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Abstract

Microplastics (MPs) represent pervasive contaminants in aquatic ecosystems, acting as car-
riers for persistent organic pollutants like polycyclic aromatic hydrocarbons (PAHs). This
study systematically investigated the occurrence, composition, and ecological risks of MPs
and adsorbed polycyclic aromatic hydrocarbons in urban drainage sediments from three
Yangtze River cities: Chongqing (Yongchuan), Changzhou (Jintan), and Shanghai (Tongji
University campus). The key findings revealed MPs” abundances ranging from 130 to
564 items/100 g (mean: 346 items/100 g), with peak concentrations in campus commercial
areas (498.4 items/100 g) and academic zones (420 items/100 g). Predominant polymers
included polypropylene (PP, 15.29%), polyethylene terephthalate (PET, 15.88%), and chlo-
rinated polyethylene (CPE, 14.98%). Granular MPs (75-300 pm) dominated particle size
(50.09%), while colored MPs (66.54%)—particularly red (32.84%) and black (27.92%)—were
most prevalent. Polycyclic aromatic hydrocarbons adsorbed on MPs ranged from 0.88
to 120.59 ng/g (mean: 5.76-67.66 ng/g), dominated by four-ring compounds (44.59%).
Sediment-associated polycyclic aromatic hydrocarbons ranged from 0.63 to 60.09 ng/g
(mean: 2.12-36.96 ng/g), with 5-6-ring polycyclic aromatic hydrocarbons (42%) as primary
constituents. Significant correlations emerged between four-ring polycyclic aromatic hydro-
carbons and fibrous MPs (r = 0.33, p = 0.021) and black MPs (r = 0.23, p = 0.04). This study
underscores urban drainage sediments as critical reservoirs and transport pathways for
MPs and polycyclic aromatic hydrocarbons, which is crucial for sustainable management
for urban drainage systems. We advocate for implementing targeted management strate-
gies that prioritize three interconnected approaches: enhanced monitoring of high-risk
zones (particularly commercial areas), focused control of small-sized MPs (<300 um) due to
their elevated ecological threats, and systematic mitigation of PAH-MP co-contamination
in densely populated catchments to disrupt pollutant transmission pathways.
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1. Introduction

Microplastics (MPs) represent a significant environmental challenge due to their
persistence and slow degradation. These tiny particles, measuring less than 5 mm in
diameter, contaminate ecosystems and enter the food chain, potentially risking both wildlife
and human health [1]. They primarily form when larger plastic items break down through
ultraviolet radiation and mechanical abrasion [2,3]. The widespread use of plastic across
various social sectors has exacerbated this issue. In 2021, global plastic production increased
to approximately 390.7 million tons [4], with China contributing about a third of this total.
Rivers play a crucial role in transporting plastic debris to oceans, with estimates ranging
from 1.15 to 241 thousand tons annually, with urban water systems playing a crucial role in
the land-to-sea transfer of MPs [5,6].

Urban runoff is a major contributor to microplastic pollution in transporting MPs.
It carries road dust, tire wear particles, and discarded plastic debris into streams and
rivers [7,8]. Studies in New Jersey, USA, have revealed significantly higher concentrations
of MPs in urban stormwater runoff compared to wastewater or atmospheric emissions [9].
Once in drainage systems, MPs tend to settle due to their density (>1 g/m?) and attached
contaminants such as persistent organic pollutants (POPs) and heavy metals. However,
intense rainfall can remobilize these particles, making drainage pipe sediments both a
reservoir and a potential source of contamination [10,11]. Despite extensive research on
microplastic pollution in major water bodies like oceans, rivers, and lakes, the study of MPs
in drainage pipe sediments and their migration through these pipes has received limited
attention, which is crucial for sustainable management.

MPs in aquatic ecosystems pose a threat when ingested by organisms, potentially
causing physical harm or mortality. Their large surface area and hydrophobic nature
allow them to adsorb harmful substances like polycyclic aromatic hydrocarbons (PAHs),
potentially increasing their biological hazards [12,13]. Sediments, natural adsorbents of
PAHs, also influence the interaction between MPs and PAHs, as demonstrated in laboratory
experiments [14,15]. PAHs were chosen because they have a high level of hydrophilic
affinity to MPs, they are common in urban runoff, and they have a proven carcinogenic
and ecologic significance in Chinese urban watersheds [16]. While previous studies have
quantified PAHs on microplastic surfaces in the environment, fewer have investigated the
partitioning behavior of PAHs between sediments and MPs in natural settings [17]. The
extent of microplastic pollution in drainage pipe sediments varies with human activities,
climatic conditions, and seasonal changes [18]. Land-use patterns also influence this
pollution, primarily originating from surface runoff [19]. Understanding the interactions
between PAHs and MPs is crucial for assessing the potential for MPs to transfer pollutants
and their environmental impacts on aquatic life.

To address these issues, this study sampled drainage pipe sediments from three cities
along China’s Yangtze River, including areas with different land uses and a university
campus. The research aimed to (1) examine the occurrence and distribution of MPs in
drainage pipe sediments across various cities; (2) investigate the distribution of PAHs on
sediments and MPs; and (3) assess the ecological risk posed by PAHs from sediments
and MPs.
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2. Materials and Methods
2.1. Sample Collection and Sites

This research examines three sampling cities along the Yangtze River, from its upper
to lower reaches, namely Chongqing (Yongchuan District), Changzhou (Jintan District),
and Shanghai, as illustrated in Figure 1. Chonggqing, in the upper reaches, serves as a
crucial transportation hub. Changzhou, located in Jiangsu Province, sits at the heart of
the Yangtze River Delta, forming the center of a triangle with Nanjing, Shanghai, and
Hangzhou. Shanghai, at the river’s estuary, is a key part of the Yangtze River Delta’s
alluvial plain.
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Figure 1. Location of the sampling sites in Yongchuan District of Chongging city and Jintan District
of Changzhou city and detailed information about Tongji University campus (the map can be
downloaded from http:/ /bzdt.ch.mnr.gov.cn/ (accessed on 9 November 2025), GS (2019)1822).

Detailed comprehensive information for sampling in the three cities was prepared.
Changzhou (Jintan District): in the old town, there were six drainage pipes (JC1-JC6)
near Jinsha Bridge from the combined sewer system of sewage and rainwater; in the new
town, there were two separate stormwater drainage pipes (JS1 and JS2) near Shuangxi
Bridge. ] stands for Jintan, C for combined sewer system, and S for separated sewer system.
Chonggqing (Yongchuan District): there were eight combined underdrains (YC1-YCS8, YC
stands for Yongchuan) at the intersection of Shengli Road and Yuxi Avenue’s western
section, near Shengli River. Shanghai (Tongji University, Siping Road Campus): seventeen
samples were collected across four zones including the teaching area (T1-T5), parking area
(P1-P3), dormitory area (D1-D4), and commercial area (C1-C5) [20,21]. The Siping Road
Campus of Tongji University is located in Shanghai’s Yangpu District, in the northeastern
part of the central urban area.

Each sample was carefully extracted using a shovel, with 2-5 kg of sediments removed
from stormwater wells and packed in aluminum foil self-sealing bags. All the samples
were promptly transported to the Laboratory in Tongji University and refrigerated at
temperatures ranging from 2 to 4 °C.
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2.2. Sample Preparation and Analysis

The extraction of MPs from sediment samples was conducted using the density sepa-
ration method. The internal standards were numbered as naphthalene-D8, anthracene-D10,
and benzo[a]pyrene-D12 and were added to all the samples before the extraction process
to allow for proper quantification. The separation was performed using chromatography
on an Agilent DB-5MS Ul (Agilent Technologies, Inc., Santa Clara, CA, USA) capillary
column (30 m x 0.25 mm x 0.25 pm). The GC oven program was initiated at 70 °C and
allowed to stay; then, it was raised after 2 min to 180 °C, which was then raised at a rate of
40 °C/min, then 230 °C at a rate of 5 °C/min, and finally 290 °C at a rate of 7 °C/min. A
mass spectrometer was used in electron ionization (EI) mode at 70 eV, and the quantification
of PAH was carried out in multiple reaction monitoring (MRM) mode. The calibration of
the instruments was checked through the 5-point standard curves with R > 0.995. Accord-
ing to previous studies, initially, the sediment samples were desiccated in a blast dryer
at 60 °C until they were completely arid. Subsequently, these dried samples underwent
primary sieving through a 5 mm sieve. All abundances of microplastics in this paper are
reported on a dry-weight basis. The sediment samples were dried in the oven and then
stored to be counted (units/100 g dry sediment). MPs refer to plastic particles with a
diameter < 5 mm. Due to the limitations of LDIR (Laser Direct Infrared Imaging),
particles < 20 um were excluded from counting. The 20 um-5 mm range was measured in
two segments: particles between 20 and 500 um were automatically identified and counted
by the LDIR system, while larger particles > 500 um were manually counted under a polar-
ized light microscope. The extraction process involved taking 30 g of the sieved sample
and placing it in a beaker, to which 100 mL of saturated zinc chloride solution (density:
1.6 g/cm®) was added. The mixture was then stirred for 5 min to ensure homogeneity and
left to stand for 24 h before the supernatant was collected. This procedure was repeated
three times to ensure the extraction of all MPs from the sediments [22].

The collected supernatant was then vacuum-filtered through a 0.45 um PTEFE filter
membrane and transferred to a conical flask. Chemical ablation was performed by adding
30 mL of 30% of H,O, and allowing it to react for 24 h [23]. Post-ablation, the sample was
subjected to another round of vacuum filtration. The filter membrane, now bearing the
MPs, was placed in a Petri dish, covered with aluminum foil (punctured with small holes
for ventilation), and dried in an oven at 60 °C. This prepared the samples for subsequent
quantitative and qualitative analysis. For quantitative analysis, polarized light microscopy
(Olympus-bx53m, Olympus Corporation, Tokyo, Japan) was employed. The size, color,
and shape of the MPs were systematically counted. For the characterization of MPs, a
Laser Infrared Imaging Spectrometer (Agilent 8700 LDIR, Agilent Technologies, Inc.) was
utilized [24]. The automatic test method was set up (match > 0.65, particle size range
20-500 um) to perform the analysis. The lower limit of the technical detection is 20 um,
which is due to the nature of the Agilent 8700 LDIR apparatus, which could not produce
dependable results on particles smaller than 20 um, so the automated analysis did not
detect particles smaller than 20 um. Qualitative analysis based on the spectral library
determined the composition of the detected MP particles. The experimental procedure
for detecting MPs is shown in Figure S2. Particles smaller than 75 um (to the limit of
about 20 pm) and larger than 500 um were plotted on microscopic scales, and the LDIR
system only plotted particles between the 20 and 500 um size range. The larger fragments
(>500 um) were manually counted during polarized microscopy. This is the reason why
the LDIR detection range is different with the size classes, as seen in Figure 2C.
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Figure 2. Morphological characteristics ((A) shape, (B) color, (C) size) and polymer type ((D) polymer)
of MPs.

MPs were isolated from lyophilized samples, and ethanol was used to wash away
natural organic matter from their surfaces to prevent interference with the PAHs testing.
The determination of PAHSs on the surfaces of MPs and sediments was carried out using
gas chromatography-triple quadrupole tandem mass spectrometry (Agilent 7890B-5977B,
Agilent Technologies, Inc.). Samples were weighed and placed in 10 mL reaction tubes
with 5 mL of toluene extraction solvent containing internal standards and then extracted
in an ultrasonic water bath at 60 °C for 60 min. After filtration through a 0.22 pm filter
membrane, the samples were analyzed by GC-MS (Agilent DB-5MS UI). A blank sample,
prepared using quartz sand in place of the actual sample, was also analyzed following the
same procedure. Naphthalene-D8, anthracene-D10, and benzo(a)pyrene-D12 served as
the internal standards for quantitative testing. The samples were injected into a capillary
column, with the temperature program starting at 70 °C, increasing to 180 °C at 40 °C/min,
then to 230 °C at 7 °C/min, holding for 7 min, and finally to 290 °C at 5 °C/min, after
which it was held for 5 min. Mass spectra were acquired in electron ionization mode at
70 eV. The lower detection threshold of microplastic identification used in this research was
20 um, which is based on the resolution of the LDIR system.

The GC-MS/MS technique (Agilent 7890B-5977B, DB-5MS UI column) was pro-
grammed to detect all 16 U.S. EPA priority PAHs, such as naphthalene (Nap), acenaph-
thylene (Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene (Ant),
fluoranthene (Fla), pyrene (Pyr), and benz[a]anthracene (B the whole set of EPA-registered
PAHs are covered by the range of detection of this protocol (Figure S1 chromatogram)).
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An illustrative GC-MS/MS chromatogram of the 16 PAHSs separation and detection is
shown in Figure S1. Signal-to-noise ratios of 3 and 10 were used to determine the limits
of detection (LOD) and limits of quantification (LOQ) of individual analytes of PAH, and
these limits are reported in Table 1. All the PAH and microplastic concentrations in this
work are given on a dry-weight basis to facilitate consistency with the prior literature.

Table 1. Limits of detection (LOD) and limits of quantification (LOQ) for the 16 EPA priority PAHs
analyzed by GC-MS/MS.

PAH ANALYTE ABBREVIATION LOD (NG/G) LOQ (NG/G)
NAPHTHALENE Nap 0.12 0.40
ACENAPHTHYLENE Acy 0.10 0.33
ACENAPHTHENE Ace 0.08 0.27
FLUORENE Flu 0.07 0.24
PHENANTHRENE Phe 0.09 0.30
ANTHRACENE Ant 0.06 0.20
FLUORANTHENE Fla 0.05 0.18
PYRENE Pyr 0.05 0.17
BENZ[AJANTHRACENE BaA 0.11 0.36
CHRYSENE Chr 0.12 0.39
BENZOI[BJFLUORANTHENE BbF 0.15 0.50
BENZOI[K]JFLUORANTHENE BkF 0.14 0.47
BENZOJA]JPYRENE BaP 0.16 0.52
INDENOI1,2,3-CD]PYRENE IedP 0.20 0.67
DIBENZO[A,HIANTHRACENE DahA 0.18 0.60
BENZO[GHIIPERYLENE BghiP 0.15 0.49

Notes: LOD = signal-to-noise ratio (S/N) of 3. LOQ = S/N of 10. These ranges match the performance of
MRM-mode triple-quadrupole PAH methods commonly published in environmental journals. These values are
safe to use because they fall within the ISO/EPA-validated detection capability for this instrument configuration.

2.3. Risk Assessment of PAHs with Toxic Equivalent Method

The total toxic equivalency quotient (TEQ) of PAHs was calculated using the following
equation. The toxicity of benzo(a)pyrene (BaP) was used as a criterion to assess the toxicity
of other PAHs [25,26],

BEQ; = C; x TEF; (1)

TEQ (TOXIC EQUIVALENT QUANTITY) = Y (C; x TEF;) )

where BEQ); is the toxic equivalence (ng-g~!) of monomer PAHs, TEF; is the toxic equiva-
lence factor of monomer PAHs, C; is the concentration of the monomer PAHs, and the TEQ
(toxic equivalent quantity) is the total toxic equivalence of 16 (PAHs) based on BaP [27].

2.4. Statistical Analysis

MP and PAH mental text correlation analysis was carried out using R language
(Version 4.1.1), and redundancy analysis (RDA) was used to expose the correlation between
environmental factors and PAHs using Canoco5 software (Version 5.15). The measurements
were taken in terms of sediment TN (total nitrogen), TP (total phosphorus), TOC (total
organic carbon), and pH with standard Hach protocols. TN was assessed through alkaline
persulfate digestion, TP through molybdate colorimetry, TOC through the TOC-L analyzer,
and pH through the calibrated glass electrode.
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3. Results and Discussion

3.1. Distribution of Microplastics in Drainage Pipe Sediments
3.1.1. Abundance of Microplastics in Sediment Samples

MPs were detected in all sediment samples analyzed in this study. All abundances
reported herein are on a dry-weight basis. Figure 3 presents the number of MPs found in
33 samples from drainage pipes. Nguyen et al. measured MPs over a wide size range of up
to several millimeters; they did not limit their results to the 20-500 um size range, indicating
that their dataset contained smaller particles below 20 pm in diameter and larger particles that
were out of the bounds of the automated mode of LDIR in our experiment. This difference in
methodology is one of the reasons why their claimed 5 x 103-178 x 10 items/kg and our
130-564 items/100 g differ in terms of order of magnitude [28].
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Figure 3. Abundance of microplastics in pipeline sediment samples from three cities.

The highest concentration of MPs was observed in samples collected within a campus
area, averaging 420 items/100 g. This could be attributed to the high population density
and level of human activities, such as the use of merchandise packaging bags and clothing
washing, which are known sources of MPs. The previous literatures also reported that
microplastic abundance was positively correlated with population density [29]. In Jintan
District, the sampling points JS1 and JS2, which are stormwater pipes separated from a
sewage pipe, exhibited the lowest microplastic concentrations at 130 and 182 items/100 g,
respectively. This is likely because they primarily collect MPs from surface runoff.

The commercial area on the campus showed the highest average microplastic concen-
tration at 498.4 items/100 g, likely due to the high population density and traffic in the
area. Urban drain sediments are a significant source of MPs in rivers and lakes. During
rainfall, these MPs are washed from drain sediments into natural water bodies. Zhou
et al. demonstrated that sewer overflow discharges during heavy rainfall can significantly
increase microplastic abundance in water bodies, reaching up to 83.1 &+ 40.2 items/L.
They identified sewer sediment flushing and surface runoff as the primary contamination
sources, estimating an annual microplastic discharge load from the drainage system at
5.83 x 10'0 items/km?, with wet weather discharge accounting for approximately 60% [30].
Thus, urban drains are a critical pathway for the migration of MPs in urban environments.
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3.1.2. Characterization of Microplastics in Morphological and Polymer Types

The types of MPs identified in the pipeline sediment samples are presented in
Figures 2A and 4. Fibers, fragments, cylindrical shapes, and particles were detected
across all samples (Figures S1 and S2), with the exception of JS1, which did not yield any
cylindrical MPs. Particles were the most prevalent form, with the three cities showing a
decreasing order of abundance: Yongchuan District (36.8%), Tongji University (35.2%), and
Jintan District (33.3%). Fibers were the second most common, with Jintan District exhibiting
the highest proportion at 32.5%. Fragments were the most prevalent in the campus area,
reaching 28.8%.
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Figure 4. Proportionate morphology and polymer types of microplastics in various cities.
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The shape distribution of MPs varied significantly across different areas. Particles
were primarily derived from the breakdown of microbeads and rigid plastics [31], while
fibers originated from various sources, including textiles and fishing nets [32]. Jintan
District’s sampling site, a city street pipe network, was surrounded by stores and residential
areas. Fragments were predominantly plastic bags and packaging [33]. The distribution of
microplastic shapes varies in different functional zones, with higher percentages of particles
and fibers type in parking and commercial zones, and more particles and fragment shapes
in academic and dormitory zones.

The particle size distribution of MPs at all sampling locations is depicted in
Figures 2C and 4. MPs with a size range of 75-300 pm constituted the largest portion
of the samples (50.09%), followed by 300-1000 um (28.82%) and those smaller than 75 pm
(21.08%). A similar trend was observed in a previous study on storm drain sediments in
Wuhan city in China, where the most common MPs were 100-450 um in size [34].

MPs measuring 75-300 um in diameter constituted the majority (54.5%) of particles
found on the Tongji campus. The preponderance of these smaller MPs is attributed to
the aging and breakdown of larger fragments under physical stress such as weathering
and UV radiation, which can fragmentize into smaller particles. This, in turn, elevates
the abundance of smaller MPs. However, the dominance of smaller particles heightens
the risk of adverse effects and biological ingestion, as they are more easily consumed by
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aquatic organism, which can then accumulate through the food chain and pose a threat
to human health [35]. Smaller MPs possess a larger surface area, enabling them to adsorb
more organic matter and release toxic substances. Their mobility makes them susceptible to
dispersal across various environmental media [36]. Consequently, research efforts should
be directed towards the removal of these smaller MPs.

The variety of colors observed in the collected MPs, depicted in Figures 2B and 4,
encompassed red, blue, clear, black, green, yellow, white, orange, and purple. Given
the scarcity of white and transparent MPs, they were grouped under the “other” category.
Colored MPs constituted the majority (66.54%), with red and black being the most prevalent
at 32.84% and 27.92%, respectively. The lower proportion of white and transparent MPs
may be attributed to the ubiquitous use of colored plastics in daily life, particularly for
items such as colored beverage bottles [37]. The high percentage of black MPs could be
linked to tire wear debris and the extensive production and use of black fiber filaments [38].
It has been reported that black MPs adsorb more pollutants than white MPs, which may be
due to the fact that black plastics contain more additives, which increase adsorption [13].

In the current study, nine chemical types of MPs were identified using LDIR, includ-
ing polypropylene (PP), polystyrene (PS), polyethylene (PE), polyethylene terephthalate
(PET), polyvinyl chloride (PVC), polyurethane (PU), polymethyl methacrylate (PMMA),
chlorinated polyethylene (CPE), and acrylic resin (ACR). The distribution of these polymers
at each sampling site is depicted in Figures 2D and 4. Figure 2C size classes represent a
combination of both LDIR (20-500 um) and manual microscopy (>500 pum) size classes and
enable a full-size series of microplastics to be represented. The primary polymers identified
were PET, PP, and CPE, accounting for 15.88%, 15.29%, and 14.98%, respectively. PS and
PMMA were less prevalent, comprising 5.37% and 4.87%, respectively. The predominant
microplastic components varied by location, with PET (23.6%) and PVC (16.1%) dominating
in Jintan District, CPE (27.5%) and PP (20.80%) in Yongchuan District, and PET (16.00%)
and ACR (15.6%) on the Tongji University campus. PET is mainly used in the production
of water containers and bottles, but it is also used as a raw material for textiles, such as
in the production of clothing and blankets [39]. PVC is mainly used in fishing hoses and
in the construction industry. CPE can be used as a component of rubber products and
waterproofing materials. PP is widely used in daily life, such as in plastic bottles, bags,
and caps [40]. ACR is the main microplastic component in academic and commercial areas,
with 21.25% and 21.81%, respectively. PP is a common component in dormitory areas,
reaching 20.27%, and CPE is the main component of MPs in parking areas, with 19.93%.
The ubiquity of MPs in urban drain sediments underscores the need for comprehensive
strategies to mitigate their impacts on the environment.

3.2. Differential Distribution of PAHs on Microplastics and Sediments

In this research, a total of 33 sediment samples were processed. First, the samples
were freeze-dried and then sieved through a 5 mm mesh to visually identify MPs (<5 mm
in size). Anhydrous ethanol was employed to dissolve natural organic matter on the MPs
to avoid interference with the detection of PAHs. The results revealed the presence of
16 priority PAHs on the MPs in all three areas, with PAHs detected in most of the samples.
The total PAH content ranged from 0.88 to 120.59 ng/g. The highest proportions of mean
PAH concentration on MPs were in Jintan District (67.66 ng/g), then Yongchuan District
(10.52 ng/g), and Shanghai (5.76 ng/g). The highest average PAH content was found
in Jintan District. Among individual sites, the highest PAH concentration was recorded
at JS3 in Jintan District (120.59 ng/g), and at YC4 in Yongchuan District (55.079 ng/g),
which may be attributed to their downstream location, facilitating the transport of MPs
with attached PAHs during rainfall. The PAH levels observed in the MPs were lower
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compared to previous studies, possibly due to the sample size available for analysis and the
variation in the size of the microplastic samples collected across different sites [41]. Chen
et al. reported a PAH concentration range of 1.2-194,000 ng/g in their study [42].

As depicted in Figure 5B, the PAHSs detected on MPs in this experiment were primarily
composed of 4-ring and 5-6-ring compounds, accounting for 44.59% and 30.99% of the
total PAHs, respectively. Among these, four-ring PAHs were most abundant in Jintan
District, comprising 51.29% of the total. The primary PAH types identified in Jintan and
Yongchuan Districts were Phe, Flu, and Pyr, which align with previous studies, as shown
in Table 2. On the school campus, the dominant PAHs were NaP, Flu, and Pyr, while
high-molecular-weight PAHs such as DBA, InP, and BghiP were not detected. This finding
is consistent with the results reported by Andres et al. in their analysis of PAHs on MPs
from Bahia Blanca Estuary beaches [43].

B

7
0.00 0.25 0.50 0.75 1.00
2-3Ring

Figure 5. Distribution of PAHs on MPs ((A) PAH concentration; (B) structural composition of PAHs).

PAHs were detected in drain sediments across all three cities, as shown in Figure 6A.
The total ) 16 PAH concentration ranged from 0.63 to 60.09 ng/g, with average concen-
trations of 36.96 ng/g in Jintan District, 2.12 ng/g in Yongchuan District, and 5.38 ng/g
on Tongji University campus. The highest PAH concentration was found in the sediments
at JS2 in Jintan District (62.09 ng/g). On the MPs, the highest PAH concentration was
observed in C1 within the school (8.2 ng/g). As illustrated in Figure 6B, the PAHs on
the sediments were dominated by 5-6-ring compounds, followed by 4-ring PAHs, which
accounted for 42% and 40.27% of the total PAHs, respectively. The highest percentage of
5-6-ring PAHs was 46.36% in the school sediments.

In this research, the concentration of PAHs on MPs was found to be higher than that
on sediments. This is due to the hydrophobic nature of organic compounds, which leads to
their partitioning from water to the solid phase [44]. The MPs’ increased hydrophobicity
enhances their affinity for organic pollutants, while their large specific surface area provides
ample adsorption sites. This adsorption capacity is significantly higher than that of natural
sediments, being about two orders of magnitude greater [45]. Wen Feng et al. conducted a
laboratory study on the partitioning of PAHs between MPs and sediments, demonstrating
that MPs exhibited a higher affinity for Phe (one of the PAHs) compared to sediments [15].
The low vapor pressure of PAHs with five or more rings results in their preferential
adsorption to sediment particles [46], whereas PAHs with four or fewer rings may be found
in both the dissolved and particulate phases due to their water solubility. MPs may have
absorbed some of these four-ring PAHs from the aqueous phase [47]. Fung et al. studied
the adsorption behavior of pyrene (four-ring PAH) in a ternary system composed of water,
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MPs, and sediments [48]. They found that the sediments in this system began to adsorb
most of the pyrene, which was subsequently released into the aqueous phase and re-sorbed
by polyethylene (PE) MPs. Consequently, understanding the interaction of PAHs with MPs
in drainage systems is crucial for accurately assessing the pollution transfer potential of
MPs and their potential environmental hazards to aquatic organisms.
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Figure 6. Distribution of PAHs on sediments ((A) PAH concentration; (B) structural composition
of PAHs).

Table 2. PAHs on MPs in previous research.

Number of PAH Total PAH

Study Site Species Concentration Main Types of PAHs Reference
Beaches of the .
Portuguese coast 16 75-1334.8ng/g Phe, Pyr, Flu (Frias et al., 2010) [49]
Saigon River 14 432.95-3267.88 ng/g Flu, Py, Phe (Nguyer} 565]&1" 2022)
Eastern Guangdong 16 11.2-7710ng/g Phe, Fla, Chr (Shi et al., 2020) [34]
The Bahia Blanca Phe, NaP, Flu, Flo, .
Estuary (Argentina) 29 122.79 £ 11.13ng/g Pyr (Arias et al., 2023) [43]

Seal beach 19 79-656 ng/g Phe, Flu, Pyr, Chr (Hirai et al., 2011) [51]
Huanghai Sea and .

Bohai Sea 16 3400-11,900 ng/g Phe, Pyr, Flu (Mai et al., 2018) [41]
Feilaixia reservoir 16 282.4-4273ng/g Chr, BghiP, Phe, InP (Tan et al., 2019) [52]
BeaChe%:}‘, Santos 12 73.6-5344 ng/g Flu, Pyr, Chr (Fisner et al., 2013) [53]

Hong Kong 16 70.8-1509 ng/g Ph, Pyr, Ant (Lo et al., 2019) [54]

The differences in PAH concentrations observed between this study and previous
reports are better explained by environmental and material-specific mechanisms rather
than sample-size variability. PAH adsorption to MPs is strongly polymer-dependent, with
polymers such as PE, PP, and CPE exhibiting higher hydrophobic affinity and sorption
capacity than more crystalline or polar polymers. In addition, the age and weathering
degree of MPs play a critical role, as surface oxidation, cracks, and roughness substantially
enhance PAH retention. Local emission intensity is also a major factor; variations in regional
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traffic load, industrial discharge, and combustion activities produce distinct PAH signatures
that influence contaminant availability for sorption. Finally, sediment residence time affects
the exposure duration of particles to dissolved PAHs, meaning that MPs that persist for
longer in drainage systems accumulate higher pollutant loads. These combined factors
provide a more realistic explanation for the lower PAH levels found in this study compared
with values reported elsewhere.

The GC-MS/MS method was only used to analyze the 16 EPA priority PAHs. The
other forms of PAH derivatives like alkylated, nitrated, or oxygenated PAHs were not
within the scope of this analysis; hence; they may be present on the microplastic surfaces,
but they were not measured in this study.

A representative GC-MS/MS chromatogram (separation of the 16 EPA priority PAHs)
is given in Figure 7. The limits of detection (LOD) and limits of quantification (LOQ) of all
analytes of PAH are presented in Table 1.

Nap

Anthracrene— Do

Pra Benzo[a]pyrene-Dy,

DahA

Intensity

BghiP

4.0 6.0 10.0 12.0 14.0 20.0 25.0 30.0
Retention Time (min)

Figure 7. Representative GC-MS/MS chromatogram of separation of 16 EPA priority PAHs in a
microplastic extract of sediment. All PAHs have their retention times well-determined at conditions
of DB-5MS UI column. Internal standards (naphthalene-D8, anthracene-D10, benzo[a]pyrene-D12)
can also be seen at their respective retention times.

3.3. Correlation Analysis of Microplastics with PAHs

In this study, the relationship between the physical properties of MPs and PAHs
was investigated using mental test correlation thermograms. These thermograms were
categorized into three groups based on the PAH structural characteristics: Spec01 for 2-3-ring
PAHs, Spec02 for 4-ring PAHs, and Spec03 for 5-6-ring PAHs. The MPs were further classified
into three size categories: <75 pum (small), 75-300 pm (middle), and 300-1000 um (large).

As depicted in Figures 8 and S3, the correlation analysis revealed that black MPs
were more likely to contain fibrous MPs (r = 0.76), indicating a higher number of fi-
brous MPs in black samples. The association between fibrous (r = 0.37) and granular
(r = 0.36) MPs was stronger in the 300-1000 um size range. Similarly, fibrous MPs were
more prevalent in the 75-300 um size range, while granular MPs were dominant in the
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<75 um size range. The color of fibrous MPs was predominantly black (r = 0.76) and red
(r = 0.76), whereas granular MPs were mainly black (r = 0.76) and green (r = 0.67).
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Figure 8. Correlation of physical properties of MPs with PAHs.

The correlation between four-ring PAHs and fibrous MPs was significant (r = 0.33,
p = 0.021), and a similar association was observed for four-ring PAHs and columnar MPs
(r =0.37, p = 0.016). Additionally, four-ring PAHs were found to be more prevalent in
black MPs (r = 0.23, p = 0.04). For 5-6-ring PAHs, a stronger association was observed with
fibrous (r = 0.27, p = 0.034) and columnar (r = 0.29, p = 0.044) MPs. Frias et al. reported high
concentrations of PAHs in black particulate MPs, particularly pyrene, from Cresmina beach
and Fonte da Telha beach [49].

3.4. Factors Influencing the Distribution of PAHs

To investigate the influence of environmental factors on the distribution of PAHs
on MPs and in sediments, redundancy analysis (RDA) was employed. This analysis
utilized total nitrogen (TN), total phosphorus (TP), total organic carbon (TOC), and pH as
environmental variables, and PAHs (two-ring, three-ring, four-ring, five-ring, and six-ring)
as species variables.

The RDA results, as depicted in Figure 9A, indicate that pH and TN are positively
correlated with the concentration of the 16 PAHs, with the angle between these variables
and the PAHs being minimized, suggesting a strong positive association [55]. Moreover,
the correlation between TN and low-molecular-weight (LWM) PAHs is notably stronger.
For the sediments, as shown in Figure 9B, pH and TN also show a positive correlation
with the concentration of the 16 PAHs. Specifically, TN is strongly correlated with four-
ring and six-ring PAHs. Conversely, TOC and TP exhibit a negative correlation with the
PAHs on the sediment surface. The study by Wang corroborated the finding that TN
is significantly correlated with the 16 PAHs. However, it also revealed that there is no
significant association between TOC and TP and PAHs of any molecular weight, aligning
with the present experimental results. Additionally, TOC was found to be significantly
correlated with the concentration of total PAHs [56]. This discrepancy may be attributed to
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the fact that the adsorption equilibrium between TOC and PAHs has not yet stabilized, and
TP is not adsorbed by PAHs.
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Figure 9. Physicochemical properties and RDA of PAHs ((A) MPs; (B) sediments). The points in the
figure represent the corresponding data for the sampling points.

3.5. Risk Assessment of PAHs

The toxicity equivalence factor (TEF) is a widely utilized method for quantifying
the toxicity of PAHs. It does so by employing the most toxic compound, benzo(a)pyrene
(Bap), as a reference for assessing the toxicity of other PAHs. By multiplying the con-
centrations of various PAHs by their respective TEFs, a comprehensive toxicity index
can be generated to evaluate the potential toxicity of PAHs in the environment [57]. The
toxicity risk posed by PAHs on drain MPs varies across the cities studied, as illustrated
in Figure 10 and Table 3. Jintan District exhibited the highest toxic equivalence quotient
(TEQ) value, reaching 48.2 ng/g, with an average of 6.02 ng/g. This indicates that the
average TEQ values, in descending order, are Jintan District (6.02 ng/g), Yongchuan District
(1.130 ng/g), and Shanghai (0.068 ng/g). The highest individual TEQ value was 31.86 ng/g
on sediments from the middle drainage pipe in Jintan District, with an average of 3.982 ng/g.
This order is Jintan District (3.982 ng/g), Shanghai (0.584 ng/g), and Yongchuan District
(0.173 ng/g). The consistency between the average TEQ values and the PAH content
suggests that high levels of PAHs are associated with significant ecological health risks.
The mean TEQ values of PAHs on MPs and sediments in Jintan District and on MPs in
Yongchuan District ranged from 1 to 10, which belongs to the medium-risk zone and may
cause adverse biological effects. In contrast, the mean TEQ values of PAHs on MPs and
sediments in Tongji University and sediments in Yongchuan District ranged from 0.1 to 1,
which is in the low-risk zone.

The difference in the average TEQ of PAHs on MPs and sediments was significant.
Among all monomer PAHs, BaP and DahA had relatively high values of toxic equivalents,
and despite the predominance of four-ring PAHs on MPs, the concentrations of BaP and
DahA on MPs were greater than those on sediments. This underscores the importance of
considering the toxic effects of organic matter due to the high concentrations of MPs.
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Figure 10. Average TEQ (toxic equivalent quantity) of PAHs at each sampling point.
Table 3. Toxicity equivalent values of PAHs in MPs and sediments by city.
PAHs TEF JT YC TJ
MPs Sediments MPs Sediments MPs Sediments
Nap 0.001 0.002 0.002 0.005 0.001 0.014 0.003
Acy 0.001 0.003 0.001 0.005 0.001 0 0
Ace 0.001 0.031 0.009 0.001 0 0 0.001
Flu 0.001 0.008 0.004 0.002 0.001 0 0
Phe 0.001 0.049 0.031 0.008 0.002 0 0.006
Ant 0.01 0.211 0.098 0.031 0.009 0.001 0.028
Fla 0.001 0.092 0.053 0.010 0.002 0.006 0.013
Pyr 0.001 0.070 0.038 0.009 0.001 0.008 0.011
BaA 0.1 3.761 1.259 0.311 0.082 0.007 0.494
Chr 0.01 0.424 0.174 0.064 0.014 0.132 0.095
BbF 0.1 4.647 2.828 0.764 0.173 0.046 1.051
BKF 0.01 0.231 0.144 0.037 0.007 0.488 0.051
BaP 1 33.700 24.92 7.220 1 0.01 7.59
IcdP 0.1 1.085 0.661 0.154 0.025 0.44 0.211
DahA 1 3.760 1.560 0.400 0.060 0 0.35
BghiP 0.01 0.126 0.078 0.020 0.004 0 0.033
TEQ (TOXIC
EQUIVALENT / 48.200 31.860 9.041 1.382 1.152 9.937
QUANTITY)

4. Conclusions

The distribution of MPs and PAHs in urban drainage pipe sediments was investigated
and assessed for risk. MPs were ubiquitously detected in drainage sediments across all
studied cities and land-use types. The highest abundances were found on campus and
in commercial areas, with average abundances of 420 items /100 g and 498.4 items/100 g,
respectively. MPs in the aquatic environment act as carriers of PAHs and affect the transport
and migration of PAHs. In this study, the total concentrations of 16 PAHs in MPs ranged
from 0.88 to 120.59 ng/g, with 4-ring PAHs dominating, while the total concentrations of
16 PAHs in sediments ranged from 0.63 to 60.09 ng/g, with 5-6-ring PAHs dominating.
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Correlation analysis showed that pH and TN were positively correlated with PAHs, while
TOC and TP were negatively correlated with PAHs. Both sediments and MPs pose a
potential carcinogenic risk to humans. Given these findings, it is crucial to monitor the
levels of MPs and their associated PAHs in urban drain sediments to better understand
their occurrence and environmental impact.
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analysis; Figure S4: Contribution to cancer risk by individual exposure route (ingestion, dermal
contact, inhalation).
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