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Abstract: Regional air quality and major sources can be reflected by dust. 87 dust samples in
Nanchang (four residential areas and three roadside points) were collected, with particle size and
carbon components determined to discuss the distribution characteristics and the sources. The
distribution of dust particle size in different sampling areas was similar, composed mainly of particles
larger than 10 µm (over 69.8%). Dust particle size showed a decreasing trend with increasing
horizontal distance from the main road and vertical height from the ground. EC in road dust was
higher than that in residential dust. EC outdoors was higher than EC indoors in the same area. OC in
indoor dust was higher than that in atmospheric dust when there were obvious indoor OC emission
sources. The main carbon fractions in residential dust were OC3 and EC1, and in road dust were EC2
and OC3. The distribution of carbon fractions showed that OC3 and EC2 were mainly affected by
human activities and motor vehicle emissions, respectively. The ratio of OC/EC and SOC in dust
decreased from autumn to winter. SOC in the dust of Nanchang was at a medium level compared to
other cities/regions around world. Clustering analysis and principal component analysis indicated
that combustion sources (coal and biomass combustion, etc.), motor vehicle exhaust sources (gasoline
and diesel vehicles), and human sources (cooking fumes, cigarette smoking, etc.) were the main
contributors to the carbon components in dust.

Keywords: dust; particle size; organic carbon (OC); elemental carbon (EC); carbon fraction

1. Introduction

Particulate matter is still one of the main atmospheric pollutants in China, even though
China’s nationwide PM2.5 (particulate matter with an aerodynamic diameter not exceeding
2.5µm [1]) concentration has dropped significantly since the implementation of the Action
Plan for Prevention and Control of Air Pollution (2013–2017) and the Three-Year Action
Plan for Winning the Battle for the Blue Sky (2018–2020) [2–4]. At present, the PM2.5
concentration in some cities in China sometimes exceeds 10 µg/m3, the annual standard
limit recommended by the World Health Organization (WHO) [5], and there is still a long
way to go in the prevention and control of atmospheric particulate matter in China. Dust
is a kind of particulate matter that naturally settles on the surface under the influence of
gravity in the atmospheric environment, and it has a wide range of particle size distribution
that varies from <63 µm to >2 mm [6]. Dust is an important medium for the transport
of heavy metals, organic matter, and other substances and energy. Some studies have
found that the rate of mass transfer is higher in cases with finer particles, thus making
hazardous components contained in these finer particles more available. The fraction of
very small particles in house dust (for example, PM2.5) is especially important with respect
to inhalation after resuspension [7]. The particle size and chemical components of dust
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can reflect the complacent and main sources [8,9]. A systematic study of the deposition,
sources, chemical components, and influencing factors of dust in different regions is of
practical significance for understanding the current status of regional ambient air quality,
and it is also of great importance for studying the geographical distribution characteristics
of dust.

Currently, there are some relevant studies in the field of atmospheric dust at home
and abroad. One study investigated the depositional sorting characteristics and the depo-
sitional sorting process of atmospheric dust in the vertical direction from the perspective
of deposition dynamics of the airflow field, which revealed the formation process and
particle size distribution law of wind deposits [10]. Gupta’s team studied the dustfall flux
of atmospheric dustfall in Delhi, India, and the effects of cations and ions on plant leaves,
and found that concentrations of chlorophyll and carotenoid decreased with the increase
in dustfall flux, while the concentrations of proline and ascorbic acid increased with the
increase in dustfall flux [11]. BiBi et al. conducted a continuous study on the North African
coast of the Mediterranean Sea, and determined the spatial-temporal variation trend of
atmospheric dust load and sedimentation flux [12]. Based on the application of the turbu-
lent diffusion theory of the atmospheric boundary layer and the adsorption model of gas
by porous solid particles, some scholars have analyzed the typical dust conditions of dust
storm events in the Eastern Mediterranean. It was shown that, during the dust event, the
concentration of PM10 in the mildly stable atmospheric surface layer was higher than that
in the neutral stable atmosphere, and the concentration of nitrate was strongly dependent
on the concentration of atmospheric dust particles. The results of these studies provide a
reference for the quantification of the effects of atmospheric dust on climate as well as health
risks [13]. However, the current research direction is mainly oriented towards atmospheric
dustfall fluxes, and less attention is paid to indoor dust compared to atmospheric dustfall.
Additionally, there is a lack of attention given to the particle size and chemical composition
of dustfall in different microenvironments, especially the carbon composition. Moreover,
carbonaceous aerosols pose adverse impacts on human health [14,15]. The impacts of
carbonaceous aerosols on the environment, climate, and human health highly rely on their
size distribution and components [16]. Compared with larger particles, ultrafine particles
(UFPs, with a particle diameter less than 0.1 mm) have greater adverse effects on human
health because they can easily penetrate alveoli or translocate to circulation and reach
many important organs, including the liver, heart, and nervous system [17,18], About 60%
of the OC in ultrafine particles can be deposited in the alveoli. Diesel EC mainly can be
deposited in the alveolar region. It is necessary to control the emission of ultrafine particles
and carbon components [19].

Due to regional climatic factors and early national industrial layout [20], studies on
dust in China mainly focus on the northwest desert area [21–23], the northeast area [24,25],
and the southeast coastal cities [26–28], while studies on dust in central China are limited.
As a typical provincial capital city in central China, Nanchang has a mild and humid
climate, strong light radiation, and sufficient precipitation, which provide active conditions
for atmospheric photochemical reactions [29]. In recent years, the rapid development of
Nanchang city and its surrounding industries, the increasing number of motor vehicles,
and the current situation of the coal-based energy structure make the regional air pollution
prevention and control situation still grim. Taking the atmospheric dust from Nanchang
City as the research object, in-depth and detailed research on the composition, distribution,
and source of regional dust can provide important basic data and a scientific basis for
discussing the influential factors of regional dust and air pollution prevention and control.

Different sources and environmental backgrounds lead to differences in the particle
size and chemical composition of dust samples. Different particle sizes and chemical
compositions of dust have different impacts on the atmospheric environment and human
health. In this study, indoor dust and outdoor dust in four residential areas and by the
side of three roads in Nanchang were collected. The particle size of dust and the carbon
components in the dust were measured and analyzed, and the influencing factors of dust
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particle size and carbon composition (direction, distance, height from the emission source,
etc.) were explored. The contents and results of the article will provide an important
scientific basis for the prevention and control of airborne particulate matter pollution in
Nanchang City and other regions.

2. Materials and Methods
2.1. Sample Collection

Indoor and outdoor dust samples were collected in September, October, and November
2021 in four residential areas (sampling areas A, B, C, and D) in Nanchang City, and road
dust was collected in October 2021 beside three roads at sampling points E, F, and G in the
city. Sampling area A was student dormitory buildings in a university, and sampling areas
B, C, and D were residential communities, both with high occupancy rates, and sampling
points E, F, and G were located on the roadside of major roads in the city. The location of
each sampling area/point is shown in Figure 1.
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Figure 1. The location of sampling areas A/B/C/D and sampling points E/F/G.

Sampling area A and sampling area B were residential areas located by the side of
a main traffic road (urban expressway with a traffic flow of about 40,000 vehicles/day),
and dust sampling points in the two areas were set according to different horizontal
distances from the main road. Dust samples were collected inside and outside of buildings
(Buildings No.18, No.17, No.16, No.12, No.11, and Art Building) at sampling area A
and inside and outside of buildings (Buildings No.1, No.17, No.18, No.25, and No.31) at
sampling area B (Figure 2). Sampling area C was a modern commercial and residential
complex community, and sampling area D was a simple residential community with an
extremely low commercial atmosphere. In sampling areas C and D, respectively, 32-story
high-rise residential buildings were selected as sampling sites, and samples of dust were
collected from 1F, 4F, and every subsequent four floors of the sampled building at different
vertical heights.
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Vehicle volumes in sampling areas E, F, and G were 11,040, 59,160 and 55,280 vehicles
per day, respectively [30].

One month before the formal collection of indoor dust and atmospheric dust samples
from sampling areas A, B, C, and D, the sampling site was thoroughly cleaned one month
prior to sampling to ensure that the collected samples were fresh dust deposited within
the last month. Dust samples were collected using specifically designed and clean brushes
(with stainless steel bristles) on the indoor and hallway door tops, window sills, handrails,
and cabinet tops of the sampling areas (1–2.5 m above floor level). Dust that had fallen on
the outdoor air conditioning machine, leaf, pipe surfaces, etc. (1–2.5 m from the ground)
were collected, and the dust samples on these surfaces were mixed. The mixed samples
were packed into plastic self-sealing bags and then sealed and preserved. Road dust
samples were collected by direct sweeping with as little flow as possible under low wind
conditions and no interference from rainfall. In the sampling process, we aimed to avoid
obvious large particles and impurities, using a clean brush to sweep the dust samples into
sealed bags to avoid light preservation. After sampling, the atmospheric dust samples
were processed in a timely manner, and the related experimental preparations were carried
out [31].

2.2. Sample Pretreatment
2.2.1. Sample Pretreatment Method for the Determination of Dust Particle Size

The collected dustfall samples were freeze-dried by vacuum, debris was removed, and
the samples were weighed. A 0.1 g sample was added to 10 mL 10% H2O2 solution and
10 mL 10% HCl solution and stood for 12 h, then centrifuged at 4500× rpm for 12 min. A
0.05 mol/L sodium hexametaphosphate solution was used as a dispersant to determine the
dust particle size [32].

2.2.2. Sample Pretreatment Method for the Determination of Carbon Components in Dust

A 0.1 g sample was added to 10 mL 2 mol/L HCl solution and centrifuged at
4500× rpm for 12 min after 24 h of reaction at room temperature. The centrifuged solid
sample was added to a mixture of 15 mL HCl solution and HF solution (6 mol/L HCl
solution and HF solution mixed at a ratio of 1:2). After reacting at room temperature
for 24 h, the mixed solution was centrifuged at 4500× rpm for 12 min. The centrifuged
solid sample was added to 10 mL 4 mol/L HCl solution and centrifuged at 4500× rpm
for 12 min after reacting at 60 ◦C for 24 h. The purpose of the tertiary acid treatment is to
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remove carbonic acid and metals and dissolve silicates and residual metals and minerals,
respectively. The acid-treated samples were filtered by vacuum pump onto the quartz
filter membrane, which was cleaned by heat treatment. The quartz filter membrane, which
retained the dust samples after acid treatment, was freeze-dried by vacuum and stored in
cold storage until carbon component determination [33].

2.3. Sample Determination

The particle size of the dust was determined using the Mastersizer 3000 laser particle
size analyzer, which has high resolution and sensitivity, suitable for the determination of
wet and dry samples, with a range of 0.01–3500 um.

The carbon components in the dust were determined using the Model 2015 thermo-
optical carbon analyzer developed by the Desert Research Institute of the United States.
The thermal-optical carbon analysis is based on the different order of oxidation of OC and
EC at different temperatures and atmospheres, and the IMPROVE (Interagency Monitoring
of Protected Visual Environments) temperature program was adopted [29].

2.4. Quality Control

The blank quartz filter was sealed with tin foil and pyrolyzed in a Muffle furnace at
800 ◦C for 3 h to remove possible residual organic matter on the blank filter. After vacuum
freeze-drying, the quartz filter membrane was left to stand for 48 h and then weighed. The
carbon analyzer was calibrated to CH4/He standard gas at a 1:19 ratio [34].

3. Results and Discussion
3.1. Particle Size Distribution of Dust
3.1.1. Particle Size of Indoor and Outdoor Dust in Different Areas

The particle size of the dust samples was divided into five particle size ranges: {0, 2.5},
{2.5, 10}, {10, 50}, {50, 100}, and {100, 3000} µm, given the particle size of dust and its impact
on human health. The particle size range distribution of all (indoor and outdoor) dust
samples at sampling areas A, B, C, and D is shown in Figure 3a. The particle size range
distribution of indoor or outdoor dust samples at sampling areas A and B is shown in
Figure 3b.
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Figure 3. Particle size range distribution of dust in (a) four residential sampling areas and a comparison
of the indoor and outdoor dust particle size range distribution in (b) sampling areas A and B.

As can be seen from Figure 3a, the particle size range of dust at sampling areas A, B, C,
and D presented a high, low, high, low, and high pattern across the five particle size ranges
({0, 2.5}, {2.5, 10}, {10, 50}, {50, 100}, and {100, 3000} µm). The percentage of dust particles in
the range of {0, 2.5}, {10, 50}, and {100, 3000} µm was 9.7–16.6%, 25.0–38.7%, and 37.2–45.9%,
respectively, showing an increasing distribution. The percentage of dust particles in the range
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of {2.5, 10} and {50, 100} µm was 1.5–3.8% and 5.3–17.9%, respectively. On the whole, dust
from Nanchang City was composed of particles with a size greater than 10 µm (over 69.8%).

According to Figure 3b, the particle size distributions of indoor and outdoor dust at
sampling areas A and B were similar to the overall dust particle size distributions in the
sampling areas, and the dust particles were mainly located in the range of {10, 50} and
{100, 3000} µm. The percentage of large-sized particles ({100, 3000} µm) in outdoor dust
at sampling area A was 46.8%, which was significantly higher than the distribution of
particles in the range of {100, 3000} µm in indoor dust in this sampling area (35.6%). This
was due to the renovation construction works carried out by the periphery of Building
No.16 in sampling area A during the sampling period. The generation of construction dust
led to an increase in the cumulative level of coarse particles in the outdoor dust, indicating
that construction dust can have a significant impact on the particle size distribution of
dust. The difference between indoor and outdoor dust particle size at sampling area B
was that the proportion of dust distributed in the range of {10, 50} and {50, 100} µm was
significantly higher indoors than outdoors, which might be due to the presence of frequent
anthropogenic sources such as cigarette smoking in the vicinity of the sampling site in
sampling area B [35].

3.1.2. Effects of Distance from Road on Particle Size Distribution of Indoor and Outdoor Dust

The sampling locations of the Art Building and student dormitories No.11, No.12,
No.16, No.17 and No.18 in sampling area A and Residential Buildings No.31, No.25, No.18,
No.17 and No.1 in sampling area B were located on both sides of the main traffic artery
of the Qianhu Interchange. The horizontal distances from the artery were distributed in
a straight line, with student dormitories No.18 and Residential Building No.1 being the
closest to the main artery. Atmospheric dust samples collected from indoor and outdoor
sampling locations in the two sampling areas were analyzed and discussed in terms of the
percentage of dust particle size range distribution in each particle size range.

The distribution of atmospheric dust particle size in sampling areas A and B along
with the horizontal distance from the main road is shown in Figure 4.
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According to Figure 4, during the sampling period, the distributions of atmospheric
dust particles at the outdoor sampling locations of Buildings No.18, No.17, No.16, No.12,
No.11, and the Art Building in sampling area A were 45.2%, 41.5%, 56.3%, 36.0%, 34.0%,
and 23.0%, respectively, in the particle size range of greater than 100 µm. As mentioned
above, renovation construction works were carried out on the periphery of Building No.16,
which led to the generation and deposition of a large amount of coarse particulate matter
due to the dismantling and handling of construction materials and part of the outdoor
construction process, resulting in a significantly large percentage of large particulate matter
with a particle size of 100 µm or more in the vicinity of the building. Green belts and
dust removal plants can play an active role in controlling road dust, as pointed out by
Gondwal T. K. et al. [36]. The Art Building, which was separated from the student dormitory
buildings by a lake and a large green belt, had a smaller proportion of coarse particulate
matter than the other sampling sites, consistent with Gondwal T. K.’s study. The particle
size distribution of indoor dust was less affected by construction activity than that of
outdoor dust, due to the fact that the majority of dormitory doors and windows were
closed during the construction period, which was the summer vacation period. In addition,
as the horizontal distance from the main road increased, the distribution of atmospheric
dust particles showed a tendency to reduce the percentage of the overall distribution in
the particle size section of more than 100 µm and to increase the percentage of the overall
distribution in the particle size range of less than 10 µm.

The proportion of atmospheric dust particles in the outdoor sampling locations in
sampling area B decreased from 48.1% to 37.1% in the size range larger than 100 µm and
increased from 16.5% to 19.8% in the size range less than 2.5 µm. The size distribution of
indoor dust in the sampling area exhibited a similar distribution to that of outdoor dust.
The farther away from the road, the smaller the average particle size of the dust at the
sampling point. In summary, as the horizontal distance from the main road increased,
the particle size of both indoor and outdoor dust tended to be smaller, as coarse particles
settled more near the main road.

3.1.3. Effects of Height on Particle Size Distribution of Indoor Dust

As described in Section 2.1, the sampling locations in sampling areas C and D were
high-rise residential buildings in a modern residential community, with a floor structure of
32 floors and a height of about 3 m per floor. Indoor dust sampling was conducted on the
1st, 4th, 8th, 12th, 16th, 20th, 24th, 28th, and 32nd floors (1F, 4F, 8F, 12F, 16F, 20F, 24F, 28F,
and 32F) of the sampling building, respectively.

The particle size distribution of indoor dust at each sampling location in the sampling
buildings of sampling areas C and D is shown in Figure 5.
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As shown in Figure 5a, from 1F to 32F, the proportion of particles in the range of
{1, 2.5} µm showed an increasing trend, while the proportion of particles in the range of
{100, 3000} µm showed a gradual decreasing trend. The proportion of particles in the range
of {2.5, 10} and {50, 100} µm showed fluctuations on different floors, while the proportion
of particles in the range of {10, 50} µm showed a weak increasing trend. The variation trend
of indoor dust particles in the range of {1, 2.5}, {2.5, 10}, {50, 100}, and {100, 3000} µm with
floor height change in sampling area D was similar to the variation trend of dust particles
in the four ranges with floor height change in sampling area C. The main difference lies in
the distribution characteristics of particles in the range of {50, 100} µm on different floors.

According to Figure 5b, for the dust particles on different floors in sampling area D,
the proportion of particles in the range of {50, 100} µm showed fluctuations on different
floors, not showing a weak increasing trend like that in sampling area C. The indoor dust
particles on low floors (1–8F) were mainly distributed in a particle size range larger than
100 µm. The indoor dust particles on middle floors (12–20F) were mainly distributed in the
10–100 µm particle size range, and the percentage of particles with a particle size larger
than 100 µm decreased but the percentage was still large. The indoor dust particles on high
floors (24–32F) were mainly particles with a particle size smaller than 50 µm, while the
percentage of particles distributed in the 100 µm and above particle size range decreased
but still occupied a certain percentage.

In summary, with the increasing vertical height from the ground, the average particle
size of indoor dust showed a decreasing trend.

3.2. Distribution of Carbon Components in Dust
3.2.1. Distribution of OC and EC in Dust
OC and EC in Dust of Different Sampling Areas

The analyzer applies the thermal–optical reflectance (TOR) method under the Intera-
gency Monitoring of Protected Visual Environments (IMPROVE_A) protocol. Each sample
was heated to produce four OC fractions (OC1, OC2, OC3, and OC4 at temperatures of 120,
250, 450, and 550 ◦C in a non-oxidizing He atmosphere) and three EC fractions (EC1, EC2,
and EC3 at 550, 700, and 800 ◦C in an oxidizing atmosphere of 2% O2 and 98% He) [37].

The average mass concentrations of OC and EC in dust and OC/EC ratios in different
sampling areas are shown in Figure 6.
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The average mass concentrations of OC in the dust of residential sampling areas
ranged from 32.2 to 41.9 mg/g. There was no indoor cooking source for dust in sampling
area A, and the mass concentration of OC in this sampling area was lower than that in the
other three residential areas. The mass concentration of OC in the dust of sampling area
B was higher, presumably due to anthropogenic activities such as heavy smoking in its
centralized recreation room in Building No.18, in addition to culinary sources. The mass
concentration of EC in the dust of the four residential areas ranged from 18.6 to 21.4 mg/g,
among which the mass concentration of EC in sampling area A was the highest. As
mentioned above, building decoration work was carried out in Building No.16 in sampling
area A during the sampling period. At the same time, there were many heavy trucks
transporting construction materials entering and exiting, driving, and braking, resulting in
a large number of carbon smoke particles deposited on the road surface. The EC content in
the road dust of sampling points (E, F, and G) (22.9–44.8 mg/g) was higher than that in
residential areas. Sampling point E was located near the Ganjiang River, and the adjacent
road was four lanes with a moderate amount of traffic of motor vehicles. Therefore, EC
content in road dust in this point was just slightly higher than that in residential dust.
A large number of motor vehicles passed through sampling points F and G, and the EC
content in the road dust at these two sampling points was significantly higher than that
in residential dust. In addition, not only the EC content but also the OC content in the
road dust at sampling point G was the highest, attributed to the fact that sampling point
G was not only located next to the main traffic road but also next to a bus stop near the
main traffic road. There was a braking operation before the vehicle stopped at the stop.
Moreover, there were a lot of pedestrians waiting and smoking frequently at the bus stop,
bringing a certain amount of OC content, which led to the absolute content of OC and EC
in the road dust at sampling point G being higher than that of OC and EC in the road dust
at sampling point E.

The OC/EC ratio in the dust of four residential sampling areas ranged from 1.50 to
2.87 (average 2.0), and the ratio of OC/EC in road dust at three road dust sampling points
ranged from 0.74 to 1.97 (average 1.2), indicating that the OC/EC ratio in residential dust
was slightly higher than that in road dust, mainly due to the increase in EC content in
road dust. The OC/EC ratio (1.97) in the road dust at sampling point G was obviously
higher than that in the road dust at sampling points E (0.91) and F (0.74), which is also
attributed to the fact that the road dust at sampling point G was affected not only by vehicle
exhaust traffic source but also by the cigarette source, and the OC/EC characteristic ratio of
particulate matter emitted by the cigarette combustion source was high [38].

Comparison of OC and EC in Indoor Dust and Outdoor Dust in the Same Area

The mass concentrations of OC and EC and OC/EC ratios in indoor and outdoor dust
at sampling areas A and B are shown in Figure 7.

Generally, the mass concentrations of OC in dust are easily influenced by domestic
emission sources from nearby households. Figure 7 shows that the concentration of OC
in indoor dust (average 31.6 mg/g) was slightly less than that in outdoor dust (average
32.7 mg/g) at sampling area A. The indoor OC content (average 56.4 mg/g) at sampling
area B was significantly higher than that of outdoors (average 21.0 mg/g). It was found
that the comparison of OC in indoor and outdoor dust was not clear in terms of what
was larger or smaller. In the absence of specific indoor sources, the concentrations of
OC in outdoor dust were comparable to that of OC in indoor dust, but when there were
significant indoor sources (cigarettes, etc.), indoor dust OC concentrations were significantly
greater than outdoor dust OC concentrations. For the concentration of OC in indoor dust
at sampling area B, the OC mass concentration of indoor dust in Building 18 was the
highest (112.0 mg/g). The occupancy rate of Building No.18 was high, and the first floor
of this building was occupied as an elderly activity center and a chess and card room.
Indoor activities, such as smoking, closing doors and windows, using air conditioning, and
cooking, increased the concentration of OC in indoor dust. This study suggests that indoor
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environments should be regularly ventilated and cleaned, and indoor smoking should be
avoided as much as possible to reduce the concentration of indoor dust and its components,
such as OC, reducing the health risk for indoor populations.
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EC is a kind of primary pollutant emitted directly from the combustion of biomass or
fossil fuels and is often used as an indicator of motor vehicle emission source [39]. Sampling
areas A and B are located on both sides of the same main road, adjacent to each other. The
environmental background and emission sources of the two areas were basically the same,
and EC in the dust of the two areas was significantly affected by motor vehicle exhaust
emissions. According to Figure 7, it was found that the concentration of EC in indoor and
outdoor dust in both sampling areas showed a pattern of higher outdoor concentrations
than indoor concentrations. The average EC concentration in outdoor dust at sampling
area A was 24.0 mg/g, while the average EC concentration in indoor dust was 18.8 mg/g.
The average EC concentration in outdoor dust at sampling area A was 18.2 mg/g, and the
average EC concentration in indoor dust was 15.0 mg/g.

In conclusion, OC content in indoor dust of the residential area was higher than that in
atmospheric dust when there were obvious indoor OC emission sources. On the contrary,
EC content in indoor dust of the residential area was mainly affected by surrounding
outdoor primary emission sources.

3.2.2. Distribution of 7 Carbon Fractions in Dust
Carbon Fractions in Dust at Different Sampling Areas/Points

The percentages of the seven carbon fractions (OC1, OC2, OC3, OC4, EC1, EC2, and
EC3) in the mixed indoor and outdoor dust samples from four residential areas and the
road dust samples from three roadway areas are shown in Figure 8.

As shown in Figure 8, the percentage of carbon fractions in the mixed samples of
indoor and outdoor dust in the residential area is in the following order from large to
small: OC3 (over 40%) > EC1 (over 20%) > EC2&OC2&OC4 (6.9–13.4%) > EC3&OC1
(below 2.5%). The high proportion of OC3 to total carbon (TC) in dust from sampling
area A (over 40%) and the high proportion of OC3 to TC in dust from sampling area
B (over 50%) reflect the significant impact and contribution of human sources on OC3.
The percentage of carbon fraction to TC in outdoor road dust at sampling points (E, F, G)
of roadside areas is different from that in residential areas. At sampling points E and
F, the order of carbon fractions in road dust from high to low is EC2 (over 36%) > OC3
(25.6–29.2%) > EC1&OC4 (14.5–16.3%) > OC2 (2–2.5%) > EC3&OC1 (below 1%). Com-
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pared to the distribution of EC2 in residential dust, the proportion of EC2 in road dust
is significantly higher. Liu et al. [19] collected the particulate matter emitted by five typi-
cal vehicle types (including light gasoline vehicles, heavy gasoline vehicles, diesel buses,
light diesel vehicles, and heavy diesel vehicles), determined the mass concentration and
emission factors of OC and EC, and calculated the sedimentation flux of carbon aerosols of
different particle sizes in the human respiratory system using a respiratory sedimentation
model. EC2 was found to dominate the carbon fractions of particulate matter emitted
by all types of vehicles except light gasoline vehicles, and EC was mainly deposited in
the alveolar region [19]. The high proportion of EC2 in road dust at sampling points E
and F of this study is consistent with the findings of Liu et al., and also indicates that
special attention should be paid to the control of particulate matter emission sources in
the indoor environment of roadside areas to reduce and avoid the emission and impact of
diesel EC. While the distribution of carbon fractions in the road dust at sampling point G,
OC3 (48.5%) > EC1 (21.5%) > EC2&OC4 (11.7–13.3%) > OC2 (4.4%) > EC3&OC1 (below 1%),
is similar to that of residential sampling areas, which may be related to the smoking behav-
ior of a large number of passengers diverted from the high-speed railway station to the bus
stop, as mentioned in Section 3.2.1.
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(b) roadside sampling points.

In summary, the distribution of carbon fractions in indoor and outdoor dust samples
in residential areas was OC3 > EC1 > EC2&OC2&OC4 > EC3&OC1, with OC3 dominating
in TC, and the distribution of carbon fractions in road dust mainly originating from vehicle
exhaust is EC2 > OC3 > EC1&OC4 > OC2 > EC3&OC1, with EC2 accounting for a great
portion of TC.

Comparison of Carbon Fractions in Indoor and Outdoor Dust in the Same Area and the
Differences of Carbon Fractions in Different Months

The distribution of the seven carbon fractions in indoor and outdoor dust at sampling
areas A and B in September, October, and November is shown in Figure 9.

According to Figure 9a, the distribution of the seven carbon fractions in indoor
dust at sampling area A was OC3 (38.1–40.4%) > EC1 (24.2–27.6%) > EC2&OC2&OC4
(5.4–15.7%) > EC3&OC1 (1.8–3.4%). The distribution of the seven carbon fractions in out-
door dust at sampling area A was OC3 (28.2–34.6%) > EC1 (26.0–30.4%) > EC2&OC2&OC4
(7.8–18.5%) > EC3&OC1 (1.6–3.2%). According to Figure 9b, the distribution of the
seven carbon fractions in indoor dust at sampling area B was OC3 (40.4–55.4%) > EC1
(19.1–27.2%) > EC2&OC2&OC4 (6.3–11.7%) > EC3&OC1 (0.7–1.7%). The distribution of
the seven carbon fractions in outdoor dust at sampling area B was OC3 (41.3–47.6%) > EC1
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(18.3–33.6%) > EC2&OC2&OC4 (5.2–15.8%) > EC3&OC1 (0.9–2.4%). The distribution of
the seven carbon fractions in indoor and outdoor dust showed certain differences. The
total of four OC fractions of indoor dust accounted for a higher proportion (62.2% on
average) than that of outdoor dust (60.2% on average), with OC3 accounting for the most
(average of 44.0% indoors vs. 39.4% outdoors). Instead, the total of three EC fractions of
outdoor dust accounted for a higher proportion (39.2% on average) than that of indoor dust
(37.8% on average), with EC1 accounting for the most (average of 26.5% outdoors vs. 22.5%
indoors). The above differences of carbon fractions between indoor and outdoor dust in
residential areas indicated that OC (especially OC3) in indoor dust was more significantly
affected by indoor human activities (smoking, etc.) than EC, and EC (especially EC1)
in outdoor dust was more significantly affected by fossil fuel combustion such as motor
vehicle exhaust emissions.
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According to Figure 9a,b, during the seasonal transition from September, October to
November, and autumn to winter, the proportion of OC (especially OC3) in indoor and
outdoor dust samples from both sampling areas showed a decreasing trend, while the
proportion of EC (especially EC1) showed an upward trend. OC includes primary organic
carbon (POC) directly emitted from a primary source and secondary organic carbon (SOC)
generated through the conversion of gaseous precursors in the atmosphere, where SOC is
significantly influenced by factors such as light intensity [40]. From autumn to winter, the
ratio of OC/EC in dust showed a downward trend. The average OC/EC in indoor dust at
sampling area A in September, October, and November were 1.50, 1.37, and 1.27, and the
OC/EC in outdoor dust at sampling area A in September, October, and November were
1.48, 1.11, and 0.93. The OC/EC in indoor dust at sampling area B in September, October,
and November were 2.48, 2.21, and 1.44, and the OC/EC in outdoor dust at sampling area
B in September, October, and November were 2.72, 2.46, and 1.69. During the transition
from autumn to winter, the decrease in the proportion of OC and the gradual decrease in
the OC/EC ratio were related to a decrease in temperature and light intensity. Mbengue
et al. conducted a four-year high-frequency measurement analysis of OC and EC in Central
Europe and showed that OC content and the OC/EC ratio continued to decrease from
autumn to winter [41], which is consistent with the results of this study.

3.2.3. Distribution of Secondary Organic Carbon (SOC) in Dust

At present, the common method for calculating SOC in atmospheric particles is the
EC tracer method, and the calculation formula is as follows [42]:

SOC = OC − EC × (OC/EC)pri



Atmosphere 2024, 15, 133 13 of 20

where SOC is the estimated secondary organic carbon mass concentration in mg/g, and
(OC/EC)pri is the OC/EC of a primary emission to the atmosphere.

The key to the EC tracer method is in determining the value of (OC/EC)pri. The
minimum R squired (MRS) method was used in this study to determine (OC/EC)pri. MRS
calculates a set of hypothetical (OC/EC)pri values and their corresponding SOC values. The
(OC/EC)pri values that generate the minimum R2 (SOC vs. EC) is considered the obtained
(OC/EC)pri, as shown in Figure 10.
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According to the fitting results of the MRS Model using Igor Pro software (version 7.0,
WaveMetrics, Inc., Lake Oswego, OR, USA) [43,44], the results of SOC in dust in September,
October, and November are shown in Table 1.

Table 1. OC/EC and SOC in dust from Nanchang during the sampling period.

Sampling
Period OC/EC (OC/EC)pri POC/(mg/g) SOC/(mg/g) (SOC/OC)/%

September 2.60 ± 0.28 1.24 17.30 14.60 45.78
October 2.22 ± 0.37 1.18 23.09 16.01 40.95

November 1.97 ± 0.23 1.48 30.91 8.90 22.35

According to Table 1, the calculated SOC in dust showed a similar distribution in
September and October but was smaller in November. The proportion of SOC in OC in
September, October, and November showed a descending trend. The climate in Nanchang
city of Jiangxi Province is a subtropical monsoon climate with high temperatures in early
autumn. According to a datasheet published in the Climate Bulletin of Jiangxi Province,
the average temperature from September to November in Jiangxi Province was 27.8 ◦C,
21.7 ◦C, and 14.1 ◦C, respectively. The formation of SOC in air particle transformation
is related to light intensity and temperature, and a temperature of 25 ◦C and a relative
humidity of 78% were favorable for the generation of particulate SOC [45]. During the
sampling period of this study in Nanchang, the average temperature in September and
October was around 25 ◦C, and the SOC mass concentration and its percentage in OC were
similarly high (22.35–45.78%). The average temperature in November was significantly
lower compared to September and October; consequently, the SOC mass concentration and
its percentage in OC were correspondingly lower in November, which was consistent with
the research conclusion of William C. Porter et al. [45]. The ratio of OC/EC also followed
the order September > October > November, indicating that the ratio of OC/EC can roughly
reflect SOC generation to a certain extent.

In summary, there was a certain amount of SOC in the autumn atmospheric dust of
Nanchang City, and as autumn moves towards winter, the OC/EC ratio and SOC in the
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dust show a gradually decreasing trend. The reasons for this trend were multifactorial
and may be related to factors such as gas–solid distribution, photochemical reactions, and
meteorological conditions such as temperature and humidity.

3.2.4. Comparison of SOC and SOC/OC in Dust or PM2.5 between this Study and Other Regions

Table 2 lists the SOC content and SOC/OC ratio of atmospheric dust or PM2.5 in
this study and some other areas reported. The results showed that the mass concentra-
tion of SOC in atmospheric dust or PM2.5 varied significantly among different regions
(8.90–147.62 mg/g). The percentage of SOC in OC was between 20% and 70%, with an
average of about 40%. In autumn (September to November), the percentage of SOC in OC
in dust or PM2.5 in Nanchang, China, Chongqing, China, and Calabria, Italy, showed a
decreasing trend over time.

Table 2. SOC and SOC/OC in dust or PM2.5 in this study and other regions.

Location Sample Type Sampling Period SOC/
(mg/g)

SOC/OC
(%) Reference

Nanchang,
China

dust
September 2020 14.60 46

This studyOctober 2020 16.01 41
November 2020 8.90 22

Guangzhou,
China

Outdoor PM2.5

September 2012 / 48
[46]October 2012 / 40

November 2012 / 39

Calabria, Italy Outdoor PM2.5

September 2016 88.99 60
[47]October 2016 65.36 55

November 2016 36.93 37

Beiing, China Indoor dust December 2016 94.85 38
[48]Tianjing, China Indoor dust December 2016 84.41 42

Langfang, China Outdoor dust December 2016 147.62 37

Sichuan, China Outdoor PM2.5

Spring 2016 18.79 37

[49]
Summer 2016 14.89 47
Autumn 2016 12.77 27
Winter 2016 34.89 41

Manora Peak,
India Outdoor PM2.5

September–
November 2006 24.81 28

[50]
Abu Mountain,

India Outdoor PM2.5
September–

November 2006 27.13 20

Mexico City,
Mexico Outdoor PM2.5 March 2006 / 74 [51]

Note: The mass concentration of SOC in some references was converted from mg/m3 to mg/g.

In this study, the SOC/OC ratio of the dust samples in Nanchang City was relatively
low, significantly lower than in cities such as Calabria (Italy) (88.99 mg/g in September,
65.35 mg/g in October, and 36.93 mg/g in November 2016) and Mexico City (74.4 mg/g in
March 2006). It was basically the same as that in Guangzhou, Beijing, Tianjin Langfang, and
Sichuan, China, and slightly higher than that in Mount Manola and Mount Abu in India.
It can be seen that the ratio of SOC/OC may have climate and regional correlations. As
mentioned above, William C. Porter et al. regarded that the condition of 25 ◦C temperature
and around 78% RH has a high potential for forming SOC [45]. Italy and Mexico have
subtropical Mediterranean and tropical climates, respectively, with suitable autumn temper-
atures and relatively abundant rainfall, which is conducive to the production of SOC. The
above-mentioned cities in China have a subtropical or temperate monsoon climate, with
moderate autumn temperatures but low rainfall. The sampling points of Mount Manola
(1950 m above sea level) and Mount Abu (1680 m above sea level) in India have higher
elevations and lower temperatures. In addition, Abu Mountain is located in the semi-arid
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region of western India, where there is a lot of sand and dust. Adverse climate conditions
have led to the suppression of SOC generation in these two regions. In Table 2, the average
value of SOC/OC in PM2.5 in each region is 42.5%, while this value is 37.7% in dust, which
is the same as the study of Wang et al. [52]. In that study, the percentage of SOC in PM2.1
was higher than that in PM10 for most of the sampling period, suggesting that SOC is more
likely to be concentrated in fine particulate matter.

To sum up, the generation of SOC was affected by regional climate factors and particle
size, and the SOC in dust from Nanchang was at a medium level around the world, which
may be related to the climate conditions in Nanchang and the small number of large-scale
emission sources, such as thermal power stations and heavy industry enterprises, in the
surrounding areas.

3.3. Source Analysis of Carbon Components in Dust
3.3.1. Source Analysis of Carbon Fractions in Residential Area Dust Based on Cluster Analysis

Cluster analysis (CA) is a process of scientific distinction and classification according
to the similarity between things. By defining a similarity coefficient between variables
that represent the degree of similarity, variables are classified one by one according to the
degree of similarity, and finally, a pedigree diagram can be formed to represent the degree
of similarity [53]. In order to further analyze the source of dust from Nanchang City, IBM
SPSS Statistics 27 software was used to conduct cluster analysis of seven carbon fractions
in the dust samples from four residential sampling areas, and the results are shown in
Figure 11.
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Studies show that OC1 mainly comes from biomass combustion, OC2 mainly comes
from coal fuel combustion, and OC3 and OC4 are carbon components of road dust and
anthropogenic sources. EC1 comes from automobile exhaust, and EC2 and EC3 come
from diesel vehicle emissions. The emission sources of carbon fractions can be determined
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according to the distribution characteristics of each carbon component [54–56]. As men-
tioned in Section 3.2.2, the percentages of carbon fractions in the dust of residential areas in
Nanchang City show a consistent sequence: OC3 > EC1 > EC2&OC2&OC4 > EC3&OC1, in-
dicating that the sources of carbon fractions in the dust from Nanchang are basically stable,
which roughly reflects that major sources include anthropogenic sources and motor vehicle
emissions, the contribution of exhaust emissions from gasoline vehicles is higher than
that of diesel vehicles, followed by coal-fired emissions, and the contribution of biomass
combustion is low.

According to the cluster analysis (Figure 11), the carbon fractions in the dust from
Nanchang City can be divided into three categories. The first category comprises OC1,
EC3, OC2, OC4, and EC2, and the main sources are a mixture of diesel vehicle exhaust,
coal combustion, and biomass combustion, all of which accounted for a small proportion
of emission factors. The second category includes EC1, and the third category includes
OC3, reflecting emissions from human sources, vehicle emissions, and road dust. Emission
factors for categories 2 and 3 are more significant. In Figure 11b, the cluster analysis figure
of sampling area B does not classify EC1 as a separate category, but it can be seen from
Figure 8 that EC1 at sampling area B is not significantly different from other areas, which
may be influenced by the very high OC3 content in this area. It is pointed out that OC3
is one of the characteristic carbon components of anthropogenic emission sources such as
cooking fumes [56]. Therefore, it is suggested, in this study, that human activities such as
smoking and cooking at sampling area B is the reason for the correlation deviation between
carbon fractions in its cluster analysis.

3.3.2. Source Analysis of Carbon Fractions Based on Principal Component Analysis (PCA)

In this study, IBM SPSS Statistics 27 was used for principal component analysis of
carbon fractions. The results of the model operation showed a KMO value > 0.6 and a sig
value < 0.001 in the Bartlett spherical test, indicating that the data were suitable for PCA.
The principal fraction orthogonal rotation factor load matrix is shown in Table 3.

Table 3. PCA load results of dust samples.

Fraction Factor1 Factor2 Factor3

OC1 0.208 0.756 0.543
OC2 0.711 0.307 −0.037
OC3 0.822 −0.159 −0.456
OC4 0.768 0.281 −0.459
EC1 0.907 0.089 0.022
EC2 0.731 −0.212 0.583
EC3 0.582 −0.663 0.433

Eigenvalue 3.510 1.263 1.166
Variance contribution rate 50.141 18.036 16.664

Cumulative variance contribution rate 50.141 68.178 84.841

As shown in Table 3, the PCA load result of carbon fractions in mixed dust samples
from Nanchang City revealed that factor 1 was highly loaded with OC2, OC3, OC4, and EC1,
which are markers for coal burning, road dust, and cooking fumes. This factor represented a
mixed emission source involving coal burning, gasoline motor vehicle exhaust, and human
sources [19,56]. Factor 2 was an obvious biomass burning factor because it contained a high
loading of the OC1 fraction, which is the hallmark of biomass burning [57]. The high load
fractions of factor 3 were EC2 and EC3, which were markers of diesel vehicle emissions [31],
so factor 3 represented diesel exhaust. These three factors explained 84.8% of the sources
with high reliability.

In summary, the source analysis results based on PCA showed that the main con-
tributing sources of carbon fractions in dust from Nanchang City were combustion sources
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(coal burning, biomass burning, etc.), vehicle exhaust sources (gasoline and diesel vehicles
exhaust), and human sources (cooking fumes, cigarette smoking, etc.).

4. Strength and Limitations

In this paper, we investigated the distribution of dust particle size and carbon fractions
in Nanchang, a typical city in central China, and explored the main emission sources using
cluster analysis and principal component analysis to provide a reference for understanding
the emission situation in such areas. In addition, we discussed the distribution of dust
particle size at different distances from the road and heights from the ground, as well as
the distribution of carbon fraction over time in the fall, which can provide some reference
value in practical human applications (e.g., location and floor of house selection). However,
the limitation of this article is that it does not reveal the impacts of pollution sources on the
human body and potential health risks based on differences in particle size distributions
and carbon compositions. We may explore this aspect in depth in the future. Moreover,
the time-series sampling duration in this paper is only three months in the fall, which is
not enough to fully understand the changes in carbon fractions over time under various
conditions. We can enrich the experimental conclusions by prolonging the sampling
duration or supplementing with related experiments in other seasons in the future.

5. Conclusions

Particle size distribution of dust in four residential areas and three road sampling
points in Nanchang City and the effects of distance and height from the source on particle
size were studied. The sources of carbon components in dust were identified based on
the distribution of carbon components. The distribution of dust particle size in different
sampling areas was similar, with particles larger than 10 m accounting for the majority
(over 69.8%). Dust particle size showed a decreasing trend with increasing horizontal
distance from the main road and vertical height from the ground. Indoor and outdoor dust
had similar particle size distributions, but anthropogenic activities significantly affected
the particle size distribution of indoor dust.

The distribution of OC and EC in the dust at different sampling areas varied, and there
were certain differences between indoor and outdoor dust in the same area. EC in road dust
(22.9–44.8 mg/g) was higher than that in residential dust (18.6–21.4 mg/g), and EC outdoors
(7.8–34.5 mg/g) was higher than EC indoors (9.9–24.3 mg/g) in the same area. OC content
in indoor dust in residential areas was higher than that in atmospheric dust when there were
obvious indoor OC emission sources. Indoor environments and behaviors such as smoking,
cooking, and lack of indoor ventilation led to higher OC content in indoor dust. The order of
the percentages of carbon fractions in dust was OC3 > EC1 > EC2&OC2&OC4 > EC3&OC1
in residential areas and EC2 > OC3 > EC1&OC4 > OC2 > EC3&OC1 in road dust mainly
originating from vehicle exhaust. There were slight differences in carbon fractions between
indoor and outdoor dust in residential areas, showing that OC3 in indoor dust was sig-
nificantly affected by indoor human activities (smoking, etc.) and EC1 in outdoor dust
was significantly affected by motor vehicle exhaust. The ratio of OC/EC and SOC in dust
decreased from autumn to winter. SOC in dust from Nanchang was at a medium level
compared to SOC results reported in other cities/regions around the world.

The combination of cluster analysis and principal component analysis showed that
the sources of carbon components in the dust from Nanchang were basically stable, mainly
originating from combustion sources, vehicle exhaust sources, and human sources.
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