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Abstract

Microplastics (MPs) are prevalent in coastal habitats, but their occurrence in highly vulnera-
ble coastal zones and human exposure risk are poorly understood, especially in developing
nations like Bangladesh. This inquiry focused on the prevalence and potential hazards
of MPs in surface sediment and shallow groundwater samples collected from 12 sites
in Cox’s Bazar, Bangladesh, from August to October 2023. Using stereomicroscopy and
FTIR, MPs were quantified, with concentrations ranging from 60 to 813.33 MPs/kg in
surficial sediment and 3.34 to 36.66 MPs/L in shallow groundwater, with mean values of
294.38 ± 26.61 MPs/kg and 18.91 ± 4.75 MPs/L. The dominant MPs were composed of
transparent and white fibers, ranging in size from 0 to 0.5 mm, with HDPE (High-Density
Polyethylene) and PP (Polypropylene) identified as the most commonly found polymers. To
assess MP exposure in humans and the environment, this investigation used three indices:
the polymer hazard index (PHI), the pollutant load index (PLI), and the estimated daily
intake (EDI). The findings indicate that children exhibit greater exposure than adults, with
observed low contamination levels, alongside a spectrum of toxicity from moderate to ex-
treme. This study enhances understanding of MP contamination in the surficial sediments
and shallow groundwater of Bangladesh, highlighting the need for further investigation
into ecotoxicology, human health risks, legislation, and related issues.

Keywords: Cox’s Bazar; groundwater; risk assessment; sediment; microplastics

1. Introduction
Plastic has become useful in contemporary civilization because of its cost-effectiveness,

lightweight characteristics, remarkable strength, inertness, versatility, water resistance, and
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durability [1,2]. Global plastic production increased from 330 Mt in 2016 [3] to 460 Mt in
2019 [4,5], with projections indicating a rise to 12.3 billion tons by 2060 [5,6]. However,
the worldwide rate of plastic mismanagement stands at 22%, and the recycling rate is
significantly low at 9%, with 85% resulting in environmental waste [7]. For instance, in
Bangladesh, the daily collection of plastic waste amounts to 646 metric tons; however, only
10% of this waste is recycled, while 37.2% is discarded [7]. When plastics enter the environ-
ment, they are difficult to dispose of. For instance, a pipe takes 2400 years to break down in
a marine environment, whereas a bottle takes just 116 years [8]. Microplastics (MPs) are
created when plastics decompose under a variety of abiotic and biotic conditions, such as
UV light, temperature, mechanical deterioration, enzymatic digestion, and biofouling after
environmental release [2,9]. MPs, tiny bits of plastic garbage, were first mentioned in a
2004 public publication [10]. MPs are extremely small particles (<5 mm in size). Primary
and secondary MPs are categorized based on their source [11]. Primary MPs are produced
directly from industrial manufacturing processes, while secondary MPs arise from the
breakdown of larger plastic debris [12,13]. In terms of their physical properties, the most
notable characteristics of MPs are their colour, shape, size, density, and crystallinity. Fur-
thermore, polyethene (PE), polystyrene (PS), polypropylene (PP), polyethene terephthalate
(PET), polyvinyl chloride (PVC), polyamide (PA), polyester (PES), and polyurethanes (PU)
exemplify the essential chemical properties of MPs [2,14]. Human activities significantly
influence the presence of MPs in aquatic environments. Synthetic textiles contribute 35%,
vehicle tires account for 28%, city dust makes up 24%, road markings represent 7%, marine
coasting adds 3.7%, personal care products contribute 2%, plastic pellets account for 0.3%,
and agricultural sources also play a role, as reported by [15].

Upon entering the environment, MPs can disperse widely from their sources and
are not constrained by national borders. Rivers are essential in linking inland sources to
marine ecosystems, and wind-driven redistribution of MPs is likely a significant factor [10].
MPs are widespread throughout nature. To illustrate, MPs are frequently found in various
ecological systems, including coastal sediments [16,17], groundwater [18,19], freshwater
Fish [20], seagrass ecosystems [21], etc. MPs are transferred from surface waters (oceans)
to sediments and subsequently to groundwater. For instance, recent research on inland
water systems examined the transmission of MPs from surface water to bed sediments
and groundwater in Germany, emphasizing critical transport and retention mechanisms in
saturated porous media [22]. Coastal sediments provide habitat for numerous organisms,
thereby supporting biodiversity and ecological balance. Additionally, it acts as a storehouse
for organic matter, contaminants, and nutrients, which affects the productivity and well-
being of marine ecosystems [23]. The bioavailability of MPs to diverse aquatic organisms,
including invertebrate filter feeders, deposit feeders, detritivores, and higher trophic levels
such as birds and fish, suggests potential transfer within food chains. For instance, MPs are
confirmed in over 1300 species across aquatic and terrestrial environments. Consequently,
MPs harm ecosystems, aquatic species, biodiversity, and the environment [10,24]. Moreover,
MPs can harm aquatic species by ingestion or adsorption. At the population level, MPs can
decrease species numbers and biomass. Survival, reproduction, growth, eating, emergence,
embryonic development, mobility, and photosynthetic efficiency are just a few of the
biological processes that MPs can affect. Increased oxygen consumption, inflammation,
lysosomal instability, decreased antioxidant capacity, DNA damage, neurotoxicity, oxidative
damage, intestinal dysbiosis, altered genetic expression, ionic exchange, enzymatic activity,
and more can all result from MPs at the sub-organismal level [15,25]. Groundwater serves
as a vital resource for all living organisms. The resource serves as the primary source of safe
drinking, agricultural, and industrial water for over 2 billion people in both developing and
industrialized countries [26]. The detection of MPs in groundwater and various drinking
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water sources is a cause of considerable concern for consumers, due to the harmful effects
associated with MPs [27]. The ingestion or inhalation of MPs is associated with various
adverse health effects, including lipid accumulation, inflammation, metabolic disruption,
and oxidative stress [28,29]. Moreover, MPs may influence human health by triggering
local immune responses and elevating cancer incidence [30].

Bangladesh’s total coastline spans 710 km, beginning at Satkhira in the Sundarbans
mangrove forest and extending to St. Martin’s Island. Cox’s Bazar boasts an impressive
stretch of 120–125 km of coastline, positioning it as one of the longest natural sandy sea
beaches globally [31]. Cox’s Bazar is a well-known tourist destination, both nationally and
internationally, distinguished by its expansive sea beach, nearby tertiary hills, rich natural
resources, and biodiversity. This location is acknowledged as a premier tourist destination
within the nation, drawing in roughly 85,000 visitors each day and producing an estimated
daily revenue of about 3 crores [32]. Apart from daily visitors, during peak tourist season
(November–March), about 2 million tourists from all over the world visit here. The rapid
expansion of tourism, coupled with population growth, has led to the construction of
various tourist-related infrastructure, such as over 400 multistory residential hotels, motels,
and guest houses, which generate plastic waste in Cox’s Bazar. It has also hosted various
cultural and religious events that have contributed to plastic waste. Furthermore, the
coastal city of Cox’s Bazar engages in fishing (i.e., gillnets, beach seine nets, and estuary set
bag nets, etc.), and agricultural activities contribute to ocean contamination [33,34]. The
significant human pressures in this coastal city have led to increased plastic pollution,
underscoring its importance for studying MP pollution. Currently, MPs have been dis-
covered in beach sediments [33], estuarine surface water [35] commercial sea salts [36]
marine fish and shrimp populations [37], dried marine fish [38] within the northern coast
of Bangladesh. No investigation has been conducted on surficial coastal sediments and
shallow groundwater in Cox’s Bazar to date. Therefore, the aim of the study are: (a) to
investigate the prevalence, distribution, and characterization of MP pollution in the surficial
sediment and shallow groundwater of Cox’s Bazar, and (b) to evaluate potential human
exposure and environmental hazards linked to the use of groundwater contaminated with
MPs. This will provide essential information to consumers, the public, and policymakers
on the origins, distribution, and effects of MPs, thereby supporting the formulation of
effective strategies to reduce and manage plastic waste.

2. Materials and Methods
2.1. Study Area

This study examined the surficial sediments and shallow groundwater of Cox’s Bazar,
a notable tourist destination in Bangladesh, focusing on both inland and seashore areas.
Situated 150 km south of Chittagong, this coastal district lies at the periphery of the Bay of
Bengal and is recognized for its uninterrupted sea beach extending over 125 km. The Cox’s
Bazar district covers an area of 2491.86 km2 and has a population of 2,823,265 residents [32].
The climatic conditions in Cox’s Bazar are tropical, with high temperatures, heavy rain,
high humidity, and seasonal fluctuations. The mean annual temperature is 25.6 ◦C, while
the mean annual precipitation measures 3770 mm [39]. Cox’s Bazar coast is characterized
primarily by its beach and dunes. Fine sands and silty clay are key sedimentary compo-
nents [40]. The groundwater aquifer of the study area dates back to the early Miocene
epoch and consists of the upper and middle Bokabil formations. The freshwater aquifer in
the research area is primarily composed of fine- to moderately fine sandstone, whereas the
brackish water aquifer is mostly composed of silt, fine sand, and clayey silt [41]. However,
several million visitors, both locals and foreigners, visit Cox’s Bazar throughout the year
due to its natural attractions, including extensive sandy shores, rising cliffs, favourable
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surfing conditions, conch shells, salt marshes, coral reefs, and rich biodiversity [42]. Several
locations in Cox’s Bazar draw considerable visitor interest, including Laboni, Sungandha,
Kolatali, Patuartek, Inani, Sonapara beach, and the Himchari tourist area. The area under
investigation includes a salt marsh or raised beach, extending from the popular tourist
destination of Teknaf to Ukhiya, covering roughly 50 km along the coastline of Cox’s Bazar
(Figure 1). Alongside tourist spots, certain urban bazars were selected for this study, owing
to their significant levels of human activity. The latitude, longitude, and primary activities
of the studied locations are presented in the Supplementary Table S1.

Figure 1. Study area and the designated sampling sites in Cox’s Bazar, Bangladesh. The sampling
sites S1W1–S5W5 and S11W11–S12W12 are located in tourist areas, while S6W6–S10W10 are in
market areas.
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2.2. Sampling

Samples of shallow groundwater and surficial sediments were collected from
12 distinct locations in Cox’s Bazar during the period from August to October 2023, as
shown in (Figure 1), which was the immediate post-monsoon season of the country. The
timing was more suitable because peak tourist activity in the study area and seasonal hydro-
logical dynamics significantly affect the transport and deposition of MPs. The site selection
was based on proximity to MPs’ input (e.g., urban settlements, tourism activities) and
environmental characteristics (e.g., hydrodynamic conditions, land-use influences). Both
surficial sediment and shallow groundwater samples were collected in triplicate. At each
sampling location, 500 g of surface sediment was collected utilizing a clean stainless-steel
scraper from a depth of 1 to 2 m. Similarly, shallow groundwater samples were collected
from hand-operated tubewells employing a grab sampling method near the sediment
sample collecting spots. A 1 L groundwater sample was collected directly into pre-cleaned
glass bottles from a shallow tubewell at each sampling site, at depths ranging from 5 to
45 m below ground surface. Sampling tubewells were initially constructed from metal (i.e.,
iron/steel), which is primarily used in the study area. Prior to sampling, each tubewell was
purged for several minutes to remove stagnant water.

2.3. Sample Preparation and Extraction Methods

The methodology described in the National Oceanic and Atmospheric Administration
(NOAA) laboratory methods [43], was used to extract MPs from the shallow groundwater
and surficial sediment samples, with minor adjustments made from earlier studies [2,44].
Initially, 200 mL of water samples for shallow groundwater were quantified using a 250 mL
measuring cylinder. Subsequently, to decompose the organic compounds, each sample was
treated with 10 mL of 30% H2O2 (Merck, Darmstadt, Germany) and a 0.05 M Fe(II) catalyst.
Samples were positioned for a duration of 48 h at room temperature and were covered with
sheets of aluminum foil. Afterwards, the digested samples were run through a vacuum
filter with a glass microfiber membrane (GFF, 47 mm diameter, Whatman, Leeds, UK) with
a 0.7 µm pore size. To avoid contamination, the filtered paper was finally placed in a sterile
glass Petri dish and left to dry at room temperature for further examination.

MPs were extracted from surficial sediment using the methodology outlined in the
NOAA laboratory methods [43], with adjustments based on previous studies [2,45]. To
begin with, samples were dried in an oven at 70 ◦C for 72 h until constant weight. Subse-
quently, a 15 g dried sample was measured using an electronic balance. To extract organic
compounds from the sediment samples, they were treated with 10–20 mL of 30% H2O2

(Merck, Germany) for 48 h at room temperature. Then, a ZnCl2 solution (ρ = 1.6 g/mL)
was added to the 30–35 mL sample beaker, and the sediment-ZnCl2 mixture was allowed
to sit for 48 h to achieve MP flotation via density separation. After successful separation,
the solutions were filtered under vacuum using a 0.7 µm glass microfiber membrane (GFF,
47 mm diameter, Whatman).

2.4. Stereomicroscope Analysis

A Nikon digital network camera was used in conjunction with a Nikon stereoscopic
microscope (SMZ745T, Tokyo, Japan) at ×40 magnification to visually identify and count
morphological characteristics of MP, such as shape, colour, and size. The dimensions of MP
items were assessed via ImageJ software (version 1.54g).

2.5. Fourier Transform Infrared Spectroscopy (FTIR) Characterization of Samples

A total of 30 visually detected MP items were randomly chosen from surficial sediment
and shallow groundwater samples for polymer identification of MPs. The polymer types
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were identified through Fourier transform infrared spectroscopy (FTIR), performed with
a Shimadzu (IR Prestige-21, Kyoto, Japan) FTIR Spectrometer; Serial No.: A21004602 at
the Wazed Miah Science Research Centre, Jahangirnagar University, Savar, Dhaka-1342,
Bangladesh. The 400–4000 cm−1 range was used to record the spectra [2,46]. The absorption
bands of each polymer have been determined using the spectra Base TM databases, an
online spectrum library offered by John Wiley and Sons, Inc. (Hoboken, NJ, USA), as well
as the pertinent literature [2].

2.6. Human Uptake and Risk Evaluation of MPs
2.6.1. Human Accumulation of MPs Through Drinking Groundwater

The intake index is an effective approach for assessing human exposure to MPs. In this
study, exposure was evaluated assuming that groundwater in the study area is obtained
from hand-operated tubewells and routinely consumed without prior treatment. Accord-
ingly, MP concentrations measured in groundwater were used as a proxy for drinking-water
exposure. This represents a conservative, screening-level scenario reflecting the widespread
reliance on shallow groundwater in rural areas lacking centralized water treatment. Actual
exposure may be lower due to the use of alternative water sources or household-level
treatment practices. The estimated daily intake (EDI) of MPs was calculated (Equation (1))
using the mean MP concentration measured in shallow groundwater samples, consistent
with a conservative exposure scenario:

EDI = IR × c
Bw

(1)

where IR (ingestion rate) denotes the daily per capita consumption of drinking water, while
c signifies the quantity of MPs. Bw denotes a person’s body weight. The IR in this study was
found to be 1 L/day for children and 2 L/day for adults. In this investigation, MP exposure
was estimated using a body weight of 70 kg for adults and 16 kg for children [47,48]. By
incorporating these factors, researchers can gain critical insights into the potential hazards
associated with MP exposure through drinking water.

2.6.2. Pollution Load Index

This study utilized contamination factor (CFi) and pollution load index (PLI) methods
to evaluate the potential ecological risks linked to MP pollution in surficial sediment and
shallow groundwater [49]. Typically, these methods are used to assess the risk posed by
heavy metals. In recent years, various studies have sought to use these methods to assess
the severity of pollution in ecosystems. The definition of the assessment model was as
follows [50,51].

CFi =
Ci

Coi
(2)

PLI =
√

CFi (3)

PLI = n
√

PLI1PLI2 · · · · PLIn (4)

where Ci is the MPs at each sampling site. The minimal concentrations of MPs observed
across all studied sites are indicative of Coi, with values of 60 MPs/kg for sediment and
3.34 MPs/L for groundwater, which are considered baseline values due to the absence of
prior baseline concentrations. The correlation between the PLI value of the MPs and CFi is
evident, with CFi depending on MPs’ concentration. Study sites are classified as polluted
when the PLI value exceeds 1 [2]. PLI were considered into the following classifications:
minimal risk level I (PLI < 10), moderate risk level II (PLI range: 10–20), high risk level III
(PLI range: 20–30), and danger level IV (PLI > 30) [52,53].
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2.6.3. Hazard Index of Identified Polymers

Assessing the environmental impacts of MPs requires a comprehensive analysis of the
chemical toxicity associated with various polymers. The formula provided is employed for
estimating the polymer hazard index (PHI) [2].

PHI = ∑ Pn × Sn (5)

where Pn denotes the percentage (%) of specific types of MPs polymers, whereas the Sn
value signifies the scores related to polymeric hazards. The hazard scores of PP, PET, LDPE,
HDPE, and PVC polymers in this study are 1, 10, 11, 11, and 11,100, respectively [54,55].
Minimal risk level I (PHI < 10), moderate risk level II (PHI range: 10–100), high risk level
III (PHI range: 101–1001), extremely high risk IV (PHI range: 1001–10,000), and extreme
danger V (PHI range: > 10,000) were the classifications used for PHI [52].

2.7. Quality Assurance/Quality Control

Contamination prevention processes were systematically applied during the field data
collection and analysis phases to ensure accurate results [56]. Field samples were sealed
immediately after collection to prevent contamination, then transported with great attention
to detail, and preserved in the laboratory at room temperature. The laboratory windows
were kept sealed, and sample processing took place under controlled air conditions to
minimize airborne microplastic contamination. Furthermore, the lab bench and other
surfaces were routinely cleaned with a 70% alcohol and distilled water solution to preserve
a sterile environment. Throughout the experiment, materials that do not contain plastic
were utilized. In the course of the analysis, nitrile gloves and cotton lab coats were
adopted [57]. The water and reagents used for rinsing and extracting the samples were
pre-filtered through a 0.7 µm glass microfiber membrane (GFF, 47 mm diameter, Whatman).
Airborne contaminants were assessed by exposing blank filter disks. Field blanks were
included throughout the analytical process to account for potential environmental and
procedural contamination. Blank samples were handled, transported, and processed in
the same manner as field samples, including all preparation, extraction, visual sorting,
and FTIR identification steps. No MPs were detected in the field blanks. To ensure
analytical quality, a positive procedural control was performed under laboratory conditions.
Standard polymer materials (polypropylene and polyethylene terephthalate) were spiked
into sediment and groundwater samples (n = 3). Specifically, fibers within the size range of
0.5–5 mm were added to each sample and processed using the same analytical workflow
applied to field samples, including visual sorting and FTIR identification. Under these
controlled conditions, all spiked fibers were successfully recovered, resulting in a recovery
rate of 100%.

2.8. Statistical Analysis

Microsoft Excel 2021 was used to calculate descriptive statistics (e.g., mean, median,
standard deviation). Before conducting inferential analyses, the Shapiro–Wilk test is em-
ployed to check data normality. In order to determine if there were significant differences
among the sampling locations, a one-way analysis of variance (ANOVA) was used, fol-
lowed by Tukey’s post hoc test. A Pearson correlation analysis was performed alongside
linear regression to examine the relationship between MP abundance in shallow ground-
water and surficial sediment. Advanced data visualization techniques, including principal
component analysis and hierarchical clustering, were used to elucidate relationships among
independent variables. Dancey and Reidy [58] described the strength of correlations using
r-values: 0.10–0.30 indicates a weak correlation, 0.30–0.60 an average dependence, and
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0.60–1.00 a strong correlation. Statistical tests were performed using a significance threshold
of p < 0.05. The data analysis was performed using Origin Pro (version 2024b).

3. Results and Discussion
3.1. Abundance of MPs

Microplastics (MPs) were detected in both surficial sediment and shallow ground-
water samples (Figure 2A,B) across all studied sites. In surficial sediment, study site S11
demonstrated the highest concentration of MPs, measuring (813.33 ± 25.16) MPs/kg, while
site S3 showed the lowest concentration at (60.00 ± 10.15) MPs/kg. The overall average
across the sites was (294.38 ± 26.61) MPs/kg. The distribution of MPs in surficial sediment
across the studied sites was observed to decrease in the following order: S11 > S8 > S10 >
S12 > S7 > S5 > S6 > S1 > S9 > S2 > S4 > S3. One-way ANOVA assessed differences in MP
concentration across sites and showed a significant result (p < 0.05). A post hoc analysis
using Tukey’s Honest Significant Difference (HSD) test identified specific pairwise differ-
ences among the sites. Based on ANOVA and the subsequent Tukey’s HSD test, sampling
stations that shared identical letter groupings (e.g., S5–S7 and S6–S12) demonstrated no
significant differences (p > 0.05). In contrast, sampling stations that did not share similar
letters (e.g., S8 vs. S11) exhibited significant differences (p < 0.05). Similarly, the shallow
groundwater sampling site W11 revealed the maximum concentration of MPs, with a
measurement of (36.66 ± 7.63) MPs/L, whereas site W6 recorded the lowest concentration
at (3.34 ± 3.51) MPs/L. The overall average across the sites was (18.91 ± 4.75) MPs/L. The
prevalence of MPs in shallow groundwater at various sampling sites decreased in the fol-
lowing order: W11 > W8 > W3 > W10 > W7 > W2 > W4 > W1 > W5 > W12 > W9 > W6. The
results of ANOVA and Tukey’s post hoc analysis revealed significant differences among
groundwater sampling stations (p < 0.05), with W6 exhibiting the lowest and W11 the
highest MP concentrations. Significant differences were also noted between sampling sites
W1–W5, W8–W9, and W12. Figure 3 illustrates the spatial interpolation of MP abundance,
revealing elevated concentrations in the surficial sediment and shallow groundwater of
Cox’s Bazar, an area marked by significant tourism activities, including hotels, restaurants,
and recreational beaches.

Figure 2. Microplastics abundance in shallow groundwater (A) and surficial sediment (B) samples.
All data are shown as mean ± SD (n = 3). The results of Tukey’s post hoc test are shown by the
letter labels above the boxplots. Sampling sites marked with the same letter (e.g., a or b) show no
significant differences in MP concentrations (p > 0.05).
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Figure 3. Illustration of the prevalence of microplastics in surficial sediment (A) and shallow ground-
water (B) at Cox’s Bazar.

A Pearson correlation analysis (Figure 4) was conducted, followed by linear regression
to examine the relationship between MP abundance in shallow groundwater and surficial
sediment samples from Cox’s Bazar. The results demonstrated a statistically significant
medium positive correlation (r = 0.59; p = 0.03; (p < 0.05)) concerning the abundance
of MPs. The observed correlation likely reflects shared contamination pressures and
environmental links rather than a straightforward transfer of MPs from sediments to
groundwater. Nonetheless, the presence of larger MP particles (1–5 mm) in groundwater
is likely linked to construction activities associated with wells, surface-derived inputs
during pumping, or possibly common human-made sources that affect both sediments
and groundwater. Moreover, Munz et al. [59] found that MPs retained in porous media,
especially larger MP particles, were more dependent on pore throat size, flow velocity,
sediment, and particle grain size. Therefore, further investigation is needed.

At sampling site 11 (Laboni point), the highest MP concentrations were detected in
both surficial sediment and shallow groundwater. Tourism, industry (e.g., textiles and
chemicals), agricultural activities (e.g., nets, mulching, pipes, films), and routine human
activities could be the primary sources of MP pollution in the study area. The disposal
of plastic waste from tourism activities, including bottles, bags, cans, foam, face masks,
packaging, and clothing, as well as marine litter, may be the primary contributors to MP
pollution in this study area. Another source of MP pollution in coastal areas is fishing.
Fishing activities, such as nets, gear, and ropes, take place year-round in this coastal
region, where wind and tidal currents may facilitate the deposition/transportation of
MPs. Furthermore, improper waste handling, landfilling practices, municipal wastewater
discharge, atmospheric deposition, and river recharge could significantly influence the
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presence of MPs in this study. In addition, Cox’s Bazar serves as an important hub for
marine aquaculture in Bangladesh.

 

Figure 4. Pearson correlation analysis of microplastics abundance between shallow groundwater and
surficial sediment samples of Cox’s Bazar.

Routine marine operations performed by various manual labourers may play a critical
role in the presence of MPs [60]. Moreover, MPs in shallow groundwater samples may
originate from contamination through processes such as weathering, erosion, percolation,
and sediment transport. The prevalence of MPs in this study may partially reflect contami-
nation from well-building materials, such as PVC pipes or casing; therefore, PVC-derived
MPs should be interpreted with caution when assessing aquifer-related MP contamination.
The presence of MPs in surface sediments may infiltrate the coastal zone environment and
subsequently migrate into groundwater systems through the interaction between seawater
and groundwater. Furthermore, the ocean is a repository for MPs, and seawater intrusion
is likely to affect their distribution, potentially leading to considerable groundwater MP
contamination near the coastal aquifers of Cox’s Bazar [61].

In contrast, the studied site 3 (Pechar dwip) showed minimal presence of MPs in
the surficial sediment, which may be linked to reduced restaurant and market activi-
ties resulting from migratory tourism. Sampling site 6 (Teknaf) had the lowest MPs in
shallow groundwater samples. This may be because the area is less urbanized and non-
industrialized than other sampling sites. Additionally, the location is adjacent to the Naf
River, a major network of natural waterways that may dilute MPs.

The results of this study are consistent with earlier research by Tajwar et al. [62]
shown that Laboni Beach sediment was the most contaminated, while Himchari was the
least contaminated. A recent research by [63] on Sandwip Island sediment, MPs averaged
305 ± 37.16 items/kg. Similarly, (232 ± 52 items/kg; [64]) and (9.48 ± 3.63 items/100 g; [65])
of MPs were found in the sediment of Kuakata Beach, located in the southern coastal part of
Bangladesh. In addition to Bangladesh, MPs have been identified in coastal sediment world-
wide, including Naifaru island, Maldives (241.88 ± 15.37 items/kg; [66]), the Dapoli coast,
India (153 ± 26.8 items/kg; [67]), the Gulf of Suez, Egypt (204.3 ± 146.6 MPs/kg; [68]), the
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Xisha Islands, South China (682 items/kg; [69]), Sablettes beach, Algeria (55.47 ± 48.01
items/m2; [70]), Sri Lankan coast (42.0–91.3 items/kg; [71]).

No studies have investigated the presence of MPs in the shallow groundwater of
Bangladesh’s coastal environment. However, the findings of MPs in shallow groundwa-
ter in this investigation are compared to previous outcomes from coastal cities world-
wide including the Dawanshan Island, China (38–64 MPs/L; [72]), Tamil Nadu, India
(0–10 MPs/L; [73]), Karnataka, India (0.15–0.75 MPs/L; [74]), Karst aquifer, Slovenia
(93.33–991.67 MPs/L; [75]). The current study’s findings suggest that differences in the
distribution of MPs in sediment and groundwater across locations worldwide can be in-
fluenced by multiple factors, including sampling strategy, sampling seasons, analytical
techniques, geographic conditions, pollutant characteristics, aquifer types, well types,
depths, and so forth. For instance, Jeong et al. [76] reported that MP concentrations in
groundwater were lower during the rainy season (0.014–0.554 MPs/L) than during the dry
season (0.042–1.026 MPs/L), likely due to dilution from rainfall. In addition, a range of
16 to 97 MPs was identified in Australia’s (Victoria) unconfined aquifer, according to the
findings of Samandra et al. [77]. Furthermore, Jin et al. [78] reported substantial differences
in MPs across areas and sites, influenced by weathering and ageing. Moreover, a recent
investigation conducted by Xu et al. [79] uncovered potential factors affecting the distribu-
tion and transport of MPs in groundwater. The factors encompass climate-induced events
such as sea-level rise and extreme temperatures; hydrochemical properties including pH,
dissolved organic matter, and ionic composition; hydrogeological background elements
such as vadose-zone characteristics, aquifer properties, and lithology; and MP properties
such as size, shape, density, and surface chemistry.

3.2. Type of MPs

The MP shape, colour, and size are shown in the Supplementary figure (Figure S1).
MP shapes were classified into 5 categories: fragments, fibers, foams, films, and pellets, as
observed in both shallow groundwater and surficial sediment samples. The shallow ground-
water samples comprised fibers (52.5%), fragments (42.5%), and films (5%) (Figure 5B).
In surficial sediment, fibers were the predominant shape, accounting for 40% of the total.
Fragments were observed in 36% of the samples, films in 19%, foams in 4%, and pellets
in 1%, representing the lowest occurrence (Figure 5A). Globally, fibers constituted the
predominant MPs in groundwater, as evidenced by various recent studies, including 60%
in the southeast coast of India [80], 79% in a coastal aquifer in northwest Mexico [81],
44.74% in northern China [82], which support the findings of the present study. In a similar
manner, 55% [62] and 87.80 to 92.13% [56] of fibers were identified in the coastal sediment
of Bangladesh. Furthermore, in the global context [83,84] corroborates the findings of
the present study regarding fibers content. However, the primary source of fibers in the
coastal environment may be fishing gear such as nets and ropes, the laundering of synthetic
textiles, and wastewater discharge [3]. For instance, a standard wash load can release over
700,000 fibers [85]. These fibers may subsequently enter aquatic environments through
various pathways, such as river discharges, wastewater, and surface run-off [35,86].

3.3. Colour Variation in MPs

Multiple vibrant MPs were identified in surface sediment and shallow groundwater
samples obtained from Cox’s Bazar. A total of 6 and 7 colour variations were observed
in the shallow groundwater and surficial sediment samples, respectively. In shallow
groundwater, 43.4% of the dominant colour was white, while the least dominant colour
was pink at 5.1%. The distribution of colours of MPs in shallow groundwater was as
follows: white (43.4%), black (18.6%), blue (13.7%), green (10.3%), red (8.9%), and pink
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(5.1%) (Figure 5D). In surficial sediment, 47.1% of the dominant colour was transparent,
whereas the least dominant yellow colour comprised 3.0%. The distribution of colours of
MPs in surficial sediment was as follows: transparent (47.1%), black (14.9%), green (11.2%),
blue (10.8%), red (8.0%), brown (5.0%) and yellow (3.0%) (Figure 5C). Several prior studies
have reported similar findings as white is the dominate colour for groundwater, with 30%
in Tamil Nadu, India [73], 19% in Chennai, India [87], 51.3% in Mexico [88] and 70–85% in
the Netherlands [89]. However, recent findings [56,63] indicate that transparent MPs were
the most abundant in Bangladesh’s coastal sediments. Also, 32% of MPs in Tampico beach,
southern Gulf of Mexico [83] and 38% in Barra beach sediments in Aveiro, Portugal [90]
are transparent, supporting the current study’s findings. The occurrence of coloured MPs
in the study area can be linked to the substantial use of plastic products near the beach
market. The use of nylon threads or ropes in fishing nets, personal care items, coatings, and
packaging materials may be linked to the existence of white and clear MPs. Furthermore,
the biodiversity of Cox’s Bazar may be threatened by fish, birds, and other aquatic and
terrestrial organisms that occasionally ingest MPs, mistaking them for food because of
their colour. Further examination is required to assess the identification of MPs and their
influence on local biodiversity and its organisms.

Figure 5. (A,B) types, (C,D) colours, (E,F) size of microplastics in surficial sediment and shallow
groundwater of Cox’s Bazar.

3.4. Size Variation in MPs

MPs were identified in surficial sediment and shallow groundwater and categorized
into three distinct size ranges: 0–0.5, 0.5–1.0, and 1.0–5.0 mm. The surficial sediment
samples indicated that the predominant MP size range was 0–0.5 mm, accounting for 42.3%
of the total MPs. In addition, 33.7% of MPs were identified within the 0.5–1.0 mm, and
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24.0% within the 1.0–5.0 mm in size (Figure 5E). On the other hand, in shallow ground-
water samples, the distribution of MPs was as follows: 54% were identified within the
0–0.5 mm size, 32% within the 0.5–1.0 mm, and 14% within the 1.0–5.0 mm (Figure 5F).
Previous studies have identified similar results for small MPs in size was dominant in
sediment composition: 78% in Sandwip island [63], and 88.72% in the Chittagong coast of
Bangladesh [56], 43% on the beach of Auckland, New Zealand [91], 37.87% in the Bohai and
Yellow Sea, China [60], and in groundwater composition: 91.7% from the coastal geographic
area of Bangladesh [92], 100% in southwest Iran [93], 90% in the rural area, the eastern part
of Korea [76]. A crucial factor is MPs’ particle size, which can range from less than 0.5 mm
to sizes comparable to those injected into the body by food and drink. Extremely tiny
particles can enter the body through the skin. People with skin disorders such as eczema,
ulcers, or dermatitis may be vulnerable to plastic particles. People with existing health
conditions, such as respiratory issues, cardiovascular disease, digestive issues, reproductive
effects, or cancer, may also be more susceptible to adverse effects from plastics entering the
body through percutaneous absorption because of weakened physiological defenses. Also,
they can easily penetrate the pore space of soil or fractured rock and reach groundwater
aquifers as per [94,95], absorbed by plant roots [96], demanding further investigation on
the aquatic organisms and plants of Cox’s Bazar.

3.5. Chemical Composition of MPs

FTIR analysis was performed using a substantial number of samples. In the analysis,
it was found that 80% of the sample consisted of plastic polymer. Through FTIR analysis of
surficial sediment and shallow groundwater samples from Cox’s Bazar, a total of five types
of polymers were identified: PP, HDPE, LDPE, PVC, and PET (Figure 6). HDPE was the
most prevalent material in the surficial sediment sample, with HDPE (37.5%), LDPE (25%),
PP (16.7%), PET (12.5%), and PVC (8.3%) following in that order. Contrary, the distribution
pattern was characterized by PP (31.6%), PVC (26.3%), LDPE (21.1%), HDPE (15.8%), and
PET (5.3%), with PP being the most prevalent in shallow groundwater samples, as shown in
(Figure 6F). Comprehensive information regarding the polymer peaks and their attributes
is available in the Supplementary Material (Table S2). The fragmentation of disposable
tableware and plastic bags, which could result from tourism activities, may contribute to a
heightened presence of HDPE and PP in the surficial sediment and shallow groundwater of
Cox’s Bazar. A primary reason is that PE and PP are produced in large volumes worldwide
and are widely used. Furthermore, plastic containers, film, bags, freezer bags, shampoo,
food wraps, etc., could be the primary sources of PE-based polymers [20]. PP is a versatile
polymer utilized in diverse applications such as ropes, packaging, and fishing gear. PVC
pipe is the principal source of PVC, used in window frames, flooring, shower curtains,
cable insulation, and more. PET is a significant component of synthetic fibers. PET MP
is widely used in blister packs, food packaging, soft drink bottles, clothes washing, and
thermal insulation [97].

3.6. Multivariate Pattern Analysis Based on HCA and PCA

To identify the potential sources of MPs in Cox’s Bazar, shapes, sizes, colours, abun-
dance, and polymer types were analyzed using hierarchical cluster analysis (HCA) and
principal component analysis (PCA) across all sampling locations (Figure 7). The PCA
analysis revealed that shallow groundwater (Figure 7A) contributions were 28.77% for
PC1, linked to particle size (0.5–1 mm), abundance, and polymer types (PP and PET) at
sites W11 and W12. Additionally, PC2 accounted for 22.45%, with sites W4 and W8 being
significantly influenced by fiber-shaped MPs (1–5 mm) and HDPE. In contrast, the PCA of
surficial sediment (Figure 7B) shows that PC1 is significantly influenced by transparent and
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blue colours and by polymer types such as HDPE, PET, and LDPE, accounting for 42.27%
of the variation at S9 and S11. Meanwhile, PC2, which accounts for 15.28% at S3 and S7, is
primarily driven by factors such as shape (foam), size (0.5–1 mm), and polymer type (PVC).
This indicates a notable pollution gradient that may be affected by primary sources such as
tourism, industrial discharges, or urban and agricultural activities. The components vary
due to localized factors and MPs’ characteristics at a specific site, as well as from significant
pollution sources.

Figure 6. Snapshot of the polymer composition of microplastics detected by FTIR analysis using
30 randomly chosen particles (A–E) and the polymer content (F) of Cox’s Bazar shallow groundwater
and surficial sediment samples.
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Figure 7. Microplastics in shallow groundwater (A) and surface sediment (B) in Cox’s Bazar were
analyzed using principal component and hierarchical clustering methods.

HCA identified five clusters in both shallow groundwater and surficial sediment, with
closely related samples clustering into small, easily distinguishable groups with varying
degrees of connectivity. This indicates similar sources or deposition factors of MP, aligning
with the PCA results (Figure 7). In shallow groundwater, abundance, red, and blue MPs
clustered with 0.5–1 mm particles and fragment shapes, while fibers and HDPE formed a
separate characteristic grouping of MPs, whereas in surficial sediment, transparent, green
and 1–5 mm MPs associated with abundance in one cluster, and HDPE, LDPE, PET, fibers,
and foams grouped closely with another cluster. The analyses underscore the characteristics
of MPs and their potential origins in Cox’s Bazar.

3.7. Human Accumulation of MPs via Drinking Water Uptake

The estimated daily intake (EDI) was calculated to evaluate human exposure to
microplastics (MPs) through the regular ingestion of shallow groundwater (Figure 8A).
Therefore, the estimated exposure should be interpreted as a potential upper-bound sce-
nario rather than an exact representation of individual intake. The maximum EDI recorded
was 1.04 and 2.29 MPs/kg.day−1 at sampling site 11 for both children and adults, respec-
tively. The average EDI for MPs from shallow groundwater in children and adults was
1.18 and 0.54 MPs/kg.day−1, respectively. This investigation demonstrates that children
ingest more MPs than adults, consistent with previous findings [98]. This could be be-
cause children eat and drink more than adults, and the majority of their dishes and cups
are made of plastic. The current study findings are consistent with the previous EDIs
reported by [99] for Chinese children (0.60 MPs/kg/day) and adults (0.27 MPs/kg/day),
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as well as for South African children (1.2 MPs/kg/day) and adults (men: 0.71 and women:
0.50 MPs/kg/day) [53]. Further, the projected daily intake of MPs is detailed as follows:
male children at 113, male adults at 142, female children at 106, and female adults at 126,
as reported by [100]. Nevertheless, the distribution of MPs in human tissues, specifically
in the placenta [101], the blood [102], and the lung tissue [103], has been documented in
previous research. The duration of human exposure to MPs and their absorption of these
particles are directly influenced by human activity levels, which, in turn, affect the risk
that MPs pose to human health. The potential dangers linked to the consumption of MP
particles in both children and adults remain inadequately characterized [104,105]. Also,
urgent actions are required to diminish plastic consumption and minimize MPs’ exposure
to humans, thereby protecting both human health and environmental integrity.

Figure 8. (A) Human ingestion of MPs, and (B) the pollution load index for sampling sites in
Cox’s Bazar.

3.8. Evaluation of MPs Risk

The evaluation of pollution and the associated risks of polymer MPs was carried out
using the PLI and PHI methodologies. The PLI values for surficial sediment varied between
3.68 and 1.00, with the maximum recorded at S11 and the minimum at S3. The distribution
of surficial sediment based on PLI values was as follows: S11 > S8 > S10 > S12 > S7 > S5 >
S6 > S1 > S9 > S2 > S4 > and S3. The PLI values for shallow groundwater varied between
1.00 and 3.31, with exhibiting the highest value at W11 and the lowest at W6 (Figure 8B).
The distribution of shallow groundwater based on PLI values was as follows: W11 > W3
> W8 > W10 > W7 > W2 > W4 > W1 > W12 > W5 > W9 > W6. The average PLI scores
for surficial sediment were recorded at 2.08, while for shallow groundwater, it was noted
at 2.32, which is lower than the previous outcomes from coastal soil and groundwater in
South Korea [106], groundwater in China [107], yet higher than the Chittagong’s coastal
sediment in Bangladesh [56]. The findings across all sampling sites fall under risk category
I, indicating low contamination levels; thus, the ecological risk associated with MP exposure
in Cox’s Bazar was minimal.

The surficial sediment exhibited an average PHI of 18,665.83, with values ranging
from 16.66 to 92,500. The PHI values for HDPE, LDPE, PP, PVC, and PET polymers in
surficial sediment samples were 412.5, 275, 16.66, 92,500, and 125, respectively. The overall
PHI risk category was V, while most polymers fell into categories II (20%), III (60%), and V
(20%). Opposing the shallow groundwater PHI, the shallow groundwater PHI exhibited an
average value of 58,518.94, with a range from 31.57 to 292,105.26. Shallow groundwater
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samples contained HDPE, LDPE, PP, PVC, and PET polymers, with PHI values of 173.68,
231.58, 31.57, 292,105.26, and 52.63, respectively. The overall risk category for PHI was V,
with most polymers classified as II (40%), III (40%), and V (20%). Both surficial sediment
and shallow groundwater’s polymers exhibited moderate to extreme dangerous toxicity
levels. Lithner et al. [54] state that the following is a ranking of harmful materials: PVC
is the most dangerous, followed by PA, PS, PE, PET, and PP. In this investigation, PVC
was detected in shallow groundwater, which may pose a potential health risk owing to its
elevated toxicity. Additionally, PVC and PP exhibit carcinogenic potential, indicated by their
carcinogenic slope factors of 1.9 and 0.24, respectively [105]. The presence of MP polymers
could be contributing to health impacts among residents of Cox’s Bazar through regular
use of shallow groundwater, underscoring the need for targeted mitigation measures.
Furthermore, chemical components like polychlorinated biphenyls, polycyclic aromatic
hydrocarbons, and heavy metals are frequently found on the surfaces of synthetic MPs.
MPs in the subsurface can biodegrade or undergo chemical reactions, releasing compounds
into groundwater as well [79,94]. Therefore, consistent observation of surficial sediment
and shallow groundwater MPs is crucial, along with investigation of MPs’ movement in
the environment and their effects on human health.

4. Conclusions
The presence and properties of microplastics (MPs) in shallow groundwater and surfi-

cial sediment of a representative area in Cox’s Bazar were investigated in this study. The
abundances of MPs in surficial sediment and shallow groundwater ranged from 60 to
813.33 MPs/kg and from 3.34 to 36.66 MPs/L, respectively. The diversity of MP types,
sizes, and colours was evident in surface sediment and shallow groundwater samples,
highlighting the influence of tourism and the extensive use of plastic bottles, bags, pack-
aging materials, and personal care products in Cox’s Bazar. The presence of MPs notably
heightens ecological risks. Alongside ecological risk, there is clear evidence of daily human
exposure to MPs through the consumption of shallow groundwater. The existing data on
the health implications of MP exposure are insufficient, underscoring the need for further
studies and direct investigations involving human populations, especially regarding dif-
ferences in occurrence and transport mechanisms between surficial sediment and shallow
groundwater. Therefore, a proactive approach is essential for protecting the environmen-
tal compartments of Cox’s Bazar. To effectively manage and mitigate MP pollution in
surficial sediment and shallow groundwater, local governments should improve solid
waste management practices, limit tourism and enhance ecotourism, impose strict rules
and regulations on plastic production and consumption, conduct regular monitoring, and
promote public education initiatives to reduce plastic waste.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microplastics5020064/s1, Figure S1: Visualization of various
forms of MPs in surficial sediment and shallow groundwater samples from Cox’s Bazar; Table S1:
Sampling location and major activities of the studied sites; Table S2: FTIR wavenumber data related
to various polymer types identified in this study.
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