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Abstract

Microplastics (MPs) are increasingly recognized as emerging contaminants in aquatic en-
vironments; however, their occurrence and fate in tropical wastewater treatment systems
remain poorly understood. This study provides the first inland-island comparison of MP
removal in wastewater treatment plants (WWTPs) across Thailand’s Eastern Economic
Corridor. Influent and effluent samples were collected from six WWTPs, encompassing five
treatment types: oxidation ditch, aerated lagoon, stabilization pond, aerated tank, and sand
filtration combined with reverse osmosis. Polymeric composition and size distribution
were examined in parallel with conventional water quality indicators. Across all sites,
polyethylene (PE) and polypropylene dominated influent MPs, together accounting for
57-92% of total abundance. Inland plants received heterogeneous municipal wastewater,
including domestic inputs and agricultural runoff. In contrast, island facilities consistently
showed PE-enriched influents (45-60%) in site F, reflecting tourism-driven reliance on
single-use plastics and personal care products. In addition, several minor polymers were
identified, including poly (vinyl stearate) (up to 26%), polyamide, polytetrafluoroethy-
lene and ethylene-butyl acrylate, highlighting overlooked pathways of MP entry into
WWTPs. Fine MPs (100-300 pm) comprised over two-thirds of influent particles, with
stabilization ponds reaching 16,000 MP m~3. Removal efficiency ranged from 86.0% to
98.5%. Spearman’s correlation and multiple linear regression analyses revealed strong
positive relationships between MPs and both total suspended solids (TSS) and turbidity.
Suspended solids parameters emerged as the most reliable predictor of MP abundance
(adjusted R? = 0.91, p = 0.001). This finding highlights TSS coupled with turbidity as a
practical, cost-effective indicator for monitoring MPs in tropical WWTDPs. To achieve greater
accuracy, a larger dataset should be built and further analyzed.

Keywords: microplastics (MPs); wastewater treatment plants; inland and island microplastic
comparison; removal efficiency; Eastern Economic Corridor (EEC)
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1. Introduction

Plastic pollution has emerged as a critical global concern, with plastic production
and mismanaged waste continuing to outpace existing management systems. Projections
suggest that without strong interventions, the amount of mismanaged plastic waste could
double by 2050 [1]. As larger plastic debris degrades, it fragments into microplastics
(MPs), particles smaller than 5 mm that persist in the environment and pose serious
ecological and human health risks [2,3]. Among these, polyethylene (PE), polypropylene
(PP), polyethylene terephthalate (PET), and polystyrene (PS), which dominate consumer
packaging, are the most frequently detected polymers in sewerage systems and wastewater
treatment plants (WWTPs), and are commonly released into aquatic environments [4,5].

MP contamination has now been reported worldwide in rivers, lakes, oceans, and
wastewater treatment systems [6,7]. WWTPs, while vital for pollution control, are increas-
ingly recognized as significant sources of MPs due to the incomplete removal achieved by
conventional processes [5,8]. Recent studies show that removal efficiency varies widely
across systems: some advanced technologies achieve high retention, whereas conventional
plants may release millions of MPs per day into receiving waters [9-12]. However, im-
portant knowledge gaps remain regarding the mechanisms responsible for MP retention,
whether dominated by sedimentation, biofilm entrapment, or filtration, and the extent
to which these processes are linked to operational water quality indicators [7,12]. In line
with this, Sullivan and team demonstrated a significant correlation between suspended
particulate matter, a satellite-observable parameter, and MP concentrations in a UK estuary.
This finding highlights the potential of water quality substitutes for estimating MP fluxes
across broader spatial and temporal scales [13].

In Thailand, MPs have been detected in municipal wastewater effluents, confirming
their continuous release into rivers and coastal environments [14,15]. Seasonal variability,
particularly during the monsoon season, may influence influent characteristics, WWTP
performance, and ultimately MP fate, but this has not been systematically evaluated [15,16].
Moreover, unlike the European Union, where MPs are being incorporated into emerging
monitoring frameworks, Thailand’s effluent standards currently do not regulate MPs,
creating a regulatory gap that complicates mitigation strategies.

The Eastern Economic Corridor (EEC), which covers the provinces of Chonburi, Ray-
ong, and Chachoengsao, is Thailand’s most dynamic hub for industrial development and
tourism [17]. Rapid urban growth, industrial expansion, and intensive coastal tourism have
substantially increased plastic waste generation, raising concerns about MP contamination
in both inland and marine ecosystems. Recent surveys around coral reefs in the eastern
Gulf of Thailand revealed high MP contamination dominated by PE and PP, with potential
ecological risks to marine biodiversity [18,19]. Conventional WWTPs in the EEC primarily
employ oxidation ditch (OD), aerated lagoon (AL), and stabilization pond (SP) in inland
municipalities, while island communities rely on smaller-scale systems such as aerated
tanks (AT) or sand filtration (SF) coupled with reverse osmosis (RO). Inland plants typically
treat heterogeneous municipal inputs, including domestic, commercial, and industrial
wastewaters, whereas island systems are more influenced by tourism-driven waste streams
dominated by single-use plastics. These contrasting contexts are expected to affect the
variety of MP contamination and removal efficiency; however, systematic comparative
evaluations are lacking. In addition, the development of simple screening approaches for
MPs remains a critical gap. Previous studies have primarily explored the use of turbidity as
a potential indicator of MPs in raw water sources, but such approaches have not yet been
systematically applied to wastewater treatment systems [13,20,21].

Therefore, this study provides the first comparative assessment of MP occurrence
and fate in inland and island WWTPs within Thailand’s EEC. The investigation aims to
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explain how treatment configurations and influent characteristics influence MP removal
and persistence across different systems. It was hypothesized that inland WWTPs would
exhibit greater variability in influent quality due to mixed municipal, industrial, and
agricultural inputs, whereas island systems dominated by tourism-related wastewater
would display more consistent influent characteristics. For this assumption, MPs between
inland and island may indicate distinct MP profiles. The specific objectives of this study
are to (i) quantify the abundance, size distribution, and polymer composition of MPs
in the influent and effluent of six representative WWTPs, to (ii) compare MP polymer
composition and abundance between inland and island WWTPs, and to (iii) examine
relationships between MP abundance and physicochemical parameters to identify potential
indicators for practical MP monitoring in influent and effluent of wastewater treatment
system. Collectively, these objectives aim to establish a scientific basis for understanding
MP behavior across diverse treatment configurations, while providing a cost-effective and
time-efficient approach for routine monitoring.

2. Materials and Methods
2.1. Study Area and Wastewater Treatment Plants

This study was conducted in the EEC, covering the provinces of Chachoengsao,
Chonburi, and Rayong. Six representative WWTPs were selected to evaluate MP removal
performance, capturing both inland and island contexts (Figure 1). The inland WWTPs
consisted of one OD system (Site A), two SPs (Sites B and C), and one AL system (Site D).
Site C was monitored during two separate campaigns and is reported as C1 and C2.
The island WWTPs included one AT (Site E) and one facility employing sand filtration
combined with RO (Site F). The latter was monitored twice, reported as F1 and F2. The
inland plants (Sites A-D) primarily receive heterogeneous municipal wastewater composed
of domestic, commercial, and light industrial inputs, whereas the island plants (Sites E
and F) are strongly influenced by tourism activities. This selection reflects the diversity
of treatment configurations and operating conditions within the EEC and provides a
comparative framework for investigating inland—island contrasts in MP characteristics and
removal efficiency.

2.2. Sampling of Wastewater

Sampling was conducted at six WWTPs representing different treatment configu-
rations within Thailand’s EEC. At each plant, both influent and effluent samples were
collected. Among these, two WWTPs, C (inland) and F (island), were sampled twice to
represent distinct seasonal conditions: C1 and F1 during the dry season, and C2 and F2
during the wet season, resulting in a total of 16 samples (8 influent and 8 effluent). This
design enabled the comparison of MP characteristics under varying hydrological and oper-
ational conditions across inland and island systems. For each sampling event, the volume
of collected water varied depending on turbidity and system characteristics, ranging from
5 to 200 L for influent and 200-2000 L for effluent (Table S2). Each sample was filtered
in the field using a cascade of stainless-steel sieves (5 mm, 1 mm, 300 um, and 100 pm
mesh; 21 cm diameter) operated with a submerged pump, following the method of Razeghi
et al. (2021) [22]. Particles retained on the 5 mm sieve were discarded, while those on the
1 mm, 300 pm, and 100 pm sieves were gently rinsed with distilled water and separately
transferred into pre-cleaned glass bottles. Because only a few particles were retained on
the 1 mm sieve, this fraction was combined with the 300 um fraction to reduce reagent
use and analytical time. All samples were stored at 4 °C in the dark and transported to
the laboratory for further pretreatment and microplastic identification, as described in
Section 2.3.
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Figure 1. Location of the six studied WWTPs within the EEC, Thailand. Sites A-D represent inland
systems (OD, AL, and SP), whereas Sites E and F correspond to island-based facilities (AT and sand
filtration with RO). Sites C and F were monitored twice during the sampling campaigns and are
denoted as C1/C2 and F1/F2, respectively. Detailed characteristics of each WWTP are provided
in Table S1.

2.3. Microplastic Pretreatment and Identification

Sample pretreatment followed the wet peroxide oxidation (WPO) protocol described
by Masura et al. (2015) [23], with minor modifications to improve digestion efficiency
for wastewater samples [11]. The fractions retained after sieving were first dried at 60 °C
overnight, then transferred into 250 mL glass beakers. Each subsample was treated with
20 mL of 0.05 M FeSO,-7H,O solution and 20 mL of 30% H,O,. Reactions were maintained
at 60 °C on a hot plate until organic matter was fully digested, with additional H,O, added
as required. Following digestion, density separation was conducted using a saturated
NaCl solution (density ~1.2 g cm~3). The mixture was allowed to settle overnight, and
the supernatant containing floating particles was carefully decanted and vacuum-filtered
through anodisc filters (aluminum oxide, pore size: 0.2 um, diameter: 25 mm, Whatman,
UK). Filters were transferred into pre-cleaned glass Petri dishes, sealed with aluminum
foil, and stored in a desiccator prior to further examination. In cases where samples
contained dense particles, more than one anodisc filter was used for filtration to avoid
sample clogging.

The representative total particles on the anodisc filter were analyzed using Fourier-
transform infrared (FTIR) Spectrum 3 spectroscopy (PerkinElmer, Springfield, IL, USA) with
a DTGS (deuterated triglycine sulfate) detector operated in transmission mode (128 scans,
spectral range 1200-4000 cm !, resolution 4 cm~!). This spectral range was selected be-
cause the anodisc filters used for filtration produce strong background interference below
1200 cm L. Excluding this region minimized spectral noise and improved matching accu-
racy. The characteristic absorption bands of the main polymers identified in this study occur
primarily above 1200 cm ™!, allowing reliable spectral matching for polymer identification.
However, some limitations of polymer identification, like in the case of polytetrafluoroethy-
lene (PTFE), have been reported by using an anodisc filter [24]. In this case, Attenuated
Total Reflectance (ATR-FTIR) was randomly used to confirm PTFE spectrum analysis. The
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photograph was captured using a Spotlight 400 FT-IR imaging system. Particles were
classified as microplastics only when FTIR spectra showed >70% match with polymer
reference libraries. Polymer identification was conducted using the PerkinElmer Spec-
trum version 10 software and the PerkinElmer polymer reference library, which contains
over 5000 spectra of synthetic and natural polymers. The >70% similarity threshold was
adopted following practices established in previous MP studies [25,26]. To reduce false
positives, only synthetic polymers identified in this study confirmed by FTIR were reported
as MPs. Natural fibers such as cellulose and animal hair were excluded from the dataset.
All analyses were conducted under controlled laboratory conditions to minimize airborne
contamination, as described in Section 2.4.

2.4. Quality Assurance and Quality Control (QA/QC)

Strict QA /QC measures were applied throughout sampling and laboratory procedures
to minimize contamination and ensure reproducibility. During fieldwork, personnel wore
cotton laboratory coats and nitrile gloves, and all handling was performed using stainless-
steel or glass equipment to avoid plastic-derived contamination. All equipment was
washed with laboratory detergent and rinsed three times with ultrapure water prior to
use. Laboratory triplicate blanks were also processed in a similar manner to the samples.
The blank volume of 1.6 L was chosen based on the volume of distilled water used for
the pretreatment process. Some MP particles displayed an average of 1.5 + 1.3 MP L.
The MP counts were reported without being blank-corrected. All pretreatment steps were
conducted under a clean-air bench equipped with continuous HEPA filtration to minimize
airborne contamination. Only glass and metal apparatus were used, and all materials were
rinsed with ultrapure water before each use [27].

2.5. Physicochemical Water Quality Analysis

Physicochemical parameters were analyzed to support the interpretation of microplas-
tic data. The measured parameters included pH, electrical conductivity (EC), salinity,
dissolved oxygen (DO), turbidity, total suspended solids (TSS), soluble chemical oxygen
demand (sCOD), total nitrogen (TN), and total phosphorus (TP). On-site measurements of
pH, EC, salinity, and DO were conducted using calibrated probes (YSI 60, Yellow Springs,
OH, USA). Turbidity was determined using a portable turbidimeter (Thermo Fisher Scien-
tific, Waltham, MA, USA). COD was analyzed following standard Hach methods (Hach,
Loveland, CO, USA). TN was measured with a TOC analyzer (TOC-L, Shimadzu, Kyoto,
Japan), while TSS and TP were quantified according to the Standard Methods for the
Examination of Water and Wastewater [28].

All analyses were carried out in duplicate, and results are presented as mean values.
Instrument calibration was verified using manufacturer-recommended standards, and
reagent blanks were processed alongside the samples to ensure data reliability.

2.6. Statistical Analysis

Statistical analyses were performed to explore the relationships between MP concen-
trations and physicochemical water quality parameters and to construct predictive models.
Correlation analysis was conducted separately for influent and effluent samples to account
for potential differences in MP behavior before and after treatment. All analyses were
based on individual data obtained from each sampling event (1 = 8) across six WWTPs,
including duplicate campaigns at two sites (C and F). The Shapiro-Wilk test was applied
to assess the normality of each variable. Spearman’s rank correlation was employed to
evaluate monotonic relationships between MP concentrations and individual water-quality
parameters. Parameters showing statistically significant correlations were selected as
candidate predictors for regression modeling. Subsequently, multiple linear regression
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(MLR) analysis was performed to quantify the predictive influence of these parameters
on MP concentrations and to identify the most relevant predictors. Model performance
was evaluated using the coefficient of determination (R?) and adjusted R? (Adj. R?), which
accounts for the number of predictors and minimizes overfitting. The statistical significance
of individual predictors was assessed using p-values at a 95% confidence level [29]. All
statistical analyses were conducted using Minitab 17 software (Minitab Inc., State College,
PA, USA).

3. Results and Discussion
3.1. Performance of WWTPs

The treatment performance of the six WWTPs was evaluated using conventional
physicochemical indicators to provide a foundation for subsequent analyses (Figure 2).
Effluent pH values were consistently within the neutral to slightly alkaline range (6.5-9.0)
across all systems, indicating favorable conditions for biological treatment processes (Fig-
ure 2a) [30,31]. Dissolved oxygen concentrations increased markedly after treatment in
most plants, with the oxidation ditch system (site A) exhibiting the highest effluent DO
(>8 mg L) (Figure 2b). These observations highlight the role of aeration efficiency and
oxygen transfer in sustaining biological activity and overall treatment performance [30].

Substantial reductions in turbidity and TSS were observed across most treatment
systems (Figure 2c,d). The TSS concentration in influents and effluents was varied, in the
range of 10.9-568.3 and <0.2-48.0 mg L~!. It was noticed that effluent TSS concentrations
from the SPs (sites C1 and C2) consistently exceeded the Thai discharge limit of 30 mg L™},
whereas the RO-based system (site F) achieved markedly lower levels (<0.2 mg L~!). These
contrasting results underscore the differing removal efficiencies between sedimentation and
filtration-based processes. The limited amount of suspended solids removed in pond sys-
tems is likely attributed to high nutrient concentration, which promotes algal proliferation,
while the membrane-based process enables near complete solid-liquid separation.

Salinity varied considerably among the investigated sites (Figure 2e). Elevated influent
salinity was observed at several WWTPs, except for site A, where data were unavailable.
Meanwhile, sites D and E were not contaminated with saline because the salinity level was
unchanged. The contaminated salinity levels both inland and on the island were between
1.5 and 3.4 ppt. Only the RO-based plant (site F) achieved a substantial reduction in effluent
salinity, while the other biological systems showed a reduction trend due to large pond
volume dilution, particularly site C. The spatial variability in salinity can be attributed to
multiple local factors, including seawater use for toilet flushing and equipment cleaning
during the dry season [32], as well as tidal intrusion into upstream rivers under low-flow
conditions [33]. In inland areas, the combined sewer network likely facilitates saline inputs
from domestic and groundwater sources to the treatment facilities. Although conventional
biological processes efficiently remove organic matter and suspended solids [30,34], they
are inherently limited in their salt removal capabilities due to the absence of ion-exchange
or membrane-based separation mechanisms.

The removal efficiency of sCOD varied considerably among the six WWTPs
(Figure 2f). The aerated treatment system (site E) and the RO-based system (site F) consis-
tently achieved the low effluent COD concentrations (<100 mg L), reflecting superior
overall treatment performance. In contrast, the SPs (sites B, C1, and C2) and the AL (site D)
exhibited unstable and generally poor COD reduction. The OD plant (site A) also showed
relatively low efficiency. The observed variation in COD reduction across systems can
possibly be attributed to differences in treatment configuration, aeration efficiency, and
susceptibility to salinity stress. The RO-based system (site F) achieved the greatest COD
removal, consistent with its capability to retain dissolved and colloidal organics through
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membrane filtration [34]. Conversely, aerated configurations maintained higher oxygen
transfer rates and microbial activity, supporting enhanced organic matter degradation [35].
Furthermore, elevated salt concentrations are known to inhibit microbial metabolism and
floc formation, thereby diminishing the effectiveness of biological oxidation [36]. This
mechanism likely contributed to the limited COD removal observed in the pond systems
(sites B, C1, and C2).
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Figure 2. Influent (red) and effluent (black) concentrations of physicochemical parameters in WWTPs
of the EEC: (a) pH, (b) DO, (c) turbidity, (d) TSS, (e) salinity, (f) COD, (g) TN, and (h) TP. Note: Each
bar represents an individual measurement rather than an averaged value. Sites C and F were sampled
twice (C1-C2 and F1-F2) to represent dry and wet season conditions.

Nutrient removal performance varied considerably among the six WWTPs
(Figure 2g,h). TN concentrations in influent were more varied between 3.3 and
151.7 mg L1, with the highest TN level in C1 and C2. On the other hand, at site F1,
samples collected during April, corresponding to the peak tourism season, also exhibited
elevated TN levels. However, TN concentrations in effluents showed high removal effi-
ciency below the national discharge level of 20 mg L~!. TP concentrations ranged from
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0.2 to 2.3 mg L~! across systems, with several WWTPs maintaining effluent TP below the
national discharge limit of 2 mg L~!. Variations in nutrient removal are largely attributable
to differences in influent composition, biological activity, and process configuration. The
high TN concentrations at sites C1 and C2 likely reflect nutrient enrichment from agricul-
tural runoff and domestic wastewater from surrounding communities, while the seasonal
increase at site F1 may be associated with tourism-related inputs such as toilet flushing and
cleaning activities.

These findings emphasize that actual treatment efficiency is predominantly governed
by process design and influent variability. In particular, salinity in some inland systems ap-
peared to limit COD removal, underscoring the sensitivity of biological processes to dissolved
salts. The superior performance of the RO-based system further illustrates the potential of
advanced membrane technologies to achieve comprehensive contaminant removal.

3.2. Profiles and Size Distributions of MPs in Influent

Figure 3 illustrates the site-specific polymeric composition of influent MPs across six
WWTPs. Polyethylene (PE) and polypropylene (PP) together accounted for 57-92% of the
total abundance, while other polymers such as polyvinyl stearate (PVS), polyamide (PA),
and ethylene-butyl acrylate (EBA) were present in smaller proportions. PE contributed
25-60% of the total MPs, while PP ranged from 24 to 53%. Among the island WWTPs, sites
F1 and F2—which receive wastewater from large tourist populations (~5 million visitors
per year; Table S1)—showed PE proportions exceeding 50% (54-60%). Site E, which serves
a smaller tourist base (~1.5 million visitors per year), exhibited lower PE contributions
(~25%). An inland facility (site D), which also receives tourism-related inflows, showed
a PP-dominated profile (PP ~53%, PE ~39%, others ~8%). Representative microscopic
images and the corresponding FTIR spectra of selected polymers are shown in Figure 4,
Figures S2 and S3.

Site A EBA,6%  Site B Site C1 Site C2
0 Other, 10% Other, 6%
it (400)

PP, 40% PP, 26% Ot?;%g% PP, 29%
5 o 2 o

Other, 15% (D) (40) L pEP0 G000
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(380)

Figure 3. Polymeric composition of influent MPs detected in six WWTPs of Thailand’s EEC. Each pie
chart represents an individual sampling event from sites A-F2. Numbers in parentheses denote the
total microplastic abundance (MP m~3) within each polymer category.



Water 2025, 17, 3330

9o0f17

Micrometers

Micrometers

25922

2550.0 -f

2500.0 -f

24500 -

2400.0 -f

2350.0 -f

2300.0 -

22500

2203

>

568.0

PP, site A - PTFE, site B

4500 ‘ ’ 4 4
‘ 70004 . v

27500

Micrometers

8
610

718+

-100.0 4
-150.0
-200.0 +
-250.0
-300.0
-350.0 +

400.0

460.2

Micrometers

5411

-
' = a000-] -
i
-850.0 o
50um el 50 um
— )
T T T T T T T T T ) 9540 - - o
55 6150.0 62000 62500 63000 63500 64000 64500 65000 6550.0 6610.5 T T T 1) T T T T 1 2715 23500 24000 24500 25000 25500 26000 2650.0 2700.0 27765
Micrometers 21517 21000 20500 -20000 -19500 -1900.0 -18500 -1800.0 -1750.0 -1676.3 Micrometers.
Micrometers
. 2432 49008 .
PE, site C 2000 PE, site D i . PP, site a
‘ 00 50000
s
100.0 - £
50500
g ' ¢ e -
A b il k7
HE £ 51000
;p -
00 51500 ‘
]
v B0 52000
.
50 um 00 50 um
] 5250.0 0 um
T T T T T T T T T ] 1452 1 1 T T . 1 T T ) 52892 T T T T T T - T 1
5.5 63500 63000 62500 -62000 -6150.0 61000 -6050.0 -6000.0 59500 -5900.5 62945 62000 61500 61000 6050.0 -6000.0 -5950.0 -5900.0 5850.0 57895 1595 12500 13000 13500 14000 14500 15000 15500 16000 16645
Micrometers Micrometers Micrometers
42218 25238
» : . }
s g 42500 . 25500 - . .
PTF£ site E :‘ PVS, site E ; “ PA, site F
43000 -2600.0 \ s o8
A “
»
‘ 43500 -2650.0 4
£ 14000 | 5 £ 27000 -
H H
i e
= 44500 = 27500 4
45000 | 28000 -
4550.0 4 -2850.0 - ‘
‘ 50 um 50 um 50 um
B — _ —_—
27 T T T T T T T T 1 46102 T T T T T T T T 1 29122 T T T T T T T T 1
11095 12000 12500 13000 1350.0 14000 14500 15000 15500 16145 %135 27000 27500 28000 28500 29000 29500 30000 30500 31185 20135 19500 19000 -18500 -1800.0 -1750.0 -1700.0 -1650.0 -1600.0 15085

Micrometers

Micrometers Micrometers

Figure 4. Representative microscopic images of influent MPs in WWTPs of the EEC, confirming
polymer identity across inland and island systems.

The predominance of PE and PP reflects their widespread use in packaging, single-use
plastics, and personal care products, consistent with global WWTP studies identifying these
polymers as the most abundant in influent wastewater [5,12]. The higher PE fraction in
island systems possibly indicates a stronger influence from tourism-driven activities, where
residues from single-use items and personal care products substantially contribute to plastic
loads [37-39]. In contrast, inland systems exhibited higher PP shares due to mixed munic-
ipal and industrial inputs and the prevalence of PP in rigid packaging materials [38,40].
Minor polymers, including PVS, PA, PTFE, and EBA, reveal additional, source-specific
pathways of MP entry into wastewater. PVS, commonly used in coatings, adhesives, and
as a film-forming agent in sunscreens, suggests contributions from household and cosmetic
products. Recent evidence also indicates increasing PVS prevalence in marine biota from
43% in 2012 to 57% in 2022 in seahorse gastrointestinal tracts from the southeastern Black
Sea [41], highlighting its growing environmental relevance. Its detection in both inland
and island influents underscores the need to consider non-traditional MP sources beyond
packaging and textiles. PA likely originated from synthetic textile fibers, while EBA is
used in adhesives and flexible household products [42]. In addition, PTFE is widely used
in chemical-resistant materials such as nonstick home cookware, high-temperature wire
and cable insulation, and waterproof fabrics [43]. Although less abundant, these polymers
collectively illustrate the diverse and multifaceted sources contributing to microplastic
contamination in WWTP influents [11,44].
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In theory, although saturated NaCl (density ~1.2 g cm~2) used for MP extraction
could not float high-density polymers (PET; 1.38-140 g cm 3, PVC; 1.16-1.45 g cm 3,
PTFE;2.1-23¢g cm ™3 ), some previous studies have observed PET, PVC, and PTFE by using
saturated NaCl [11,24] due to the fact that MPs may gradually degrade for a long time,
resulting in the loss of some of the physicochemical properties of the plastics. On the other
hand, not only can their density properties be used to separate plastic types, but also some
factors such as capillary force, lyophobicity, and the surface tension of water may influence
the capability of MPs to float [45].

In addition to polymer type, the size distribution analysis revealed that fine MPs
(<300-100 pm) overwhelmingly dominated the influent streams at all sites, accounting for
more than two-thirds of the total abundance (Figure S1). The highest MP concentrations
were recorded in SP influents, with sites C1 and C2 reaching 16,000 and 6800 MP m3,
respectively, followed by sites A (3360 MP m~3) and D (3500 MP m~3). In contrast, sites
B, E, F1, and F2 exhibited substantially lower abundances (<2000 MP m~3) (Figure 5).
Larger MPs (>1 mm) were detected at all sites but represented only a minor fraction of the
total. The predominance of fine MPs (<300 um) was consistent across all WWTP influents.
This pattern aligns with reports from other tropical regions, where small-sized MPs are
recognized as the dominant fraction entering wastewater systems and coastal areas [5].
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Figure 5. MP concentrations in influent and effluent streams in log scale and corresponding removal
efficiencies (%) across six WWTPs in the EEC.

3.3. MP Remouval Efficiency of WWTPs

Comparative evaluation showed that all WWTPs substantially reduced MP loads,
achieving overall removal efficiencies of between 86.0% and 98.5%. The MP concentrations
in influent and effluent streams in a log scale are shown in Figure 5. Among the inland
systems, the OD plant at site A exhibited the highest efficiency (97.8%), whereas the SP at
site C recorded the lowest (86.0%). Other inland facilities, including the AL (site D) and the
peri-urban SP (site B), also demonstrated high removals (>94%), reflecting the combined
influence of sedimentation and biological treatment. Island-based systems located in
tourism-intensive areas also performed effectively. The AT system (site E) maintained
removal efficiencies exceeding 98%, while the advanced RO-based systems (sites F1-F2)
achieved near-complete elimination of MPs due to the effectiveness of membrane filtration
as a physical barrier for fine particles.
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These findings emphasize the dominant role of treatment configuration and opera-
tional intensity in governing MP removal performance. Comparative interpretation with
previously reported systems (Table 1) further supports these observations. In Thailand,
the SP, representing a low-energy natural process, achieved variable removal efficiencies
ranging from 75 to 100%, primarily governed by sedimentation [46]. The MP composition
observed in this system was comparable to that found in the present study, with PE and PP
being the dominant polymers. However, algal blooms occurring at Site C likely enhanced
MP aggregation and resuspension downstream. This phenomenon aligns with the findings
of Chukwuka et al. (2025) [47], who reported that seasonal nutrient runoff and agricultural
practices could trigger algal blooms that intensify MP dispersion in aquatic environments.

Table 1. Reported influent-effluent MP concentrations and removal efficiencies across full-scale

wastewater treatment systems.

Influent Effluent o .
Country Treatment Process (MPL-1) (MPL-1) Removal (%) Dominant Polymer Source

Asia

Thailand SP 1.30 &+ 1.61 022 +0.42 75-100 Fragment (PET, PP, PE) [46]

. Fiber (PES, 18%), PE (13%),
Thailand SBR, OD, CAS 12.2 2.0 84 Polyacrylate (12%), PP (9%) [16]
. 53.6 (number)/ PET (47%), PS (20%), PE (18%),

China OD 0.28 +0.02 0.13 £+ 0.01 97 (mass) PP (15%) [48]
Europe

Italy CAS 3.6 0.76-1.9 85.7 Fiber (PE, PET) [49]
Finland MBR 6.9+ 1.0 0.005 + 0.004 99.9 Polyester (60%), PE (14%), [50]

Polyacrylate (7%)

Australia AS + SF + RO 12-117 0.21-1.5 98.3-99.8 Fiber, Fragment (PE, PET) [51]
USA AS/SE/AnMBR 133 +£36/94 + 59/05 95.6-99.4 Fiber (44-83%) > Fragment > (52]

18 Paint chip

Note: CAS = conventional activated sludge; MBR = membrane bioreactor; OD = oxidation ditch; SBR = sequencing
batch reactor; SP = stabilization pond; SF = sand filtration; RO = reverse osmosis; AnMBR = anaerobic mem-
brane bioreactor.

On the other hand, the main mechanism of MP removal in aeration-based systems
such as the OD, AL, and AT (Sites A, D, and E) can be attributed to the aeration process,
which promotes the transfer of MPs from the water column to the sludge phase. Similar
trends were reported for WWTPs operating with sequencing batch reactor (SBR), OD, and
conventional activated-sludge (CAS) configurations, where aeration tanks served as the
key removal units, facilitating MP capture and deposition within the sludge [16,48,49].

Furthermore, advanced membrane-based processes demonstrated superior perfor-
mance. The RO-based system at Site F achieved nearly complete MP elimination, consistent
with results from Australia, where MP concentrations decreased from 1.5 MP L~ ! after
primary sedimentation to 0.48 MP L1 after activated sludge and 0.21 MP L~ following
tertiary RO polishing [51]. Comparable outcomes were also reported for membrane biore-
actor (MBR) systems in Finland, which employ microfiltration for efficient solid-liquid
separation [50], as well as for secondary activated sludge systems combined with sand
filtration or ANMBR configurations in North America, achieving 95-99% removal [52].

These comparisons reveal a consistent technological gradient in MP removal; low-
energy natural systems (SP) rely mainly on sedimentation, moderate-efficiency biological
systems (AL, OD, CAS, SBR) enhance MP aggregation through biofloc formation, and
advanced membrane-based configurations (MBR, RO) achieve near-complete retention.
The agreement between this study and global datasets highlights the universal influence of
process configuration and operational intensity on the fate of MPs in treated effluents.
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3.4. Correlation Between Water Quality Parameters and Microplastic Abundance

Spearman’s rank correlation analysis was conducted separately for influent and efflu-
ent samples to elucidate the relationships between MP concentrations and conventional
water-quality parameters (Figure 6). In influent samples (Figure 6a), MPs showed strong
positive correlations with turbidity (p = 0.71) and TSS (p = 0.74), indicating that MPs pri-
marily coexist with suspended particulates and solid-bound materials entering wastewater
systems. A moderate positive correlation was also observed with TN (p = 0.52). In effluent
samples (Figure 6b), MPs remained positively correlated with TSS (p = 0.80) and turbidity
(p = 0.79), while a moderate association was also found with COD (p = 0.62). These rela-
tionships demonstrate that particulate- and organic-related parameters strongly influence
MP abundance throughout the treatment process.
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Figure 6. Spearman’s correlation matrices showing relationships between MP concentrations and
water quality parameters in (a) influent and (b) effluent samples. Color intensity reflects correlation
strength and direction. Note: Bold numbers indicate statistically significant correlations at p < 0.05.

Based on these relationships, MLR models were developed to predict MP concentra-
tions using key physicochemical parameters (Table 2). Separate models were constructed
for influent and effluent samples to capture the contrasting dynamics of MPs before and af-
ter treatment. For influent samples, TSS alone exhibited a statistically significant correlation
with MP concentrations (p = 0.028; adjusted R? = 0.513), while turbidity alone explained
less variance (p = 0.167; adjusted R? = 0.174). When both variables were combined, ex-
planatory power improved markedly (adjusted R? = 0.918), suggesting complementary
predictive effects between particulate and optical indicators. For effluent samples, the
predictive performance was even higher; TSS alone accounted for 0.914 of MP variability
(p < 0.05), while turbidity alone explained 0.857 (p < 0.05). The combined model (TSS and
Turbidity) maintained a similarly strong fit (adjusted R? = 0.914), confirming that these two
parameters are reliable and complementary predictors of residual MPs after treatment. The
consistency between observed and predicted MP concentrations, as illustrated in Figure 7,
further validates the robustness of the MLR models.
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Figure 7. Comparison between observed and predicted MP concentrations obtained from MLR
models for (a) influent and (b) effluent samples. Blue dots represent influent data, and yellow
triangles represent effluent data. Note: The dashed red line represents the 1:1 reference line, indicating
perfect agreement between measured and modeled values.

Table 2. Summary of MLR models developed to estimate MP concentrations based on selected water
quality parameters.

Data Source Model Type Regression Equation Adj. R? p-Value
TSS MP= 185 TSS + 1162 0.513 0.028 *

Influent Sample Turbidity MP= 19.4 Turbidity 4 2030 0.174 0.167
TSS and Turbidity MP= 1624 — 69.5 Turbidity 4+ 63.2 TSS 0.918 0.001 *

TSS MP=242TSS — 669 0.914 0.000 *

Effluent Sample Turbidity MP= 16.8 Turbidity — 19.5 0.857 0.001 *
TSS and Turbidity MP= 5.43 Turbidity +17.1 TSS — 63.5 0.914 0.001 *

Note: Models were develo;)ed using measured microplastic (MP) concentrations (MP m~2) as the dependent
variable (1 = 8). Adjusted R? (Adj. R?) indicates model fit. An asterisk (*) denotes statistical significance at p < 0.05;
relationships reflect statistical associations rather than causal effects.

The strong positive correlations between MPs and both TSS and turbidity clearly
indicate that MPs are closely associated with suspended particulate matter within wastew-
ater systems. This relationship supports the understanding that MPs tend to adsorb onto,
or co-precipitate with, organic and inorganic solids during treatment processes [53,54].
Regression analysis further confirmed TSS as the most reliable and statistically significant
predictor of MP abundance, reflecting its direct measurement of particulate mass that can
physically trap or carry MPs through settling and filtration stages. In contrast, turbidity
represents the optical scattering of particles rather than their mass concentration and is
thus more sensitive to variations in particle size and morphology. Although its predictive
stability was slightly lower than that of TSS, turbidity remains valuable as a complementary
parameter, particularly for rapid or field-based MP screening, consistent with prior studies
reporting its potential as a proxy indicator in surface and drinking waters [13,20,21]. The
results demonstrate that suspended solid-related indicators, particularly TSS, provide a
robust and practical basis for assessing MP behavior across different treatment stages. The
strong TSS-MP association observed in both influent and effluent samples underscores the
potential of TSS as a quantitative indicator for MP monitoring, while turbidity serves as a
complementary, rapid indicator for on-site screening.
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3.5. Limitations to the Proposed Approach and Future Perspectives

This study used Anodisc filters, which resulted in the omission of a fingerprint region
(<1200 cm 1), which could limit the detection of certain polymers. To improve the accuracy
of MP analysis, the use of ATR-FTIR or Raman spectroscopy is recommended to comply
in future studies for comprehensive spectral confirmation [55]. Several limitations must
be acknowledged. The dataset, although representative of six WWTPs, remains relatively
small, limiting generalization across seasons and hydrological conditions. In particular,
the limited sample size (n = 8) constrains the statistical robustness of the correlation and
regression analyses. Future investigations should therefore include a larger number of
samples and repeated measurements within each WWTP type to validate and refine the TSS-
based predictive relationship under varying operational and seasonal conditions. Despite
these limitations, this study establishes a valuable baseline dataset for Thailand that can
guide subsequent research and policymaking.

Future efforts should expand temporal coverage, integrate real-time detection tools,
and investigate the fate of residual MPs in sludge and biosolids [56]. Comparative studies
on advanced processes, such as MBR and electrocoagulation, are also essential to support
technological upgrades in developing regions [11,57,58]. Nevertheless, this study provides
an inland-island comparative dataset of MP removal in WWTPs in Thailand’s EEC, with
broader implications for emerging economies facing similar urban—tourism dynamics. The
results confirm that while conventional biological systems achieve moderate to high MP
removal, fine particles (<300-100 um) and buoyant polymers (PE, PP) remain persistent
in effluents. These fractions may pose ecological risks [59] and highlight the inadequacy
of sedimentation processes, as well as the negative impact of nutrients on complete MP
retention. A key contribution lies in demonstrating TSS as a reliable predictor for MP
monitoring, supported by robust regression models. To validate this assumption and
enhance predictive applicability, future studies should expand the dataset size and include
site-specific calibration for model refinement.

4. Conclusions

This study provides a comparative assessment of MP occurrence and removal across
full-scale WWTPs within Thailand’s EEC, offering new insights into MP behavior under
tropical operating conditions. Overall, removal efficiencies exceeded 90%, although fine
(<300 um) and buoyant polymers such as PE and PP persisted in the treated effluents,
underscoring the limitations of conventional sedimentation and biological processes. PE
and PP collectively accounted for 57-92% of influent MPs, reflecting their ubiquity in
wastewater-derived plastics. Variations in MP abundance and polymer composition among
WWTPs appeared to be driven by differences in wastewater characteristics and anthro-
pogenic activity patterns, with island systems exhibiting higher proportions of PE, likely
associated with short-term tourism-related plastic use.

The observed positive correlations between MP concentrations and TSS, coupled
with turbidity, suggest that these suspended-solid parameters could serve as practical and
cost-effective indicators for rapid MP monitoring. The results thus support the potential
integration of TSS- and turbidity-based approaches into routine WWTP monitoring to infer
MP dynamics. Future studies should expand sampling coverage and temporal resolution
to strengthen the reliability of these indicators and to develop locally calibrated regression
frameworks for MP assessment in WWTPs.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390 /w17223330/s1: Table S1: Characteristics of the six wastew-
ater treatment plants (WWTPs) investigated in the Eastern Economic Corridor (EEC), Thailand;
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Table S2: Summary of wastewater sampling campaigns, locations, and sample volumes for MP
analysis; Table S3: Physicochemical characteristics of influent and effluent wastewater samples
collected from six WWTPs in Thailand’s Eastern Economic Corridor (EEC); Figure S1: Size distri-
bution of MPs in influent samples from six wastewater treatment plants (WWTPs) in the Eastern
Economic Corridor (EEC), Thailand. Data are presented as stacked bar charts showing abundance
(MP m~3) of MPs in two size fractions: <5 mm-300 pm and <300-100 um; Figure S2: Representative
FTIR spectra of selected polymers identified in influent samples: polyethylene (PE), polypropylene
(PP), polyamide (PA), Spectra were obtained in transmission mode (128 scans, 1200-4000 cm1,
4 cm~! resolution), confirming polymer assignments; Figure S3: Representative FTIR spectra of
selected polymers identified in influent samples: polytetrafluoroethylene (PTFE), poly (vinyl stearate)
(PVS) and ethylene-butyl acrylate (EBA). Spectra were obtained in transmission mode (128 scans,
1200-4000 cm~!, 4 cm ! resolution), confirming polymer assignments.
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