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Abstract: As one of the largest inland megacities in Northwest (NW) China, Xi’an has been facing se-
rious regional haze frequently, especially during winter. The composition of aerosols in Xi’an is highly
complex due to its unique basinal topography and unique meteorological conditions. In this study,
we characterized the morphology, size, and composition of individual aerosol particles collected
during regional haze events at an urban site in Xi’an using Transmission Electron Microscopy (TEM)
coupled with Energy-Dispersive X-ray Spectrometry (EDX). Six types of particles were identified
based on their morphology and chemical composition, including organic (41.88%), sulfate (32.36%),
soot (8.33%), mineral (7.91%), K-rich (5.13%), and fly ash particles (4.49%). These results demonstrate
that the organic particles made a larger contribution to haze formation than the secondary inorganic
particles during the sampling period. Size distribution and dominance suggest that organic and
sulfate particles exert major control on the variation trends of particle size in haze. The coating
thickness of organic-cored particles was about 369 nm and that of sulfate-cored particles was about
322 nm, implying that the organic particles were more aged than the sulfate particles. The results
presented in this study provide further insights into understanding haze particle formation.

Keywords: individual aerosol particles; TEM-EDX; size; mixed particles; aging process

1. Introduction

In recent years, frequent haze events in megacities have caused public concerns due to
their influence on atmospheric visibility, human health, and global climate change [1,2].
Aerosol particles in the atmosphere can reduce visibility, scatter or absorb solar radiation,
act as cloud condensation nuclei, and affect regional and global precipitation [3-7]. Ad-
ditioanlly, aerosol particles, especially those of smaller sizes, can be inhaled by humans,
causing harm to health [8-10]. Many megacities in China have been extensively studied for
the characteristics and major sources of air pollution. Studies in Beijing city showed that the
air pollutants could be attributed to the combined effects of traffic, coal burning, biomass
burning, industrial sources, and dust [1,11]. Air pollutants in Shanghai were mainly caused
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by biomass burning and traffic emissions [12,13]. Air pollutants in Chengdu were mainly
sourced from coal-related industrial emissions [14]. Air pollutants in Chongqing mainly
came from industry, traffic, and agricultural activities [15]. These results indicate that
different cities have different characteristics of pollution sources.

Xi’an, one of the largest cities in Northwest (NW) China, is the capital of Shaanxi
Province and is located at the southern margin of the Loess Plateau (400 m above sea
level at 33°29'-34°44’ N, 107°40'-109°49’ E). The climate of Xi’an is dominated by the East
Asian monsoon [16]. Geographically, Xi'an is situated in the hinterland of Guanzhong
Plain, and its air quality is not only controlled by the local topography and meteorological
factors but is also affected by pollution from surrounding areas (Yulin Sand and Loess
Plateau) [17,18]. Especially during the heavy pollution episodes in winter, the hazes in
the Beijing, Tianjin, Hebei, and surrounding areas move westward along the Taeyang
Mountains and are then superimposed with locally sourced pollution in the Guanzhong
Basin, resulting in the accumulation of pollutants [17,19]. The cold air mass generally comes
from the northeast and is blocked by the Loess Plateau, with little effect on the diffusion
of pollutants in the Jianzhong urban agglomeration [20]. As a result, the pressure on air
quality improvement in the Guanzhong urban agglomeration is more serious than in other
cities. Especially in winter, the dominant wind direction of Xi‘an is from the northeast
and can be blocked by the Qinling Mountains. Pollutants are particularly easy to gather
due to the accumulation effect of the mountain front [21]. In addition, the static and stable
weather conditions make the diffusion of pollutants difficult [22]. Geographical conditions
and meteorological factors lead to the complex composition of air pollutants in Xi‘an. As a
result, mass concentrations of PM2.5 (particulate matter with an aerodynamic diameter
equal to or smaller than 2.5 um) have been high all the year round in Xi’an [23]. Recently,
frequent haze events have attracted the attention of scientists [24-27]. To improve the air
quality, it is essential to understand the physical and chemical characterization of airborne
PM2.5 and to identify the possible pollution sources.

In view of the serious air pollution problem in Xi’an and its surrounding areas, many
studies have been conducted on pollution characteristics and sources. A study of the
vertical distribution regular pattern of PM2.5 with a hexacopter-type unmanned aerial
vehicle found that relative humidity had the greatest impact on the vertical profile of
PM2.5 [28]. Another work on the assessment of toxicological properties of PM2.5 indicated
that the addition of PM2.5 samples collected from haze episodes in Xi’an to albumin in vitro
resulted in oxidation of methionine moieties [29]. The evaluation of hazardous volatile
organic compounds (VOCs) by source apportionment with a receptor model indicated that
the harmful VOCs in typical Xi’an residential buildings in winter mainly came from furni-
ture and building materials [27]. A study of the chemical composition of PM2.5 emitted
from motor vehicles by dynamometer tests revealed that carbon species were the major
components of PM2.5 for each type of vehicle, and the components of organic carbon (OC)
were generally higher than those of elemental carbon (EC) [26]. Source apportionment
and principal component analysis demonstrated that the polycyclic aromatic hydrocarbons
(PAHSs) in PM2.5 mainly came from coal combustion, biomass burning, and vehicle emis-
sions [25]. These results are important for understanding the sources and their impact on
health and climate. However, detailed information about some aspects of the atmospheric
particles is not available. For example, the variation in the composition and sizes of differ-
ent types of particles during the evolution of haze has not been well understood, which has
hindered understanding of the formation mechanism of regional haze. Individual particle
analysis has significant advantages in this regard, as it can provide not only the elemental
compositions but also morphological and size information, favoring the identification of
particle sources and understanding of the secondary formation of particles.

In this study, we collected aerosol particles during the haze event in winter in Xi’an,
and have analyzed the size distribution, elemental components, and morphology of indi-
vidual particles by means of TEM-EDX. The types, mixing states, sources, heterogeneous
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reactions, and aging process of particles were studied. These results could provide impor-
tant information for the comprehensive governance of regional haze.

2. Sampling and Analysis
2.1. Site Description and Sampling

The sampling site was located at the Institute of Earth Environment, Chinese Academy
of Sciences. The samplers were mounted on the roof of a building, about 10 m above ground
level. There was no obvious pollution source around the sampling site. The sampling site
was in the downwind direction of Xi’an City in winter, which could better represent the
air pollution of Xi’an City. Aerosol particles were collected on copper TEM grids coated
with carbon film by a DKL-2 single-stage cascade impactor with a 0.5 mm diameter jet
nozzle at an airflow rate of 1.0 L min~!. When the particle density was 2 g cm~3, the
collection efficiency of particles with an aerodynamic diameter of 0.5 um reached 100%.
The sampling time was from the 20 to 80 s, and the specific sampling time was determined
according to the pollution situation. Temperature, relative humidity, and pressure all
refer to the instantaneous values at the middle of the sampling period, which could well
represent the meteorological conditions of the particles collected. The meteorological
parameters, including temperature, relative humidity, and pressure, were recorded with
a Kestrel 5500 portable meteorological instrument. The collected samples were stored in
a sealed and dry plastic capsule in a dryer at 25 °C and 20 =+ 3% relative humidity (RH)
for subsequent TEM analysis. Cu was excluded from our analysis because the TEM grids
were composed of Cu. Image analysis software (Leica Microsystems Image Solutions
Ltd., Cambridge, UK) was used to obtain the equivalent spherical diameters of particles.
The samples were numbered D1, D2, D3, and D4, according to the chronological order
of sampling days. According to PM2.5 mass concentration, D1 was a moderate pollution
day, D2 was a heavy pollution day, D3 was a clean day, and D4 was a light pollution day.
Detailed information about the sample collections is presented in Table 1.

Table 1. Summary of sampling information.

Sampling

Sample Date . T RH P
Number (2019) Duration ©C) %)  (hPa)  Mzs(ugm™)
(Second)
D1 1/23 30 25 495 9750 147
D2 1/24 20 0.6 620 9722 183
D3 1/25 80 9.6 22 9810 50
D4 1/26 40 8.3 312 9772 9%

2.2. TEM-EDX Analysis

Individual particle samples were analyzed by Transmission Electron Microscopy
(TEM) at 200 kV accelerating voltage, and the element composition was measured semi-
quantitatively by Energy Dispersive X-ray Spectrometry (EDX). Studies have shown that
TEM-EDX is a very effective method for analyzing atmospheric particles [30,31]. The
collection time of the energy spectrum was about 30 s, and EDX can detect elements with
atomic weights heavier than carbon. The distribution of aerosol particles on TEM grids was
not uniform, with coarser particles occurring near the center and finer particles occurring
on the periphery. Therefore, to make sure that the analyzed particles were representative
of the entire size range, five domains were chosen from the center to the periphery of the
sampling spot on each grid [32,33].

3. Results
3.1. Types of Individual Particles

According to the elemental composition and morphology, the individual particles
were divided into two categories: carbonaceous particles and non-carbonaceous particles.
Carbonaceous particles were further subdivided into organic particles and soot particles.
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Non-carbonaceous particles were subdivided into sulfate particles, mineral particles, fly
ash particles, and K-rich particles (Table 2).

Table 2. Types and characteristics of individual particles in the winter haze of Xi’an during the
sampling period.

Particle Groups Particle Types Major Elements Morphologies

Spherical or irregularly shaped,

Carbonaceous Organic Cand O easily combine with sulfate
particles Chain or dense, with sulfate
Soot Cand O adsorbed on the surface
Mineral Si Ca. Al and Fe Irregularly shaped, tended to
N T have a larger diameter
on- . Spherical, some particles mixed
carbonaceous Fly ash Si, Fe, and Zn P with sglfate
particles 1
Sulfate S,0,Na, and K Foam ;tz;;?[izlriunder
K-rich K,C,Cl,and S Irregularly shaped

Organic particles (Figure la,b) were mainly composed of C and O and contained
a small amount of 5, Na, Mg, K, and other elements. These are extremely stable under
electron beams. Organic particles generally included regular organic particles (Figure 1a)
and irregular, spherical organic particles (Figure 1b). Organic particles easily combine with
sulfate particles, and, therefore, a coating on the surface of some organic particles was
found in our study.

500 nm 250 nm 1 pm

200 nm 500 nm L pm
g o
o
L X
500 nm ‘ 500 nm 500 nm

Figure 1. TEM images of individual particles in the winter haze of Xi’an during the sampling
period. (a) Spherical organic particle. (b) Irregularly shaped organic particle. (c) Non-volatile sulfate.
(d) Foamed sulfate. (e) Mineral: Si + Al. (f) Mineral: Ca. (g) Fly ash particles. (h) Soot particles.
(i) K-rich particle.
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Sulfate particles (Figure 1c,d) represent secondary inorganic particles in the air and
they are easily volatilized under the electron beams. The secondary inorganic particles
detected by TEM-EDX have been suggested to be a mixture of sulfate and nitrate parti-
cles [34]. Sulfate particles that only contain S and O are known as ammonium sulfate [35].
Other sulfate particles containing S, O, Na, and K can be Na;SO4 and K;5O4 [36]. Sulfate
particles tend to display an irregular shape, and coatings have also been found on this type
of particles.

Soot particles (Figure 1h) are mainly composed of the elements C and O and contain
trace amounts of S and K. Soot particles are chain-like aggregates of carbon spheres, com-
posed of many carbonaceous pellets. They are not easy to volatilize under an electron beam.
Some soot particles show onion-like nano-graphite structures under a high-resolution
transmission electron microscope. Mixed particles combined with soot and sulfate are
common on polluted days [37].

Mineral particles (Figure le,f) are mainly composed of crustal elements and are ex-
tremely stable under the electron beams [31]. The compositions of mineral particles are
complex, containing Si, Ca, Al, Fe, Na, K, Mg, and P. The mineral particles are irregular, in
general, and their sizes tend to be larger than those of other types of particles.

K-rich particles (Figure 1i) are mainly composed of K, together with S and minor
O. TEM shows that the K-rich particles are irregular in shape. K-rich particles are consid-
ered as tracers of biomass burning.

Fly ash particles (Figure 1g) can be subdivided into three types, including Si-based fly
ash particles, Fe-based fly ash particles and Zn-based fly ash particles. Fly ash particles are
extremely stable under the electron beams and generally show regular spherical or quasi-
spherical shapes. TEM showed that fly ash particles are easily mixed with sulfate particles.

Many mixed particles were also found in this study (Figure 2), and the proportion
of these in all samples reached 33%. To understand the formation mechanism of dif-
ferent aerosol components, mixed particles can be further subdivided into five types,
including soot—fly ash mixed particles (Figure 2a), sulfate—soot (S—soot) mixed particles
(Figure 2b), sulfate—fly ash (S—fly ash) mixed particles (Figure 2c), core-shell structure
particles (Figure 2d,e), and sulfate-organic (S—organic) mixed particles (Figure 2f). There
are two main types of core—shell particles, including the organic-cored particles and the
sulfate-cored particles. The core can be sulfate or organic, while the shell can be sulfate,
nitrate, or organic matter.

LS
a i o b c
‘\00
L - SRR Fly
: . ash
ash v
Sulfate Sulfate
300nm 500 nm 500nm
d coating (5] i
i Organic
Organic

/

coating

Sulfate 250 nm 500 nm Sulfate 250 nm

Figure 2. TEM images of mixed individual particles in the winter haze of Xi’an during the sampling
period. (a) Soot—fly ash mixed particle. (b) Sulfate—soot mixed particle. (c) Sulfate—fly ash mixed
particle. (d,e) Mixed particles with core-shell structures. (f) Sulfate—organic mixed particle.
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3.2. Relative Abundance of Different Types of Particles

A total of 519 individual particles were analyzed. The results showed that organic
particles and sulfate particles had the highest proportions, reaching 41.88% and 32.26%,
respectively, followed by soot particles (8.33%), mineral particles (7.91%), K-rich particles
(5.13%), and fly ash particles (4.49%), in descending order.

Among all the particles, mixed particles accounted for 28.35% and were dominated by
core-shell structure particles, accounting for 78.03% (Figure 3). The percentages of sulfate—
organic mixed particles, sulfate-soot mixed particles, sulfate-fly ash mixed particles, and
soot—fly ash mixed particles were 10.60%, 5.30%, 4.55%, and 1.52%, respectively (Figure 3).

~ 0 O
== =

Relative abundance (%)

Core-shell S-organic S-soot S-fly ash Soot-fly ash

Types of mixed particles

Figure 3. The relative proportions of different types of particles among those identified as mixed
particles over all four sampling days in the winter haze of Xi’an during the sampling period.

3.3. Size Distribution of Particles

The average sizes of particles in the D1, D2, D3, and D4 samples were 0.54, 0.95,
0.48 and 0.52 um, respectively. The relative percentages of different particle types were
calculated for different particle size segments (Figure 4). The average sizes of organic
particles for the D1, D2, D3, and D4 samples were 0.63, 0.72, 0.48, and 0.47 um, respectively.
The average sizes of sulfate particles for the D1, D2, D3 and D4 samples were 0.71, 0.88, 0.57
and 0.59 pum, respectively. The size of organic particles ranged from 0.27 to 1.2 pm, with a
median diameter of 0.44 um, and the size of sulfate particles ranged from 0.16 to 1.2 pm,
with a median diameter of 0.75 pm (Figure 5). The results showed that the mineral particles
had the largest average size, this being 0.75 pum, followed by sulfate particles (0.69 um),
K-rich particles (0.59 um), organic particles (0.58 um), soot particles (0.53 um), and fly ash
particles (0.49 um), in descending order.
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Figure 4. Relative number abundance-size distribution plots for all types of particles obtained

by adding together the data for all four sampling days in the winter haze of Xi’an during the
sampling period.

— Organic particles
— Sulfate particles

0.01

0.1 1
Equivalent spherical diameter (um)

Figure 5. Size distributions of organic particles and sulfate particles in the winter haze of Xi’an during
the sampling period. N is the total number of particles in due size, and d(IgDp) is the derivative
of the logarithm of the particle diameter Dp (Dp is the equivalent spherical diameter of analyzed
individual particles) in the caption.

4. Discussion
4.1. Possible Sources of Organic Particles

In this study, organic particles were the major type of individual particles, accounting
for 41.88%. There were also many spherical organic particles among these. Shen et al. [38]
found that organic matter (30.3%) was the main component of PM, 5 in Xi’an, followed by
sulfate (26.9%) and nitrate (12.1%). Wang et al. [39] noticed that many spherical organic
particles occurred in PM; 5 in Xi’an. Organic particles were also considered to be the
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main pollutants in the winter haze in areas other than Xi’an. Previous studies have also
shown that the pollutants in haze in Northeast China were commonly associated with high
levels of organic particles [34,40]. Similar results were obtained for haze in Beijing [41,42].
Previous studies have shown that the organic particles were mainly sourced from coal
combustion [43]. Tian et al. [44] used the mass concentrations of OC/EC to analyze the
source of carbonaceous aerosols, and the mean values for Xi’an were 5.8—well within
the range for coal combustion (2.5-10.5)—indicating that coal combustion was the most
important source of carbonaceous aerosol in winter in Xi’an. Therefore, we believe that the
organic particles in the Xi’an samples mainly came from coal combustion.

Moreover, we found a few fly ash particles in these samples. These particles are
believed to be mainly sourced from industrial activities and coal-fired power plants [45].
Some studies found that there were no fly ash particles in the coal emissions from domestic
stoves [46,47], which may be due to combustion at temperatures far below those of power
plants [48,49]. Some other investigations have shown that emissions of organic particles
from industrial boilers and coal-fired power plants are far lower than those from coal and
biomass burning in residential stoves [34,43,50]. These results indicate that air pollutants
from industrial activity and coal-fired power plants contributed less to haze formation than
those from domestic coal burning. Therefore, we conclude that the organic particles in
these samples were mainly emitted by residential coal combustion.

4.2. The Mechanism of Haze Formation

As can be seen in Figure 6, the proportions of organic particles on D1, D2, D3, and
D4 samples were 41.9%, 50.84%, 37.78%, and 38.97%, while the proportions of sulfate
particles were 33.33%, 27.97%, 26.44%, and 38.23%. The proportion of organic particles
in each sample was larger than that of sulfate particles. These results show that organic
particles made a greater contribution to haze than secondary inorganic particles during
the sampling period. The study found that the relative abundance of organic particles
increased by 8.9% and sulfate particles increased by 5.4% during the evolutionary processes
leading from moderate to heavy pollution days (D1 to D2). The results suggest that the
organic particles emitted from residential coal combustion accumulated rapidly, in far
greater quantities than the secondary generation of sulfate, leading to further aggravation
of haze. When haze dissipated from D2 to D3, it was found that the relative abundance of
organic particles decreased by 13.1%, which was much greater than the 1.5% decrease in
the abundance of sulfate particles. This result further indicates that change in the content
of organic particles was an important factor leading to the aggravation or dissipation of
haze. It was found that the relative abundance of organic particles increased by 1.2% when
the clean day evolved into to a light pollution day (D3 to D4), which was much smaller
than the 11.8% increase in sulfate particle abundance. The results showed that the rate of
formation of secondary inorganic particles was greater than the rate of emission of organic
particles during evolution from a clean day to a light pollution day. From the above, we
can conclude that in the evolution from a clean day to a light pollution day, change in the
contents of secondary inorganic particles determined subsequent haze evolution. In the
evolution from a moderate pollution day to a heavy pollution day, change in the contents
of organic particles determined the further evolution of the haze. However, in terms of the
absolute amounts of organic and sulfate particles over the four days, the organic particles
contributed more to haze formation than the secondary inorganic particles during the
sampling period.
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Figure 6. Relative abundance of different particle types in daily samples of the winter haze in Xi’an
during the sampling period.

4.3. Variation Characteristics of Particle Size

In this study, the daily average size of total particles from large to small was
D2 (0.95 um) > D1 (0.54 um) > D4 (0.52 um) > D3 (0.48 um). The order of instantaneous rela-
tive humidity during the sampling period was D2 (62%) > D1 (49.5%) > D4 (31.2%) > D3 (22.2%).
The variation trend of particle size was consistent with that of instantaneous relative hu-
midity. The results show that higher relative humidity was beneficial to the growth of
hygroscopic particles on haze days. It was found that the variation trends for daily average
sizes of organic and sulfate particles was consistent with that of overall particles. The
results show that the organic and sulfate particles exert major influences on the variation
trends of particle size in haze. The study found that the average size of organic particles
increased by 0.09 um (Figure 7) and that of sulfate particles increased by 0.18 um during the
process of evolution from a moderate day to a heavy pollution day (D1 to D2), indicating
that increase in sulfate particle size may be the factor leading to the increase in overall
particle size in this process. When haze dissipated from D2 to D3, the average particle size
of organic particles decreased by 0.25 um and that of sulfate particles decreased by 0.31 um
(Figure 7), indicating that the decrease in sulfate particle size was the factor that affected
the change in overall particle size. The average size of organic particles increased by 0.01
um and that of sulfate particles increased by 0.14 um (Figure 7)when the clean day evolved
into a light pollution day (D3 to D4), indicating that the increase in sulfate particle size
may have been the factor affecting the overall particle size change in this process. From the
above, we can conclude that the sizes of organic particles and sulfate particles determine
overall particle size on different pollution days and that change in sulfate particle size may
contribute more to overall particle size change than change in organic particle size.

4.4. Comparison between the Aging States of the Organic and Sulfate Particles

Previous studies have shown that in the aging process, core particles can provide
surfaces for the heterogeneous reaction of SO, and NOx [51], forming the core—shell
structures [52-54], which can be regarded as a sign of the aging of particles [55]. The core—
shell structure particles accounted for 78.03% of the mixed particles during the sampling
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period. The core has two types, i.e., sulfate and organic, while the shell can be sulfate,
nitrate, or organic matter. To better study the aging state of particles, we subdivided the
core—shell structure particles into organic-cored particles and sulfate-cored particles. The
thickness of the coating was used to measure the degree of aging of particles, and the larger
the coating thickness, the more obvious the aging characteristics. This method has been
proved effective by many studies [33,56,57]. The results presented in this study showed
that the coating thickness of organic-cored particles was 369 nm and that of sulfate-cored
particles was 322 nm (Figure 8), suggesting that the organic-cored particles were more aged
than the sulfate-cored particles.

mOrganic ®Sulfate

e
%

o
a

e
=

e
¥

Equivalent Spherical Diameter (jum)

=]

Samples

Figure 7. The average sizes of organic and sulfate particles in the daily samples of the winter haze in
Xi’an during the sampling period.

1000
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- y =0.4363x R*=0.431
g
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Z 400 |
=
o
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200 o
Average coating thickness
B 5 organic-cored,369 + 160 nm
® sulfate-cored, 322 + 154 nm
0 1 1 1 1
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Dshell (nm)

Figure 8. The correlation between the Dshell and coating thickness in the organic-cored particles and
sulfate-cored particles in the winter haze of Xi’an during the sampling period.
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Temperature has an important influence on various atmospheric processes [58]. Or-
ganic and sulfate particles can age at different rates in the same environment, which is
probably to be attributed to their optical properties. The aging degree of sulfate has been
confirmed to be more obvious under strong solar radiation than under weak solar radi-
ation [58]. Sulfate particles are capable of negative light radiation forcing [59-61], and
organic particles are capable of positive light radiation forcing [62,63]. Due to backscatter-
ing light, the temperature of the reaction surface provided by sulfate may be lower than
that provided by organic particles, which could lead to the differences in the heterogeneous
reaction rates between the two reaction surfaces. Therefore, the aging of particles may be
related to their optical properties.

5. Conclusions

(1) Individual aerosol particles were analyzed by TEM-EDX and could be classified
into two groups: carbonaceous particles and non-carbonaceous particles. Carbona-
ceous particles mainly included organic particles and soot particles, while non-
carbonaceous particles included sulfate particles, mineral particles, fly ash particles,
and K-rich particles.

(2) Organic particles and sulfate particles were the principal particles collected during
the sampling period, indicating that residential coal combustion seems to be the major
pollutant source in haze formation. Organic particles greatly contributed to haze
formation, more than secondary inorganic particles during the sampling period.

(3) Organic and sulfate particles determined the variation trend of particle size in haze
due to their abundance, and change in the sizes of the sulfate particles may have
contributed more to the overall particle size changes than change in the sizes of the
organic particles.

(4) The aging rate of particles is related to their optical properties. In this study, organic
particles were more aged than sulfate particles.
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