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Abstract: During the 2015 China Victory Day parade control periods, the air quality in Beijing hit
the best record, leading to 15 continuous good days with an average PM2.5 mass concentration
18 µg/m3, which provided a unique opportunity to study the ambient aerosols in megacity Beijing.
The morphology and elemental composition of aerosol particles were investigated by transmission
electron microscopy coupled with energy dispersive X-ray spectrometry (TEM-EDX). Five types
of individual particles were identified, including homogeneous mixed S-rich particles (HS; 44.9%),
organic coated S-rich particles (CS; 34.3%), mineral particles (10.5%), soot aggregates (7.21%) and
organic particles (3.2%). The number percentage of secondary particles (including HS and CS)
accounted for a large proportion with 79.2% during the control periods. The average diameter of
secondary particles increased with relative humidity (RH), being 323 nm, 358 nm and 397 nm at
the RH 34%, 43% and 53%, respectively, suggesting that the high RH might favor the growth of
secondary particles. The higher proportion of CS particles may show great atmospheric implications
and the CS particles may be formed by the condensation of secondary organic aerosols on pre-existing
S-rich particles.
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1. Introduction

Atmospheric aerosols, both derived from anthropogenic and natural sources, are composed of
various kinds of organic and inorganic species. They have received much attention in megacities in
China because they are involved in a multitude of climate and environmental issues [1]. Air pollution
can cause a great impact on human health, such as respiratory and cardiovascular problems due
to their association with toxic matters [2,3]. Aerosol particles can influence atmospheric chemistry
because they can act as a medium for heterogeneous reactions. They can also change the climate
indirectly by cloud condensation nuclei (CCN) activity and ice nuclei activity [4,5] and directly through
light absorption and scattering [6,7]. Various anthropogenic aerosols can undergo long-rang transport,
which can cause a regional and global environmental problem [8].

Recently, China has experienced serious atmospheric pollution due to rapid social and economic
development, similar to that in developed nations [1]. The air pollution is characterized by high PM2.5

mass concentration, frequent occurrences of haze days, expanded haze areas, and increased duration
of a single haze event [7,9–12]. For example, extremely severe and persistent air pollution occurred in
China during January 2013, with more than 1.3 million km2 and 800 million people being affected [1].
Air pollution has been a concern for decades.
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The tropospheric aerosol is a heterogeneous mixture of various particle types. Detailed knowledge
of the chemical composition, physical state, morphology and size of individual aerosol particles should
be known to fully understand the formation mechanism of regional haze episodes and to accurately
predict the climate effects [13,14]. A high-resolution transmission electron microscopy (TEM) can be
used to investigate the composition, morphology and mixing state of individual aerosol particles.

Understanding the relationship between source emissions and aerosol chemistry is important for
mitigating air pollution in megacities [15]. In order to guarantee good air quality during some specific
events, e.g., the Beijing Olympic Games in 2008 [16] and the Asia-pacific Economic Cooperation summit
(APEC) in 2014 [17], the municipal government launched strong environmental control measures in
Beijing and its surrounding areas, which provided some special experimental opportunities to study
the impacts of source emission controls on air quality and the physicochemical properties of aerosol
particles during clean-up control period. Similarly, a series of temporary control measures, including
stopping construction activities, shutting down power plants and factories, limiting the number of
vehicles on road and prohibiting outdoor barbecues, were implemented in Beijing and surrounding
regions from 20 August to 3 September to ensure good air quality during the 2015 China Victory Day
parade [15]. As a result, the air quality hit the best record in Beijing, leading to 15 continuous good
days; the average PM2.5 mass concentration was 18 µg/m3 during the control period, with a 73.1%
reduction compared with the same period in 2014 (http://www.gov.cn/xinwen/2015-09/07/content_
2926447.htm). In this study, the characteristics of individual aerosol particles during the 2015 China
Victory Day parade were analyzed by a high resolution TEM.

2. Experimental

2.1. Aerosol Sampling

The sampling site was located at China University of Mining & Technology, northwestern part of
urban Beijing which is surrounded by commercial buildings and residential apartments. The sampler
was placed on the top floor of a five-story teaching building. Cooper TEM grids coated with carbon film
(300-mesh copper, Tianld Co., Beijing, China) were used to collect the aerosol samples. A single-stage
cascade impactor with a 0.5 mm diameter jet nozzle and an air flow of 1.0 L/min was applied.
The collection efficiency of this kind of sampler is close to 100% on a 0.5 µm aerodynamic diameter
if the particle density is 2 g/cm3 [18]. To avoid the particle overlapping on subtracts, the sampling
time ranged from 60 to 90 s. A kestral 4000 pocket weather meter (Nielsen-kellermann Inc., Boothwyn,
PA, USA) was simultaneously applied to record the RH, temperature (T) and pressure (P). All collected
samples were placed in dry and sealed plastic tubes and stored in a desiccator of 25 ◦C and 20 ± 3%
RH to avoid exposure to ambient air before laboratory analysis [19]. The sample information is shown
in Table 1.

Table 1. Information on analyzed samples from Beijing.

ID Collection Date T (◦C) RH (%) P (hPa)

A 2015/8/28 34.8 34.3 1000.1
B 2015/9/3 29.3 43.5 1005.1
C 2015/9/2 27.2 53.3 1006.5

2.2. TEM Analysis

Individual aerosol samples were analyzed by TEM (Hitachi H-8100, Hitachi, Ltd., Tokyo, Japan)
with an accelerate voltage of 200 kV. Elemental composition was semi-quantitatively determined by
energy-dispersive X-ray spectrometer (EDX) with a spectral acquisition time of ~30 s and elements
heavier than C (Z ≥ 6) can be detected [20]. Copper (Cu) was not included from our analysis because
the TEM grids were made of Cu. The distribution of aerosol particles on TEM grids was not even
with coarser particles in the center and finer particles in the periphery. Therefore, three areas of each
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sample were selected from the center to the periphery to ensure representative data. An image analysis
software (Leica Microsystems Image Solutions Ltd, Cambridge, UK) was used to obtain the equivalent
circle diameter of particles [21]. A total of 810 individual particles were analyzed.

3. Results

3.1. Nature of Individual Aerosol Particles

TEM-EDX can be used to adequately characterize the individual aerosol particles. Based on their
possible sources, we classified the aerosol particles into two groups: primary and secondary particles,
which were further classified into five types as shown in Table 2. The primary particle group included
soot, organic and mineral particles. The secondary particles included homogeneous mixed S-rich
particles (HS) and organic coated S-rich particles (CS).

Table 2. Classification of individual aerosol particles.

Types Sub-Types Physical and Chemical Characteristics

Primary particles

Mineral Irregular shaped; mainly composed O, Si, Al, Fe, Ca, Na,
K, Mg; soil, road dust and construction dust sources

Soot Aggregate shaped spheres; composed of C and minor O;
sourced from incomplete combustion.

Organic Spherical or near spherical shaped; composed of C
and O; combustion sources

Secondary particles

Homogeneous mixed
S-rich particles (HS)

Spherical or near spherical shaped; composed of C, S, O,
N and sometimes with minor K; beam-sensitive;
secondary formation in atmosphere

Organic coated S-rich
particles (CS)

Core-shell structure; composed of C, S, O, N and
sometimes with minor K; beam-sensitive; secondary
formation in atmosphere

Most of the mineral particles are irregularly shaped and tend to have a larger diameter than
other particle types as shown in Figure 1a,b. Their elemental compositions are complex, consisting
of O, Si, Al, Fe, Ca, Na, K, Mg and S. Mineral particles are mainly from suspension of soil, road dust,
and construction dust. They can be also sourced from desert dust and undergo long rang transport [22].
Mineral particles are stable under strong electron beam irradiation.
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Figure 1. TEM images of primary individual particles: (a,b) mineral particles, (c) spherical organic
particle, (d) near-spherical organic particle, (e) aged soot particle and (f) chain-like soot particle;
(g) amplified soot spherical.
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Soot aggregates contain numbers of C-dominated spheres with diameter less than 100 nm
(Figure 1e,f). High magnification TEM images demonstrate that typical soot spheres display the
onion-like structures with disordered graphitic layers as shown in Figure 1g. They are from incomplete
combustion of fossil fuels and other materials [23].

Organic particles show higher O proportion than soot aggregates, though they are both dominated
by C and O. Organic particles lack onion-like structure under high magnification TEM images,
compared with soot particles. Most of the organic particles in this study are spherical or near spherical
shaped. Li and Shao suggest that the primary organic particles normally have a spherical or irregular
shape [24]. They are from combustion sources.

Different from primary particle types, the secondary particles are beam-sensitive when exposed
to several seconds of beam irradiation. These secondary particles are mainly composed of element C,
O, S and minor N and are defined as S-rich particles [18,20]. We infer that they indeed are mixtures of
sulfate, nitrate, and/or organic matter (OM) in the atmosphere [18]. Although the secondary particles
have similar elemental compositions, they show different mixing states and thus are further classified
into HS and CS particles.

HS particles are foam-like as shown in Figure 2a,b. Although they are not strictly evenly
distributed, we term these particles as homogeneous mixed S-rich particles (HS). Although HS particles
look similar in the TEM images, they may display different optical and/or hygroscopic properties
because of their mass fractions of sulfate, OM, and/or nitrate [22]. Apart from HS particles, we also find
some secondary particles with organic coating. These core-shell particles clearly show an uneven
surface, as shown in Figure 2c,d. When exposed to electron beam irradiation, the core disappeared,
leaving some residues and an obvious shell structure as shown in Figure 2e,f. The organic shell
and inorganic core have been certified by using a nanometer-scale secondary ion mass spectrometer
(Nano-SIMS) according to Li et al. [25].
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Figure 2. TEM images and elemental compositions of secondary particles: (a,b) HS particles, (c,d) CS
particles, (e,f) images of (c,d) after electron beam exposure; (g,h) elemental compositions of (c,d).

3.2. Relative Number Percentage and Size Distribution

A total of 810 individual aerosol particles (336 for A, 246 for B and 228 for C) were analyzed in
this study. Figure 3 shows the relative number percentage of individual aerosol particles. The results
showed that there was a large proportion of secondary particles because of the strict emission control
measures. During the 2015 China Victory Day parade control periods, HS particles and CS particles
represent the major fraction with 44.9% and 34.3%, respectively, followed by mineral particles (10.5%),
soot aggregates (7.21%) and organic particles (3.2%; Figure 3). Soot aggregates and organic particles
show relative lower number percentage. It is consistent with Wang et al. [26], who reported that
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both the primary organic carbon and elemental carbon had the relative lower proportion during the
control period.Atmosphere 2018, 9, x FOR PEER REVIEW  5 of 10 
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Equivalent circle diameter of secondary particles were obtained according to the image analysis
software (Leica, UK). Number-size distributions of 639 secondary particles (including HS and
CS particles) ranged from 0.1 to 1.0 µm are shown in Figure 4. The average diameter of secondary
particles increases with RH, being 323 nm, 358 nm and 397 nm at the RH 34%, 43% and 53%, respectively.
In addition, with the increase of RH, the peak shifts to the right side of the coordinate, suggesting that
the high RH can favor the growth of secondary particles.
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4. Discussion and Atmospheric Implication

4.1. Influence of RH on Secondary Particle Formation

The secondary particles showed a higher proportion in number, accounting for 79.2%. This is
consistent with Zhao et al., who reported that the primary species showed relatively more reductions
(55–67%) than secondary aerosol species (33–44%) during the control periods [15]. The HS particles are
the major fraction of aerosol particles and they increase with the increasing of RH, being 32.4%, 38.6%
and 64.6% at RH 34%, 43% and 53%, respectively. The formation of S-rich particles might be affected
by a number of factors. The wind direction is mainly from the southern part and the wind speed is
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comparable during our sampling time in Beijing [27]. The average hourly ozone concentration is 77,
51 and 74 µg/m3, for samples A, B and C, respectively (https://www.aqistudy.cn/). Both the wind
and ozone concentration showed no obvious correlation with the relative number percentage of HS
particles. So, we suggest that high RH can favor the formation of HS particles. This is consistent with
a previous study by Wang et al. in Beijing during the pollution periods that the S-rich particles were
correlated with RH [28].

Water can be a major component of aerosol particles, and serves as a medium for aqueous-phase
reactions [29]. Uptake of water by atmospheric particles modifies the mass of the aerosol particle
and increases the particle size [30,31]. Previous studies have shown that particle diameter increases
with increasing RH [32]. For example, experimental study demonstrated that when exposed to SO2,
NO2, and NH3, the growth factor of the seed particles increased with RH, with the values of near
unity at RH < 20% and 2.3 at 70% RH [33]. We admit that the particles collected by impaction may
potentially be flattened and the secondary particles at different RH might show different viscosity [34],
having different flattened ability. However, the larger secondary particles in the atmosphere will
generally have a larger flatten size on the filter. Therefore, the absolute diameter of the flattened
particles may be different from the diameter of the particles in the atmosphere, but the increasing
sizes for the impacted particles should represent the increasing trend of the particle diameters in
atmosphere. Figure 4 showed that the average diameter of secondary particles increased with the
increasing of RH, suggesting that higher RH can favor the growth of secondary particles. Our result
is consistent with previous “bulk” sample analysis, which reported the higher RH promotes the
secondary particle formation. For example, Wang et al. found the conversion of SO2 to SO4

2− not only
contributes to the high production rate, but also enhances formations of NO3

− and SOA on aqueous
particles because of increasing particle hygroscopicity [33]. Liu et al. found that sulfates, together with
nitrates, significantly contribute to wintertime air pollution in Beijing and suggested that the sulfate is
due to heterogeneous reaction with abundant aerosol water under wet conditions [35].

4.2. Atmospheric Implication of CS Particles

The CS particles accounted for a large proportion with 34.3% in our samples. Core-shell
morphology is prevalent configuration of tropospheric particles. They were also found in other
sampling sites, but showed proportional difference; there are proportionally higher CS particles
in mountain Tai, Greater Khingan and rural background sampling site, but less in urban and
suburban-polluted air in Beijing and no CS particles in biomass and coal burning sourced particles [18].

When the atmospheric S-rich particles are coated with OM, they can lead to important implications
for a wide range of climate-relevant endpoints as well as air quality predictions. The OM coating
can change a host particle’s early hygroscopic properties [36,37]. They can influence the RH at
which crystallization and dissolution of sulfate solids occur in atmospheric particles [38], change the
partitioning of semi volatile organic compounds between the gas and particle phase [39,40], and alter
the scattering and absorption of solar radiation. In atmospheric chemistry, the heterogeneous reactions
of gas-phase species (such as ozone or N2O5) on the surface of aerosol particles play an important role
in the removal of species that affect the oxidative balance of the atmosphere [41]. If the ammonium
sulfate is surrounded by the organic-rich phase, the N2O5 uptake may be reduced effectively influenced
by the hygroscopicity and viscosity of the organic shell [42], leading to the increased concentrations
of gas-phase NO3 and N2O5 and changing the mixing ratios of N2O5, NO3, particle phase nitrate,
and volatile organic compounds [43].

4.3. Possible Phase Transformation of CS Particles

Secondary aerosols, formed by gas-to-particle phase conversion, account for a large proportion of
total particles in our samples (Figure 3). The formation mechanism of the organic coated S-rich particles
remains with some uncertainties. They may be formed by liquid-liquid phase separation under the

https://www.aqistudy.cn/
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various RH from high to low values [44] or by condensation of secondary organic compounds on the
pre-existing inorganic aerosols [18,45].

Some researchers suggest that the well mixed secondary particles may undergo liquid-liquid
phase separation under a lower RH, and the process would change the particles into the core-shell
structures, typified by an organic core and an inorganic shell. For example, various “bulk” sample
analyses conducted in the laboratory have confirmed the liquid-liquid phase separation do exist
for the secondary particles [41,46,47]. The presence of the organic core and inorganic shell in
individual particles have been confirmed in the laboratory by using optical microscopy and Raman
spectroscopy [38,41,42], atomic force microscopy with infrared spectroscopy [48], and environmental
scanning electron microscopy and scanning transmission X-ray microscopy [49].

However, previous studies have demonstrated that the liquid-liquid phase separation is not
observed for the organic species having O/C ratio greater than 0.8 [44]. The average O/C ratios of
secondary organic aerosols ranged from 0.84 to 1.0, higher than 0.8, during the control periods [15].
The higher O/C ratios of secondary organic aerosols during our sampling periods will not favor the
Liquid-liquid phase separation process.

Hou et al. noticed that the secondary S-rich particles can be coated with the secondary organic
aerosols, and that the thickness of the organic coatings will increase with the particle’s aging [45].
During the control period, the organic aerosols accounted for a larger proportion in the total particles,
and they were mostly secondary organic aerosols [26]. Therefore, we believe that the CS particles
collected during the control periods were formed by the condensation of secondary organic compounds
on pre-existing S-rich particles, instead of liquid-liquid phase separation. When the RH increases,
the liquid-liquid mixing may occur on the CS particles again, forming a HS particle.

5. Conclusions

During the 2015 China Victory Day parade control periods, individual aerosol particles
were analyzed. Based on the morphologies and elemental compositions, five types of individual
particles were identified, which were further classified into two groups, including primary particles
(mineral particles, soot aggregates, organic particles) and secondary particles (HS particles and
CS particles). Among the 810 individual particles, secondary particles accounted for a large proportion
at 79.2%. HS and CS particles were predominant with 44.9% and 34.3%, respectively, followed by
mineral particles (10.5%), soot aggregates (7.2%) and organic particles (3.2%).

The average diameter of secondary particles increases with RH, being 323 nm, 358 nm and 397 nm
at the RH 34%, 43% and 53%, respectively, suggesting that the high RH favor the growth of secondary
particles. The CS particles may be formed by the condensation of secondary organic aerosols on
pre-existing S-rich particles under the lower RH in this study.
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