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Abstract

Microplastics (MPs) pollution is becoming one of the most pressing environmental
issues globally. MPs in the marine, freshwater and terrestrial environments have been
fairly well investigated. However, knowledge of the atmospheric-mediated deposition
of MPs within rural environments is limited. Here, we present the results of bulk (dry
and wet) atmospheric MPs deposition in a rural region of Quzhou County in the North
China Plain (NCP). Samples of MPs in the atmospheric bulk deposition were collected
for individual rainfall events over a 12-month period from August 2020 to August 2021.
The number and size of MPs from 35 rainfall samples were measured by fluorescence
microscopy, while the chemical composition of MPs was identified using micro-Fourier
transform infrared spectroscopy (u-FTIR). The results showed that the atmospheric
MPs deposition rate in summer (892—75421 particles/m?/day) was highest compared to
735-9428, 280-4244 and 86-1347 particles/m?/day in spring, autumn, and winter,
respectively. Furthermore, the MPs deposition rates in our study were 1-2 orders of
magnitude higher than those in other regions, indicating a higher rate of MPs deposition
in the rural region of the NCP. MPs with a diameter of 3—50 um accounted for 75.6%,
78.4%, 73.4% and 66.1% of total MPs deposition in spring, summer, autumn, and
winter, respectively, showing that the majority of MPs in the current study were small
in size. Rayon fibers accounted for the largest proportion (32%) of all MPs, followed
by polyethylene terephthalate (12%) and polyethylene (8%). This study also found that
a significant positive correlation between rainfall volume and MPs deposition rate. In

addition, HYSPLIT back-trajectory modelling showed that the farthest source of



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

deposition MPs may have come from Russia.

Keywords: Atmospheric microplastics, particle number and size,

composition, seasonal variation, transport modelling, rural region
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1. Introduction

Since the 1940s, plastics and their derivatives have been generated in ever
increasingly larger quantities, with the overall consumption of plastics now far
exceeding that of most other non-plastic artificial materials (Ostle et al., 2019). As of
2017, the cumulative output of plastics in the world exceeded 10 billion tons, of which
ca. 600 million tons were recycled, and < 10% the reused (Geyer et al., 2017).
Furthermore, 12% of the plastics were incinerated, with most (approximately 79%) of
the remaining plastic products being discarded into the natural environment where they
may enter the soil, atmosphere or transfer into freshwaters and the ocean by surface
runoff (Geyer et al., 2017; Rochman et al., 2013). After entering the environment,
plastic waste decomposes due to a combination of physical, chemical and biological
weathering processes, forming smaller plastic particles, which continue to accumulate
in the environment (Auta et al., 2017; Peng et al., 2020), and exert a stress on the
ecological system (Issac and Kandasubramanian, 2021; Zhang et al., 2022). In 2004,
the term microplastics (MPs) was proposed (Thompson et al., 2004), which was defined
as plastic particles or fragments with a particle size <5 mm. In the following decade,
the distribution of MPs in the oceans has become the focus of frequent environmental
investigations. The distribution of MPs in the ocean is mainly dependent on
geographical characteristics and the combined effects of ocean currents and wave
transport (Desforges et al., 2014). Indeed, contamination by MPs around the planet
appears ubiquitous. In addition to the marine environment, MPs have been found in

polar glaciers (Aves et al., 2022), the offshore environment (Zhang et al., 2019),
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freshwater bodies (Han et al., 2020), farmland soils (Huang et al., 2020) as well as the
atmosphere (Zhang et al., 2020). Recently, research on MPs in the atmosphere has
continued to be carried out worldwide (Zhang et al., 2020). However, few studies have
focused on atmospheric MPs compared to MPs in other environmental media (Yang et
al., 2021a). MPs in the atmosphere can be transported over long distances within the
air mass, extending contributing to the ubiquitous spread of MPs pollution (Klein and
Fischer, 2019). Therefore, it is of considerable significance to carry out quantitative
research on MPs abundance and fate in the atmosphere.

The synthetic textile industry is likely to be a major source of airborne MPs.
Previous studies have shown that the global annual output of synthetic textiles exceeds
60 million tons (Gasperi et al., 2018). There are several processes responsible for the
generation of atmospheric MPs from synthetic textiles. During the use, cleaning and
drying of synthetic textiles, debris is easily generated by fiber tearing (Napper and
Thompson, 2016). In addition, grinding, shredding and cutting in the production of
synthetic textiles can also generate fibrous debris (Salvador Cesa et al., 2017). It can
also come from water-based paints, adhesives, and plastic particles in electronics. For
example, plastic resin powders are used in jet technology to remove rust and paint from
machinery, engines and hull surfaces (Zhang and Liu, 2018). Commercial desktop 3D
printers use thermoplastics as raw materials, resulting in the release of primary MPs
into the environment as aerosols (Stephens et al., 2013). During transportation, the
resuspension of road dust and the friction between tyres and the road release MPs into

the air (Klein and Fischer, 2019). Also, several plastic products and wastes exposed to
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the natural environment, such as plastic mulch films (Zhang and Liu, 2018), polytunnel
covers (Zhang and Liu, 2018) and plastic coatings (Kroon et al., 2018), can degrade,
gradually forming MPs under the combined effects of environmental weathering (Yang
et al., 2022), air oxidation (Zhang et al., 2021), ultraviolet radiation (Song et al., 2017),
and biodegradation (Shen et al., 2019), and then be transported into the atmosphere.

In 2015, the presence of MPs was first observed in atmospheric dust samples
collected in the city of Paris (Dris et al., 2015). Subsequently, MPs were observed in
atmospheric dust collected in several urban and remote natural areas. Previous studies
showed that most MPs observed in the atmosphere were fibrous, and some were
fragmented with a foam-like shape (Cai et al., 2017; Dris et al., 2015; Liu et al., 2019b).
The particle size of MPs in the atmosphere is at the micron scale, and mostly <500 um
(Zhang et al., 2020). For example, one study reported that 80% of MPs in the
atmosphere of Beijing had the size distribution of 5-20 um (Li et al., 2020). In general,
greater numbers of atmospheric MPs are associated with smaller particle sizes (Allen
et al., 2019; Bergmann et al., 2019). The chemical composition of atmospheric MPs
varies, including polyethylene terephthalate (PET), polyethylene (PE), polystyrene
(PS), polyvinyl chloride (PVC), polypropylene (PP), polyester (PES), polyacrylonitrile
(PAN), polyacrylic acid (PAA) and rayon (RY). Among them, PET, PE, PS, and PP are
the most commonly reported in the atmosphere, most likely relating to their density and
frequent use as everyday plastic products (Geyer et al., 2017). PE and PP can remain
suspended in the atmosphere for long period of time due to their low density (Allen et

al., 2019, Hidalgo-Ruz et al., 2012). PET has a high density of 1.37-1.45 g/cm’
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(Hidalgo-Ruz et al., 2012), and is widely used in its polyester fiber and textile
production (Kuczenski and Geyer, 2010). The morphology and composition of MPs
collected from the atmosphere in different regions worldwide are similar, indicating
that the transport of MPs in the atmosphere is widespread (Cai et al., 2017; Dris et al.,
2015; Liu et al., 2019b).

Until recently, most atmospheric MPs studies have been conducted in densely
populated urban areas (Allen et al., 2019) or very remote areas (Aves et al., 2022).
However, fewer studies have been conducted in rural areas. A study by Klein and
Fischer (2019) showed that the average MPs deposition flux of three rural sampling
sites in the Hamburg Hills was 331 particles/m?/day in the beech/oak forest, 512
particles/m?/day in the Douglas fir forest and 343 particles/m?/day in the open field. A
recent study by Liao et al. (2021) reported that MPs deposition in the rural area of
Wenzhou City in eastern China was 101 particles/m?/day. In addition to clothing and
synthetic textiles, agricultural sources can contribute significantly to atmospheric MPs,
e.g. MPs from plastic films, which have been used more and more widely since the
1950s (Kasirajan and Ngouajio, 2012). In China, the annual use of agricultural plastic
films between 2011 and 2020 was 2.3—2.6 million tons (National Bureau of Statistics
of China, 2021). Since the thickness of polyethylene plastic film used in China is often
very thin (4-8 um), it is difficult to remove it intact from the soil for recycling (Yan et
al., 2014). Exposure to UV irradiation accelerates the degradation of plastic film (Yang
et al., 2022) and increases the risk of transfer of MPs in the atmosphere following soil

disturbance and wind blow. Therefore, it is important to understand the magnitude of
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atmospheric deposition of MPs in these rural areas.

In this study, samples of MPs in bulk atmospheric deposition were collected on a
rainfall event basis from August 2020 to August 2021 at a rural long-term measurement
station in Quzhou County, a typical agricultural county in the North China Plain (NCP).
The number and size of MPs were measured using fluorescence microscopy, while their
chemical composition was detected using micro-Fourier transform infrared (u-FTIR)
spectroscopy. This study provides an overview of the atmospheric MPs pollution
situation in a rural region in the NCP and enhances our understanding of MPs as an

emerging pollutant in the atmosphere.
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2. Materials and methods

2.1 Study area. The experimental site was located in the Quzhou Experiment Station
(36°78'01"N, 114°94'51"E, 40 m above sea level) belonging to China Agricultural
University (CAU) in Quzhou County, Hebei Province, China (see Fig. 1). There was
no vegetation (e.g. trees) around the sampling site, and the passive sampling device was
completely exposed to the air. Quzhou County is a typical agricultural county in the
North China Plain (NCP). This region has a temperate semi-humid monsoon climate.
It is cold and dry in winter and spring, while it is warm and rainy in summer. The
average annual temperature is 13.2°C, and the average annual rainfall is ca. 490 mm.
Nearly 68% of the rainfall events happen between June and September (Sha, 2021).
2.2 Sampling process. Samples of MPs in the atmospheric bulk deposition were
collected using a passive sampler. The sampling period was from August 2020 to
August 2021, covering four seasons (i.e. spring - March, April and May; summer - June,
July, and August; autumn - September, October, and November; and winter - December,
January, and February). The customized stainless steel deposition sampler was installed
100 cm above the ground level, and comprised a 30 cm diameter stainless-steel funnel,
a narrow-necked glass bottle, and a metal base. During the sampling period of an entire
year, the bulk samples (i.e. the mix of wet and dry atmospheric deposition) were
collected in via a modified rainfall sampler. The volume of bulk deposition samples
was measured immediately after each rainfall event, and all of the rainwater samples
were transferred to aluminum bottles. Both the glass bottles and stainless-steel funnels

were rinsed with deionized water three times to ensure that all MPs were collected. In
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total, 35 atmospheric deposition samples were collected. Details of local rainfall
recorded at the sampling site along with the normalized MPs counts per day are
provided in Table S1 in Supporting Information (SI). The samples were kept at room
temperature until analysis.

2.3 Laboratory analysis All the samples were filtered onto glass-fiber filters (50 mm
in diameter with 0.45 um in pore size, Shanghai Xingya Co., Ltd., China). To eliminate
any organic matter in the samples, the MPs and organic matter on the filter were rinsed
into a glass tube with 30% H2O: solution, and digested in a water bath at 55 °C for 7
days (Allen et al., 2019). The digestion solution was then filtered onto a 0.45 um glass
fiber filter using a vacuum pump. The filter samples were stored in glass Petri-dishes
in the dark at room temperature. Each filter was dyed with a Nile Red solution (500
mg/L in methanol) for 10 min (Maes et al., 2017; Meyers et al., 2022; Prata et al., 2019).
To remove excess dye, the filter was thoroughly rinsed three times with deionized water.
The filters were stored in glass dishes at room temperature, and inspected with a
fluorescence microscope within 24 h.

2.4 Fluorescence microscopy The Nile Red-stained filters containing MPs were
initially inspected with a fluorescence microscope (Olympus BX53, Japan). Due to the
small size of MPs and the difficulties in quantifying MPs on the whole filter, 10 fields
of view (each of 4.4 mm x 3.3 mm) were selected on the filter to calculate the MPs (QI,
2021) . In order to ensure that the selected fields were evenly distributed, the 10 fields
of view were selected according to thea "Z" shape on each filter. It should be noted that

some uncertainty may exist due to selection of 10 fields (accounting for 12% of the

11
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whole membrane) on one filter for measurement instead of the whole filter. The selected

fields were observed and photographed in bright field and blue fluorescence,
respectively. MPs appeared bright green under the microscope after being dyed with
Nile Red (see Fig. 2). The photos observed from the fluorescence microscope were then
imported into ImagelJ software (https:// imagej.nih.gov/ij/) for analysis to obtain the size
and number of MPs. Since the detection limit of size of the ImagelJ software is 3.23 pm,
MPs with a size smaller than 3.23 pm were not capable of being detected in the current
study. Therefore, the definition of MPs was operationally defined as being 3.23 pm to
5 mm in our study. More micrographs and fluorescence micrographs of MPs with
different morphologies are shown in Table S2.

2.5 Polymer composition p-FTIR (Bruker Alpha II FTIR, Germany) was used to
determine the chemical composition of potential MPs. The samples of atmospheric MPs
were divided into four groups (i.e. spring, summer, autumn and winter samples)
according to the sampling season, and 1024 particles were randomly selected in each
season sample for chemical composition identification. A total number of 60 MPs were
collected from the filters. A brand-new filter was used as the background (64 scans).
The resulting spectra were compared to a spectral library (OPUS) for chemical
identification. OPUS is the leading spectroscopy software for state-of-the-art
measurement, processing and evaluation of infrared, near-infrared and Raman spectra
(Primpke et al., 2017).

2.6 Calculation of MPs deposition rate Atmospheric deposition is an important source
of MPs in land and water environment (Obbard, 2018; Zhang et al., 2016). Estimating

12



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

the deposition flux of atmospheric MPs is the most intuitive way to understand the
deposition of atmospheric MPs. The earliest calculation method of atmospheric MPs
deposition flux was proposed by Zhou et al. (2017). We therefore adopted this method
and formula to calculate the deposition rate of atmospheric MPs (X) as follows:

A

N = st
Where, Ay is the effective filtration area of each filter, 12.56 cm?; 4, is the actual area
of each field of view for measurement, 0.1452 cm?; # is the average of particle numbers
observed in the 10 fields of view per filter in the microscope (particles); s is the area of
collection port in the sampling device, 0.071 m?; ¢ is the collection time (day); The MPs
deposition rate was calculated by dividing the total number of particles collected in
each rainfall event by the number of days between successive sampling dates and as
number of particles/m?/day.

2.7 Statistical analysis Statistical analysis was accomplished by using SPSS 23.0 and
graphing was accomplished by Python 3.7 (64 bit). Regression analysis was applied to
test the relationship between rainfall and the MPs abundance. Statistical test was
considered significant at p-value < 0.05. Simple correlation analysis between the MPs
counts and precipitation data was completed using SPSS 26.0 software and standard
significance (P value), and Pearson correlation test appropriate to the data was used.
Statistical significance and extreme difference were represented with P < 0.05 and P <
0.01, respectively.

2.8 Background contamination In order to determine the procedural blank of the total

extraction procedure, ten laboratory blank samples were processed alongside the field
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samples. The laboratory blank consisted of 500 mL deionized water and presented
information about the background contamination in the laboratory during digestion,
filtration and staining. To avoid MPs contamination in the laboratory, cotton laboratory
clothes and nitrile gloves were worn during sample collection, pretreatment and
analysis. After sampling, the sample was treated on a thoroughly cleaned laboratory
bench. All equipment used in the processing procedure in this study was rinsed three
times with deionized water and covered with tin foil paper after each step (Klein and
Fischer, 2019).

2.9 Atmospheric transport modelling The open-source modelling software of
HYSPLIT was-is usually used to model the back trajectory of air particle movement

from the field site during the monitoring periods (Stein et al., 2015). In current study,

the HY SPLIT back tratectory-model was used to simulate the source of atmospheric air

mass over the sampling site. The model was run in backward mode for the duration that

MPs were estimated to be suspended in the air and then speculated the possible source

of atmospheric MPs, and established the source-sink relationship. The input of model

includeds the longitude and latitude of the sampling site, the height of the atmospheric

boundary layer (ABL) and the atmospheric migration tracing time, but sewithout the

information of particle weight and size-information-ofparticles—Furtherthe outputof

. Through

modelling, we simulated the atmospheric propagation track in the curved region within
48 hours before the date of sample collection. Based on the frequency of atmospheric

trajectory, we deduced the potentialpessible source of atmospheric MPs. Trajectory
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3. Results

3.1 Background contamination The blank samples contained 4.5 + 1.7 MPs per view
under the fluorescence microscope and the majority of MPs had a fragmented form.
The results of all samples were blank-corrected.

3.2 MPs deposition rate Thirty-five samples of atmospheric bulk deposition were
collected in the rural region of Quzhou County, Hebei Province, and the number and
chemical composition of MPs were measured for all samples. Numbers of MPs in
samples were corrected by deducting the number of MPs measured in the blank samples
(which accounted for any contamination caused during sample extraction and the
detection process, as well as airborne MPs in the laboratory). As shown in Fig. 3, the
MPs deposition rate varied from 86 to 75421 particles/m?/day, which were 735-9428,
892-75421, 280-4244 and 861347 particles/m?/day in spring, summer, autumn and
winter, respectively. The atmospheric MPs deposition characteristics were quite
different in summer and winter. The MPs deposition rate was greatest and highly
variable in summer, while it was lowest in winter with a maximum of only 1347
particles/m?/day. A total of 20 rainfall events occurred in summer, thus, 20 atmospheric
bulk deposition samples were collected and analyzed in the summer season. Only 3
snowfall events occurred in the winter of 2020, resulting in the low MPs deposition rate
in winter. The atmospheric MPs deposition rate in spring and autumn was at an
intermediate level in the whole year, while the deposition rate in spring was slightly
higher than that in autumn.

3.3 Size distribution of MPs The collected MPs were divided into 6 different particle

16
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size classes, and the size distribution of MPs in the atmospheric bulk deposition samples
collected from August 19, 2020 to August 19, 2021 are shown in Fig. 4. The finer MPs
with the size between 10 and 50 um accounted for the largest proportion in all samples,
i.e. 44.3% in spring, 48.9% in summer, 46.5% in autumn and 37.9% in winter,
respectively. MPs with the size 3.23 pm—10 um had the second largest proportion,
accounting for 31.4% in spring, 29.5% in summer, 26.9% in autumn and 28.2% in
winter. The sizes of MPs ranged from 3.23 to 2645um, with a mean value of 43.1 um.
In all samples, larger MPs accounted for a relatively small proportion, among which
large MPs with size > 500 um accounted for 0.68% in all samples, and the largest MPs
in all samples had a size of 2645 pm. Overall, the number of MPs samples increased

with the decrease of size.
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3.4 Chemical composition Figure 5 shows the distribution of MPs collected in the rural
region of Quzhou County, in the NCP. Since the sampling period was divided by season,
the MPs deposition patterns were explored in four seasons: spring (n = 14), summer (n
= 22), autumn (n = 16) and winter (n = 8). We randomly screened the collected MPs,
and a total number of 60 MPs were examined with p-FTIR. As shown in Fig. 5, 10
chemical components of MPs were identified, including PE, PP, PS, PVC, PET,
Polyamide (PA), Polyurethane (PU), Polyetherimide (PEI) and RY. More types of MPs

(8 ehemieal—ecompeonentspolymer types) were observed in the summer samples

compared to 4 chemical components in spring and winter samples. The MPs were
mostly composed of RY, PET and PE in all season samples. The highest proportion of
MPs collected in summer samples was PET, accounting for 23%, while it was RY in
spring and autumn samples, accounting for 57% and 38% respectively. PE and PET are
common packaging materials (Geyer et al., 2017). RY is a form of chemical fiber made
from natural polymers through chemical treatment and mechanical processing, and is

one of the common textile materials.
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3.5 Atmospheric deposition and transport of MPs HYSPLIT (developed by National
Oceanic and Atmospheric Administration, the USA) has been used widely in previous
studies for source tracking of persistent organic pollutants (POPs) and suspended
particulate matter (Allen et al., 2019; Stein et al., 2015). Examples of February 24, 2021
trajectory frequencies at Quzhou County, calculated by HYSPLIT for 48-h periods and
6-h intervals with the atmospheric boundary layer (ABL) height of 500 m and 1500 m,
respectively, are shown in Fig. 6. HYSPLIT trajectory frequencies with the ABL height
of 500 m showed that the probability of MPs collected by Quzhou County from local
sources was > 90%, while the possibility of air transport from Shandong Province (east
of Quzhou County) and Bohai Bay (northeast of Quzhou) was between 50% and 90%.
Some of the MPs collected in current study may also come from Mongolia and Russia
(more than 2600 km away), with a probability of 1%—10%. In the case of a short
duration and high ABL of 1500 m, the frequency distribution of MPs transmission is
similar to that with low ABL of 500 m. However, the transmission range of atmospheric
particles at ABL height of 1500 m is slightly wider, which showed that the
potentialpessible source of MPs may also come from the southern region of Quzhou

County, such as Anhui and Zhejiang Provinces.
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4. Discussion

4.1 Influencing factors of atmospheric MPs deposition Similar to other particulate
matter, the transport and deposition of MPs in the atmosphere is affected by
meteorological conditions such as precipitation, wind speed, wind direction, and
pollutant concentration (Xia et al., 2020). Local rainfall conditions and MPs deposition
rate for each sampling date are provided in Table S1 in SI. In the study carried out in
the mountain range of Pyrenees by Allen et al. (2019), precipitation (rainfall and
snowfall) showed a positive driving effect on atmospheric MPs deposition. A study
conducted in Paris also showed that the lowest deposition fluxes of atmospheric MPs
(29 particles/m*/day) occurred during the dry season and the highest deposition of 280
particles/m?/day occurred during the rainy season over the sampling period (Dris et al.,
2015). In addition, Xia et al. (2020) reported that precipitation events promote the
deposition of atmospheric MPs, and the rainfall intensity was positively correlated with
the change in the concentration of MPs in the lake before and after rainfall.

As shown in Fig. 7, during the whole sampling period, three heavy rainfall events
(68.0, 93.2 and 164.7 mm/day) occurred on August 19, July 20 and July 11, 2021
respectively. We classified rainfall of 68.0 mm/day and 93.2 mm/day as a rainstorm,
and rainfall of 164.7 mm/day as a heavy rainstorm (Cheng et al., 2020; Dai et al., 2007).
Generally, samples collected on the dates with the heavy rain events had the highest
number of MPs. We found a significant positive relationship between MPs deposition
rate and the daily precipitation volume (r>= 0.479; p < 0.01), indicating that rainfall has
played a positive role in promoting the deposition of MPs.
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4.2 Atmospheric MPs deposition characteristic The MPs deposition flux of 86—
75421 particles/m*/day in our study was 1-2 orders of magnitude higher than that in
other regions (investigating MPs in the atmospheric bulk deposition), including Paris
(29-280 particles/m?/day) (Dris et al., 2015), London (575-1008 particles/m?/day)
(Wright et al., 2020), Dongguan (175-313 particles/m?/day) (Cai et al., 2017) and
Hamburg (136.5-512 particles/m?*/day) (Klein and Fischer, 2019). This is most
probably due to differences in the location of sampling site and the different detection
methodology for MPs. The NCP, where the site in our study is located, has a dense
population and intensive agricultural production activities (National Bureau of
Statistics of China, 2021). In the rural area of Quzhou County, cotton, vegetable, and
spring corn are usually grown through plastic mulch film laid on the soil surface to
increase soil temperature and moisture and improve crop yield and quality (Gao et al.,
2019; Liu et al., 2019c¢). Soil disturbance as a result of ploughing and cultivating the
soil that has a high plastics content, and wind erosion of agricultural film residue is
likely to promote the generation of atmospheric MPs (Jambeck et al., 2015). Climate is
also expected to affect airborne MPs abundance. MPs with small size and low density
are more easily mobilized and transferred in terrestrial systems through atmospheric
transportation and wet/dry deposition (Dehghani et al., 2017). In addition, there are
several plastic products processing factories and textile factories distributed near the
sampling site (see Figure S1) that may also have contributed to the higher number of

MPs in the atmospheric bulk deposition in our study. According to the average value

(7301 particles/m2/day) of MPs collected in the rural region of the NCP with the land
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area of around 300000 km?2, approximately 2190 trillion number of total MPs (around

175 trillion number of PE and 263 trillion number of PET) was estimated to deposit

daily in the NCP.

The MPs size observed in this study ranged from 3.23 to 2645.37 um, with an
average value of 43.13 pum. A large proportion (77%) of small-sized (< 50 pm) MPs
was observed in this study, which is similar to the results of several previous studies.
The study of atmospheric MPs in Beijing reported that MPs with small size of 5-20 um
accounted for 80% of the total MPs (Li et al., 2020). Another study carried out in the
Pyrenees found that 85% of MPs possessed a size smaller than 50 um (Allen et al.,
2019). However, other studies have shown larger MPs sizes, e.g. Dris et al. (2015)
suggested that ca. 50% of the atmospheric MPs in the Paris metropolitan area were >
1000 um in size. The research conducted in Shanghai by Liu et al. (2019a) showed that
the average size of MPs was 582.2 um. Wright et al. (2020) reported that the average
sizes of fibrous and non-fibrous MPs in the London metropolitan area were 905 and
164 um, respectively.

The high abundance and small size of MPs reported in this study may also be
attributed to the fluorescent staining method used. In this study, the MPs were stained
by Nile Red solution, then photographed using fluorescence microscopy, and
information on number and size was identified and counted using Imagel software.
However, visual inspection methods applied in previous studies were more likely to
underestimate MPs and result in low MPs counts (Hidalgo-Ruz et al., 2012; Yang et al.,

2021b). Therefore, the combination of fluorescence staining, fluorescence microscopy
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and ImageJ software in our study can detect more smaller sized MPs than other previous
studies. The detection limit of MPs size in this study was 3.23 um, which was much
smaller compared to other studies, e.g. 200 um (Cai et al., 2017) and 100 pm (Dris et
al., 2015). Therefore, other studies may underestimate the abundance of small-sized
MPs.

The composition of MPs in atmospheric samples has been investigated previously.
The main component of fiber in suspended particulate matter in Paris was PP (Dris et
al., 2015), while the fiber samples collected from Shanghai were mainly composed of
PET (Liu et al., 2019a), and cellulose accounted for 73% of the MPs in atmospheric
deposition in Dongguan city, Guangdong Province (Cai et al., 2017). In this study, RY
was the chemical component with the highest proportion of all detected MPs,
accounting for 29%. This may be because there was a large-scale non-woven fabric
processing factory (Xin Zhaoyuan Textile CO., Ltd., 36°44"29"N, 114°58'18"E, see Fig.
S1) within 15 km of the sampling site, which produced non-woven fabrics for the
production of disposable masks (made of RY)) during the COVID-19 pandemic period,
which may have led to more RY-MP in the sampling dates (Aragaw, 2020; Li et al.,
2021). The relatively complex composition of MPs collected in summer compared to
spring, autumn and winter may be due to the higher rainfall in summer, when various
MPs suspended in the atmosphere are more likely to be washed out. In addition,
summer and autumn are also planting or harvesting seasons for corn, wheat, cotton and
other crops in Quzhou County, the NCP, and more frequent agricultural activities and
soil disturbance can also increase the risk of MPs entering the atmosphere. Furthermore,
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there is a plastic products factory (Handan Baijiate Toys Co., Ltd., 36°52'14"N,
115°01"27"E, see Fig. S1), located within 1 km of the sampling site, which may
contribute to the PP, PE and PVC MPs deposition at the sampling site (Geyer et al.,
2017).

As an important carrier of MPs, the atmosphere plays an important role in the long-
distance transport of MPs. Due to the small size and light density, MPs can migrate over
long distances within the air mass (Zhang et al., 2016). We simulated the long-distance
transmission track of atmospheric air mass above the sampling point (Quzhou County,
Handan City, the NCP) using the HYSPLIT back-trajectory model;.-are-investigated

the-The potentialpessible source of atmospheric MPs was investigated according to the

atmospheric air mass trajectory, and the source-sink relationship was established. The

model showed that the atmospheric MPs in the rural region of Quzhou County, NCP
was mainly affected by the local and Shandong Province (east of Quzhou County) air
flow with a probability of 90%, while the probability (1-10%) of MPs transported from
Mongolia and Russia (> 2600 km distance) was very low (small probability event). In
addition, when the set of ABL height in the model increases, the source range of MPs
will be wider. Therefore, longer distance and more accurate atmospheric transport
models for atmospheric MPs are necessary.
5. Conclusion

In the current study, we reported the first evidence of the significance of the source
of MPs from atmospheric deposition in a rural region of the NCP, China. A large number
of MPs were detected in atmospheric bulk deposition collected in the rural site of
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Quzhou County, in the NCP. The average atmospheric MPs deposition rate from August
2020 to August 2021 was 7301 particles/m?/day, while the highest and lowest
atmospheric MPs deposition rate of 11644 particles/m?/day and 630 particles/m*/day

were observed in summer and winter, respectively. O-with-the landareund-total (around

atly—Smaller sized MPs

accounted for a larger proportion of the total number, with 3.23—-50 um of MPs
accounting for 77% of the total MPs. The chemical compositions of atmospheric MPs
were dominated by RY, PET and PE. Our study found that rainfall was significantly
positively correlated with the atmospheric MPs deposition, indicating that the scouring
of rainfall can accelerate the MPs input to the soil. We call for longer distance and more
accurate atmospheric transport models that contribute to the understanding of spatial
and temporal variability of the deposition characteristics of atmospheric MPs and the
factors influencing them. In addition, we recommend that a network of atmospheric
MPs deposition samplers is set up across the NCP or globally to further understand the

fate of MPs in the atmosphere in local-scale or global-scale.
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