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Abstract

Microplastic (MP) pollution is evolving into one of the most pressing environmental
concerns worldwide. This study assessed the impact of economic activities on
atmospheric MP pollution across 17 megacities in northern China, analyzing the
correlation between the deposition flux of atmospheric MPs and variables such as city
population, gross domestic product (GDP), and industrial structure. The results have
shown that the MP pollution is obviously impacted by human activities related to
increased GDP, population, as well as tertiary service sector, in which the MP pollution
shows most close relationship with the GDP growth. Polypropylene, polyamide,
polyurethane, and polyethylene were identified as the primary components of
atmospheric MPs. The average particle size of MPs in atmospheric dustfall is 78.3 um,
and the frequency of MP particles increases as the particle size decreases. The findings
highlight the complex relationship between socio-economic development and
atmospheric MP accumulation, providing essential insights for the formulation of

targeted emission reduction strategies.

Keywords: atmospheric microplastics, deposition flux, city population, GDP,
industrial structure
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1. Introduction

Microplastics (MPs) are pervasive emerging contaminants known to cause
substantial environmental pollution [1, 2], and even become markers of the
Anthropocene [3]. MPs are plastic particles or fibers with a size smaller than 5 mm [4].
MPs have been discovered in nearly all regions of the Earth, including the most remote
regions minimally impacted by human activities, such as the Tibetan Plateau [5], the
Himalayas [6], the Arctic [7], the Antarctic [8], and Mount Everest [9]. The presence of
MPs in diverse environments highlights the need for widespread concern and attention

from all sectors of society.

MPs pose a significant threat to ecosystems, biodiversity, and human health [10-
13]. Many organisms, ranging from the tiniest plankton to larger fish, may mistakenly
ingest MPs as food, leading to intestinal damage and nutrient intake obstruction [14,
15]. MPs in the natural environment have the potential to adsorb and carry harmful
chemicals, such as polychlorinated biphenyls (PCBs) [16], polycyclic aromatic
hydrocarbons (PAHS) [17], and heavy metals [17, 18]. When organisms consume these
contaminated MPs, they ingest not only the plastic but also the toxic substances,
exposing them to various risks related to physiology, reproduction, and the immune
system [1, 10, 19]. For instance, the combination of tetrabromobisphenol A with MPs
poses an elevated risk to large invertebrates in the soil [20]. MPs can alter the pH of
soil, leading to lower microbial diversity and functional gene abundance, and an
increase in the abundance of pathogenic microorganisms [21]. Studies have also shown
that when soil is mixed with MPs, the uptake of nutrients in broad beans is hindered
and the germination rate of wheat seeds is reduced [22, 23]. Bacterial communities in
the soil tend to aggregate on plastic beads, forming bacterial islands [24]. MP
concentrations are closely linked with the level of phthalic acid esters (PAES) in soil
[25]. Recent research has found that MPs affect the aggregation of soil bacterial
communities through their shape more than through their concentration [26]. The size
of plastics has a significantly greater impact than concentration on soil function and
crop productivity [27]. Additionally, prolonged exposure to chemicals associated with

3
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MPs may lead to endocrine disruption, fertility issues, and an increased risk of certain
cancers in humans. More recently, studies have detected MPs in human placentas [28],
blood [29], and lung [30]. In summary, MPs are ubiquitous in the environment, posing

threats not only to various organisms but also to both ecosystems and human health.

As the hazards of MPs have become better known to the public, many countries
have formulated policies to restrict the use of related plastic products. As early as 2008,
China issued a series of policies to control the use of plastic products, such as charging
for plastic bags and prohibiting the production and use of ultra-thin plastic bags with a
thickness of less than 0.025 mm (www.gov.cn/zhuanti/2015-
06/13/content_2879030.htm). In 2015, Scotland implemented a ban on the sale of
plastic bags (www.plasticpollutioncoalition.org). One year later, California completely
banned the use of disposable plastic bags (www.plasticpollutioncoalition.org).
Similarly, in 2016, Belgium, Canada, Australia, Germany, Sweden, Luxembourg,
Austria, and the Netherlands prohibited the use of microbeads in personal care products
(https://www.ijc.org/en/microbeads-legislative-update), Similar policy has also been
implemented in China in 2019
(9xj.9zlps.gov.cn/tzgg_42429/201912/t20191224 36215570.html). Additionally, from
October 2023, the European Commission started enforcing a ban on the use of loose

plastic glitter in applications without a transitional period (https://single-market-

economy.ec.europa.eu).

However, despite the introduction of numerous policies aimed at limiting plastic
use, the production of plastics is growing at an alarming rate. In 2013, the global
production of plastics reached a staggering 299 million metric tons [31]. By 2018, this
figure surged to 368 million metric tons, marking an approximate 1.23-fold increase
from 2013 [32]. Projections suggested that this number would double in the next two
decades [31]. Of particular concern is the prevalence of single-use plastics, materials
that not only are non-biodegradable but also exert immense environmental pressures.
Currently, single-use plastics account for 40% of total plastic production, and this value

was estimated to rise to two-thirds by 2060 [33, 34]. These statistics vividly illustrate
4
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the looming crisis of plastic pollution. With such extensive use, the resultant MPs pose

a profound threat to the global environment.

A recent study found that from 1950 to 2020, the global population increased
from 2.5 billion to 7.7 billion, and the per capita production of plastic almost increased
by 50 times [35]. The statistic data have shown that, with the rise in per capita income,
the amount of plastic waste per person is also expected to increase correspondingly [36].
Since plastic production is clearly positively correlated with socio-economic factors,
atmospheric MP pollution must have also been influenced by human activities related
to the GDP growth. However, so far, there have been no studies on the relationship
between atmospheric MP particles and population increase, GDP growth, and industrial
structure. Existing literature on atmospheric MPs primarily emphasizes the distribution
characteristics in urban air, such as in Patna (India) [37], Guangzhou (China) [38],
Mecklenburg-Western Pomerania (Germany) [39], and Ahvaz (Iran) [40]. These studies
have effectively characterized the pollution features of atmospheric MPs in urban areas,
but they are limited to individual cities and present limitations in examining the
connections among atmospheric MPs, city population, economic development, and
industrial structure. Although comparisons can be made between outcomes from
different research areas, drawing reliable conclusions is still difficult. This uncertainty
arises from diverse sampling methods across studies, discrepancies in sampling
durations, regional variations in sample collection sites, and the use of distinct
analytical techniques. Therefore, the connection between urban atmospheric MP

pollution and human activities, as well as natural factors, requires further exploration.

Building on the research background outlined above, this paper is focused on
the deposition flux of atmospheric MPs in northern Chinese cities. The composition,
particle size, and morphology of the MPs were analyzed using laser direct infrared
imaging spectrometry (LDIR) and field emission scanning electron microscopy
(FESEM). The aim of the study was to investigate the impacts of city population, gross
domestic product (GDP), and urban industrial structure on atmospheric MP pollution.

This research not only offers insights into the distribution characteristics of atmospheric
5
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MPs across multiple cities but, more importantly, bridges the knowledge gap by linking

MP pollution to aspects of urban development.

2. Materials and methods

2.1. Study area

The study collected samples of atmospheric dustfall from 17 megacities in
northern China in January and February 2022 (Fig. 1). According to the ranking of
Cities’ Business Attractiveness (https://www.yicai.com), these cities include a first-tier
city (Beijing); a new first-tier city (Zhengzhou); second-tier cities (Linyi, Yantai, and
Shijiazhuang); third-tier cities (Cangzhou, Dezhou, Handan, Langfang, Luoyang,
Nanyang, Tangshan, Xinxiang, and Zhumadian); and fourth-tier cities (Baotou, Lvliang,
and Qinhuangdao) (National Bureau of Statistics, http://www.stats.gov.cn). We
compiled data on city population, GDP, and the proportions of the three major industries
for these 17 cities in the first quarter, based on information from each municipal
government (Table S1). GDP is the core indicator of national economic accounting and
an important metric to measure the economic condition and development level of a
country or region (National Bureau of Statistics, 2015). According to industry
classifications of the national economy (GB/T 4754-2011), primary industry
encompasses agriculture, forestry, animal husbandry, and fishing, and excludes
specialized and auxiliary activities within these domains. Secondary industry includes
mining, manufacturing (excluding metal products, machinery, and equipment repair),
electricity, heat, gas, water production and supply, construction, and other related
industries, with certain specialized and auxiliary activities excluded. Tertiary industry,
often referred to as the service industry, covers sectors beyond the primary and

secondary industries.

2.2. Sample collection and MP separation
Atmospheric dustfall was passively collected in stainless steel basins positioned
approximately 10-15 m above the ground, with a sampling duration of 50-60 days.

Three independent devices were stationed at each sampling point to collect samples in
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triplicate. Collected atmospheric dustfall samples were stored in anti-static aluminum

foil bags for later analysis.

The density flotation method was used to separate MP particles from
atmospheric dustfall. Impurities and larger particles were removed from the collected
atmospheric dustfall. Then, a density solution of ZnCl, with a density of 1.7-1.8 g-cm
3 was prepared. Specific steps for MP separation were as follows. (1) Atmospheric
dustfall was collected in a 100 mL beaker and 60 mL of ZnCl> solution was added. The
solution was agitated for 2 minutes and then allowed to settle for 72 hours. (2) The top
layer was transferred to a separate beaker and 60 mL of 30% H.O was added to digest
organic material. The mixture was shaken for 10 minutes on an oscillator, then allowed
to rest for 24 hours for complete degradation. (3) MPs were extracted via a 0.45 pum
silver membrane filter and air-dried in a sterile petri dish. (4) The dried filter was
immersed in ethanol and ultrasound was used to dislodge the sample from the filter. (5)
The filter was removed from the ethanol and rinsed until clean. When the ethanol had
evaporated down to a volume of 200 pL, a drop of the ethanol was placed on a glass
coverslip. After complete evaporation, leaving the MP sample adhering to the glass
surface, the samples were prepared for LDIR analysis. These steps for separation of

MPs are consistent with previously published papers [41].

2500 5000
- Population ( l()l)()())- GDP (Billion (‘NY)I:] Tertiary industry (%)

2000 t 4000

1500 = 3000

opulation (10000)
GDP (Billion CNY)

1000 2000

I

500 ~ 1000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Fig. 1 Distribution of sampling sites within megacities in northern China.
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2.3. LDIR analysis and FESEM

LDIR (Agilent 8700, USA) is a new technique for analyzing the composition,
shape, and size of MPs in different environments. The instrument works by using laser
irradiation on the sample and measuring the sample’s response in terms of emitted light
or scattered light. MPs, along with other substances, exhibit unique absorption features
in the infrared spectrum. By comparing the sample spectral data with known reference
spectra and evaluating the degree of matching, the LDIR instrument can determine the
presence of MPs in the sample and provide information about their chemical
composition and structural characteristics [2, 41]. LDIR can systematically detect every
particle, thereby eliminating potential errors from visual selection. LDIR can identify
MPs at low concentrations (as low as micrograms) with high precision, but a drawback

is its higher cost.

FESEM (Zeiss, Germany) was used to analyze the microscopic morphology of
MP particles. The MP samples were filtered onto a membrane and sprayed with aerosol
gold as a conductive material and the extra high tension was set at 20 kV. Previous
studies have shown that scanning electron microscopy is highly effective in

characterizing the microstructure of atmospheric particulate matter [1, 42, 43].

2.4. Statistical analysis and quality control

Statistical analysis of the data was conducted using SPSS (version 13.0). The
correlation between the abundance of MPs in the atmospheric dustfall samples and city
population, GDP, and urban industrial structure was evaluated through Pearson

correlation analysis. Statistical significance was established at a threshold of P < 0.05.

Atmospheric dustfall samples were meticulously collected and subsequently
stored in aluminum foil bags to prevent contamination. All glassware used in this study
was rigorously cleaned and rinsed three times with ultrapure water. To preclude
instrumental interference, a control run was performed using a blank high-refraction
glass substrate under predefined experimental conditions. This ensured the reliability

of the analytical results. Throughout the experimental procedures, all personnel were
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mandated to wear cotton lab coats, cotton head covers, and nitrile gloves to minimize

potential sample contamination [2].

2.5 Definition of the deposition flux of MPs
The deposition flux of atmospheric MPs was calculated using the following

formula:

where C (items m?2 day?) represents the deposition flux of atmospheric MPs; i
represents different cities in northern China; N (items) represents the total number of
MPs; T (days) represents the sampling periods; and S (m?) represents the surface area

receiving atmospheric dustfall.

3. Results

3.1. Abundance of MPs

The range of atmospheric MP deposition flux in all investigated cities varied
between 5.1 items m day™ in Qinhuangdao and 228.7 items m day™ in Beijing (Table
S2). The values ranged from high to low as follows: Beijing (228.7 items m day™),
Shijiazhuang (81.3 items m day™!), Zhengzhou (78.6 items m? day?), Yantai (57.3
items m2 day?), Zhumadian (57.1 items m2 day?), Baotou (42.6 items m? day™),
Cangzhou (30.6 items m day1), Tangshan (24.4 items m day™?), Xinxiang (21.3 items
m2 day?), Linyi (20.9 items m? day?), Nanyang (20.3 items m day™?), Lvliang (16.8
items m? day?), Luoyang (16.6 items m? day™), Handan (14.4 items m? day?),
Langfang (12.2 items m day™), Dezhou (5.9 items m day™) and Qinhuangdao (5.1

items m2 day) in descending order (Fig. 2).

The Pearson correlation analysis indicated a positive correlation (R = 0.838, P
< 0.001) between the deposition flux of atmospheric MPs and total city population,
suggesting a significant relationship (Fig. 3az). In terms of types of MPs, a correlation
was found between polyamide (PA), polypropylene (PP), polyethylene terephthalate
(PET), and acrylate copolymer (ACR) MPs and total city population. The correlation

9
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coefficients between PA and city population (Fig. 3a2), PP and city population (Fig. 3as),
PET and city population (Fig. 3as), and ACR and city population (Fig. 3as) were R =
797 (P < 0.001), R = 0.838 (P < 0.001), R = 0.642 (P = 0.005), and R = 0.805 (P <
0.001), respectively.

Our study found that the Pearson correlation coefficient was R = 0.941 (P <
0.001) between the GDP value and the deposition flux of atmospheric MPs (Fig. 3bs).
Although the growth of GDP was related to the overall deposition flux of MPs, a more
detailed analysis revealed a relationship between certain specific types of MP particles
and GDP. For instance, the concentrations of PA, PP, PET, and ACR particles showed
a significant positive correlation with GDP values, with correlation coefficients of R =
0.944 (P < 0.001) (Fig. 3by), R =0.969 (P < 0.001) (Fig. 3bs), R = 0.76 (P < 0.001) (Fig.
3bs), and R = 0.831 (P < 0.001) (Fig. 3bs), respectively.

The Pearson correlation analysis revealed a positive and significant correlation
between MP deposition flux and tertiary industry, with a correlation coefficient of R =
0.783 (P < 0.001) (Fig. 3c1). In contrast, there was no significant correlation between
MP deposition flux and primary and secondary industries (agriculture and
manufacturing, respectively). Further analysis of individual MP types revealed that the
MP deposition flux of PA was not significantly correlated with primary or secondary
industries, but was significantly positively correlated with tertiary industry (R = 0.711,
P = 0.001) (Fig. 3c2). Similarly, PP, PET, and ACR particles were not significantly
correlated with primary or secondary industries, but were significantly positively
correlated with tertiary industry (PP: R =0.752, P <0.001; PET: R = 0.716, P = 0.001;
ACR: R =0.796, P <0.001) (Fig. 3cs-3cs).
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Fig. 2 Atmospheric deposition flux of microplastics of megacities in northern China.
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Fig. 3 Pearson correlation analysis. (a1) Correlation between the deposition flux of MPs
and population. (a2) Correlation between the deposition flux of polyamide (PA) and
population. (as) Correlation between the deposition flux of polypropylene (PP) and
population. (as) Correlation between the deposition flux of polyethylene terephthalate
(PET) and population. (as) Correlation between the deposition flux of acrylate
copolymer (ACR) and population. (b1) Correlation between the atmospheric deposition
flux of MPs and gross domestic product (GDP). (b2) Correlation between the
atmospheric deposition flux of PA and GDP. (bs) Correlation between the atmospheric
deposition flux of PP and GDP. (bs) Correlation between the atmospheric deposition
flux of PET and GDP. (bs) Correlation between the atmospheric deposition flux of ACR
and GDP. (c1) Correlation between the atmospheric deposition flux of MPs and tertiary
industry. (c2) Correlation between the atmospheric deposition flux of PA and tertiary
industry. (c3) Correlation between the atmospheric deposition flux of PP and tertiary
industry. (cs) Correlation between the atmospheric deposition flux of PET and tertiary
industry. (cs) Correlation between the atmospheric deposition flux of ACR and tertiary

industry.

3.2. Chemical components of MPs

Twelve types of MPs were identified, including PA, PP, PET, PE, polyurethane
(PU), polystyrene (PS), acrylate copolymer (ACR), silicone, ethylene vinyl acetate
copolymer (EVA), chlorinated polyethylene (CPE), polyvinyl chloride resin (PVC), and
other types. Other types included polycarbonate (PC), polyvinyl butyral (PVB),
polymethylmethacrylate (PMMA), butadiene rubber (BR), styrene butadiene styrene
(SBS), styrene isoprene styrene triblock copolymer (SIS), polyoxymethylene (POM),
polylactic acid (PLA), polytetrafluoroethylene (PTFE), methyl methacrylate butadiene
styrene (MBS), ethylene acrylic acid (EAA), phenol formaldehyde resin (PFR), and
phenolic epoxy resin (PER). These other types of MP particles were rarely seen in only
a few individual samples and were therefore classified jointly. The study found that PP
particles were most abundant in the samples from Beijing, Zhengzhou, Baotou,
Tangshan, Xinxiang, Lvliang, and Luoyang. PA particles were dominant in Cangzhou,

13



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

Handan, Langfang, Dezhou, and Qinhuangdao. PE particles were dominant in

Shijiazhuang. PU particles were dominant in Yantai, Zhumadian, Linyi, and Nanyang

(Fig. 4).
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Fig. 4 Relative abundance of atmospheric dustfall microplastics of megacities in

northern China.

3.3. Morphological types of MPs

According to the ratio of the length and width of the particles, MP particles are
classified into fiber, fragment, and pellet shapes (Fig. 5). Fibrous MPs have an aspect
ratio greater than 3, pellet MPs are approximately spherical in shape, and the remaining
MP particles are termed fragments. Fragment MPs were the dominant shape in all cities
(Fig. 6). In Baotou, the proportion of fragment MPs was the highest, reaching 90.3%,
while in Luoyang the proportion of fragment MPs was the lowest at 52.9%. However,
the proportion of fiber MPs was the highest in Luoyang, at 40.2%, while in Baotou City,
it was the lowest at 7.3%. An interesting phenomenon is that in all cities, the relative
proportion of fragment MPs was greater than that of fibrous MPs, which in turn

exceeded that of pellet MPs. Pearson correlation analysis found no significant

14
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297  Fig. 5 Field emission scanning electron microscopy secondary electron images of
298  microplastics (MPs) in the atmosphere. (a) Fiber MP particle. (b, c) Fragment MP
299  particles. (d) Pellet MP particle.
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Fig. 6 Relative abundance of fiber, fragment, and pellet microplastic particles in

atmospheric dustfall of megacities in northern China.

3.4. Size of MPs

In all samples, the average particle size of MPs in atmospheric dustfall was 78.3
um. ACR had the largest average particle size of 109 um, while silicone had the smallest
(52.3 um). Overall, the average particle size showed a trend of ACR (109 um) > EVA
(104 um) > CPE (103.1 um) > PVC (102.5 um) > PP (100.2 um) > PS (87.8 um) > PE
(78.2 ym) > PET (76.8 um) > PA (62.6 um) > PU (53.9 um) > silicone (52.3 pm) in
atmospheric dustfall (Fig. 7).

The particle sizes varied greatly in megacities in northern China. Dezhou had
the largest average particle size in atmospheric dustfall at 183.2 um, while Cangzhou
city had the smallest, at 38.2 um. The average particle size showed a trend of Dezhou >
Tangshan > Luoyang > Baotou > Lvliang > Xinxiang > Beijing > Zhengzhou >
Shijiazhuang > Qinhuangdao > Handan > Langfang > Yantai > Zhumadian > Nanyang >
Linyi > Cangzhou (Fig. 8). The average size of MP particles in each city are shown in

Table S2.

In terms of different chemical types of MPs in megacities, the particle size of
PA was largest in atmospheric dustfall from Luoyang (170.8 pum), and smallest in
Langfang (28.5 um). The particle size of PP was largest in atmospheric dustfall from
Dezhou (361 pum), and smallest in Nanyang (24.9 um). The particle size of PE was
largest in atmospheric dustfall from Dezhou (195 pum), and smallest in Qinhuangdao
(24 um). The particle size of PU was largest in atmospheric dustfall from Beijing (120.2
um), and smallest in Qinghuangdao (34.8 um). The average size of different types of

MPs is shown in Figure 8.

Atmospheric dustfall was characterized by a predominance of MPs within the
smaller particle size spectrum (Fig. 8). The MP particle sizes were classified into four
ranges: 20-50 um, 50-100 um, 100-200 um, and 200-500 pum (Fig. 9). Apart from the
cities of Baotou, Tangshan, Lvliang, Luoyang, and Dezhou, the primary particle size of
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MPs in the remaining 12 cities was concentrated within the 20-50 um range.
Furthermore, within these 12 cities, there was a noticeable trend of increasing MP

numbers as the particle size decreased (Fig. 9).

The Pearson correlation analysis demonstrated some interesting relationships
between the average particle size of MPs in atmospheric dustfall and that of individual
MP types. The study found a Pearson’s coefficient of R = 0.889 (P < 0.001) between
the average particle size of MPs and that of PA particles (Fig. 10a). The other
coefficients were as follows: PP (R = 0.885; P < 0.001), PET (R =0.67; P = 0.005), PE
(R=0.815; P<0.001), EVA (R =0.867; P = 0.005), and silicone (R = 0.85; P < 0.001)
(Fig. 10b—f). These results indicate that the particle size distributions of PA, PP, PE, and
silicone significantly influence the overall particle size distribution of MPs in
atmospheric dustfall. Additionally, the Pearson correlation analysis showed a positive
correlation between PU particle size and GDP (R = 0.678, P = 0.004) (Fig. 10g).
Secondary industry and the size of PA particles were positively correlated (R = 0.579,

P = 0.015) (Fig. 10h).
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Fig. 7 Average particle size of different types of microplastics in all samples. (Error

bar represents one standard deviation).

17



i

=]
b Del 2
TELERISLE=

(un) az1s aponted

3

250
200

~

::a 71s pdNIRd

noyzaQq
Sueysue]
uepURH
Suefon
Suerag
SuelueN
Kurp
Suerxury

Megacities

ueys3ue],
noyzaue)
nojoeg
weIpeumyZ
TRjuR
noyzsuayz
Suenyzeiliyg
Sultog

oepsuneysuId)
noyza(
Suejsue]
uepuRH
Suefon
Suerja
FuekueN.
Kurp
Fuerxury

Megacities

ueys3ue],
noyzaue)
nojoeg
ueIpRUmyZ
TRJUR
noyzsuaiz
Suenyzeiliys
suiliag

;

2 2 282
Ea O

(uni) az1s aponreg

3

A:iv azs u_o:.:wm

oepsuneysuId)
noyzaq
3uejsue]
uepueH
Suelon
Suerja
FuelueN
1Kury

uerxury

Megacities

ueys3ue],
noyzaue)
nojoeg
URIpRUMyZ
TR
noyzsuayz
Suenyzerliyg
suiliog

oepsuneysuId)
noyza(y
Fuejsue]
uepURH
uefong
Suerja
FuelueN
1Kury
Suerxury

Megacities

ueyssue],
noyzaue)
nojoeg
wRIpRUMyZ
eI
noyzsuayz
Buenyzerliysg
sutliog

oepdumeyzsuId)
noyza(y
Sueysue]
uepUREH
Suefon
uerja
SuelueN
o 1Aury

Buerxury

Megacities

ueyssuR],
noyzsue)
nojoegy
weIpRUmyZ
TejuR x
noyzsuayz
Suenyzerliyg
surliog

o o o o
v S

i) 2z1s danIRd

oep3uneyzsuId)
noyza(y
Fuejsue]
URpUREH
Buelong
uera
FueueN
1Aury .
2 Suerxury
ueyssue],
noyzsue)
nojoegy
weIppumyzZ
TejuR X
noyzsuayz
Suenyzer(iyg
surliog

o o 9 o o o
® © F a

=]
el
o

= 200

Megacities

140
120
0f

(uni) azis dponeg

cocooocoooo
SEESacee
(uni) az1s dponTRg

300

o o
ER=Na]
a A - =

(umi) az1s sponTed

oepsuneysuId)
novza(
Suejsue]
uepURE
Fuefony
3uera
FuelueN
1Aury
Fuerxury

Megacities

ueys3ue],
noyzsue)
nojoeg
weIpRUNYZ
rejue x
noyzsuatz
Suenyzetliyg
suiliog

oepsuneysuId)
noza(
Suejsue
uepuREH
Fuekon]
Suera
SuelueN
1Aury
Fuerxury

Megacities

ueyssue],
noyzaue)
nojoeg
TRIpRUMZ
TR X
noyzsuayz
Suenyzerliysg
suliog

35

300

m

)

]
=3

el
Ao A

(uni) az1s dponreg

EVA

Megacities

o o2 o o o
v S v S wn
a A - =

(uni) az1s dponTeg

o o 2 o o o
S S v S

oepsuneysuId)
noza(q
Suejsue]
wepuRE
Fuefon
Suera
FuekueN
1Aury
Suerxury

Megacities

ueyssue],
nozaue)
nojoegy
weIpRUNyZ
TR
noyzsuayz
Suenyzerliys
suiliog

o

oep3uneysuId)
noyzaQq
Sueysue]
UepURE]
uefon
suer[a]
FuelueN
1Aury
Fuerxury
ueyssue],
noyzsue)
nojoeg
ueIpeumyz
rejue x
noyzsuayz
Suenyzerliyg
suiliog

o

=

5]

g

<
=3 =3 =4 (=3 =3 (=]
L= TS B =
& a =

(uni) az1s dponTed
cooocooooCC
RESIQSwewa

(uni) az1s aponreg

oepSuneyzud)
noyza(
Suejsue
uepuRH
Suefon
Suerag
SuelueN
1hury
Suerxury

Megacities

ueys3ue],
noyzsue)
nojoeg
ueIpeUmyZ
Tejue§
noyzsuayz
Suenyzeiliyg
suliog

oep3uneyzud)
noyza(
Suejsue]
uepuRH
Suefon
Suerja
FuelueN.
1Aury
Suerxury

Megacities

ueys3ue],
noyzsue)
nojoeg
RIpRUINTZ
TeJUR
noyzsuayz
Suenyzerliyg
surliag

347

18



348  Fig. 8 Average size of individual microplastic types in atmospheric dustfall of
349  megacities in northern China. (Error bar represents one standard deviation).
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352 China.
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354

355  Fig. 10 Correlation between the average particle size of microplastics (MPs) and the
356  particle size of polyamide (PA), polypropylene (PP), polyethylene terephthalate (PET),
357  polyethylene (PE), ethylene vinyl acetate copolymer (EVA), silicone, gross domestic
358  product (GDP), and secondary industry. (a) Correlation between the average particle
359  size of MPs and the particle size of PA. (b) Correlation between the average particle
360  size of MPs and the particle size of PP. (c) Correlation between the average particle size
361  of MPs and the particle size of PET. (d) Correlation between the average particle size
362  of MPs and the particle size of PE. (e) Correlation between the average particle size of
363  MPs and the particle size of EVA. (f) Correlation between the average particle size of

364  MPs and the particle size of silicone. (g) Correlation between the average particle size
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of PU and GDP. (h) Correlation between the average particle size of PA and secondary

industry.

4. Discussion

4.1. Impacts of city populations, economic development, and urban industrial
structure

Atmospheric MP pollution in urban areas is a complex issue, which is
influenced by multifaceted factors such as city population, economic development, and
industrial architecture. In this study, a detailed analysis of atmospheric dustfall from the
winter season in 17 Chinese cities was conducted. The results indicate that cities with
larger populations have more severe MP pollution than cities with smaller populations.
Plastic items, during their lifecycle, tend to break down, forming minuscule plastic
particles. These particles inevitably find their way into our environment, accumulating
over time and contributing to MP pollution [44]. Moreover, with the surge in city
populations, waste management has become a significant challenge. In regions lacking
efficient waste segregation and recycling systems, a considerable amount of plastic
waste is either discarded or ends up in landfill. Improper waste disposal, especially
during the processes of landfilling and incineration, can result in the release of MP
particles into the atmosphere, leading to atmospheric MP pollution [45]. Furthermore,
the growth of city populations leads to an increased demand for housing. Large-scale
land development can result in the release of MPs that were previously fixed in the soil
[46]. Modern construction also releases MP particles when synthetic materials are used
[46]. Lastly, transportation, a crucial aspect of urban development, intensifies with city
population growth. The wear and tear of vehicles and roads further amplifies the release
of MPs [2, 47]. For instance, road traffic generates rubber particles and vehicle
emissions [47], industrial production emits PA particles [41], and urban development
leads to the release of PVC particles [46]. In summary, city population growth has a

significant impact on MP pollution.
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GDP and atmospheric MP pollution are two distinct metrics, and there is no
direct relationship between them. However, the GDP reflects the socio-economic
activities of a region, encompassing the production and consumption of goods and
services. A frequently overlooked byproduct of these activities is MP pollution. Based
on the GDP values of each city and the observed data in this study, a significant
correlation was found between the GDP of cities and the deposition flux of atmospheric
MPs (Fig. 3). This suggests that as the economy grows, the concentration of these
specific types of MPs in the atmosphere also increases. Among these cities, the highest
MP deposition flux was observed in Beijing (228.7 items m? day?), followed by
Shijiazhuang (81.3 items m day™). Additionally, as a new first-tier city, Zhengzhou's
deposition flux of MPs is close to that of Shijiazhuang, at 78.6 items m? day™. This
result indicates that MP pollution is more severe in first-tier and new first-tier cities
compared with other cities. The correlation of GDP with the deposition flux of MPs
shows that the higher the economic development of a city, the more severe is the MP
pollution. These results indicate that economically developed cities generate more MP
pollution. In economically developed cities, residents typically have higher incomes. A
higher income often signifies strong purchasing power which drives the market to
continuously innovate to meet consumer demands. This modern rapid-consumption
culture, combined with intense urbanization, ensures that plastic products are

ubiquitous in urban life, leading to more severe MP pollution.

In urban planning and development, economic growth is the primary concern,
while environmental concerns may be relegated to secondary status. However, with the
increasing focus on MP pollution, it is evident that a balance between economic
advancement and environmental protection is imperative. Future research and policies
should place greater emphasis on reducing MP emissions while maintaining economic
growth, aiming for genuine sustainable development. A significant correlation between
atmospheric MP deposition flux and tertiary industry was observed (Fig. 3). The tertiary
sector uses plastic products extensively, with PP being the dominant type in 12 cities.
PP is predominantly used for disposable tableware (disposable food containers, cutlery,
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and cups), plastic bags, bottle caps, and cosmetic containers. Common service industry
venues using disposable PP products include restaurants, fast-food and takeout outlets,
and coffee shops [48]. In daily use, PP products can release particles from friction, wear
and tear, cleaning, and disposal. For instance, friction between food containers and
cutlery during packaging, coupled with cleaning, can release PP MPs [49]. Conversely,
PET is also prevalent in the service industry, particularly in beverage bottles, food
packaging, and fibers in polyester clothing [50, 51]. Service industry locations using
PET products encompass beverage shops, restaurants, and supermarkets. Wear,
cleaning, and disposal of PET products results in the release of PET particles; for
example, when discarded beverage bottles are compressed or broken [52]. PA is also
widely used in various products within the service industry, such as nylon fabrics,
plastic bags, and nylon sheets [53]. During daily usage, these nylon products may
generate tiny particles due to friction, wear and tear, and aging, ultimately becoming a
source of PA particles. Additionally, disposable tableware and packaging materials may
release PA particles during the disposal process [54]. Overall, the extensive use of
plastic products in the service industry results in the introduction of PP, PET, and PA

MPs into the environment, including the atmosphere, leading to MP pollution.

Correlation coefficients were recorded between MP deposition flux and
population (0.838), between MP deposition flux and GDP (0.941), and between MP
deposition flux and the structure of tertiary industry (0.783). These findings indicate
that the relationship between GDP and MP pollution is closer than that with city

population.

4.2. Comparing the atmospheric deposition flux of MPs with other studies

Although research on atmospheric MPs has gained attention, few studies have
investigated the deposition flux of atmospheric MPs. In this study, the deposition flux
of MPs ranged from 5.1 items m day to 228.7 items m day*. Previous studies of
atmospheric dustfall samples from Paris revealed that the deposition flux of MPs was
36 MPs m 2 day ! [55]. In Hamburg, Germany, the deposition flux of MPs was 275

particles m? day™ [56]. In Trent, the deposition flux of MPs was in the range of 0-7
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MPs m~2 day ™ [57]. Studies on the atmospheric deposition flux of MPs in Ho Chi Minh
City showed significant variations. Thinh et al. (2020) found that the deposition flux of
atmospheric MPs in Ho Chi Minh City was 1357 MPs m2 day * [58], whereas results
from Strady et al. (2021) range from 0.63 to 1 MPs m~2 day* [59]. In London, the
deposition flux of atmospheric MPs reached 1008 MPs m day™ [60]. In Patna, the
deposition flux was 1959.6 +205.0 MPs m?2 day! in urban areas, and
1320.4 + 126.0 MPs m2 day™ in peri-urban areas [37]. Furthermore, the deposition flux
of MPs was 24 + 16 MPs m2 day? in Tibet [61], 36 = 7 MP particles m? day™? in
Dongguan [62], 167 + 58 MP particles m? day™ in Guangzhou [63], and 86 to 75,421
particles m2 day in Quzhou [64] (Table S2).

In terms of composition, the atmospheric dustfall in Paris is primarily composed
of nylon and PET [55], while in Hamburg it mainly consists of PE and EVA [56]. In Ho
Chi Minh City, PP is the predominant component [59], whereas in London, the main
components are polyacrylonitrile, PET, and PA [60]. Patna's atmospheric MPs are
mainly made up of PP and PET [37], while in Tibet, PET and nylon are the primary
components [61]. Dongguan's MPs are mainly PE and PP [62], Guangzhou's MPs are
primarily PET and polyacrylonitrile [63], and Quzhou's MPs are mainly nylon and PET
[64]. The relative abundance of major MP components can be found in Table S2. PA is
commonly referred to as nylon. Comparison of the above results with our own findings
shows that PA, PP, PET, PE, and PU are the most common components of MPs in
atmospheric dustfall. In terms of particle size, the frequency of MPs in the atmospheric

dustfall of Paris and Quzhou increases as the particle size decreases.

These results describe the deposition flux and components of MPs in different
regions. However, comparing the deposition flux of MPs between these regions is not
meaningful because the sampling methods, analytical techniques, statistical methods,
and units used in these studies are not consistent. For instance, in Dris’s study on
atmospheric dustfall samples in Paris, the focus was primarily on analyzing fibrous
particles, and approximately half of the fibers were identified as natural fibers [65]. In

contrast, in our study, natural fibers were not considered to be MP components. This
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difference might have contributed to the relatively low occurrence of fiber MPs in our
study. Furthermore, before Fourier-transform infrared (FTIR) analysis, it was common
to visually select suspected MP particles, followed by FTIR micro spectroscopy for
analysis. However, in this study, low wavenumber LDIR was used to detect all particles
in the samples. This could also have contributed to regional differences. Variations in
sample pre-processing may also lead to differing results among regions. For example,
both our study and Huang’s study used hydrogen peroxide to remove organic material

from samples, whereas Cai’s study did not [62, 66].

Different studies may use various methods, such as spectroscopic analysis,
microscopic observation, and chemical analysis, to detect and quantify the presence of
MPs. This diversity can result in inconsistencies among different research findings,
making comparisons more challenging. Therefore, it is important that the sampling
methods and analysis techniques for MPs are unified in future studies. A standardized
approach ensures data comparability and consistency among different studies, thereby
enhancing human understanding of the global distribution and impact of MPs and
providing a more reliable foundation for environmental protection, policy-making, and

scientific research.

5. Conclusion

With the continuous economic growth of the international community, MP
pollution is becoming increasingly severe. Our study found that rapid economic and
population growth is a significant reason for the exacerbation of MP pollution. Analysis
of MP components in atmospheric dustfall from 17 cities in northern China identified
12 types of MPs, predominantly PP, PA, PU, and PE particles. MP pollution showed
clear positive correlations with city population and GDP. Areas with larger city
populations and more developed economies had more severe MP pollution. Compared
with the primary and secondary sectors, the service sector shows a more significant
correlation with MP pollution. Disposable products are a major source of MPs in

atmospheric dustfall. The relationship between GDP and MP pollution is closer than
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that with city population and tertiary industry. From the perspective of particle size, the
average particle size of MPs in atmospheric dustfall is 78.3 um, and the frequency of
MP particles increases as the particle size decreases. The particle size distributions of
PA, PP, PE, and silicone significantly influenced the overall particle size distribution of

MPs.
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Table S1. City populations, GDP, and the proportions of three industries (first quarter)

in the study area.

Tiered city Study area Population  GDP Primary Secondary  Tertiary  Sampling
classification (10000 (100 industry industry industry  period
eople million % %
people) (%) ) (%) (days)
CNY)
First-tier city ~ Beijing 2184.3 416109 0.15 14.01 85.84 60
New first-tier ~ Zhengzhou 1282.8 12934.7 0.78 37.67 61.55 56
city
Second-tier Linyi 1101.8 5778.5 4.61 38.77 56.62 60
city
Shijiazhuang 1122.4 7100.6 4.93 31.21 63.86 60
Yantai 705.9 9515.86 2.45 43.49 54.06 56
Third-tier city ~ Cangzhou 7315 4388.2 8.38 41.55 50.07 54
Dezhou 557.5 3633.1 5.7 43.63 50.67 50
Handan 928.1 4346.3 10.12 44.92 44.96 56
Langfang 549.5 3565.3 6.46 33.53 60.01 58
Luoyang 707.9 5675.2 1.77 46.4 51.83 60
Nanyang 961.5 4555.4 8.46 33.89 57.65 54
Tangshan 770.6 8900.7 4.57 56.92 38.51 52
Xinxiang 616.6 3464 3.73 46.79 49.48 60
Zhumadian 689.9 32574 8.27 42.8 48.93 58
Fourth-tier Baotou 274.0 3749.9 1.03 49.13 49.84 60
city :
Lvliang 337.0 2418.9 2.16 66.24 31.6 60




Qinhuangdao  309.8 1909.5 13.2 35.7 51.1 60

Data from (http://tjj.beijing.gov.cn/, https://tjj.zhengzhou.gov.cn/,
http://tjj.linyi.gov.cn/, http://tjj.sjz.gov.cn/, https://tjj.yantai.gov.cn/,
http://tj.cangzhou.gov.cn/, http://dztj.dezhou.gov.cn/, https://www.hd.gov.cn/,
http://www.If.gov.cn/, http://lytjj.ly.gov.cn/, http://tj.nanyang.gov.cn/,
http://new.tangshan.gov.cn/, http://tjj.xinxiang.gov.cn/, https://tjj.zhumadian.gov.cn/,

http://tjj.baotou.gov.cn/, http://www.lvliang.gov.cn/, https://tjj.ghd.gov.cn/).


http://tjj.beijing.gov.cn/
https://tjj.zhengzhou.gov.cn/
http://tjj.linyi.gov.cn/
http://tjj.sjz.gov.cn/
https://tjj.yantai.gov.cn/
http://tj.cangzhou.gov.cn/
http://dztj.dezhou.gov.cn/
https://www.hd.gov.cn/
http://www.lf.gov.cn/
http://lytjj.ly.gov.cn/
http://tj.nanyang.gov.cn/
http://new.tangshan.gov.cn/
http://tjj.xinxiang.gov.cn/
https://tjj.zhumadian.gov.cn/
http://tjj.baotou.gov.cn/
http://www.lvliang.gov.cn/
https://tjj.qhd.gov.cn/

Table S2 Deposition flux of atmospheric microplastics (MPs) in urban agglomerations

in our study and other studies.

Cities Abundance Main types of MP particle size Analytical References
MPs method
Baotou 42.6 items m day* PP (37.1%), Average: 96 um
PU (17.6%), 50-100 pm: 40.3%,
PE (15.9%), 100-200 pm:
29.8%
PA (10.6%)
Beijing 228.7 items m day? PP (67.5%), Average: 76.9 um
PA (25%) 20-50 pum: 39.8%,
50-100 pm: 39.9%
Cangzhou 30.6 items m2 day* PA (52.4%), Average: 38.2 um
PU (22.8%), 20-50 pm: 83.3%,
Silicone (9.7%)
50-100 pm: 14.7%
Dezhou 5.9 items m day™* PA (74.2%), Average: 183.2 um
PP (6.5%), 200-500 pm:
40.6%,
PE (6.5%)
100-200 pm: 25%
Handan 14.4 items m* day! PA (30.3%), Average: 52.3 um
PP (27.6%), 20-50 pum: 60.5%,

Langfang

12.2 items m day!

PU (26.6%)

PA (40.6%),

50-100 pm: 22.1%

Average: 54.3 um




Linyi

Luoyang

Lvliang

Nanyang

Qinhuangdao

Shijiazhuang

20.9 items m-2 day*

16.6 items m day!

16.8 items m day!

20.3 items m2 day*

5.1 items m day™*

81.3 items m day*

PP (21.9%),

PET (7.8%)

PU (36.7%),

PE (16.5%),

PA (15.2%),

PP (13.9%)

PP (55.3%),

PA (35.3%)

PP (56.9%),

PE (17.6%)

PU (67.6%),

ACR (9.3%),

PA (5.6%)

PA (30.3%),

PP (27.3%)

PET (9.1%)

PE (33.7%)

PP (29.2%),

20-50 pm: 79.3%,

50-100 pm: 17.4%

Average: 46.4 um

20-50 pm: 72.3%,

50-100 pm: 18.1%

Average: 117.7 pm

100-200 pm:

42.5%

50-100 pm: 27.6%

Average: 95.2 um

100-200 pm:

37.1%,

50-100 pm: 30.6%

Average: 46.8 um

20-50 pm: 71.3%,

50-100 pm: 22.6%

Average: 61.9 um

20-50 pum: 55.9%,

50-100 pm: 26.5%

Average: 65.5 um

20-50 pum: 48.7%,

FESEM,

LDIR

Our study




Tangshan

Xinxiang

Yantai

Zhengzhou

Zhumadian

Paris

24.4 items m2 day?

21.3 items m2 day*

57.3 items m day?

78.6 items m-2 day?

57.1 items m day*

Total average: 36 £ 7

MPs m day!

PU (10.2%)

PP (39.3%),

PA (34.2%)

PE (10.3%)

PP (42.6%),

PU (21.7%),

PE (8.7%),

PA (7.0%)

PU (69.2%),

PA (6.4%),

PP (6.4%)

PP (65.9%),

PE (10.8%),

PA (10.5%)

PU (44.5%),

PP (31.7%),

PA (18.5%)

Rayon

PET

PU

PA

50-100 pm: 33.7%

Average: 126.4 pm

100-200 pm: 38%,

50-100 pm: 26.4 %

Average: 93.2 um

20-50 pum: 47.5%,

50-100 pm: 22%

Average: 51.6 um

20-50 pum: 66.2%,

50-100 pm: 20%

Average: 68.8 um

20-50 pm: 53.2%,

50-100 pm: 31.2%

Average: 51.1 ym

20-50 pm: 67.3%,

50-100 pm: 25.3%

Fibres:

200-400 pum, 200-
400 pm and 400-
600 pm size ranges

predominant

Microscopy,

FTIR

(1]




Hamburg

Trent (UK)

Vietnam (Ho

Chi Minh city)

Vietnam (Ho

Chi Minh city)

London

Patna

Tibet

275 particles m? day™*

0 -7 MPs m? day™*

1357 MPs m2 day!

Site 1: 0.69 MPs m

day*

Site 2: 1 MPs m2 day?

Site 3: 0.63

MPs m day*

1008 MPs m2 day*

Urban: 1959.6 + 205.0
MPs m day™, peri-

urban: 1320.4 + 126.0

MPs m day*

Mean: 24 + 16 MPs m"

2 day-l

PE (49%)

EVA (22%)

PE

Unreported

Unreported

PP (91%)

PE (6%)

PVC (6%)

Fiber:
polyacrylonitrile
(67%), PET

(19%), PA (9%).

non-fibrous MPs:

PS (19%)

PP (27%),

PET (26%),

PU (14%)

PET (62%)

< 63 um: 73%. 63-

300 pm: 23%.

> 300 um: 4%

Unreported

100-500 pm: 75%.
Range: 100-5000

um

Site 1: 840 um

Site 2: 730 um

Site 3: 667 um

Fiber
(905 + 641 um);
non-fibrous MPs

(164 + 167 um)

1.3-4623 pum

50-300 pm: 9%

pRaman

spectrum

Microscopy,

FTIR

Microscopy,

FTIR

Microscopy,

FTIR

Fluorescence
stereo-
microscopy,

FTIR

Optical
microscopy,

FTIR

Microscopy,

H-FTIR

(2]

(3]

(4]

(5]

(6]

(7]

(8]




Range: 5.8 — 29 MPs

m day!

Dongguan 36 MP particles m?2
day*

Guangzhou 167 MP particles m
day?

Quzhou 86 to 75,421 particles

m2 day!

Nylon (30%) 300-1000 pm: 51%

1000-2000 pm:

24%

2000-3000 pm: 9%

3000-4000 pm: 6%

PE (14%) <200 um: <7.5%

PP (9%) 200-700 pum: <30%

PS (4%), 700-1200

pm: > 20%

1200-1700 pm:

< 20%

1700-2200 pm:

10%

PET (71%) Fiber: 50 um —

L 5 mm.
Polyacrylonitrile

(24%) Fragment: 100-

200 pm: 49.4%,
50-100 pm: 26.5%

Rayon (32%), 3.23-2645 pum,

10-50 pym
PET (12%),
accounted for the
PE (8%)

largest proportion

in all samples

Microscopy,
p-FTIR and

SEM

Stereomicro-

scopy, u-FTIR

Fluorescence
microscopy, -

FTIR

(9]

(10]

(11]
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