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Highlights:

1.

Individual airborne particles collected in Beijing after the Action Plan in 2017 were
investigated.

Soot aggregates, organic, metal, mineral, fly ash, sulfate, and mixture particles were
identified.

Sulfate particles and sulfate-mixed primary particles were dominant in Beijing air.
The relative percentages of sulfate, organic and soot aggregates increased after the
action.

The contributions of vehicle emission and secondary reactions-increased.
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Abstract: Beijing is one of several Chinese megacities with extremely serious air
pollution-problems. In response to the air pollution prebless; the central and municipal
governments of China have implemented a series of actions; one of which is the “Action
Plan for Comprehensive Prevention and Control of Autumn and Winter Air Pollution
in Beijing-Tianjin-Hebei and Surrounding Areas 2017-2018” (the Action Plan) issued
in 2017. The morphology, composition and mixing state of individual particles
collected after the Action Plan was implemented were analyzed by transmission
electron microscopy coupled with an energy-dispersive X-ray spectrometer (TEM-
EDX). The relative percentages of different individual particle types and the main
sources of the particulate pollutions before and after the Action Plan were compared.
The results showed that sulfur was most frequently detected in the individual particles,
and the particle types were mainly composed of soot aggregates, mineral particles,
organic particles, metal particles, fly ashes, sulfate particles, and mixture particles. The
mixture and sulfate particles dominated in the autumn samples, both for the haze and
non-haze days. In winter the mineral and mixture particles dominated in samples from
the non-haze days, while mixture particles and sulfate dominated in the samples from
the haze days. The mixture particles in autumn were mainly the soot aggregates
internally mixed with sulfate (S-soot type), while the mixture particles in winter were
mainly the S-soot type and the mineral particles internally mixed with sulfate (S-
mineral type). After the Action Plan, the relative percentages of sulfate particles,

organic particles, and soot aggregates increased, while the relative percentages of
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mineral particles, metal particles and fly ashes decreased. The contribution from coal-
fired sources was reduced significantly as evidenced by the decrease in the fly ash
particles. The vehicle emissions and secondary reaction of particulate matter became
the main sources of atmospheric particulate matters as evidenced by increase in sulfate

particles, organic particles, and soot aggregates.

1. Introduction

PM, 5 (particles with aerodynamic diameters less than 2.5 pm) are dispersed in the
atmosphere as solids or liquids, and they come from both natural sources as well as
anthropogenic sources [Huang et al., 2014b; Zhang et al., 2017], causing a notable
health risk [Cao et al., 2012; Shao et al., 2017a]. The Ambient Air Quality Standard of
China (GB3095-2012) included the concentration limit of PM» 5 in 2012. Since then the
mass concentration of PM» s has been incorporated into the atmospheric environmental
quality assessment system. However, even though the PM> 5 is now monitored, a large
number of particles are still discharged into the atmosphere, with pollution levels well
beyond the capacity of atmospheric circulation and dispersal. The large-scale haze
events were still frequently occurring, especially when the meteorological conditions
of lower atmosphere boundary layer, higher humidity, and temperature inversion are
present [Huang et al., 2014b; Niu et al., 2015; Rao et al., 2015; Fu and Chen, 2016;
Han et al., 2018; Lu et al., 2018]. Severe air pollution episodes occurred frequently in
Beijing, particularly in winter [ Wang et al., 2014a; Wang et al., 2014b; Sun et al., 2014;

Niu et al., 2016). With the very complex sources and evolution processes of aerosol
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particles, air pollution control remained a great challenge in Beijing [Sun et al., 2013],
and the causes of haze episodes and rapid dispersion of airborne particles remained
poorly understood [Wang et al., 2016].

In order to minimize the frequent occurrences of atmospheric particulate pollution,
the government of China introduced a series of pollution prevention and control
measures from 2013 onwards, which have strengthened the controls on emissions from
coal combustion, industrial activities, motor vehicles and surface fugitive dust-dust.
One of these was the Air Pollution Prevention and Control Action Plan (APPCAP)
issued on September 10, 2013 [The State Council of China, 2013]. The APPCAP is the
first national strategy targeting PM> s pollution and improving air quality in China by
setting specific quantitative targets and clear time nodes [Feng et al., 2019; Li et al.,
2020]. In particular, as a key city, the PM2 s concentration of Beijing should be kept
below 60 pg/m? by 2017. To fulfill the target, Beijing Municipal Government made
further efforts according to the guidance of the APPCAP, and has issued its own
“Beijing 2013-2017 Clean Air Action Plan” (the Clean Air Action) in September 2013
[PGBM,2013], which implemented much more stringent control measures than before.
However, heavy pollution days still frequently occurred, with several cases of excessive
increase of PM» 5 during heavy pollution episodes in Beijing in December 2016 [Zhong
et al., 2017; Wang et al., 2018; Li et al., 2020]. Due to the frequent occurrences of
serious atmospheric pollution by particulate matter in autumn and winter, the Chinese

government issued the Action Plan for Comprehensive Prevention and Control of
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Autumn and Winter Air Pollution in Beijing-Tianjin-Hebei and Surrounding Areas
2017-2018 (the Action Plan) [MEPC, 2017]. The main goal of the Action Plan was to
fully meet the requirements of the Action Plan for Air Pollution Prevention and Control
of 2013 [Li et al., 2020]. Today the prevention and control of air pollution is of
unprecedented concern, and with more comprehensive and strict coal-fired emission
reduction measures the PM» s annual concentrations in Beijing fell from 89.5ug/m? to
58ug/m? in just five years from 2013 to 2017 [BEES, 2018]. The air quality of Beijing
is being consistently improved, with the steady growth in economic development
including the GDP and total energy consumption [UN Environment, 2019].

In recent years, individual particle analysis using electron microscopy has been
widely employed to characterize aerosol particles. Information on individual particles,
such as the morphologies, elemental compositions, mixing states, and aging process,
is important for understanding the particle formation and modeling the climate effects
of atmospheric aerosols [Pdsfai and Buseck, 2010; Cappa et al., 2012; Laskin et al.,
2016; Li et al., 2016a]. Several studies have used individual particle analysis to
investigate the properties of aerosol particles in Beijing. For example, Wang et al.
(2017) investigated the morphology and elemental composition of individual particles
collected during haze days in Beijing, and observed that the high number percentages
of sulfate particles (35.1%) were closely related to the air masses from adjacent areas
south of Beijing where domestic coal combustion was commonplace [Wang et al.,

2017]. After the Action Plan, the pollution from domestic coal combustion have been
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stringently controlled, and it is expected that to some extent the compositions of the
individual particles will have changed. It is important to monitor the changes to the
individual particles as a way to ground proof the effectiveness of the action plan in the
reduction of coal combustion.

In this study individual particles from non-haze days and haze days in autumn and
winter 2017 (after the Action Plan was implemented) were sampled. The morphology,
composition, mixing state of these individual particles were investigated, and the main

types of atmospheric particulate matter before and after the Action Plan were compared.

2. Materials and Methods

2.1 Sample Collection

The sampling location (116 °20'45.6”E, 39°59'37.1” N) was located at the China
University of Mining and Technology (Beijing) in the northwestern Beijing,
approximately 1 km from Beijing's north 4th Ring Road. The sampling site was
surrounded by houses, streets, and shopping centers. The sampler was mounted on the
roof of a campus building approximately 18 m above the ground. There were no major
sources of industrial pollution in the area (Figure 1).

The samples of individual particles were collected under haze and non-haze
conditions in autumn and winter after implementation of the Action Plan, 2017. A
single-stage cascade impactor with a 0.5 mm diameter jet nozzle was used at a flow rate

of 1.0 L / min. The particles were collected on copper TEM grids coated with carbon
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film (carbon type-B, 300-mesh copper, Tianld Co., Beijing, China). For particles with
an aerodynamic diameter of 0.25 um and a density of 2 g/cm?, the collection efficiency
of the impactor is 50%. Sampling duration varied from 30-60 seconds depending on
the concentration of PM; s, which was determined from other sources . The Kestrel 5500
Pocket Weather Tracker (Nielsen-Kellerman Inc., Minneapolis, MN, USA) was used to
measure relative humidity, atmospheric pressure and ambient temperature (Table 1).
After collection, the samples were placed in a desiccator at 25 +£ 5 °C and 20 + 3% RH

to prevent contamination by ambient air.

2.2 Experimental

Individual particles were characterized using a transmission electron microscope
(TEM) equipped with an energy-dispersive X-ray spectrometer (EDX). The particles
on the copper TEM grids were viewed under a Hitachi H-8100 TEM (Hitachi, Ltd.,
Tokyo, Japan). The TEM was operated with an acceleration voltage of 300 kV. The
particles were normally heterogeneously distributed on the TEM grids with coarser
particles near the center and the finer particles towards the periphery. To guarantee that
the analyzed particles were representative of the whole size range, 3—4 areas were
chosen from the center and periphery on each grid. All individual particles larger than
0.1 pm in the selected areas were analyzed. Elemental compositions were determined
semi-quantitatively using—an EDX. In order to determine the element composition

characteristics of aerosol particles in the sampling period, the EDX was applied to each
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particle in the selected squares. A low current and small beam spot were used to avoid
adverse effect from the electron beam on the particles. Copper was not considered in
the analysis because of interference from the copper TEM grid [Li and Shao, 2009;

Shao et al., 2017b].

3. Results and discussion

3.1. Element frequency in the analyzed particles

The individual particles in Beijing often showed complex compositions, with more
than 17 elements being detected by EDX. In addition to C and O which were detected
in all the particles, N, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Mn, Fe, Zn, and Cr were
detected in 1731 analyzed particles (Figure 2). It can be seen that sulfur had the highest
detection frequency which was detected in more than 85% of the particles, followed by
Si (>65%), K (>55%), Al (>50%), N (>40%), Na (>35%), Mg (>30%), Fe (>25%),
Ca (>15%), Zn (>7%) and CI (>7%). P and heavy metals (e.g., Mn, Ti, and Cr) were
present in less than 5% of the analyzed particles.

Figure 3 showed the detection frequency of these 17 elements in individual
particles under different meteorological conditions in autumn and winter. For the
autumn samples, Na, S, Cl and Zn were mostly detected in the haze days, and Mg, Al,
Si, K, Ca, Ti, Mn and Fe were mostly detected in the non-haze days. For the winter
samples, Na, Mg, Al, Si, S, Cl, K, Ca, Mn and Zn were mostly detected in the haze days,

and the Ti and Fe were mostly detected in the non-haze days.
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S and N are major elements in sulfate and nitrate, and are often regarded as the
products of secondary chemical reaction in the atmosphere [Li et al., 2016a]. The
detection frequency of S and N was high in both autumn and winter, with values being
higher in the haze day than in the non-haze days. This suggests that PM, s levels were
seriously affected by secondary chemical reactions or secondary transformation of
primary particles after the Action Plan. The rapid generation of secondary inorganic
components such as S and N may have promoted the significant growth of PM» 5 and
accelerated the formation of haze weather [Huang et al., 2014b; Fu and Chen, 2016].

The detection frequencies of Mg, Al, Si, K, Ca and Mn showed different trends in
autumn and winter, with the higher values being in the non-haze days of autumn, and
in the haze days of winter. As these elements are the main components of crustal mineral
particles [Song et al., 2014], their high detection frequencies in the winter haze days
indicated that during winter, the PM, 5 in Beijing was seriously affected by surface dust.
Under the meteorological conditions of high humidity and temperature inversion, the
contribution of the mineral particles suspended from the surface dust such as road and
construction dust, and unvegetated lands in winter was higher in winter than in autumn.
The high detection frequencies of these elements in the autumn non-haze days implied
that during autumn, the non-haze days with lower humidity, compared with the haze

days with higher humidity, may favor the accumulation of these elements.
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3.2 Major types of individual particles

According to the results from the TEM-EDX analyses, all the analyzed particles
were classified into seven types; soot aggregates, organic, metal, mineral, fly ash,
sulfate, and mixture particles (Table 2).

Soot aggregates, also known as black carbon (BC) or elemental carbon (EC), are
chain-shaped aggregates containing spherical carbon particles with sizes ranging from
10 to 100 nm [Li et al., 2016a]. The chain-like, cluster-like, and compact-like
morphology of soot aggregates were extremely stable under the electron beams (Figure
4a, b, ¢). Soot aggregates came mainly from vehicles emissions from burning fossil fuel
[Xing et al., 2018; Xing et al., 2017]. The main elements in the soot aggregates were C,
but also contains minor O, Si and K.

Mineral particles had irregular shapes and were extremely stable and non-volatile
under strong electron beams (Figure 4d, e, f). They mainly originated from dusts such
as construction and road dust. Some mineral particles are believed to be sourced from
the long-distance transport of dust storm material, and had larger particle sizes than 2
um [Li et al., 2018]. The main components of mineral particles were crustal elements
such as Si, Al, Ca and Fe. There are a large number of silica-aluminate minerals (Si, Al)
among them, and CaSQOy, Ca-rich, and other mineral particles were also found.

Organic particles included primary organic particles (POM) and secondary organic
particles (SOM). Primary organic particles were spherical or nearly spherical and

extremely stable under the electron beams (Figure 4g), being mainly sourced from the
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combustion of fossil fuels and biomass [China et al., 2013; Liu et al., 2017]. The
morphology of secondary organic particles was irregular, and most of them were
internally mixed with secondary sulfate particles (Figure 4h). They were mainly formed
by the oxidation of organic matter in the gas phase in the atmosphere [Huang et al.,
2014b]. Under the electron beams, the secondary organic particles were observed to
rapidly volatilize [Hou et al.,2018a].

The metal particles had spherical and irregular shapes, with the Fe-rich particles
being most abundant, followed by Mn-rich and Zn-rich particles (Figure 41, j, k). These
metal particles came mainly from the emissions of heavy industry and the combustion
of waste, biomass, and fossil fuels [Gaston et al., 2013].

The fly ashes displayed a spherical morphology, mainly containing Si and Fe, with
occasionally a small amount of Ca, Ti, Mn and Al (Figure 41). The fly ashes with small
particle sizes were mostly mixed with secondary particles such as sulfates to form
composite particles, and rarely exist on their own. They were mainly sourced from the
combustion of coal [Hou et al., 2018b; Wang et al., 2019].

The sulfates consisting of ammonia sulfate, potassium sulfate, and sodium sulfate
were irregular or round in shape, and easily volatilized under the electron beam (Figure
4m, n, o, p). These sulfate particles had a ‘foam-like’ morphology after volatilizing
under the beam, and they mostly presented a core-shell structure. Previous studies had
shown that the cores were sulfates such as sodium sulfate and potassium sulfate, while

the outer shell were organic matter [Li ef al., 2016b].
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The mixture (composite) particles were sulfate particles mixed with primary
particles, with a few mixture particles as mineral particles internally mixed with nitrate.
The mixture particles showed an irregular shape and core-shell structure under the TEM.
The mixture particles can be further divided into six different sub-types including: the
soot aggregates internally mixed with sulfate (S-soot); the metal internally mixed with
sulfate (S-metal); the fly ash internally mixed with sulfate (S-fly ash); the mineral
particles internally mixed with sulfate (S-mineral); the primary organic particles
internally mixed with sulfate (S-POM); and the mineral particles internally mixed with
nitrate (N-mineral) (Table 2).

Nanoscale soot and fly ash particles were bonded to the surface or interior of the
sulfate particles in the S-soot and S-fly ash particles. There were some core-shell sulfate
particles in which the outer organic matter covered the soot aggregates and fly ashes
(Figure 5a, b). The metal particles were mostly Mn-rich, Fe-rich, and Zn-rich particles,
and internally mixed with sulfate particles in the S-metal particles (Figure 5d). Primary
organic particles and mineral particles were mostly adsorbed on the surface of sulfate
particles in the S-POM and S-mineral particles (Figure Se, f). Some mineral particles,
which were dominated by alkaline minerals, tended to stick onto the surface of sulfate
particles. N-mineral particles were nitrate coatings on alkaline mineral particles (Figure

5¢) [Li, 2009].
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3.3 The relative abundance of individual particles

3.3.1 Overall relative abundance of different types of individual particles

The relative abundance of different types of individual particles collected in haze
days and non-haze days after the Action Plan was calculated. A total of 1731 individual
particles were analyzed that including 862 particles for the autumn non-haze days and
520 particles for autumn haze days, 146 particles for winter non-haze days and 203
particles for winter haze days (Figure 6).

Overall, the sulfate and mixture particles were the highest percentage of the 1731
particles, accounting for 44.66% and 39.11% respectively, this was followed by soot
aggregates (4.91%), mineral particles (4.27%), primary organic particles (3.06%),
secondary organic particles (2.31%), metal particles (1.27%) and fly ashes (0.4%). As
the sulfate and mixture particles were closely associated with atmospheric secondary
chemical reactions, the results showed that these secondary chemical reactions
generated the major contributions of the airborne particles after the 2017 Action Plan.

3.3.2 Comparison of particle types for haze and non-haze days in autumn

In the autumn non-haze days, the sulfate particles were the highest percentage of
all analyzed particles, accounting for 64.8%, followed by mixture particles (31.3%),
soot aggregates (2.2%), primary organic particles (0.6%), secondary organic particles
(0.5%), metal particles (0.3%) and mineral particles (0.2%) in descending order. Fly
ashes were not found in the samples collected in the autumn non-haze days.

In the autumn haze days, the percentage of mixture particles was the highest at
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50.0%, followed by sulfates particles (25.4%), soot aggregates (6.9%), secondary
organic particles (6.3%), mineral particles (4.6%), primary organic particles (3.7%),
metal particles (2.7%) and fly ashes (0.4).

It can be seen (Figure 6) that the percentages of sulfate and mixture particles were
significantly higher than other particles in both haze and non-haze days in autumn. In
addition in autumn, the percentage of the sulfate particles in the non-haze days was
significantly higher than in the non-haze days, while the percentage of mixture particles
in haze days was significantly higher than that in the non-haze days. The percentages
of soot aggregates, organic particles, metal particles, mineral particles and fly ash in
haze days were relatively elevated at various degrees compared with non-haze days.
The results showed that sulfate particles were easily mixed with other primary particles
by heterogeneous chemical reactions in the liquid phase during haze days when a large
number of primary particles accumulated [Wang et al., 2017; Li et al., 2017a]. A large
number of mixture particles were generated during the aging process of sulfate particles
[Yuan et al., 2015; Wang et al., 2016].

3.3.3 Comparison of particle types for haze and non-haze days in winter

In the winter non-haze days, the mixture and mineral particles had the highest
percentages at 26.7% and 26.0% respectively, followed by primary organic particles
(15.8%), soot aggregates (14.4%), sulfate particles (13.7%), metal particles (2.1%), and
fly ashes (1.4%). Secondary organic particles were not found in the samples of the

winter non-haze days.



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

In the winter haze days, the mixture and sulfate particles had the highest
percentages at 53.2% and 30.5% respectively, followed by mineral particles (4.9%),
soot aggregates (4.4%), primary organic particles (3.0%), secondary organic particles
(1.5%), fly ashes (1.5%) and metal particles (1.0%).

It can be seen (Figure 6) that the winter samples of the non-haze days were
dominated by mineral and mixture particles, while the samples of the haze days were
dominated by sulfate and mixture particles. The results showed that the dust sources
made a higher contribution to the percentage of mineral particles in winter, because of
the frequent windy weather and low humidity in the non-haze days. However, the high
humidity and less windy conditions of haze weather favored the generation of
secondary particles and the hygroscopic growth of primary particles [Sun et al., 2018],
which would increase the relative percentage of sulfate particles [Qi ef al., 2014] and
other particles internally mixed with sulfate particles increased significantly [Li et al.,
2014; Wang et al., 2017]. As a result, the haze day samples had significantly higher
percentages of sulfate and mixture particles compared with the non-haze days. In
addition, compared with non-haze conditions, the haze day samples had an increased
percentage of mixture particles, sulfate particles, and secondary organic particles, and
a decreased number percentage of mineral particles, primary organic particles, soot
aggregates and metal particles. The result showed that the primary particles were more
readily transformed into secondary particles such as sulfate and mixture particles in

haze days, which resulted in the decreased percentage of primary organic particles and
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the increased percentage of the secondary organic particles. Previous studies [Li et al.,
2016a; Wang et al., 2017] have shown that the surface of mineral particles was a good
substrate for heterogeneous chemical reactions with SO and acidic gases to generate
sulfates; while soot aggregates, primary organic particles, and metal particles were
easily adsorbed on the surface of sulfate particles and mixed with sulfates through
complex chemical reactions.

3.3.4 Comparison of abundance of secondary particles (sulfate particles and
mixture particles) for the non-haze days in autumn and winter

The comparisons between the percentage of particle types under different
meteorological conditions shows that the secondary particles (sulfate particles and
mixture particles) were dominant in both haze and non-haze days in winter and autumn.
For the non-haze samples, the percentage of sulfate particles and mixture particles in
autumn was higher than that in winter, and the percentages of mineral particles, POM
and soot aggregates in winter were also higher than those in autumn. These results
indicate that the non-haze days in autumn are more likely to generate secondary
particles when compared to the non-haze days in winter. There was a significant number
of mineral dust particles in winter non-haze days due to the low humidity and the windy
weather. It is noted that some rural areas around Beijing still used traditional heating
methods such as burning coal and wood, which would emit a large amount of primary
organic particles (POM) [Li et al., 2016b].

For the haze samples, the relative percentage of sulfate and mixture particles was



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

slightly higher in winter than in autumn, and the other particles are mostly lower in
winter than in autumn. The results showed that secondary chemical reactions were more
prevalent during the winter haze than during the autumn haze. During winter heating
periods, more coal emissions from the countryside around Beijing might contribute
more SO and acidic gases [Wang et al., 2017] which would favor the generation of
sulfates and mixture particles under the high humidity haze weather [Li and Shao,2009;
Wang et al., 2017].

3.3.5 Comparison of abundance of sub-types of the mixture particles for haze
and non-haze days in autumn and winter

The percentages of mixture particles in both non-haze days and haze days were
relatively high, and the values for the haze days was significantly higher than the non-
haze days. According to the major elemental compositions, the mixture particles can be
sub-divided further into six sub-types, including S-soot, S-mineral, S-POM, S-metal
particles, S-fly ash and N-mineral particles (Table 2).

A statistical analysis was undertaken for these different sub-types of mixture
particles for the haze and non-haze day of autumn and winter (Figure 7). In the autumn
non-haze days, the percentage of the S-soot particles was the highest and reached 78.1%,
followed by S-mineral particles (8.9%), S-POM particles (7.0%), S-metal particles
(3.3%), S-fly ash (2.2%) and N-mineral (0.4%). In the autumn haze days, the S-soot
particles were the highest percentages of all analyzed particles, at 83.8%, followed by

S-mineral particles (5.8%), S-fly ash (5.4%), S-metal (3.5%) and N-mineral (1.5%). S-
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POM particles were not found in the samples collected in the autumn haze days. In the
winter non-haze days, the percentage of S-mineral and S-soot particles were the highest
and reached 46.2% and 43.6%, respectively, followed by S-fly ash (5.1%), S-metal and
S-POM particles (2.6%). N-mineral particles were not found in the samples collected
in the winter non-haze days. In the winter haze days, S-soot and S-mineral particles
were the highest percentages of all analyzed mixture particles, at 46.3% and 33.3%,
respectively, followed by S-POM particles (13.9%), S-metal particles (4.6%) and S-fly
ash (1.9%). N-mineral particles were not found in the samples collected in the winter
haze days.

The comparison of the percentage of mixture particles under haze and non-haze
conditions in autumn and winter demonstrated a number of interesting atmospheric
phenomena. The mixture particles in autumn were mainly S-soot, accounting for 80%,
whereas the mixture particles in winter were mainly S-soot and S-mineral, accounting
for 80%-90%. These results indicate that the ambient atmosphere of Beijing in autumn
and winter were seriously affected by vehicle emissions [Li et al.,2020]. Motor vehicles
emitted large amounts of soot aggregates, which could be internally mixed with sulfate
particles by complex chemical reactions in the atmosphere [Li et al., 2017b; Xing et al.,
2020]. In addition, the percentage of S-mineral particles significantly increased in
winter compared with autumn. In a similar fashion the percentage of S-POM increased
in winter haze days. The results indicated that the ambient atmosphere of Beijing in

autumn was seriously affected by vehicle emissions, while the ambient atmosphere in
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winter was affected by dust and coal emissions from surrounding areas in addition to
vehicle emission. Due to the prevailing northwesterly wind in winter non-haze days a
large number of mineral particles re-suspended from road dust, building dust and other
pollution sources by the high winds can internally mix with sulfates through
heterogeneous chemicals reactions in the atmosphere. These mineral particles
suspended in the atmosphere during non-haze days would facilitate the internal mixing
with sulfates [Li et al., 2018; Okada et al., 2005], resulting in a noticeable increase in
the percentage of S-mineral particles in winter. In addition, in some rural areas around
Beijing, coal is still used for heating in winter 2017, and the stable meteorological
conditions and high humidity in haze days would promote the mixing of the POM

emitted from coal-combustion with the sulfates by heterogeneous chemical reactions.

3.4 A comparison with the individual particles before the Action Plan

In order to understand the changes of individual particle compositions based on
TEM-EDX after the Action Plan, the results were compared with the data of autumn
and winter of 2013, which represented the stage before the Action Plan. The data on
PM, s concentrations were obtained from The U.S. Embassy Air Quality Online

Monitoring and Analysis Platform (http://www.young-0.com/airquality/). It can be seen

from Figure 8 that the concentration of PM» s in Beijing decreased significantly in
autumn and winter after the Action Plan.

Figure 9 shows the percentages of different types of individual particles during
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haze days in autumn and winter before and after the Action Plan. The percentages of
each type of individual particles in autumn before the Action Plan showed that the
percentages of sulfate and mineral particles were higher, at 32.78% and 27.79%,
respectively, followed by metal (14.96%), fly ash (13.54%), soot aggregates (5.70%),
organic particles (5.23%) (Guo, 2015). The percentages of each type of individual
particles in autumn after the Action Plan showed that sulfate and organic particles
became the dominant type at 50.77% and 20.00% respectively, followed by soot
aggregates (13.85%), mineral (9.23%), metal (5.38%), fly ash (0.77%). The
percentages of each type of individual particles in winter before the Action Plan showed
that sulfate particles had the highest value, being 29.29%, followed by mineral
(21.89%), metal (17.46%), fly ash (16.86%), soot aggregates (7.69%) and organic
particles (6.80%). The percentages of each type of individual particles in winter after
the Action Plan showed that the sulfate particle remained highest at 65.26%, followed
by mineral (10.53%), organic particles and soot aggregates (9.47%), fly ash (3.16%),
and metal particles (2.11%).

By comparing the percentage of each type of individual particle in haze days
before and after the Action Plan the percentages of sulfate particles, organic particles,
and soot aggregates increased, while the percentage of mineral particles, metal particles
and fly ash particles decreased significantly in the autumn and winter haze episodes.

These results indicated that after the Action Plan (especially the coal-burning ban),

primary particles such as fly ash and metal particles emitted from coal-burning were
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significantly reduced, while organic particles and soot aggregates emitted from vehicle
emissions became the main primary particles. In addition, secondary particles such as
sulfate became the main component of PM> s in autumn and winter, and the secondary
conversion of primary particles had become the main source of PM; s in the ambient
atmosphere of Beijing. Considering the very efficient control on the coal-burning
emissions and relatively less vigorous control of vehicle emission (Li et al., 2020),
vehicle emissions and related secondary chemical reaction particles, which contribute
the relative high percentages of sulfate, organic and soot aggregate particles, requires

further emissions control.

4 Conclusions

Seventeen elements; C, O, N, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Mn, Fe, Zn, and
Cr were detected in a total of 1731 individual airborne particles collected in Beijing
after implementation of the 2017 Action Plan. With the exception of C and O, the
detection frequency of S was the highest among all detected elements in both non-haze
days and haze days. The detection frequency of Mg, Al, Si, K, Ca, and Mn were higher
in non-haze days than haze days in autumn, with the reverse occurred in winter with
values were higher in haze days than non-haze days.

Soot aggregates, organic, metal, mineral, fly ash, sulfate, and mixture particles
were identified in PM; 5 collected in non-haze days and haze days in autumn and winter
after the Action Plan in Beijing. Mixture particles and sulfate particles dominated in

autumn non-haze days and haze days. Mineral particles and mixture particles were
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dominant in the winter non-haze days, while mixture particles and sulfate particles were
dominant in the winter haze days.

The mixture particles under different meteorological conditions in autumn and
winter in Beijing displayed different mixing states. The S-soot, S-metal, S-fly ash, S-
mineral, S-POM and N-mineral were identified in mixture particles, with the S-soot
being mainly present in autumn, and the S-soot and S-mineral being mainly present in
winter.

After implementation of the Action Plan, percentages of sulfate particles, organic
particles, and soot aggregates increased in both autumn and winter, while the relative
percentages of mineral particles, metal particles and fly ash particles decreased. The
contribution of coal-burning sources to the atmosphere was significantly reduced, and
motor vehicle emissions and secondary reactions particulates became the main sources

of atmospheric particulate pollution.
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Figure 1 Location of the sampling site marked with a star and the surrounding
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Figure 2 Overall detection frequencies of elements in the individual particles after
the Action Plan

Figure 3 The element detection frequency of individual particles under different
meteorological conditions in autumn and winter during the Action Plan

Figure 4 Individual particle types in non-haze days and haze days in autumn and
winter in Beijing after the Action Plan

Figure 5 The morphology of mixture particles collected in non-haze days and haze
days in autumn and winter in TEM (a) soot aggregates internally mixed with core-shell
sulfate particle (b) fly ash internally mixed with sulfate particle with secondary organic
coating (c¢) mineral particle with nitrate coating (d) metal particle internally mixed with
sulfate particle (e) primary organic particle internally mixed with sulfate particle (f)
mineral particle internally mixed with sulfate particle.

Figure 6 The relative abundance of individual particles in non-haze days and haze
days in autumn and winter during the Action Plan

Figure 7 The relative abundance of mixture particles in non-haze days and haze days
in autumn and winter after the Action Plan

Figure 8 The concentration of PM; s before and after the Action Plan in autumn and
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Figure 4 TEM images showing individual particle types in haze and non-haze days
in autumn and winter in Beijing after the Action Plan
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Figure 5 TEM images showing morphology of mixture particles collected in non-
haze days and haze days in autumn and winter in Beijing after the Action Plan. (a) S-
soot mixture, represented by sulfate aggregates internally mixed with core-shell
sulfate particle, (b) S-fly ash mixture, represented by fly ash internally mixed with
sulfate particle with secondary organic coating, (¢) N-mineral mixture, represented by
mineral particle with nitrate coating, (d) S-metal mixture, represented by metal
particle internally mixed with sulfate particle, (¢) S-POM mixture, represented by
primary organic particle internally mixed with sulfate particle, (f) S-mineral mixture,
represented by mineral particle internally mixed with sulfate particle.
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winter



100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

B

autumn haze days autumn haze days winter haze days  winter haze days after
before the action after the action before the action the action

Relative number percentage (%)

msoot mPOM mmetal mmineral mflyash msulfate

Figure 9 Relative number percentages of individual particles collected in the haze
days before and after the Action Plan in autumn and winter



Table 1

Sample information for individual particle analysis of PM> s in Beiijng after

the Action Plan
Meteorolo . Sampling  Sampling Concentration
) Sample  Sampling time ) T RH
gical season duration i P (hPa) of PMa:s
. No. (BST) Ty (%)
conditions (s) (pg/m?)
haze A 2017/9/14 8:15 autumn 20s 25.2 72 1010.1 143
2017/10/27 autumn
haze B Ss 179 63.8 10109 170
10:04
2017/11/21 winter
haze C 10s 2.5 47.5 10133 149
8:05
2017/11/21 winter
haze D 15s 10.3 179 10119 189
18:32
2017/12/29 winter
haze E 20s -1 65.6  1022.8 127
8:38
2018/1/19 winter
haze F 25s 4.8 335 10155 170
21:48
2017/10/23 autumn
non-haze G 50s 18.9  48.8 1019 28
9:56
2017/10/24 autumn
non -haze H 60s 183 48.6 1018.9 38
9:58
2018/1/12 winter
non-haze I 85s 6.8 20.7 1022.4 36

11:32




Table 2 The types of individual particles in PM; 5 based on TEM-EDX

Individual particles Major element

Morphologies Major sources

C, O, and minor Si,

Soot aggregates
K

Chain-like, cluster-

like, and compact-like

Emission of vehicles

burning fossil fuel

morphologies
Si, Al, Ca, Mg, K, Irregular Road dust, construction
Mineral particles
and Fe morphologies dust, and desert
Spherical and near-
Primary organic Fossil fuel and biomass
Cand O spherical
particles (tar balls) burning
Organic morphologies
particles Irregular Secondary conversion of
Secondary organic
C,0,and S morphologies volatile organic
particles
compounds (VOCs)
Spherical and The coal-fired power
Zn, Fe, Pb, Mn,
Metal particles irregular plant, heavy industries,
and minor Cr
morphologies and tire abrasion
Si, Al, Fe and Spherical morphology
Fly ashes Coal combustion
minor Na, K
Irregular Transformed by SO2

S and minor Na, K,

Sulfate particles
Ca

morphologies and emitted from coal

core-shell structure combustion or vehicles

Sulfate internally

The mixture of secondary

particles and primary

Irregular, spherical, or
particles are formed by

core-shell structure
heterogeneous chemical

reaction

S-soot
S-metal mixed with soot,
S-flv ash metal, fly ash,
-fly as
Mixture mineral, and
S-mineral
particles primary organic
$-POM particle
Nitrate internally
N-mineral

mixed with mineral




