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Abstract: The polycyclic aromatic hydrocarbons (PAHs) in size-resolved particles emitted from
diverse sources are required for quantification to reduce the emissions in order to protect public
health. Twenty-four PAHs in size-segregated particles in the roadside environment of Beijing were
observed from 1 October 2021 to 30 September 2022. The size distributions of PAHs were bimodal,
with peak concentrations ranging from size fractions of 0.43 to 0.65 µm and 4.7 to 5.8 µm in all four
seasons, respectively. The highest concentration of PAHs in fine particles (PM2.1) was 35.3 ng m−3

in winter, followed by 16.0 ng m−3 in autumn, 15.3 ng m−3 in spring, and 6.5 ng m−3 in summer.
Conversely, the concentration of PAHs in coarse particles (PM2.1–9) ranged from 6.8 ng m−3 (summer)
to 20.5 ng m−3 (winter) from low to high. The size fractions of 0.43–2.1 µm PAHs increased most from
clear to polluted days, which could be ascribed to the heterogeneous reactions. Source apportionment
using positive matrix factorization showed that four sources, namely biomass combustion, coal
combustion, diesel vehicles, and gasoline vehicles accounted for PAHs with the estimation of 17.4%,
22.1%, 26.4%, and 23.2% to PAHs in PM2.1; and 19.6%, 24.3%, 23.6%, and 20.1% in PM2.1–9, respectively.
Furthermore, we used the human alveolar epithelial cell (BEAS-2B) to assess the toxicological effects
of size-resolved atmospheric PAHs. The results showed that the cell survival rate caused by fine
particles was lower than that of coarse particles with the same concentrations of PAHs, which is
mainly related to the higher content of highly toxic PAHs in fine particles.

Keywords: PAHs; size-segregated particles; source apportionment; health risk; toxicological effects

1. Introduction

Atmospheric polycyclic aromatic hydrocarbons (PAHs) are proved to be pollutants
with high carcinogenic, teratogenic, and mutagenic properties, and they have negative
impacts on human health [1,2]. The significant associations between atmospheric PAHs and
morbidity and mortality from cardiovascular, cerebrovascular, chronic respiratory diseases,
and lung cancers have been documented in abundant epidemiological and toxicological
studies [3]. The U.S. Environmental Protection Agency (USEPA) has listed sixteen congeners
of PAHs as the priority pollutants [4]. In addition, some non-priority PAHs were detected
in various environmental matrices, and some non-priority PAHs were observed to have
stronger toxicity than those of benz(a)pyrene [5]. Compared to the studies on the source,
transfer, and health risks of PAHs, the studies of ambient non-priority PAHs in China
are less reported [6]. In addition, knowing the size distributions of PAHs is essential
in assessing the impacts of PAHs on human health and the ecological environment and
understanding the sources, formation processes, and conversion mechanisms of PAHs [7].
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The results derived from the source apportionment of PAHs could help formulate
policies for the associated emission source control [8]. Some methods, including paired
isomeric ratios, chemical mass balances (CMB), and positive matrix factorization (PMF),
were adopted to identify sources of PAHs [9]. Among them, PMF is a receptor model
to quantify the source contribution to PAHs without a local source profile. Thus, the
PMF model to apportion sources of PAHs has been used in some cities in China [10–12].
However, these studies have mainly focused on single-size fractions (i.e., PM2.5), without
considering the source apportionment of size-resolved PAHs.

PAHs in the ambient environment are released from anthropogenic or natural sources,
which include the combustion of fossil fuels and biomass in an incomplete state [13].
Among that, mobile sources are found to be a major contributor of PAHs across urban
areas [14]. PAHs from mobile sources refer to a mixture of emissions, including exhaust
emissions and non-exhaust emissions. Exhaust emission is composed of gasoline and diesel
exhaust, and fuel evaporation, while non-exhaust emission includes the emissions from
wear and tear of brakes, tires, and road surface materials, as well as the re-suspension
of road dust [15,16]. PAH concentrations, source, and health risks have been obtained in
different roadside environments [17–19]. However, most studies were performed to discuss
the sources and health effects of priority PAHs, without considering non-priority PAHs.
In addition, field studies on the levels of ambient PAHs were focused on a certain particle
size [17–19]. Few studies focus on measuring the levels of size-fractionated PAHs.

For filling this knowledge gap, we observed 24 PAHs in size-segregated particles in
the roadside environment of Beijing from 1 October 2021 to 30 September 2022. The study
aims to report the characteristics of PAHs using a size-resolved dataset collected from clear
and polluted days in four seasons. Then, PAH diagnostic ratios were used to identify the
emission sources, and the PMF method was carried out with the estimation of relative
contributions of sources in different size fractions. Finally, the toxicological effects of PAHs
in different size fractions on BEAS-2B cells were investigated.

2. Experimental
2.1. Sampling Site

The size-resolved ambient samples were collected from 1 October 2021 to 30 September
2022. The sampler was placed at the side road of the West Third Ring Road and approxi-
mately 1.5 m above the ground. The sampling site is located in a commercial and cultural
region. There are many roads in the surrounding area. However, apart from vehicles, there
are no other strong primary PAHs sources (such as industrial sources) located within the
surrounding few kilometers. The site was adjacent to the main highways in urban Beijing,
which thus could represent a roadside environment site.

2.2. The Collection of Size-Resolved Ambient Samples

With cutoff points of 0.43, 0.65, 1.1, 2.1, 3.3, 4.7, 5.8, and 9.0 µm, an 8-stage sampler
(Andersen Series 20-800, Cleves, OH, USA) was operated to collect size-resolved particles
at a flow rate of 28.3 L min−1 for 48 h. The sampling system consists of a pump and an
8-stage impactor. The sucking pump makes the air mass pass through the impactor from
top to bottom. The coarse particles, which have a small impulse, are trapped in the upper
layer, while the fine particles reach the lower layer. Target PAH compounds in more than
70% of the samples could be detected when the sampling time was 48 h. In total, 35 sets
of size-resolved ambient samples were sampled with quartz fiber filters for the whole
sampling period. Before the collection, the pre-heated treatment of quartz fiber filters
proceeded at 800 ◦C for 2 h to take out the organic substances on quartz fiber filters. Then,
the quartz fiber filter is kept in a sealed conditioned dryer at a relative humidity of 22 ± 3%
(RH) for 25 ± 3 ◦C for 72 h and then weighed using a microbalance with a sensitivity
of ±0.01 mg. After the collection of samples, the quartz fiber filter was reweighed at a
relative humidity of 22 ± 3% (RH) for 25 ± 3 ◦C. In cases where the samplers were blocked
by the size-resolved particles during the sampling process, the samplers were washed in
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an ultrasonic bath for 30 min before each sampling. The calibration of the flow rate was
performed using a standard flow meter in the process of each sampling.

2.3. Chemical Analyses

The extraction of PAHs on the quartz fiber filter was conducted with accelerated
solvent extraction and a mixture of hexane/diethyl ether (9:1 v/v). Briefly, half of the
quartz fiber filter was cut into pieces and put into the extraction cell. The extraction was
carried out under an extraction temperature of 100 ◦C and extraction pressure of 1500 psi
during the static extraction time of 5 min. Then, the extractions were leached to 100% pool
volume under the nitrogen purging time of 60 s. Then, the extracts were condensed to 1 mL,
with dry nitrogen operating at a gentle stream of dry nitrogen approximately. Before the
measurement of GC/MS, the final volume of extraction solution was concentrated to 1 mL
with the extraction solvent. The lists of 24 PAH compounds at known levels (20 µg mL−1)
of naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12
included in the measurement of GC/MS are shown in Table 1. The internal standards
for the determination of PAHs were used in the measurements of 24 PAH compounds.
One parallel sample was measured for every 20 samples, and the deviation was less than
25%. The detection limits of these PAH compounds ranged from 0.006 to 0.024 ng m−3.
The detailed analytical methods (e.g., precision, quality control, and detection limit) for
determining the levels of 24 PAH compounds were described in a prior study [20].

Table 1. Abbreviation, formulas, and number of benzene rings of PAHs.

No. Compound Abbreviation Formula Benzene Ring

1 Naphthalene NAP C10H8 2
2 Fluorene FLO C13H10 3
3 Phenanthrene PHE C14H10 3
4 Anthracene ANT C14H10 3
5 Fluoranthene FLA C16H10 4
6 Retene RET C18H18 3
7 Pyrene PYR C16H10 4
8 Benzo(g,h,i)perylene BghiF C18H10 4
9 Benzo(c)phenanthrene BcPHE C18H12 4

10 Benz(a)anthracene BaA C18H12 4
11 Cyclopenta(c,d)pyrene CPEP C18H10 4
12 Chrysene CHR C18H12 4
13 Benzo(b)fluoranthene BbF C20H12 5
14 Benzo(k)fluoranthene BkF C20H12 5
15 7,12-Dimethylbenz(a)anthracene DMBA C20H16 4
16 Benzo(j)fluoranthene BjF C20H12 5
17 Benz(e)pyrene BeP C20H12 5
18 Benz(a)pyrene BaP C20H12 5
19 Perylene PER C20H12 5
20 3-Methylcholanthrene MC C21H16 5
21 Indeno(1,2,3-cd)pyrene IcdP C22H12 6
22 Dibenz(a,h)anthracene DahA C22H14 5
23 Picene PIC C22H14 5
24 Benzo(g,h,i)perylene BghiP C22H12 6

2.4. Receptor Model

PMF is a receptor model that could apportion sources effectively [21,22]. In this
work, EPA-PMF 5.0 was employed to apportion sources for PAHs in particles with sizes of
<0.43, 0.43–0.65, 0.65–1.1, 1.1–2.1, 2.1–3.3, 3.3–4.7, 4.7–5.8, and 5.8–9 µm fractions. The total
number of size-resolved ambient samples was 153. We calculated the uncertainty of the
concentration data associated with the input data by using the following equations.
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If the concentration is lower than or equal to the detection limit (MDL) of the analytical
method, the uncertainty is estimated with Equation (1):

Uncertainty = 5/6 × MDL (1)

If the concentration is greater than the detection limit (MDL) of the analytical method,
the calculation follows Equation (2):

Unc =

√
(Error fraction × concentration)2 + (0.5 × MDL)2 (2)

In this work, the error fraction was set as 10% of all of the chemical species, and MDL
was used in the data reported in previous studies [20]. We ran the base model 20 times
with a different number of factors for optimizing the best solutions. For the first turn, some
species with absolute scaled residuals greater than 3 indicated bad observed–predicted
correlations. Thus, these species were set as “weak”, and the model was performed again.
After a reasonable solution was identified, the bootstrapping method was then used to
acquire the most optimal results. In total, 100 bootstrap runs were performed with an
r2-value greater than 0.6. Among the 100 runs, the factors were considered to be a reliable
result when the source profile of factors was similar to the source profiles of factors in the
base run.

2.5. Evaluation of Cytotoxicity of PAHs

To evaluate the cytotoxicity of PAHs to BEAS-2B cells, the BEAS-2B cells of the logarith-
mic growth stage were digested with 0.25% trypsin (including EDTA); the cell suspension
was then harvested and centrifuged at 1000 rpm for 5 min. Then, the supernatant was
thrown away, the cells were re-suspended with 2 mL DMEM medium for counting, and
the cells were diluted to 1 × 105 cells mL−1 according to the counting results. The cell
suspension was inoculated into 96-well plates at 100 uL per well, and cultured in a cell
incubator (37 ◦C, 5% CO2, >90% humidity), and the cell morphology was observed under
a microscope. After 24 h of cell adhesion growth, the original medium in the 96-well
plate was discarded, and the test samples after dilution of 100 µL DMEM medium were
added into the corresponding holes of the 96-well plate. (The substance being tested for
toxicity was the dust particle extracted by a mixture of hexane/diethyl ether, and the
final concentration was 250 µg mL−1). And 100 µL DMEM medium was made as a blank
control sample. The 96-well plates were cultured in a cell incubator (37 ◦C, 5% CO2, >90%
humidity) for 48 h, with three multiple Wells in each group. The liquid in the culture hole
was removed, 50 µL MTT was added to each hole (the final concentration was 1 mg mL−1),
the supernatant was removed after 2 h of culture in a carbon dioxide incubator, and 100 µL
of isopropyl alcohol dissolved crystals was added to each hole. The absorbance value at
450 nm wavelength was determined on an enzyme marker, and the cell survival rate of
each group was calculated.

3. Results and Discussion
3.1. Seasonal Variation in PAHs
3.1.1. Levels of PAHs

The mean levels of 24 PAHs in fine particles (PM2.1) exhibited obvious seasonal
variations (Figure 1), with the greatest found in winter (35.3 ± 14.6 ng m−3), followed by
autumn (16.0 ± 6.1 ng m−3), spring (15.3 ± 4.6 ng m−3), and summer (6.5 ± 1.8 ng m−3).
The seasonal trends of average PAH concentrations in coarse particles (PM2.1–9) differ
from those of PM2.1 slightly. The highest concentration of PAHs was detected in winter
(20.5 ± 10.3 ng m−3), followed by spring (16.5 ± 7.4 ng m−3), autumn (7.1 ± 5.2 ng m−3),
and summer (6.8 ± 4.5 ng m−3). The high concentrations of PAHs in coarse particles in
spring may be related to the high concentration of dust in spring. The seasonal trends in
PAHs mainly resulted from variations in emission sources and changes in meteorological
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conditions. Compared to previous studies in Beijing, the concentrations of PAHs in fine
particles in winter were lower relative to the results reported during the periods from
2013 and 2018 [23]. The reduction in concentrations of PAHs implied the effectiveness of
pollution prevention strategies in Beijing [24].
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Figure 1. Concentrations of PAHs in PM2.1 (a) and PM2.1–9 (b) and contributions of LMW, MMW,
and HMW PAHs to total PAHs in PM2.1 (c) and PM2.1–9 (d).

From the perspective of PAHs with different benzene rings, concentrations of low
molecular-weight PAHs (2–3 ring, LMW PAHs) and middle molecular-weight (4 ring,
MMW PAHs) PAHs in fine particles followed the order of winter > spring > autumn >
summer, while concentrations of high molecular-weight PAHs (5–6 ring, HMW PAHs)
were higher in autumn and winter compared to those in spring and summer. HMW PAHs
(29.0–45.7%) and MMW PAHs (22.0–36.3%) were the main PAH compounds during the
cold period, while LMW PAHs (47.9–57.5%) dominated the PAH mixture during the warm
period. LMW PAHs in coarse particles exhibited the highest concentrations in spring,
followed by winter, summer, and autumn. However, MMW PAHs showed the highest
concentration in winter, followed by spring, summer, and autumn. Notably, the levels of
HMW PAHs were found to be greater in autumn and winter than in spring and summer.
The contributions of LMW PAHs (36.9–71.9%) to total PAHs in coarse particles were higher
than that of MMW and HMW PAHs in all the seasons.

3.1.2. Size Distribution of PAHs

The size distributions of LMW, MMW, and HMW PAHs across four seasons are
depicted in Figure 2. In each season, the bimodal size distributions of PAHs were observed.
The fine modes commonly showed maxima at 0.43–0.65 µm, and the coarse modes showed
maxima at 4.7–5.8 µm across the four seasons. In Figure 2, the peak concentrations of MMW
and HMW PAHs in the fine mode were significantly higher relative to that in the coarse
mode, especially in winter and autumn. However, the peak of find mode LMW PAHs was
similar to that of the coarse mode in summer and autumn, while the peak of the coarse
mode LMW PAHs was greater compared to the fine mode in winter and spring. This is
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mainly due to the fact that LMW PAHs are highly volatile, and the absorption of volatilized
PAHs in the coarse particles will lead to high concentrations of PAHs in coarse mode [7,25].
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3.2. Levels of PAHs in Different Pollution Levels
3.2.1. Differences in PAHs between Clear and Polluted Days

To examine the variations in concentrations and size distributions of PAHs in haze
days, the sampling days in winter were grouped into clear days (PM2.5 < 35 µg m−3) and
polluted days (PM2.5 > 35 µg m−3) based on PM2.5 concentrations. The average PM2.5
mass concentrations on clear days and polluted days were 20.1 µg m−3 and 41.2 µg m−3,
respectively. Figure 3 shows the size levels of LMW PAHs, MMW PAHs, and HMW PAHs
on both clear and polluted days. The levels of 24 PAHs in PM2.1 increased from 30.4 ng
m−3 on clear days to 50.1 ng m−3 on polluted days (the ratio of polluted days to clear days
was RP/C = 1.7), respectively. However, concentrations of 24 PAHs in PM2.1–9 decreased
from 22.0 ng m−3 to 15.9 ng m−3 with the increases in air pollution. With regard to PAHs
with different benzene rings, LMW PAHs in PM2.1 increased from 12.0 ng m−3 to 13.0 ng
m−3 (RP/C = 1.1), MMW PAHs increased from 10.2 ng m−3 to 20.8 ng m−3 (RP/C = 2.0),
and HMW PAHs increased from 8.2 ng m−3 to 16.4 ng m−3 (RP/C = 2.0). On the contrary,
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LMW PAHs in PM2.1–9 decreased from 13.5 ng m−3 to 5.1 ng m−3 (RP/C = 0.4), MMW
PAHs increased from 6.5 ng m−3 to 8.5 ng m−3 (RP/C = 1.3) and HMW PAHs increased
from 2.0 ng m−3 to 2.2 ng m−3 (RP/C = 1.1). Therefore, it is found that the accumulation of
MMW and HMW PAHs in both fine and coarse particles during the haze pollution period
significantly [26].
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3.2.2. Differences in Size Fractions

Figure 4 compares the average concentration size distributions of LMW, MMW, and
HMW PAHs on clear and polluted days. The size distributions of LMW, MMW, and HMW
PAHs were observed to be bimodal, with the peaks corresponding to the fine modes located
at 0.43–0.65 µm and those corresponding to the coarse modes peaking at 4.7–5.8 µm. As
seen in Figure 4a, the peak concentration of LMW PAHs in fine mode was lower than
that in coarse mode on clear days; however, it was higher than that in the coarse mode on
polluted days. LMW and MMW PAHs exhibited an almost similar peak concentration in
both fine and coarse mode on clear days, but the peak in fine mode was much higher than
that in coarse mode on polluted days. It revealed that HMW PAHs have a much higher fine
mode peak than coarse mode on both clear and polluted days, while the fine peak levels of
HMW PAHs in fine mode were found to be higher on polluted days than on clear days.
Therefore, the size fractions of 0.43–2.1 µm PAHs increased most from clear to polluted
days, and this was mainly related to the high concentration of precursors and the high
humidity condition conducive to the heterogeneous chemical formation of PAHs in the
accumulation mode on polluted days [27].
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3.3. Source Apportionment
3.3.1. PAH Diagnostic Ratios

Because the proportions of PAHs from specific sources are relatively stable, diagnostic
ratios of PAH are used as a convenient method to identify emissions sources. Firstly,
MMW/HMW PAHs are used to determine whether it is an external source [28]. Then,
BaP/(BaP + Chry), ANT/(ANT + PHE), BaA/(BaA + Chr), and IcdP/(IcdP + BghiP) were
selected to examine PAH sources across different seasons and between clear and polluted
days [29–35]. The results are shown in Table 2.
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Table 2. PAH diagnostic ratios.

Ratios PM2.1 PM2.1–9 PM2.1 PM2.1–9 Reference
Value SourcesAutumn Winter Spring Summer Autumn Winter Spring Summer Clear Polluted Clear Polluted

MMW/HMW 0.50 1.25 1.95 4.14 0.77 3.41 4.30 4.68 1.26 1.24 3.81 3.26 - The higher the ratio, the more it
comes from external sources

BaP/(BaP + Chr) 0.32 0.43 0.55 0.64 0.39 0.52 0.65 0.64 0.36 0.49 0.45 0.65
0.07~0.24 Coal combustion

0.49 Gasoline emissions
0.68 Diesel emissions

ANT/(ANT + PHE) 0.13 0.16 0.12 0.13 0.19 0.22 0.11 0.12 0.13 0.20 0.18 0.26 <0.1 Petroleum products
>0.1 Combustion source

BaA/(BaA + Chr) 0.47 0.34 0.37 0.53 0.50 0.31 0.52 0.53 0.29 0.38 0.23 0.36
<0.2 Petrogenic

0.2–0.35 Coal combustion
>0.35 Vehicular emissions

IcdP/(IcdP + BghiP) 0.30 0.42 0.21 0.20 0.32 0.46 0.24 0.35 0.52 0.36 0.56 0.37
0.18 Gasoline emissions
0.37 Diesel emissions
0.56 Coal combustion
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The ratios of MMW/HMW for PM2.1 and PM2.1–9 in four seasons ranged from 0.50
to 4.14 and from 0.77 to 4.68, respectively, both of which were much greater in spring
and summer relative to that in winter and autumn, showing that the PAHs in autumn
and winter were mainly from local sources. The ratio was slightly lower on polluted
days than on clear days, indicating that the contribution of local sources was relatively
higher on polluted days. The ratios of BaP/(BaP + Chry) for PM2.1 and PM2.1–9 in four
seasons ranged from 0.32 to 0.64 and from 0.39 to 0.65, respectively, indicating that the
PAHs were affected by coal combustion, gasoline emissions, and diesel emissions. This
was consistent with the results obtained from most of the urban sites, such as 0.55 and
0.59 in Tangshan, China [33]; and 0.53 in Hamilton, Canada [36]. This ratio was higher on
polluted days than on clear days, indicating that the contribution of gasoline emissions and
diesel emissions was relatively higher on polluted days. The ratios of ANT/(ANT + PHE)
were greater than 0.1 for all the samples, which exhibited similar characteristics to those in
urban Guangzhou [37], indicating that the PAHs were mainly from a combustion source.
The ratios of BaA/(BaA + Chr) for PM2.1 and PM2.1–9 in four seasons ranged from 0.34
to 0.53 and from 0.31 to 0.53, respectively, which were slightly higher than that in the
suburban site of Changchun [38] and consistent with that in urban Tehran, India [39],
indicating that the PAHs were affected by coal combustion and vehicular emissions. This
ratio was greater on polluted days versus on clear days, indicating that the contribution
of vehicular emissions was relatively higher on polluted days. The ratios of IcdP/(IcdP
+ BghiP) for PM2.1 and PM2.1–9 in four seasons ranged from 0.20 to 0.42 and from 0.24 to
0.46, respectively, indicating that the PAHs were affected by coal combustion, gasoline
emissions, and diesel emissions. This was consistent with the previous study in Beijing [40].
This ratio was found to be lower on polluted days versus on clear days, implying that the
contributions of gasoline emissions and diesel emissions were relatively higher on polluted
days. To sum up, PAHs were mainly from coal combustion and vehicular emissions, which
were similar to that in urban sites in China and other countries.

3.3.2. PMF Model

Four PAHs sources were identified via an PMF analysis. Figure 5 shows the profiles
of each source and the apportioned percentages of species for each source. The identified
sources were named coal combustion, biomass burning, gasoline emissions, and diesel
emissions. Together, these sources represented 89.1% and 87.6% of PAHs in PM2.1 and
PM2.1–9, respectively.

• Gasoline emissions

The first source was gasoline emissions, which were characterized by high RET, CHR,
PYR, BaA, BkF, and FLA contents [41–43]. The contribution to PAHs in PM2.1 was 26.4%,
which is slightly greater than the 23.6% contribution in coarse particles. Its contributions to
PM2.1 and PM2.1–9 demonstrated a significant seasonal trend, with greater concentrations
found in winter (27.4% and 25.1%).

• Biomass burning

The second source, biomass burning, was represented by high CPEP, NAP, FLA, ANT,
DahA, and PHE [44,45]. The contribution in PM2.1 was 17.4%, which was slightly lower
than the 19.6% contribution in PM2.1–9. This finding is evident since biomass burning
contributed greater fractions to LMW PAHs, and this was more likely to occur in the coarse
particles. The higher contributions to PM2.1 and PM2.1–9 were observed in spring (25.4% to
PM2.1 and 26.1% to PM2.1–9), demonstrating an obvious seasonality.

• Coal combustion

The third source, coal combustion, was characterized by elevated FLO, PHE, DMBA,
PER, ANT, NAP, and PYR concentrations [46–51]. The contribution of this source to PM2.1
was 22.1% (4.1 ng m−3). In addition to its contribution to PM2.1, coal combustion signifi-
cantly contributed to PM2.1–9 (24.3%, 3.1 ng m−3). The contributions of coal combustion to
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PM2.1 and PM2.1–9 exhibited similar seasonal patterns of winter (23.7% to PM2.1 and 26.8%
to PM2.1–9) > autumn (20.8% and 23.5%) > spring (19.9% and 22.4%) > summer (19.8%
and 22.2%).
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• Diesel emissions

The fourth source was diesel emissions, which were characterized by elevated BghiP,
BeP, IcdP, BaP, BghiF, BjF, PIC, BbF, MC, BkF, and BcPHE concentrations [42,46,47,50–52].
The contribution in PM2.1 was 23.2%, which was slightly higher than the 20.1% contribution
in PM2.1–9. The diesel emissions accounted for 25.1% and 21.3% of PM2.1 and PM2.1–9 in
winter, as well as 24.0% and 22.4% of PM2.1 and PM2.1–9 in autumn, respectively.

Figure 6a,b illustrate the contributions of the four sources to the fine and coarse
particles during the year and in different seasons. The contributions of biomass burning,
coal combustion, gasoline emissions, and diesel emissions were 17.4%, 22.1%, 26.4%, and
23.2% to the fine fractions and 19.6%, 24.3%, 23.6%, and 20.1% to the coarse fractions. This
result was similar to that in Huanggang City, Central China, thus showing that the main
sources of PM2.5-bound PAHs were vehicle emissions (56.8%), coal and biomass burning
(29.5%), and petroleum sources (13.7%) [53]. This result was comparable to that in urban
and rural sites in Jamshedpur, India, which exhibited that vehicular emissions contributed
more than 80% of atmospheric PAHs [54].

Figure 6c,d illustrate the contributions of the four sources to the fine and coarse
particles on clear and polluted days. On polluted days, the contributions of coal combustion,
biomass burning, gasoline emissions, and diesel emissions were 9.8%, 21.4%, 30.6%, and
28.8% to the fine fractions and 11.2%, 24.0%, 29.1%, and 25.8% to the coarse fractions. The
contributions of gasoline emissions and diesel emissions on polluted days were higher than
those on clear days; however, the contributions of coal combustion and biomass burning
were lower than those on clear days. Additionally, the RP/C of the four sources was highest
for diesel emissions (1.26 to fine particles vs. 1.25 to coarse particles), followed by gasoline
emissions (1.25 vs. 1.20), coal combustion (0.88 vs. 0.89), and biomass burning (0.64 vs.
0.76). The high RP/C values indicated that traffic emissions played an important role in
haze pollution.
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3.4. Toxicological Effect of PAHs on BEAS-2B Cells

The toxicological effects of PAHs on BEAS-2B cells were investigated. Figure 7 shows
the survival rates of cells under the influence of PAHs in different size fractions. The results
showed that the survival rate of cells is inversely proportional to the concentration of PAHs,
and a high concentration of PAHs will cause toxicity to cells and reduce their survival rate.
The scatterplot of PAHs’ concentration and cell survival rates showed that when the PAHs’
concentration was below 0.05 µg/L, the cell survival rate did not decrease significantly with
the increase in PAHs’ concentration. When the PAHs’ concentration was above 0.05 µg/L,
the cell survival rate decreased significantly with the increase in the PAHs’ concentration.
Compared with coarse particulate matter, the cell survival rate caused by fine particulate
matter is lower at the same concentration of PAHs, and this result is mainly related to the
higher content of highly toxic PAHs in fine particles.
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4. Summary and Conclusions

In this study, 24 PAHs in size-resolved particles across the four seasonal sampling
campaigns during the period from 2021 to 2022 were analyzed at the road site in Beijing.
The mean levels of PAHs were the greatest during the winter and the lowest during clean
summer. Comparisons revealed that PAHs in fine particles in winter decreased in the last
decade. LMW and MMW PAHs in fine particles followed the order of winter > spring >
autumn > summer, while concentrations of HMW PAHs were higher in autumn and winter
compared to those in spring and summer. LMW PAHs in PM2.1–9 decreased from clear
to polluted days; MMW and HMW PAHs in both fine and coarse particles significantly
accumulated in the periods of haze pollution. The size distribution of PAHs was bimodal,
with peak concentrations at 0.43–0.65 µm and 4.7–5.8 µm across four seasons. The size
fractions of 0.43–2.1 µm PAHs increased most from clear to polluted days. Coal combustion,
biomass burning, gasoline emissions, and diesel emissions were identified by PMF, which
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contributed 17.4%, 22.1%, 26.4%, and 23.2% to PAHs in PM2.1; and 19.6%, 24.3%, 23.6%, and
20.1% in PM2.1–9, respectively. The contributions of gasoline emissions and diesel emissions
on polluted days were higher than those on clear days; however, the contributions of coal
combustion and biomass burning were lower than those on clear days. The biological
toxicity test showed that the cell survival rate caused by fine particles was lower than that
of coarse particles with the same concentrations of PAHs, which is mainly related to the
higher content of highly toxic PAHs in fine particles.
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