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Abstract: Beijing frequently experiences dust storms during spring, which result in deteriorated
visibility and cause negative health impacts. In this paper, the dust particles were collected during
a dust storm episode on 4–5 May 2017 in Beijing, and the samples before and after the dust storm were
also collected. The morphology and elemental and mineralogical compositions of the dust samples
were investigated using a transmission electron microscope equipped with an energy-dispersive X-ray
spectrometer (TEM-EDX) and X-ray diffraction (XRD). The TEM-EDX results showed that the particles
in the dust samples were mainly Si-rich, Ca-rich, S-rich, Fe-rich, Al-rich, Ti-rich, K-rich, Na-rich and
Mg-rich particles. The XRD results demonstrated that the minerals in PM10 samples were mainly
clay, calcite, quartz, dolomite, plagioclase, potassium feldspar and hematite, in descending order of
their contents. The clay minerals, having the highest content, were mainly kaolinite, chlorite and illite.
The mixing state and aging degree of mineral particles before, during and after the dust storm episode
behaved very differently. The mineral particles collected before and after the dust storm tended
to have an internal mixing state, dominated by the S-rich particles internally mixed with alkaline
mineral particles, revealing a more serious ageing degree. The mineral particles collected during the
dust storm did not show clear internal mixing, revealing a less serious ageing degree. The amount
of the Si-rich, Al-rich, Ca-rich and Ti-rich particles was highest during the dust storm, indicating
that these particles mainly originated from long-distance transportation. The S-rich, Fe-rich, K-rich,
Na-rich and Mg-rich particles were mainly enriched in the samples before and after the dust storm
episode, indicating that they mainly originated from local sources. A comparison of the values of
S/(Si + Al) in the individual particles with the particle sizes revealed that the finer mineral particles
were associated with higher S contents before and after the dust storm, while the coarse particles
were associated with lower S contents during the dust storm.

Keywords: individual mineral particle; dust storm; TEM-EDX; XRD; mixing state; Beijing

1. Introduction

Mineral aerosols are important parts of tropospheric aerosols. The amount of mineral aerosols
that enters the atmosphere globally each year is about 1000–3000 Tg, accounting for about half of
the total contents of aerosols in the troposphere [1]. The dust aerosols in China mainly originate
from the Taklamakan Desert, Hexi Corridor and Hetao areas [2]. The emissions intensity in Beijing
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is strongest in spring, followed by summer, autumn and winter [2]. The average annual emission
of mineral aerosols is about 581 Tg [2], which can affect the northern, central and southern regions
of China by long-distance transport [3]. Mineral aerosols carried by dust storms can influence the
global radiation balance [4–6], as well as the global biogeochemistry cycles of the atmosphere, land and
ocean [7–10]. Mineral particles can act as surface reaction sites for various atmospheric reactions
in the troposphere. Additionally, they can influence weather and climate, as well as accelerate the
conversion of primary pollutants to secondary pollutants in the atmosphere [11]. In the meantime,
the inhomogeneous chemical reactions on the surface of mineral particles have an important influence
on global biogeochemical cycles [12,13]. The alkaline mineral particles, such as the Ca-rich particles,
in dust can react with SO2 to generate CaSO4 or other substances that promote the transformation of
SO2. NO2 can form NO3

− and gaseous NO on the surface of dry mineral particles and can generate
gaseous HONO and NO3

− on the surface of wet mineral particles. NO3
− can further form nitrate on

the surface of alkaline mineral particles [14,15].
In recent years, the research on mineral aerosols in dust storms has attracted the attention of

scholars. Most scholars have studied the particle size, mass concentration, composition, hygroscopic
properties and heterogeneous reaction processes of particulate matter during dust storms by using bulk
methods [16–22]. However, the analyses of the mixing state, aging degree and sources of individual
mineral particles are lacking. The mixing state and the sources of mineral particles in dust storms
can provide direction for regional governance, prevention and control of dust pollution in the future.
The elemental composition and aging degree of mineral particles can provide a basis for the treatment
of dust pollution in Beijing.

In Beijing, a dust storm event occurred on 4–5 May 2017. We sampled the mineral particles before,
during and after this dust storm episode. The elemental composition, mixing state, aging degree
and possible sources of mineral aerosols during these different stages of the dust storm event were
investigated using X-ray diffraction (XRD) and a transmission electron microscope (TEM) equipped
with an energy-dispersive X-ray spectrometer (EDX).

2. Materials and Methods

2.1. Sample Collection

The sampling site (116◦20′45.6′′ E, 39◦59′37.1′′ N) was surrounded by residences, streets and
shopping centers. It was located at the China University of Mining and Technology (Beijing) in
northwestern urban Beijing and was around 1 km from North 4th Ring Road in Beijing. The samplers
were mounted on top of a building on the campus about 18 m above the ground. There were no major
industrial pollution sources in the area.

Aerosol samples were collected during the dust storm event from 3–5 May 2017. A single-stage
cascade impactor with a 0.5-mm diameter jet nozzle with a flow rate of 1.0 L/min was used.
The particles were collected on copper TEM grids coated with carbon film (carbon type-B, 300-mesh
copper, Tianld Co., Beijing, China). The collection efficiency of this impactor is 50% for particles
with an aerodynamic diameter of 0.25 µm and with a density of 2 g/cm3. Sampling duration
varied from 30–60 s depending on the concentration of PM2.5 and PM10. These samples were used
to analyze individual dust particles. Moreover, an impactor with a flow rate of 100 L/min was
used to collect PM10 on glass fiber filters with a diameter of 90 mm for XRD analysis. The Kestrel
4500 Pocket Weather Tracker (Nielsen-Kellerman Inc., Minneapolis, MN, USA) was used to measure
wind speed, wind direction, relative humidity, barometric 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
exposure to ambient air. Image analysis software (Leica Microsystems Image Solutions Ltd., Cambridge,
UK) was used to obtain the equivalent spherical diameter of particles [23].
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2.2. Experimental

Individual particles on copper TEM grids were tested by the TEM (Tecnai G2F30, FEI Ltd.,
Hillsboro, OR, USA). The TEM was operated with an acceleration voltage of 300 kV. The particles were
inhomogeneously distributed on the TEM grids with coarser particles near the center and the finer
particles at the periphery [24]. To guarantee that the analyzed particles were representative of the
whole size range, 3–4 areas were chosen from the center and periphery of the sampling spot on each
grid. We first found an area where particles remained largely on the copper grid and then selected
3–4 squares where particle density was moderate to observe the morphology and mixing state of
individual particles. All individual particles larger than 0.1 µm in the selected areas were analyzed.
Elemental compositions were determined semi-quantitatively using an EDX that can detect elements
heavier than C. In order to understand the element characteristics of aerosol particles in the sampling
period, the EDX was applied to each particle in selected squares. A low current and small beam spot
were used to avoid the effect of the electron beam on the particles. Copper was not considered in the
analysis because of interference from the copper TEM grid.

The glass fiber filter with PM10 samples was tested using a D/MAX-250 (Rigaku, Tokyo, Japan)
X-ray diffractometer. The X-ray diffractometer scanned with Cu Kα radiation of 40 kV/125 mA,
a scanning speed of 2◦ (2θ)/min, a sampling distance of 0.01◦ (2θ) and a scanning range of 2.6–50◦

for mineralogical analysis. Filter samples were cut into 5 × 5 cm pieces and then placed on an
aluminum sample holder for XRD qualitative analysis. Identification of minerals was conducted
according to the cards published by the Joint Committee on Powder Diffraction Standards. Relative
proportions of major minerals were expressed by peak intensity of the strongest reflection of each
mineral. These proportions were then converted to weight percentages using the weighting ratios as
shown in the Standard of the China National Petroleum Corporation (CNPC) SY/T 6210–1996.

Table 1. Sample information.

Sample
No.

Sampling Time
(BST)

Temperature
(◦C)

Relative
Humidity (%)

Atmospheric
Pressure (hPa)

Wind Speed
(m/s)

Wind
Direction

Filter
Types Remarks

1 2017.5.3 18:37 23.7 40.2 1006.8 4 SW

The
copper

TEM grid

Before the
Dust Storm

2 2017.5.4 9:01 24.7 17.5 1009.5 8 NW

During the
Dust Storm

3 2017.5.4 12:00 27.5 13.4 1007.8 6 W

4 2017.5.4 18:04 24.3 17.4 1004.7 2 NW

5 2017.5.5 00:03 20.5 39.3 1004.9 5 W

6 2017.5.5 3:00 19.2 45.2 1002.0 5 W

7 2017.5.5 9:47 19.0 24.9 1009.1 11 NW

8 2017.5.5 12:00 21.3 17.6 1009.8 10 NW After the
Dust Storm

9 2017.5.4 20:00–
2017.5.5 9:00 26.0 16.7 1006.8 6 W Glass

fiber
During the
Dust Storm

BST, Beijing Standard Time (UTC plus 8 h).

3. Results

3.1. Concentration of Pollutants during the Sampling Period

The concentrations of PM2.5, PM10, SO2, NO2 and O3 were obtained from the data center of the
Ministry of Ecology and Environment of the People’s Republic of China (http://www.zhb.gov.cn/)
during the sampling period (Figure 1). The concentrations of PM2.5 and PM10 were 29–43 µg/m3 and
46–90 µg/m3, respectively, before 6:00 on 4 May. However, the mass concentrations of PM2.5 and PM10

increased to 401 µg/m3 and 987 µg/m3, respectively, after 6:00 on 4 May. The concentrations decreased
to relatively low levels until 9:00 on 5 May (68–71 µg/m3 and 77–96 µg/m3, respectively). During this
period, the mass concentrations of PM2.5 and PM10 reached up to 574 µg/m3 and 1000 µg/m3, with the
lowest mass concentrations of 253 µg/m3 and 663 µg/m3, respectively. The city experienced a serious

http://www.zhb.gov.cn/
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dust storm episode that lasted about 27 h from 6:00 on 4 May to 9:00 on 5 May. According to the
changes in mass concentration of particulate matter during the sampling period, the dust storm
episode was divided into three stages, namely before the dust storm (18:00 on 3 May to 3:00 on
4 May), during the dust storm (3:00 on 4 May to 9:00 on 5 May) and after the dust storm (9:00 to
15:00 on 5 May). The concentrations of SO2 and NO2 were 2–10 µg/m3 and 7–41 µg/m3, respectively,
which showed that levels were low in the daytime and high during the night. The highest peak was
around 0:00 on 5 May, and the lowest value appeared around 12:00 on 5 May. The concentration
of O3 was 35–109 µg/m3, which showed that it was high in the daytime and low during the night.
The highest peak appeared at around 12:00 on 4 May, and the lowest value appeared at around 3:00 on
5 May. Overall, the variable characteristics of the concentrations of SO2, NO2 and O3 showed opposite
trends. When the concentrations of SO2 and NO2 were relatively high, the concentration of O3 was low,
whereas when the concentrations of NO2 and SO2 were low, the concentration of O3 was relatively
high. This trend may have been associated with the formation of sulfates and nitrates due to the
chemical reaction of SO2, NO2 and O3 in the atmosphere [25].

Figure 1. Changes in pollutant concentrations during the sampling period.

3.2. Types of Mineral Particles

According to the results from the TEM-EDX analyses, we chose 10 elements (Na, Mg, Al, Si, S, Cl,
K, Ca, Ti and Fe) in individual mineral particles and labeled them as “X-rich” particles according to
the maximum P(X) of elements. The value of P(X) was calculated as follows:

P(X) =X/(Na + Mg + Al + Si + S + Cl + K + Ca + Ti + Fe) × 100%

P(X) is the weight ratio of element X in an individual mineral particle [26]. According to P(X),
mineral particles from the dust storm were classified into nine different types, namely Si-rich, Ca-rich,
S-rich, Fe-rich, Al-rich, Ti-rich, K-rich, Na-rich and Mg-rich. Under the TEM, the Si-rich, Ca-rich,
Fe-rich, Al-rich, Ti-rich, K-rich and Na-rich particles always showed irregular shapes (Figure 2a,b,d–h),
but the Na-rich particles were filled with much small, circular matter (Figure 2h). The S-rich particles
were almost circular in shape, and most of them became volatile under the electron beam (Figure 2c).
The Mg-rich particles also displayed a circular shape, and they tended to have a clear core-shell
structure (Figure 2i).

The mineral particles accounted for 92.53% of the total particles during the dust storm, while they
accounted for 46% and 59.76% of total particles before and after the dust storm, respectively.
The mineral particles during the dust storm were further classified according to the values of Si/Al
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(content ratio) and the peaks of other elements in the EDX results [27]. When the value of Si/Al was
approximately equal to one, it was kaolinite. If the value of Si/Al was equal to 1–2 and had higher K
contents, it was illite. In addition, if the value of Si/Al was approximately equal to 2, the individual
particles usually contained higher contents of Fe and Mn and were recognized as chlorite. When the
Si/Al value was approximately equal to 3, the particle was feldspar (e.g., plagioclase or potassium
feldspar). Plagioclase contained high contents of Na or Ca, and potassium feldspar contained higher
contents of K. According to the energy spectra, calcite showed a higher peak of Ca elements, followed
by O elements. Dolomite showed higher peaks of Mg and Ca elements. Quartz had higher peaks of Si
and O elements. Moreover, hematite had higher peaks of Fe and O elements (Figure 3). Among these
minerals, kaolinite (Al4[Si4O10](OH)8), chlorite ((Mg, Fe)4.75Al1.25[Al1.25Si2.75O10](OH)8) and illite
(K2−xAl4[Al2−xSi6+xO20](OH)4) belong to the layered silicate minerals and are also called clay minerals.
Plagioclase (Na[AlSi3O8]-Ca[Al2Si2O8]) and potassium feldspar (K[AlSi3O8]) belong to the framework
of silicate minerals and can be referred to as the minerals of feldspar groups. Calcite (CaCO3) and
dolomite (MgCa[CO3]2) are part of the carbonate minerals. Quartz (SiO2) and hematite (Fe2O3) are
oxide minerals.

Figure 2. The morphology and types of mineral particles collected during different stages of the dust
storm. The elements in square brackets represent the second highest contents.
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Figure 3. Different minerals detected by EDX during the dust storm.

3.3. XRD Analysis

In order to verify the reliability of the method of mineral classification based on the results of
the EDX (the values of Si/Al and the peak values of elements) and to determine the contents of the
various types of minerals, we used XRD to analyze the PM10 samples acquired during the dust storm.
The XRD result showed that the samples contained kaolinite, chlorite, illite, plagioclase, potassium
feldspar, quartz, calcite, dolomite and hematite (Figure 4), which was consistent with the results of
the classification based on the EDX. The results of the total rock quantitative analysis showed that
the contents of clay minerals (kaolinite, chlorite and illite) and calcite were the highest and reached
51.4% and 17.6%, respectively, followed by quartz (13.3%), dolomite (8.4%), plagioclase (4.8%) and
potassium feldspar (3.6%). The content of hematite was lowest and accounted for 0.9% (Figure 5).

Figure 4. XRD pattern of PM10 collected during the dust storm. I, illite; K, kaolinite; Q, quartz;
C, chlorite; Cal, calcite; Dol, dolomite; K-F, potassium feldspar; Pla, plagioclase; Hem, hematite.
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Figure 5. Proportion of different mineral types as determined by XRD for PM10 collected during the
dust storm.

4. Discussion

4.1. Sources of Mineral Aerosol during the Sampling Period

Isentropic backward trajectories of mineral aerosols in the three stages were calculated using the
HYSPLIT (hybrid single-particle Lagrangian integrated trajectory) model [28,29]. Three 24-h backward
trajectories were started at an altitude of 500 m above the sampling site (Figure 6). We found that the
sources of mineral aerosols in the three stages were very different. The mineral aerosols before the dust
storm (18:00 on 3 May 2017) mainly originated from the southern area of Beijing, Hebei, Shandong
and Jiangsu provinces, which were the most serious air pollution areas in the North China Plane.
The mineral aerosols during the dust storm (9:00 on 4 May 2017) mainly originated from the Gobi
Desert in the midwest of Inner Mongolia and west of Mongolia; these areas are important source areas
for Asian dust storms. The results showed that the atmosphere in Beijing was dominated by dust
during this stage. The mineral aerosols after the dust storm (12:00 on 5 May 2017) originated from
the center of Inner Mongolia and the mideast of Mongolia. The concentrations of PM2.5 and PM10

decreased to relatively low levels during this stage (Figure 1).

4.2. Mixing State and Aging Characteristics of Mineral Particles

The mixing state of individual particles can be classified as internal mixing and external mixing.
Internal mixing mineral particles are mainly formed by heterogeneous reactions with other pollutants.
The chemical reaction process of mineral particles in the atmosphere is considered the aging process of
mineral particles. The more serious the atmospheric chemistry reaction, the higher the aging degree
of mineral particles. We found internal mixing particles in the samples before and after the dust
storm. The relative number of internal mixing particles before the dust storm was the highest and
accounted for 52.27% of the total particles, followed by internal mixing particles in the samples after
the dust storm (16.33%). The mixing particles before the dust storm were the S-rich particles that
were internally mixed with alkaline mineral particles, such as the K-rich, Ca-rich or Na-rich particles
(Figure 7a–c). This indicated that acid gas produced heterogeneous chemical reactions on the surface
of the alkaline mineral particles, which resulted in the formation of secondary particles because of
the higher concentrations of SO2 and NO2 (Figure 1) and higher relative humidity of the atmosphere
during this sampling period (Table 1) [30]. The S-rich particles that were internally mixed with other
mineral particles were not found during the dust storm (Figure 7d–f). This result indicated that



Atmosphere 2018, 9, 269 8 of 14

relatively strong heterogeneous reactions did not occur on the surface of mineral particles due to lower
concentrations of SO2 and NO2 (Figure 1) and lower relative humidity during this sampling period
(Table 1). After the dust storm, the S-rich particles that were internally mixed with the Na-rich particles
were found (Figure 7g,i). However, the relative number percentage of internal mixing particles was
lower than that before the dust storm. Some mineral particles did not mix with the S-rich particles
(Figure 7h). This result showed that heterogeneous reactions with SO2 and other gaseous pollutants
occurred on the surface of the mineral particles after the dust storm, but the reactions were not serious
compared with those before the dust storm. In addition, some mineral particles transported over long
distances remained in the atmosphere and did not react with gaseous pollutants. A large number of
internal mixing mineral particles were found before and after the dust storm by comparing the mixing
state and the proportion of the mixed particles in the three stages. These mixing particles with severe
aging degree were created by heterogeneous reactions between local pollutants and mineral particles.
However, the mineral particles during the dust storm did not mix with the S-rich particles, which were
relatively fresh mineral particles. This also indicated that the atmospheric environment experienced
a whole process of transformation from a hazy day to a dust day and was gradually restored to a hazy
day during the sampling period in Beijing.

Figure 6. Isentropic backward trajectories of mineral aerosols before, during, and after the dust storm.
The purple line represents the backward trajectory of the mineral aerosols before the dust storm
(18:00 on 3 May 2017). The orange line represents the backward trajectory of the mineral aerosols
during the dust storm (9:00 on 4 May 2017). The blue line represents the backward trajectory of the
mineral aerosols after the dust storm (12:00 on 5 May 2017).

4.3. Elemental Changes in Mineral Particles

In order to compare mineral particles in the three stages, the relative number percentages of
mineral particles containing different elements and types in different stages of the dust storm were
studied. The results are shown in Figure 8. In terms of elements of mineral particles (Figure 8a),
the relative number percentages of mineral particles containing C and S during the dust storm
were much lower than those before and after the dust storm. Among them, the relative number
percentage of mineral particles with mass fractions of S greater than 5% accounted for only 6.12%.
On the contrary, the relative number percentages of particles containing Mg, Al, Fe and Ca during the
dust storm were much higher than those before and after the dust storm. Particles containing other
elements (e.g., O, Na, Si, Cl and K) had no significant differences. In terms of types of mineral particles
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(Figure 8b), the relative number percentages of the S-rich and K-rich particles before and after the dust
storm were much higher than those during the dust storm. The relative number percentage of the
Si-rich particles during the dust storm was the highest compared with other mineral particles and was
significantly higher than that before and after the dust storm. In addition, the Na-rich and Mg-rich
particles were not found during the dust storm. The relative number percentage of the Fe-rich particles
after the dust storm was higher than that before and during the dust storm. The Al-rich and Ti-rich
particles only appeared in the mineral aerosols collected during the dust storm. Therefore, the mineral
particles collected before and after the dust storm contained anthropogenic pollutants, such as sulfur-
and carbon-containing compounds, which was consistent with the finding that the mineral particles
collected in the three stages had different sources.

Figure 7. Mixing state of mineral particles. (a) shows the S-rich particles internally mixed with the
K-rich particles. (b) shows the S-rich particles internally mixed with the Ca-rich particles. (c) shows the
S-rich particles internally mixed with the Na-rich particles. (d–f,h) show the fresh mineral particles.
(g) shows the Na-rich particles internally mixed with S-rich particles. (g,i) show the S-rich particles
internally mixed with the Na-rich particles. (a–c) show the internal mixing particles collected before
the dust storm. (d–f) show the fresh mineral particles collected during the dust storm. (g–i) show the
internal mixing particles and the fresh mineral particles collected after the dust storm.
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Figure 8. The relative number percentages of particles containing different elements and types in
different stages of the dust storm. N represents the number of analyzed particles.

Although the relative number percentage of Si-containing particles was consistent before, during
and after the dust storm, the relative number percentage of the Si-rich particles during the dust storm
was clearly higher than that before and after the dust storm. This result showed that the Si-rich
particles mainly originated from long-distance transport of dust according to the backward trajectories
of mineral aerosols during the dust storm (Figure 6). Moreover, the relative number of Al-containing
particles occupied a large proportion during the dust storm, thereby indicating that the Si-rich particles
were mainly feldspar and clay minerals, whose components were mainly aluminosilicate. The relative
number percentage of Ca-containing particles during the dust storm was much higher than that before
and after the dust storm, but the relative number percentage of the Ca-rich particles during and
after the dust storm was clearly higher than that before the dust storm. This result showed that the
Ca-rich particles mainly originated from the long-distance transport of dust and then remained in
the local air mass. These Ca-rich particles were mainly calcite and dolomite according to the XRD
results of bulk samples (Figure 5). S-containing and K-containing particles were in accordance with
the changes in the relative number percentages of the S-rich and K-rich particles in the three stages.
According to the EDX results, the S-rich particles composed of sulfates, including NaSO4, CaSO4

and MgSO4, were generated by the chemical reaction of SO2 and mineral particles in the atmosphere.
These particles are an important constituent of atmospheric particulate matter during hazy days in the
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North China Plain [11,31]. The K-rich particles composed mainly of K2SO4 and KNO3 were important
tracers for biomass and biofuel combustion [24,32–34]. The K-rich particles mainly originated from
anthropogenic emissions of biomass burning in suburban Beijing according to the isentropic backward
trajectories of mineral aerosols before the dust storm. Although the relative number percentage of
Fe-containing particles was the highest, there were few Fe-rich particles during the dust storm. On the
contrary, the relative number percentage of the Fe-rich particles after the dust storm was much higher.
This result indicated that the relative number percentage of Fe-containing particles was much higher,
but the content of Fe was relatively lower. The Fe-rich particles sampled after the dust storm mainly
originated from road and construction dust [35–37]. The Al-rich and Ti-rich particles mainly originated
from the long-distance transport of dust and were trace minerals because they did not appear before
or after the dust storm. The Na-rich particles mainly originated from Beijing and surrounding areas
because they did not appear during the dust storm. The relative number percentage of Mg-containing
particles was higher during the dust storm, thereby suggesting that the mineral aerosols transported
over a long distance had many Mg-containing particles. However, it should be mentioned that the
content of Mg in these individual particles was low. The Mg-rich particles only appeared in the mineral
aerosols sampled before the dust storm and mainly originated from Beijing and surrounding areas.
Therefore, the Si-rich, Al-rich, Ca-rich and Ti-rich particles mainly originated from the long-distance
transport of dust and were mostly clay, feldspar, quartz, dolomite and calcite, which are minerals of
non-local sources. The S-rich, Fe-rich, K-rich, Na-rich and Mg-rich particles mainly originated from
Beijing and surrounding areas.

4.4. Sulfur in Mineral Particles

Although the dust storm particles were dominated by a higher percentage of Si and Al,
a significant amount of S was also noticed in these mineral particles. The mineral particles containing
S were likely to be associated with atmospheric chemical reactions of the anthropogenic pollutants.
In order to evaluate the chemical reactions between mineral particles and anthropogenic pollutants,
we focused on the ratio of S/(Si + Al) in individual particles collected in different stages of the dust
storm. Figure 9 shows the values and sizes of mineral particles in different stages of the dust storm.
The relative number percentages of mineral particles with values of S/(Si + Al) higher than 1.0 before,
during and after the dust storm were 50%, 3.45% and 24.44%, respectively. The equivalent spherical
diameters of S-containing particles before, during and after the dust storm were mostly less than 1 µm.
The relative number percentage of S-containing particles before the dust storm was higher than that
collected during and after the dust storm (Figure 8a). This result indicated that homogeneous and
heterogeneous chemical reactions occurred in mineral particles before the dust storm. The relative
number percentage of S-containing particles during the dust storm was the lowest (Figure 8a). The fine
S-containing particles mainly originated from local sources [38]. The contents of S in mineral particles
larger than 1 µm were extremely low during the dust storm. The coarse mineral particles were mainly
clay and feldspar according to the XRD results of bulk samples. The relative number percentage of
S-containing particles increased abruptly after the dust storm (Figure 8a). The contents of sulfur in
fine mineral particles after the dust storm were higher than those in fine mineral particles collected
during the storm. This result indicated that the degree of atmospheric chemical reaction between
mineral particles and SO2 or other pollutants was more serious compared with that during the dust
storm. Therefore, mineral particles with small sizes were associated with higher S contents before and
after the dust storm. Coarse mineral particles transported over long distances were associated with
lower S contents during the dust storm. These minerals were mainly clay and feldspar. Although
some mineral particles with small sizes during the dust storm contained S, the relative number of
S-containing particles was few.
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Figure 9. The value of S/(Si + Al) in individual particles as a function of particle diameter.

5. Conclusions

The mineral particles were mainly the Si-rich, Ca-rich, S-rich, Fe-rich, Al-rich, Ti-rich, K-rich,
Na-rich and Mg-rich particles in different stages of the dust storm. Clay minerals (51.14%), plagioclase
(4.8%), potassium feldspar (3.6%), quartz (13.3%), calcite (17.6%), dolomite (8.4%) and hematite (0.9%)
were identified in samples collected during the dust storm.

The mixing mineral particles collected before and after the dust storm were the S-rich particles
internally mixed with alkaline mineral particles, and their degree of aging was serious. The mineral
particles collected during the dust storm did not show clear internal mixing, thereby revealing a less
serious degree of ageing.

The Si-rich, Al-rich, Ca-rich and Ti-rich particles mainly originated from the long-distance
transport of dust. Most of these particles were clay, feldspar, dolomite, calcite and quartz. The S-rich,
Fe-rich, K-rich, Na-rich and Mg-rich particles mostly originated from local pollution sources in Beijing.

Mineral particles with small sizes before and after the dust storm were associated with higher
S contents. Coarse mineral particles transported over long distances were associated with lower S
contents during the dust storm.
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