Mean Square
Between Groups 745620.000 2 372810.000 97.067 <0.001
Within Groups 103700.000 27 3840.741 ‘
Total 849320.000 29 ‘

TABLE 4 Post-hoc test using Games-Howell analysis of MPs abundance.

Mean Difference

) Std. Error Sig. 95% Confidence Interval
Transect (1) Transect (J)
Sum of Squares df Mean Square Lower Bound Upper Bound

PN 306.000 33.165 <0.001 219.090 392911
Sp

KM 357.000 30.057 <0.001 274.741 439.259

Sp -306.000 33.165 <0.001 -392.911 -219.090
PN

KM 51.000 17.353 0.003 5.014 96.987

sp -357.000 30.057 <0.001 -439.259 -274.741
KM

PN -51.000 17.353 0.030 -96.987 -5.014
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FIGURE 5

Image of recovered colourless pellet, white foam, green fragment, red and black fibre, and transparent film of this study (clockwise).

while appearing extremely rough and uneven on the surface. There
were prominent cracks, flakes, and peeling of the outer layer. There
was often obvious degradation on the surface of MPs. Most of the
MP samples were irregular in shapes except for the pellet which had
a more distinctive round shape. All samples analysed under the
EDX showed strong signals of carbon (72.54-91.42%) and oxygen
(7.38-17.47%), confirming that they are polymers.

3.2.3 Fourier Transformed Infrared
Spectroscopy (FTIR)

Fourier Transmission Infrared Spectroscopy (FTIR) was used to
detect organic compounds present in the environment. For the
analysis, 30 representative MP samples ranging between 500 pm-5
mm were selected from various study sites and sampling
compartments. Additionally, we acknowledge the challenge in this
work to quantitatively analyse the chemical composition in MPs as
these FTIR results are based on a limited number of samples (n=30).
Inorganic compounds detected included adamantane (C,oHjs),
dimethylmercury [(CHj),Hg], docosane (C,,Hy6), docosanol-1
(C12H460), glutaric anhydride (CsHgO;3), indene (CoHg), mesityl
oxide (MSO), and Mowiol-04. Polymer types detected included
polyethylene (PE) (30%), polystyrene (PS) (19%), polyacetal (19%),
polypropylene (PP) (9%), polybutadiene (6%), polychloroprene
(6%), polyformaldehyde (4%), polyvinyl chloride (PVC) (2%),
polyamide-6 (2%), and polyethylene oxide (PEO) (2%). Table 5
includes details and the FTIR spectra of detected compounds.
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4 Discussion

4.1 Abundance and distribution

The pollution status of a specific environment can reflect the
intensity of on-going anthropogenic activities at its proximity (Zhao
et al., 2014; Tibbettes et al., 2018; Defontaine et al., 2020). Estuaries
are recognized as pollutant sinks where they can filter riverine input
upon receiving before releasing it into the ocean (Lopez et al., 2021).
Our study shows a distinct characteristic on the influence of
surrounding urbanization activities and land use towards the
compartment of the estuaries. Tibbettes et al. (2018) added that
high occurrence of specific MPs in a particular area mostly originate
from a local point source.

The coastal surface waters, coastal bottom sediment, and
estuarine sediment of Seberang Perai have the highest MP
abundance. This may due to the rapid urbanization and
industrialization at Seberang Perai with Perai Free Industrial
Zone located near to the estuary (Lenaker et al, 2019;
Defontaine et al., 2020; Schuyler et al., 2021). The proximity of
the developed industrial zone, coupled with dense human
settlements and a port specialized in bulk cargo, may contribute
MPs into nearby waters and sediments of the mangrove area
(Ogunola & Palanisami, 2016; AlfaroNufiez et al., 2021; Li et al,,
2021; Manoharam et al., 2021). Furthermore, the domination of
secondary fragments suggests that they originate from larger
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FIGURE 6

FESEM images of aged pellet and the corresponding EDX spectra recovered from the estuarine environment of Penang

plastics from households, industrial usage, or accidental release
from landfills (Tibbettes et al., 2018).

Kuala Muda has the lowest MP abundance in coastal surface
waters and estuarine sediment while Balik Pulau has the lowest
abundance in coastal bottom sediment. Both areas are less
urbanized and industrialized compared to Seberang Perai. Fibre is
the most abundant morphology in coastal bottom and estuarine
sediments of Kuala Muda and Balik Pulau as both sites are
dominated by local-scale fishery activities. Fibre can be released
from the breakdown of fishing gears, ropes, and nets (Lusher et al.,
2017; Osorio et al., 2021; Rebelein et al., 2021). Phaksopa et al.
(2021) reported a high abundance of fibre recovered from fishing
ground in Thailand, supporting that the degradation of fishing gear
can significantly contribute to fibre enrichments in aquatic
environments. It is ecologically important that a low abundance
of MPs were reported in both sites as they supply substantial
amounts of seafood to neighbouring states (Zairudin et al., 2021).
This would ensure the food safety for human consumption because
seafood is one of the crucial sources of protein in Malaysian
households (Karbalaei et al., 2019).

Overall, the coastal surface waters of estuaries are dominated
by foams. Ongoing fishery activities that often uses Polystyrene
(PS) boxes to pack and transport their catch and buoys to keep
fishing nets and ropes afloat in water columns may contribute to
the enrichment of foams on surface waters (Lee et al, 2015).
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Polystyrene (PS) can easily float on water surfaces as they are
positively buoyant (Yin et al., 2019). When exposed to sunlight
and temperature for a long time on water surface, they can easily
become fragmented and produce micro-sized foams (Turner,
2020). Foams are chemically dangerous as they may release
hazardous monomers such as styrene or its monomers that
may exert a carcinogenic effect on humans (Farrelly &
Shaw, 2017).

Meanwhile, fibre is the dominating morphology in coastal
bottom sediment. This enrichment suggests that fibre may come
from terrestrial sewage runoff, as well as from fishery activities as
mentioned above as fabrics can release a high amount of fibre
during washing (Pequeno et al,, 2021). Their dominance can also be
attributed to the properties of fibre that affects its distribution in
aquatic environment (Defontaine et al., 2020). Fine fibre has a large
surface area to volume ratio which can promote more microbial
activities on the particle. Biofouling and aggregation formation due
to entanglement of fibrous particle increases its density and will
ultimately cause it to sink to the bottom of the ocean (Zhang, 2017;
Pequeno et al,, 2021). Gimiliani et al. (2020) and Kumar et al. (2021)
added that fibre can be easily dragged down by sediments when they
collide and become trapped between the grains in the sediment
floor. Fibres are commonly discovered and widely distributed in
bottom sediment floors (Zhang, 2017; Defontaine et al., 2020;
Gimiliani et al., 2020).
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FIGURE 7

FESEM images of aged fibre and the corresponding EDX spectra of aged fibre recovered from the estuarine environment of Penang.

The accumulation of fragments in estuarine sediments can be
attributed to the less energetic condition of estuaries as they are
semi-enclosed (Chapman & Wang, 2001). Li et al. (2020) recovered
large plastic objects from food packaging in estuarine sediment
from the Yangtze Estuary and explained the vulnerability of
estuarine sediments to accumulate plastic waste easily in the
environment. It has also been reported that aerial mangrove roots
are effective in trapping as they indirectly filter large plastic objects
coming from the river (Martin et al., 2019). The trapped plastic
waste in mangrove forests will have greater and longer exposure to
degradation conditions which further promote fragmentation, thus
resulting in a higher abundance of fragments in the estuarine
sediment (Defontaine et al., 2020). Furthermore, Govender et al.
(2020) added that the formation of fragments can be accelerated by
high microbial activities in the estuarine sediments.

There is no statistical significance of MP abundance in coastal
surface waters and coastal bottom sediments for any study site.
However, there is a significant difference between the Ms
abundance of estuarine sediments between the study sites.
Estuarine sediment of Seberang Perai is the most polluted while
Kuala Muda is the least polluted. This strengthens our hypothesis
that urbanization and development in Seberang Perai contributes to
the MP abundance in estuarine sediment and the extent of
urbanization could possibly influence the MP abundance of the
estuarine mangrove in Penang.
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The overall pattern of this study demonstrates that the estuarine
environment of Penang is most dominated by fragments and least
dominated by pellets. With continuous input from plastic waste,
more fragments can form and accumulate in the ocean as they are
further exposed to degrading factors (sunlight, hydrodynamics, and
biological activities) in open waters (Li et al., 2020). Fragments can
occupy different compartments of water column and sediments
according to their properties (Zhang, 2017). For fragments that are
less dense than seawater, they float on surfaces or stay suspended in
water columns. Meanwhile, fragments with greater density will sink
to the bottom of the ocean floor and accumulate (Tan et al., 2022).
The occasional presence of pellets throughout all study sites
suggests that terrestrial waste released from treatment plants may
not have been eftectively treated (Li et al., 2021).

4.2 Field emission scanning electron
microscope-energy dispersive
X-ray (FESEM-EDX)

The irregular surface and edges observed on most MP samples
indicates that they are secondary MPs which come from the
breakdown of larger plastic debris (Cooper & Corcoran, 2010).
the pellet, on the other hand, looked round and angular, suggesting
it is a primary MP which is purposely manufactured for personal
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FIGURE 8

FESEM images of aged film and the corresponding EDX spectra of aged film recovered from the estuarine environment of Penang.

care products (Eriksen et al., 2013). Our observation on the FESEM
results suggested that the MPs may have experienced both mechanical
and oxidative degradation. Mechanical degradation is often
characterised with gouges, grooves, and fractures formed due to
physical collision between mechanical forces such as wave action or
abrasion with natural particles and are observed in the samples (Wang
et al., 2017). Meanwhile, chemical degradation associated with
degraded surface textures such as flakes, granules, and solution pits
due to the exposure of sunlight or air was also observed on the samples
(Wu et al, 2018). UV weakens polymer bonds and allows the
introduction of oxygen into polymer structures, causing brittleness
(Liu et al,, 2019). Cooper and Corcoran (2010) added that surface
textures that result from mechanical oxidation may serve as a
favourable site to initiate chemical degradation. Chemical
degradation occurs with the presence of additives while some
polymers with antioxidants may lower the rate of degradation (Klien
et al, 2018). In this study, the high supply of UV radiation that is
available together with warmer temperatures and higher salinity may
enhance formation of MPs in the estuarine environment (Wang et al.,
2017). It has been reported that higher water salinity can accelerate the
degradation process of MPs (Corcoran, 2022). Consistent UV radiation
was also reported to experience rapid photodegradation of polymers
(Chamas et al., 2020). Samples collected are comparable to the tropical
conditions experienced in a study conducted by Zbyszewski et al.
(2014) where their samples were collected at the gyres of the Pacific and
Atlantic. When MPs are washed up on shorelines and beaches, this
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further encourages degradation as the conditions are more extreme
compared to water columns with more particle collision for example
dragging and saltation (Cooper and Corcoran, 2010; Corcoran, 2022).

The elemental analysis of all samples shows that they are
dominated by carbon and oxygen, indicating that they are
plastics. Both inorganic compounds are the basic unit of fossil
fuels, which plastic are made out of (Pandey et al, 2022). It is
common to observe high composition of carbon and oxygen (Girio,
2020) and the presence of inorganic compounds such as Al, Ca,
bromine (Br), and sulphur (S) (EFSA CONTAM Panel, 2016;
Campanale et al., 2020) in the EDX spectrum of MPs. They may
originate from plastic manufacturing where they are commonly
used as additives (Chamas et al., 2020) or adsorbed onto the surface
of MPs (Liu et al., 2019). It has been reported that weathered MPs
with a rough surface layer can act as a vector to allow pollutants to
attach more easily on the surface and enhance toxicity (Brennecke
et al., 2016).

4.3 Fourier Transform Infrared
Spectroscopy (FTIR)

Non-biodegradable secondary MPs originating from larger

plastics are increasing their persistency in the environment and

their sorption capabilities (Tang et al., 2022). Their large surface
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FIGURE 9

FESEM images of aged foam and the corresponding EDX spectra of aged foam recovered from the estuarine environment of Penang.

area to volume ratio and increased surface porosity due to
weathering may enhance polymer affinity for the binding of
organic and inorganic pollutants (Barboza et al., 2018). The
problem with polymers and associated pollutants is their
insolubility in water and ability to bioaccumulate (Fu et al., 2021).
The emergence of MPs as a pollutant vector is worrisome as MPs
can be mistakenly and easily ingested by organisms which can
bioaccumulate in the food web and threaten human food security
(De-la-Torre, 2020). Passive feeders such as benthic organisms are
at high risk as MPs particles sink to the bottom after biofouling
(Tang et al,, 2022). Even though certain polymers and associated
monomers are degradable in water, it should not be overlooked as
they may also exhibit toxicity in the environment (Alfonso- Lopez
et al., 2021). Hence, it is important to study the chemical
compounds found in MPs to better understand the toxicity MPs
exhibit towards the environment. Here we report the detected
chemical compounds and associated toxicity towards the
aquatic environment.

Polymer detection in this study showed common polymer types
that are commercially produced and highly consumed, including
PE, polypropylene, polystyrene, and polyvinyl chloride (Wang et al.,
2021; Yuan et al, 2022). They are commonly found in the
environment because of their frequent disposal (short service life)
and light weight, meaning they can easily be carried in the
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environment (Pinheiro et al, 2021). All of the above polymers
were categorized by Brown (2022) as hazardous agents produced
from plastic processing. The adsorption of pollutants by polymers is
dependent on their structural characteristics where some pollutants
may directly penetrate into the matrix of PE and polyacetal while
others would just attach onto polymer surfaces (Rochman
et al., 2014).

Polyacetal, which shares the name of polyoxymethylene and
polyformaldehyde, rarely degrades in the environment and may
cause monomers such as formaldehyde and ethylene oxide to be
released into the environment (Yuan et al, 2022). Although
formaldehyde is known to be highly dangerous towards
organisms if exposed, it can rapidly breakdown in water, as can
ethylene oxide, indicating they will not bioaccumulate in the
environment (Laly et al., 2018; ATSDR, 2022). Polychloroprene is
another type of synthetic rubber used as a protective layer to delay
the corrosion of maritime structures (Tatiana et al., 2017). Hurst
(2014) reported that its monomer, chloroprene, is a non-
accumulative compound in the environment.

Polybutadiene are synthetic rubbers commonly used in the
production of tires (Valentini and Lopez-Manchado, 2020). The
polymer was also listed by Brown (2022) as a hazardous agent from
plastic processing. Although Magni et al. (2022) found that they do
not hold a great threat towards freshwater organisms and the
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FIGURE 10

FESEM images of aged fragment and the corresponding EDX spectra of aged fragment recovered from the estuarine environment of Penang.

environment, the authors suggested more studies to be conducted
due to its gradual emergence in the aquatic environment.

Polyethylene oxide (PEO) has a wide range of applications in
various industries, from medical and personal care products to
production of resins and plastics, which explains its omnipresence
in aquatic environment (Nascimento et al., 2021). PEO has been
observed to alter enzymatic activities and negatively influence
metabolism, inducing oxidative stress in tadpoles.

Polyamide-6, commonly known as Nylon-6, is used in
mechanical and textile industries. They are widespread in the
marine environment because of their relative neutral buoyancy in
water which causes them to suspend in water columns and makes
them highly available to marine organisms. Uptake of this
compound was reported to induce cellular and metabolism
changes on suspension feeders (Rodrigues et al., 2022).

Docosane (C,,H¢) is an aliphatic hydrocarbon compound that
can be found in petroleum (Akinola et al, 2019). They have a
tolerance towards high temperatures and are commonly used in
manufacturing of products for extreme conditions such as solar and
electrical devices (Fredi et al., 2019). Kaur et al. (2018) reported the
presence of docosane in the freshwater environment and added that
this compound can remain in water for years. In Nigeria, Docosane
was also found in shrimps recovered from petroleum-polluted
water, posing a substantial threat to organisms and the
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environment through reduced reproduction and shift of
ecosystem population and balance (Akinola et al., 2019).

Indene together with coumarone forms the Coumarone Indene
Resin (CIR), commonly used in coating and rubber industries
(Trumbo, 2000; Tian et al,, 2018). CIR was widely used before the
emergence of petroleum-based resins in the market which
eventually replaced them (Trumbo, 2000; Zohuriaan-Mehr &
Omidian, 2000). Its insolubility in water may be harmful to
aquatic organisms and the environment (Gooch, 2007). CIR was
found to release substantial monomers into water that violates
recommended environmental safety levels and induces acute
toxicity in Daphnia magna (Woods et al., 2007).

Mowiol-04 is the chemical name of polyvinyl alcohol and is
used in the medical field (Soltani et al., 2007; Perfetti et al., 2012). In
Alfonso-Lopez et al. (2021), polyvinyl alcohol polymers were found
to exhibit toxicity towards sea urchin larvae. The usage of Mowiol-
04 will be sustainable towards the environment in the future
considering its solubility and biodegradability in water
(Jambaladinni & Bhat, 2021). Biodegradable polyvinyl acetate also
has good electrical insulating properties as they are used in electrical
appliances and medical industries (Wang et al., 2021; Tang
et al., 2022).

Adamantane (C;oH;¢)-based compounds are very insoluble in
water due to their diamondiod structure that enhances its
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resistance, which may increase its persistency in aquatic settings
(Lamoureux & Artavia, 2010). In particular, compounds of
adamantane-based carboxylic acids recovered from oil sand
process-affected water (OSPW) were reported to exhibit cellular
toxicity in organisms (Rundle et al., 2021).

Mesityl Oxide (MSO) is a sweet-scented colourless organic
compound primarily used as solvents in the production of
engineered polymers such as rubber and resins (Herrador et al,
2021). Although MSO has been listed as a hazardous agent towards
humans by Brown (2022); EDQM (2017) reported that the chemical
does not pose a threat to the environment. Further studies will be
required to learn about and confirm its toxicity.
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1-Docosanol (C,,H,y60) is an alcohol-based organic compound
manufactured for plastics and rubbers (NCBI, 2022a). They are
reported to have inhibitive properties towards viral infection and
are found occurring in stems of a coastal plant (Sheela &
Uthayakumari, 2013). Unlike docosane, 1-Docosanol as its
alcohol derivatives can degrade in the environment via aerobic or
anaerobic conditions, and thus do not accumulate in the
environment (OPPT, 2020).

Glutaric anhydride (CsHO3) is used as intermediate materials
for polymer synthesis (NCBI, 2022¢). It was found to be acutely
toxic upon ingestion in rats and dermal exposure of rabbits (NCBI,
2022b). No information is available on its accumulation availability
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(Thermo Fisher Scientific, 2021), which may imply low possibility
of chemical persistency and accumulation in aquatic setting as they
also are soluble in water (Chemoxy, 2021).

Dimethylmercury [(CH;),Hg] is formed from the methylation
of inorganic Hg (Lian et al.,, 2021). The presence of (CH;),Hg on
MPs is worrying as it is very toxic to organisms and the
environment where it causes persistent neurological effects and
can remain in the environment for a very long time (Barboza et al.,
2018). An exemplary case of Hg pollution is Minamata Bay disease
in Japan, with side effects seen across generations (Minamata
Disease Municipal Museum, 2007).

Small-sized MPs with a large surface area to volume ratio may
accelerate chemical reactions, in turn enhancing their surficial
properties optimal for pollutant adsorption (Zhao et al., 2022). As
pollutant-coated MPs travel from one point to another in water,
accidental release of the pollutants may be dangerous to the
surrounding environment (Liu et al., 2022). MPs are also
considered a direct source of chemicals because they are added
during plastic manufacturing to enhance market and functional
value (Verla et al., 2019). When digested internally by organisms,
MPs were found to hamper normal development and growth,
inhibit photosynthesis, alter normal behaviour, and impede
reproduction (Zhang et al, 2019). Therefore, understanding the
presence of chemicals added into MPs is crucial to understanding
their possible toxicity towards the marine environment and
improve our knowledge on chemical presence in plastic.

5 Conclusions and recommendations

MP pollution is a serious threat to the environment as they are
continuously being discovered in every compartment of the aquatic
environment. Its abundance is expected to rise steadily in the near
future as the world struggles to cope with the overwhelming usage
of plastic products and improving waste management system. It is
crucial to understand pollution status in the estuarine environment;
these are the transition points for most pollutants before entering
into larger water bodies and ecologically provide food and refuge to
diverse biodiversity. In this study, the abundance and distribution of
MPs in the estuarine mangroves area of Penang is reported for the
first time. MP abundance and dominant morphology in each study
site is highly influenced by the type and intensity of human
activities around the estuarine environment. In general, the
results indicate that highly industrialized and urbanized sites such
as Seberang Perai have higher MP abundance while less urbanized
sites such as Kuala Muda and Balik Pulau have lower abundance.
Meanwhile, dominating MP morphology in different compartments
can be attributed to polymer properties, such as light-weighted
foam on coastal surface waters, and large surface area to small ratio
fibre that promotes biofouling and sinking and accumulating in
coastal bottom sediment and estuarine sediment. Meanwhile,
fragments as the overall dominating morphology suggest MPs
mostly originate from the breakdown of large plastic debris,
indicating that mangrove aerial roots likely play an important
role in accumulating sediments like MPs. The FESEM-EDX
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results confirm that MPs experienced substantial mechanical and
oxidative degradation. The exposures of MP towards tidal influence
and yearlong sunlight radiation in Malaysia’s tropical weather may
enhance the degradation of large plastic pieces into irregular small-
sized MPs. Our FTIR results confirmed polyethylene (PE) as the
most common polymer type and detected inorganic chemical
compounds that are recognized by NCBI as hazardous agents to
human. They are problematic when entering the environment
because their hydrophobicity makes them insoluble in water, and
thus they may bioaccumulate in organisms and environment.

As our work is a baseline study, we recommend further
scientific research during different monsoon seasons to observe
temporal influences towards MP occurrence of the estuarine
environment of Penang. We also suggest conducting hydrological
studies to better understand possible transport pathways of MPs as
they have been reported to behave distinctively within the estuaries
owing to different water salinities. We also recommend launching
long-term clean-up programs to protect the biodiversity of the

estuarine area.
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