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ABSTRACT

Source identification of atmospheric microplastics (MPs) is crucial for the development of mitigation policies.
Compared with wind directions or backward trajectories of air masses, the potential source contribution function
(PSCF) analysis identifies more comprehensive sources of atmospheric particles. However, conducting PSCF
analysis requires hourly pollutant concentration data, which cannot be met by the atmospheric MPs abundance
obtained through commonly used methods. In this study, total suspended particles (TSP) samples were collected
hourly and the concentrations of atmospheric polyethylene terephthalate (PET) were detected using a liquid
chromatography-tandem mass spectrometry. Atmospheric concentrations of PET MPs were 112.9 + 39.04 ng/m>
(average + SD). Based on the hourly backward trajectories of air masses and the varied PET concentrations at the
sampling site, potential sources of atmospheric PET were identified by PSCF analysis. The backward trajectory-
based method indicates that atmospheric PET of the target site in this study primarily originates from dry
farmlands. In comparison, both the residential areas and the dry farmlands were identified by PSCF as major
sources of atmospheric PET at the receptor site. In contrast, both the backward-trajectory based method and
PSCF analysis indicate that TSP mainly originates from the dry farmlands near the sampling site. This indicates
that atmospheric PET in urban areas may have different sources from those of TSP, and PSCF is a suitable method
for identifying sources of atmospheric PET.

1. Introduction

environment, MPs in the air can be transported (Chen et al., 2023; Wang
et al., 2022) and serve as important sources for the input of MPs into

Microplastics (MPs) are plastic particles that are less than 5 mm in
size, primarily originating from the degradation and fragmentation of
larger plastic products or waste in the environment (Cole et al., 2011).
Continuous environmental emissions and the non-degradable charac-
teristics of plastic waste have resulted in the accumulation of MPs on
Earth’s surface (Brahney et al., 2021). Considering the potential hazards
of MPs to both ecosystems and human health (Chen et al., 2024; Peng
et al., 2021), the widespread presence of MPs has sparked increasing
public concern. Due to their small size and low density, MPs can easily
be carried into the atmosphere by air currents (Long et al., 2022). Given
that there are no geographical boundaries in the atmospheric
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terrestrial and aquatic environments (Zhang et al., 2020). The concen-
tration of MPs in the atmosphere is highly correlated with population
density (Liu et al., 2019); therefore, understanding the transport path-
ways and potential source distributions of atmospheric MPs in urban
areas is essential for developing regulatory and mitigation strategies.
Wind direction can be used to identify the approximate direction of
the source of atmospheric microplastics. However, it is too coarse to
provide the distribution of potential sources of atmospheric particles
(Szewc et al., 2020). Regions frequently traversed by air masses are
more likely to be sources of air pollutants. Previous studies have already
utilized the backward trajectory-based method to identify sources of
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atmospheric MPs (Liu et al., 2025; Szewc et al., 2021). However, in areas
with high emission concentrations but only a few air masses passing, the
contribution of atmospheric pollution at the receptor site from these
areas may be underestimated.

Potential Source Contribution Function (PSCF) is widely used to
identify a comprehensive distribution of sources of atmospheric pol-
lutants (Dos Santos and Hoinaski, 2021; Nogarotto et al., 2024). This
method involves measuring the concentration of atmospheric pollutants
at the receptor site as each air mass arrives. The calculation of the
backward trajectories of air masses is usually performed at 1-h intervals
(Wang et al., 2021). However, quantifying MPs by counting typically
requires collecting atmospheric particulate samples for several hours,
even using samplers with very high flow (1 m®/min) (Wang et al., 2021;
Yuan et al., 2023b). This limits the ability of PSCF in identifying the
source locations of atmospheric MPs at the receptor site. Methods with
high sensitivity, e.g. mass spectrometry, require a lower sample volume
and a shorter sampling time, thereby enabling high-time-resolution
observations of atmospheric MPs (Morioka et al., 2024). Therefore, by
combining backward trajectories of air masses with the concentrations
of atmospheric MPs detected by mass spectrometry, the PSCF analysis
can be conducted to identify the sources of atmospheric MPs.

PET is a significant raw material for synthetic fibers (Peng et al.,
2023), making it a representative type of MPs in urban atmospheric
environments (Chang et al., 2023; Liu et al., 2019; Yuan et al., 2023b).
Meanwhile, the mass spectrometry method we developed makes it
possible to achieve quantitative detection of microplastic mass con-
centration using a small amount of environmental samples (Wang et al.,
2017), and provides more precise results than manual counting and
thereby reducing systematic errors (Zhang et al., 2020). Consequently,
this provides the hourly atmospheric PET concentrations required for
executing the PSCF model. In this study, atmospheric PET was detected
using liquid-chromatography-tandem mass spectrometry. By integrating
backward trajectories of air masses with concentrations of atmospheric
PET, potential sources of atmospheric PET originating from various land
cover types were identified by PSCF analysis. Moreover, total suspended
particles (TSP) were also monitored during the same period, and the
source distributions of TSP and atmospheric PET in urban areas were
specifically compared.
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2. Materials and method
2.1. Chemicals and materials

Standard PTA (Purified Terephthalic Acid, 99%) was purchased from
Toronto Research chemicals, Inc (North York, ON, Canada). D4-PTA
(99%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-
grade methanol was purchased from ANPEL Laboratory Technologies
Inc. (Shanghai, China), and 1-pentanol was purchased from Meryer
Chemical Technology Co., Ltd. (Shanghai, China). HLB (200 mg/6 mL)
solid phase extraction cartridges (CNW, ANPEL Laboratory Technolo-
gies Inc., Shanghai, China) and Milli-Q water were also used in sample
pretreatment and analysis.

2.2. Sample collection

From May 25 to June 10, 2024, TSP samples were collected hourly
from 8:00 to 20:00 during the daytime hours using an active atmo-
spheric particulate sampler (HVP-3300BRL/230, HI-Q, USA) with a flow
rate of 1 m3/min. The sampling site was located on an outdoor platform
approximately 10 m above the ground level in the Jinnan district of
Tianjin (117.34 E, 38.99 N) (Fig. 1). Jinnan district is one of Tianjin’s
suburban areas, and to its northwest are the densely populated six urban
districts, which constitute the downtown area of Tianjin (Fig. 1 B). A
total of 204 TSP samples were collected on pre-weighed glass fiber filter
membranes (Whatman G/A) with a pore size of 0.2 pm. After sampling,
the sampler was transferred to the laboratory, where the filter mem-
brane was removed from the sampler using stainless steel tweezers. The
filter membrane was dried at 60 °C in an oven, weighed, and subse-
quently wrapped in aluminum foil in preparation for the pretreatment
required for mass spectrometry analysis.

2.3. Mass spectrometry analysis of PET polymers

The methods for mass spectrometry analysis of PET polymers have
been published in previous studies (Wang et al., 2017; Zhang et al.,
2021). The principle is that PET polymers are depolymerized into their
monomer, PTA, after which the PTA background is removed, and the
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Fig. 1. Sampling location of atmospheric PET and TSP in Tianjin, China (A&B), and the 1 m®/min active atmospheric particulate sampler used in this study (C).
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PTA is analyzed by LC-MS/MS. The mass concentration’ of PET poly-
mers was calculated using this equation (Wang et al., 2017):
PTAgepolym X MWpra_n,0, / MWpra

PTA, =
-amount f( PTA_11,0)

(eq.1)

where PTAgepolym is the mass of PTA from the depolymerization of
polymer, MW is the molecular weight, and fpra_n,0,) iS mass percentage
of PTA-H05 in PET plastics. PTA was analyzed by an Agilent 1260
system coupled with a triple quadrupole mass spectrometer (G6460C)
(Agilent Technologies, Inc., Santa Clara, CA, USA). An Ultra AQ Cig
column (100 mm x 2.1 mm, 3.0 pm, Restek Corporation, Bellefonte, PA,
USA) was used for chromatographic separation of PTA. Details of the
pretreatment of mass spectrometry analysis were shown in Text S1.

2.4. Backward trajectories and clustering

Lagrangian atmospheric models, such as the well-known Hybrid
Single Particle Lagrangian Integrated Trajectory (HYSPLIT), are effec-
tive in identifying the origin of atmospheric pollutants by creating
backward trajectories of air masses (Hee et al., 2023; Huang et al.,
2021). The HYSPLIT model was developed by the National Oceanic and
Atmospheric Administration (NOAA) of the United States, and has been
used to demonstrate the transport of atmospheric MPs from urban to
remote areas (Allen et al., 2019) and from the ocean to land (Liu et al.,
2025; Szewc et al., 2021). In this study, the HYSPLIT model was oper-
ated in conjunction with the MeteoInfoMap 2.2.4 (China) (Wang, 2014).
Meteorological data were obtained from the Global Data Assimilation
System (GDAS). Backward trajectories of air masses arriving at the re-
ceptor site 10 m above the ground were calculated by HYSPLIT. The
model was performed in backward mode for 1-h simulations, with 1-h
time intervals. To observe the concentration of atmospheric PET when
air masses reach the sampling point, each backward trajectory was
calculated from the end time of sampling. Consequently, a total of 204
backward trajectories, covering the period from May 25 to June 10,
2024, between 9:00 and 20:00 daily, were calculated. The clustering of
trajectories was conducted by MeteoinfoMap based on the Euclidean
distance between trajectories (Wang, 2014).

Meteorological data of the sampling site, including pressure, tem-
perature, relative humidity, wind speed and wind direction were ob-
tained from the European Centre for Medium-Range Weather Forecasts
(https://www.ecmwf.int/). Data of land cover types was obtained from
China National Land Use/Cover Change (CNLUCC) (https://www.resdc.
cn/).

2.5. Potential source contribution function

PSCF, a trajectory ensemble model, demonstrates the conditional
probability that an air pollutant with concentrations above a given cri-
terion arrives at a receptor site after traveling at a certain height above
the ground (Nogarotto et al., 2024). By combining backward trajectories
of air masses with time-resolved concentrations of atmospheric pollut-
ants observed at the receptor site, the likely locations of emission
sources contributing to pollutant concentrations higher than a specific
criterion at the receptor site can be identified by PSCF (Dos Santos and
Hoinaski, 2021).

When an air mass reaches the receptor site, the concentration of air
pollutants at the receptor site should be observed simultaneously. If the
concentration of an air pollutant at the receptor site exceeds the set
criterion when an air mass arrives, then the areas through which the
backward trajectory of the air mass passed are likely sources of the air
pollutant. In this study, a grid that covering the backward trajectories
originating from the receptor site was created using MeteoInfoMap. The
PSCF value for the ij-th grid cell can be calculated according to equation
(2) (Liu et al., 2013),
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PSCF;;=my;/n;; (eq.2)
where m;; represents the number of trajectory endpoints that ending or
crossing the ij-th grid cell that correspond to pollutant concentrations
above a set criterion (that is, the average concentration of atmospheric
PET observed at the sampling site), and n;; represents the total number
of trajectory endpoints in the same grid cell.

2.6. Quality control and quality assurance

Glass vessels and stainless steel tweezers were rinsed twice with
Milli-Q water before use. Glass fiber filter membranes and rinsed glass
vessels were wrapped in aluminum foil and baked at 500 °C in a muffle
furnace for 4 h before use (Liu et al., 2019). The processes of removing
the filter membrane from the sampler, weighing it, and pretreating it for
mass spectrometry analysis were all carried out in a fume hood. Plastic
products were avoided except for PP tubes and pipette tips. Process
blanks through the entire pretreatment were conducted. Each filter was
cut into three equal-sized pieces, and the average of the mass spec-
trometry detections from the three pieces was used as the final con-
centration for the sample. The procedure blank was analyzed after every
set of 12 samples during mass spectrometry detection, with the average
concentration of 2.7 + 0.3 ng/ms. During mass spectrometry detection,
a calibration standard was injected after every set of 12 samples to check
the instrumental drift in sensitivity, and a pure solvent was injected to
check the carry-over of target chemicals from sample to sample during
the detection process.

2.7. Statistical analysis

Pearson’s correlation and t-test were conducted using SPSS 25 (IBM,
NY, U.S.A)). Significance was considered when p < 0.05. The box plot,
correlation plot and pollutant rose diagrams were generated using
Origin 2024b software (OriginLab Corporation, MA, U.S.A). Land cover
types near the receptor site was generated in ArcMap 10.2 software
(ESRI, U.S.A).

3. Results and discussion
3.1. Concentrations of atmospheric PET and TSP in Tianjin

In this study, atmospheric PET was collected hourly from May 25 to
June 11, 2024, during daytime hours. The concentration of atmospheric
PET was 112.9 =+ 39.04 ng/m? (Fig. 2A). In East Asia, atmospheric PET
concentrations of 227 ng/m> have been reported in the urban areas
(Morioka et al., 2024), which is similar to the concentration detected in
this study. Meteorological factors, including wind speed, wind direction,
relative humidity, pressure, and temperature may influence the con-
centrations of particulate matter in the atmosphere (Wang et al., 2021;
Yuan et al., 2023b). In this study, significantly higher concentrations of
atmospheric PET (p < 0.05) were found when northwest winds prevailed
(Fig. 2C). Winds can facilitate the transport of MPs in the atmosphere,
leading to the variation of atmospheric MPs concentrations (Allen et al.,
2019; Liuetal., 2025; Szewc et al., 2021). The direction to the northwest
of the sampling site is near the downtown area of Tianjin (Fig. 1B),
which is densely populated. Thus, higher concentrations of PET over
downtown may be transported to downwind regions by the wind. A
similar MPs distribution was also found in our previous study of dust-fall
samples in Tianjin, where the PET concentration was significantly
higher in the downtown area (Zhang et al., 2021).

During the same period, the concentration of TSP was 290.0 + 69.60
ng/m> (Fig. 2A). A significant negative correlation was observed be-
tween the concentration of TSP and relative humidity (p < 0.001,
Fig. 2B). Suspended particles, such as black carbon and mineral dust,
absorb water in the atmosphere (Liu et al., 2021; Su et al., 2024), which


https://www.ecmwf.int/
https://www.resdc.cn/
https://www.resdc.cn/

H. Yang et al.

480 480
— A [ 125%~75% &
e T Range within 1.51QR £
> 400 - — Median Line 400 o
3 Mean ~
— «  Outliers -~
0 3204 1320 LW
%) o
= ks
.
O 240 F240 o
) c
5 §e]
= 160 L160 O
=
~— C
s 8
O 80 Lso <
c o)
8 O
0 : : 0
TSP PET
Il >= 200(ng/m®)
C N I 170 - 200
NNW NNE I 140 - 170
A r 110 - 140
N 21} . NE [I80-110
< N 50 - 80
, 20-50
WNW ENE
\Og ' p
w L - Ca\ms 1
WSW ' l .\ ESE

b .-

SSE

PET

Environmental Pollution 364 (2025) 125325

1
B N <=0.05 ** D<=0.01 *** p<=
Tsp- p<=0.05 ** p<=0.01 *** p<=0.001 o
0.6
PET * %%
04
Temperature 2k o2
0
Relative humidity s BRI 02
04
Pressure BRI
-06
Wind speed LA 08
-
&%Q Q‘é @@ .&.c\ c}»@ eF'b
& & &
€ & T &
& @ QD
SSHIS
N
N
I >= 450 (pg/m?®)
D I 400 - 450
NNW 28— NNE I 350 - 400
et 7~ 300 - 350
NW 21 . NE [ 250 - 300
PN 200 - 250
14 150 - 200
WNW/ e, /\ENE
/ oy 4 \
‘/k €0 ‘ \‘\
Wi B G ey HE
| |
\ \'Il“ J
//
<
/ ESE

TSP

Fig. 2. Concentrations of atmospheric PET and TSP (A), correlations between concentrations of atmospheric PET, TSP and meteorological factors (B), and the

pollutant rose maps of atmospheric PET (C) and TSP (D).

increases their density and accelerating their settling (Yuan et al.,
2023a). In comparison, PET has relatively poor hygroscopicity(Liu et al.,
2020), suggesting it may be less influenced by changes in relative hu-
midity compared to TSP. The concentrations of TSP were significantly
higher under the south-southwest (SSW) and south-southeast (SSE) wind
directions (p < 0.05 Fig. 2D). Due to the dry and windy climate in
northern China, soil fugitive dust has become one of the most important
sources of TSP pollution (Li et al., 2018). Building density is low in the
area south of the sampling site. In open environments, the wind is
commonly stronger, which facilitates the lifting of soil dust from the
ground into the air (Pi et al., 2019). High atmospheric PET concentra-
tions downwind of densely populated areas, along with high TSP con-
centrations downwind of barren soil, result in the weak correlation (p >
0.05, Fig. 2B) observed between atmospheric PET and TSP concentra-
tions at the sampling site.

3.2. Integrated modeling to identify potential sources of atmospheric PET

Backward trajectories of air masses, calculated by the HYSPLIT
model, have been widely used to identify source locations of atmo-
spheric particles including MPs (Ankit et al., 2024; Liu et al., 2025;
Wang et al., 2021). Theoretically, regions frequently passed by back-
ward trajectories are more likely to be identified as air pollution sources
(Allen et al., 2019). However, even in areas less frequently passed by
backward trajectories, significant source emissions in these areas may
still affect the atmospheric pollutant load at the receptor site. In the
present study, backward trajectories of air masses arriving at the

receptor site were calculated by the HYSPLIT model, which was per-
formed in backward mode for 1-h simulations, with 1-h time intervals. A
total of 204 backward trajectories of air masses were calculated and then
clustered into eight primary pathways using MeteoinfoMap (Fig. 3). The
clusters of backward trajectories for the sampling site were mainly
located between the southwest and southeast directions (Fig. 3). How-
ever, the highest concentrations of atmospheric PET were observed
under the northwest wind direction (Fig. 2C), which was the direction
with the lowest frequency of backward trajectories (3.92%, Fig. 3). This
indicates that neither wind directions nor the backward trajectory-based
method can fully reflect the comprehensive distribution of source lo-
cations of atmospheric PET.

To further identify probable locations of emission sources that affect
atmospheric PET load at the sampling site, the potential source contri-
bution function (PSCF) analysis was conducted (Fig. 4A and B). PSCF
analysis combines the concentrations of atmospheric pollutants and
backward trajectories of air masses (Nogarotto et al., 2024). In brief,
researching areas are divided into grids of cells (0.05° x 0.05°), the
higher the PSCF values in a grid cell, the more likely it is to be the source
location of atmospheric PET at the receptor site. For atmospheric PET at
the sampling site, source locations identified by the wind directions
(Fig. 2C) and the backward trajectory-based method (Fig. 3) were
different. Only the PSCF analysis showed a comprehensive distribution
of atmospheric PET sources (Fig. 4A), indicating that both the residen-
tial areas to the northwest of the sampling site, as well as the dry
farmland to the south of the sampling site (Fig. 4A and C), are important
sources of atmospheric PET.
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Fig. 3. Clusters of backward trajectories of air masses arriving at the receptor
site (represented by the white cross).

3.3. Potential sources identification of atmospheric PET and TSP

Areas with high PSCF values (>0.6) for atmospheric PET were pri-
marily distributed in three directions, including the northwest, north-
northeast and south of the receptor site (Fig. 4A), indicating that the
sources of atmospheric PET were mainly scattered in these regions. The
northwest of the receptor site showed PSCF values exceeding 0.8
(Fig. 4A), indicating this area as the most likely source for atmospheric
PET at the receptor site. This aligns with the source location identified
by wind directions, suggesting the northwest as a significant source of
atmospheric PET (Fig. 2C). The source location to the north-northeast of
the sampling site was not identified by the wind directions. Although
14.22% backward trajectories originated from this direction, atmo-
spheric PET was considered to originate more from the south-southwest
and south-southeast of the sampling site, with 17.16% and 22.55% of
the backward trajectories found in these two directions (Fig. 3). How-
ever, higher PSCF values (>0.8) were observed in the north-northeast of
the sampling site (Fig. 4A). This is because PSCF can identify areas that,
despite being passed by a lower frequency of backward trajectories, emit
relatively higher concentrations of pollutants. Land cover types around
the sampling site were analyzed, with both the northwest and north-
northeast of the sampling site being urban residential areas (Fig. 4C).
A number of textiles are present in residential areas, and the shedding of
plastic fibers from these materials can result in the release of textile MPs
into the environment (Peng et al., 2023). For instance, washing a blanket
once a week will contribute to as many as 3 x 10° fibers released
(O’Brien et al., 2020). The textile MPs may enter the atmosphere due to
indoor-outdoor air convection and improper management (Shi et al.,
2023), resulting in higher PET concentrations in the air of residential
areas than in other ecosystems (Zhang et al., 2023). Despite the lower
frequency of trajectories passing through the northwest and
north-northeast of the sampling site (Fig. 3), these two areas, with their
higher atmospheric PET concentrations, may still significantly affect the
atmospheric PET load at the receptor site. The southern region of the
receptor site (mainly near the boundary of Jinnan district) also exhibited
high PSCF values for atmospheric PET (Fig. 4A), with the predominant
land cover type being dry farmland (Fig. 4C). Dry farmland refers to
agricultural fields that rely primarily on natural rainfall for crop culti-
vation. When there are no crops on the surface of dry farmland, wind can
lead to the emission of soil particles into the atmosphere (Zhang et al.,
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2023). In Tianjin, the main crops, soybeans and corn, are typically sown
in May. Thus, the lack of vegetation on the surface of corn and soybean
fields makes it easy for the ground soil particles to be lifted by wind into
the air during the sampling period. Therefore, the dry farmland can still
become an important source for atmospheric PET when trajectories of
air masses frequently pass over it (Fig. 3), although the atmospheric PET
concentration of dry farmland may be lower than that of residential
areas (Zhang et al., 2023).

The source location of TSP at the sampling site was also identified by
PSCF, based on equation (2), where m;; represents the number of tra-
jectory endpoints that end or cross the ij-th grid cell that corresponds to
TSP concentrations above the average values observed at the sampling
site. High PSCF values of TSP were mainly observed near the boundary
of Jinnan district, to the south of the receptor site (Fig. 4B), suggesting
that the south of the sampling site is a significant emission source of TSP
at the sampling site. This corresponds to the source location of TSP
identified by wind directions (Fig. 2D) and backward trajectories
(Fig. 3). Particles released from dry farmland to the south of the sam-
pling site (Fig. 4C) are likely to be a major source of TSP. This result is
similar to the source distribution of TSP in urban areas of India, which
also indicates that TSP significantly originates from dry lands through
which air masses pass (Raman and Ramachandran, 2011).

For TSP at the sampling site, source locations identified by the wind
directions (Fig. 2D), the backward trajectory-based method (Fig. 3) and
the PSCF analysis (Fig. 4B) were the same. However, the sources of at-
mospheric MPs are usually complex (Parashar and Hait, 2023). There-
fore, in urban areas with significant sources of atmospheric PET, such as
residential areas, it is not advisable to rely solely on wind directions or
backward trajectories to identify the source locations of atmospheric
PET. PSCF analysis can map out the source locations of atmospheric
particles at the receptor site comprehensively. However, conducting the
PSCF analysis commonly requires atmospheric pollutant concentration
data with hourly time resolution, which is not achievable using the MPs
quantification method that relies on counting (Yuan et al., 2023b). In
contrast, a sensitive mass spectrometry method is able to quantify PET
even with a small number of samples (Zhang et al., 2021), thus
providing the concentration data needed for PSCF analysis.

4. Conclusion

The atmospheric PET concentration detected by mass spectrometry
can meet the requirements of the PSCF model. Using the method of mass
concentration based PSCF, the source location of atmospheric PET can
be determined. PSCF analysis in this study indicates that TSP at the
target site is mainly originates from dry farmlands, whereas PET MPs
originates from both residential areas and dry farmlands, which illus-
trates atmospheric MPs have more complex sources than TSP in urban
areas. Compared to the backward trajectory-based method, which sug-
gests that atmospheric PET primarily originates from dry farmlands, the
PSCF analysis demonstrates a more comprehensive source map of at-
mospheric PET. This indicates that the combined approach of mass
spectrometry detection and PSCF calculation is very helpful for identi-
fying potential sources of atmospheric MPs, which are typically complex
in urban environments.
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legend depicting the range of PSCF values. The land cover types around the receptor site (C).
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