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Abstract: Polycyclic aromatic hydrocarbons (PAHs) have carcinogenic impacts on human health.
However, limited studies are available on the characteristics, sources, and source-specific health
risks of PM2.5-bound PAHs based on personal exposure data, and comparisons of the contributions
of indoor and outdoor sources are also lacking. We recruited 101 senior citizens in the winter of
2011 for personal PM2.5 sample collection. Fourteen PAHs were analyzed, potential sources were
apportioned using positive matrix factorization (PMF), and inhalational carcinogenic risks of each
source were estimated. Six emission sources were identified, including coal combustion, gasoline
emission, diesel emission, biomass burning, cooking, and environmental tobacco smoking (ETS).
The contribution to carcinogenic risk of each source occurred in the following sequence: biomass
burning > diesel emission > gasoline emission > ETS > coal combustion > cooking. Moreover, the
contributions of biomass burning, diesel emission, ETS, and indoor sources (sum of cooking and ETS)
to PAH-induced carcinogenic risk were higher than those to the PAH mass concentration, suggesting
severe carcinogenic risk per unit contribution. This study revealed the contribution of indoor and
outdoor sources to mass concentration and carcinogenic risk of PM2.5-bound PAHs, which could act
as a guide to mitigate the exposure level and risk of PM2.5-bound PAHs.

Keywords: PM2.5; polycyclic aromatic hydrocarbons; personal exposure; positive matrix factorization;
health risk

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants with mul-
tiple fused aromatic rings [1,2], which are primarily emitted during incomplete anthro-
pogenic combustion [2–4]. In addition, PAHs have a seasonal variation with peak values
appearing in winter [3,5–9]. There have been sustained concerns about PAHs due to their
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mutagenicity, teratogenicity, and carcinogenicity [3,10,11]. Several PAHs had been declared
as carcinogenic, probably carcinogenic, or possibly carcinogenic to the public [12]. Car-
cinogenic PAHs mainly exist in the particulate phase, especially in fine particulate matter
(particulate matter with an aerodynamic diameter of less than 2.5 µm, PM2.5) [9,13–17].
Inhalational exposure to PM2.5-bound PAHs is inevitable because they are ubiquitous in
the atmosphere. Once inhaled, PAHs induce oxidative stress and inflammation [18,19],
leading to lung function decline and pulmonary impairment [20], and increase the risk of
lung cancer [1,2,21]. In China, lung cancer was the leading cause of death among patients
with malignant tumors, and approximately 1.6% of lung cancer cases were related to PAH
exposure via inhalation [22].

The levels of personal exposure to PM2.5-bound PAHs are influenced by outdoor
sources (e.g., biomass burning, coal combustion, and traffic exhaust) and indoor sources
(e.g., cooking fumes and environmental tobacco smoking (ETS)) [3,4,23–26]. Numerous
studies investigated the outdoor sources of PM2.5-bound PAHs [6,16,22,27–29], and several
studies have used outdoor data as surrogates to assess PAH exposure risk [6,7,22,30], while
few studies used the personal exposure data [10,14,20]. Furthermore, indoor emission of
PM2.5-bound PAHs deserves increased attention. People spend the majority (80–90%) of
their time indoors [23,31,32], and the indoor levels of PM2.5-bound PAHs are higher than
the outdoor levels [3,4]. Moreover, compared to outdoor sources, people are exposed to
indoor sources directly with less diffusion [20,33,34]. Additionally, indoor exposure to
PM2.5-bound PAHs might considerably contribute to the PAHs burden inside the body [18].
Hence, as a link between indoor and outdoor exposure, observation of personal exposure
can simultaneously consider exposure levels in different microenvironments and better
characterize exposure risks.

Exposure to PAHs originated from different sources would induce diverse health risks,
due to the disparate source profiles of PAHs emission and distinct toxicities of individual
PAHs [3,11,16,26]. Lai et al. [24] suggested that reducing personal PM2.5-bound PAH
exposure should address both indoor and outdoor sources, which could directly mitigate
lung cancer risk [35]. Therefore, based on the source apportionment of personal exposure,
the source-specific health risk is a better index to inform policy and regulatory strategies
with minimum economic cost and maximum health benefits [6,36]. In addition, for the
public, it is convenient to adopt intervention methods, such as using a range hood [37] in
the kitchen or preventing indoor smoking to reduce indoor-generated PAHs. Although
it is hard to answer the question of whether exposure to one PM source is associated
with worse health effects than an equivalent exposure to other sources [36], the ratio of
contribution to carcinogenic risk versus contribution to mass concentration could provide
a preliminary clue. However, information on source-specific health risk from personal
PM2.5-PAH exposure was limited [10,14], especially those from indoor PAH sources.

In this study, we hypothesize that indoor and outdoor exposure to PM2.5-bound PAHs
might induce severe health risk for senior citizens. We conducted a sampling campaign by
collecting personal PM2.5 samples and analyzed the PAH species associated with PM2.5.
We characterized personal PAH exposure for the senior citizens in winter, identified the
contributing sources, and estimated the source-specific risk via inhalation. In addition, we
compared the source-specific mass contribution and source-attributed health risk between
indoor and outdoor PAHs sources.

2. Materials and Methods
2.1. Sampling Description
2.1.1. Sampling Area

Tianjin is a metropolis located in the North China Plain. According to the National
Bureau of Statistics of China (http://www.stats.gov.cn/english/ (accessed on 2 August
2021)) in 2011, the population of Tianjin was 13.55 million, and 9.77% were senior citizens
(>65 years old). The number of private cars was 1.55 million, and coal consumption
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accounted for over 50% of fossil fuel consumption. During the last decade, Tianjin has
suffered from heavy air pollution due to rapid industrialization and urbanization.

In this study, we selected several residential communities located downtown near
arterial roads (within 400 m) and a gas station (about 1 km), with a university and a
hospital nearby. The senior citizens living in the communities were recruited as volunteers
for personal PM2.5 sample collection.

2.1.2. Participant Recruitment

During volunteer recruitment, questionnaires were distributed to the senior citizens,
containing information such as name, sex, age, living habits, and health condition. Par-
ticipants with a poor health condition or a social activity radius of more than 5 km were
excluded, and 101 healthy senior citizens took part in sample collection. General informa-
tion on the participants is listed in Table S1.

2.1.3. Sample Collection

Sample collection was performed in the winter (30 November to 12 December) of 2011.
Each participant was asked to wear a backpack for a consecutive period of 24 h (08:00 to
08:00, next day). The backpack held a pump (A.P. Buck Inc., Orlando, FL, USA) inside,
which was linked to a personal exposure monitor sampler (PEM-PM2.5, BGI Inc., Waltham,
MA, USA) with a pipe; the sampler contained a 37 mm quartz filter (Pall-Gelman, Ann
Arbor, MI, USA) and was placed on the shoulder strap of the backpack to collect PM2.5
samples near the breathing zone. The pump was calibrated using a flowmeter (Buck Inc.,
Waltham, MA, USA) at a flow of 4 ± 0.2 L/min. Before the sampling, the senior citizens
were asked to behave as usual and carry the backpack throughout the sampling period
(except while bathing and sleeping), in order to represent actual personal PM exposure
levels precisely. Finally, 87 valid samples were collected for PAHs analysis, and the data
were pooled together to explore exposure characteristics, source contributions, and health
risks for the senior population.

2.2. Mass and PAH Analysis
2.2.1. Mass Analysis

Before use, all quartz-fiber filters were pre-heated at 800 ◦C for 2 h. The filters were
equilibrated in an enclosed chamber (temperature: 22 ± 1 ◦C; relative humidity: 35 ± 1%)
for more than 48 h, exposed to a radioactive object to reduce static, and weighted using a
micro-balance (sensitivity: ±1 µg) (Mettler MX5, Mettler-Toledo, Greifensee, Switzerland).
The average value of three consecutive measurements was recorded for each filter.

2.2.2. Polycyclic Aromatic Hydrocarbons Analysis

The method of gas chromatography coupled with mass spectrometry (GC/MS, trace
2000 GC-MS, Thermo Finnigan, Waltham, MA, USA) was applied to detect PAHs, including
acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), fluoranthene (Fl), pyrene (Pyr),
benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene
(BkF), benz[e]pyrene (BeP), benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DahA), benzo[ghi]
perylene (BghiP), and indeno[1,2,3-cd]pyrene (IND). A detailed description of analysis
procedures and quality assurance/quality control is provided in Text S1 and a previous pub-
lication [38]. Briefly, the quartz-fiber filter was completely immersed into dichloromethane
and extracted using an ultrasonicator. The extract was condensed to 5 mL using a rotary
evaporator at first, then concentrated to 1 mL by blowing pure nitrogen, and injected into
GC-MS to separate and identify the targeted PAHs.

Based on the number of carbon rings, PAHs could be classified as low molecular
weight (LMW) with two or three benzene rings, middle molecular weight (MMW) with four
benzene rings, and high molecular weight (HMW) with five or more benzene rings [4,27].
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2.3. Data Analysis
2.3.1. Source Apportionment

Positive matrix factorization (PMF) was developed by Paatero and has been widely
used to recognize potential sources without source profiles. EPA PMF version 5.0 was
released by the United States Environmental Protection Agency (US EPA, Washington,
DC, USA) and could be downloaded at the website of US EPA (https://www.epa.gov/
sites/default/files/2015-03/epa_pmf_5.0_setup.exe (accessed on 5 April 2022)), which was
operated in this study. PMF decomposed the concentration of the targeted pollutant into a
factor contribution and profile, with the following equation:

xij = ∑p
k=1 gik fkj + eij (1)

where xij is the concentration of the jth species of the ith sample; p is the number of factors;
gik is the factor contribution (the contribution of the kth source to the ith sample); fkj is the
factor profile (the concentration of the jth species in the kth source); eij is the residual.

To determine the number of factors, non-negative factor contribution, and factor
profile, PMF was adjusted to the value of gik and fkj to minimize the Q value with the
following function:

Q = ∑n
i=1 ∑m

j=1

[
xij − ∑

p
k=1 gik fkj

uij

]2

(2)

where uij is the uncertainty of the jth species of the ith sample, calculated by the
following equation:

Uncertainty =

√
(Error Fraction × concentration)2 + (MDL)2 (3)

where MDL is the method detection limit of every chemical composition; for the species
with a concentration less than MDL, the uncertainty was 5/6 of the MDL, and for missing
data, the uncertainty was three times higher than the average concentration of the species.

The ratio of Q/Qexp was used to determine the number of factors. With the increase
in the factor number (tested from 3 to 8), a significant decrease in Q/Qexp indicated an
optimized model explanation with the selected factor number. In contrast, a small decrease
in Q/Qexp suggested little model improvement with the extra factors [10]. Thus, the number
of factors that should be selected after Q/Qexp appeared to decrease. Qexp was calculated
with the following formula:

Qexp = Nsample × Mgood +
Nsample × Mweak

3
−
(

Nsample × Pf actor

)
(4)

where Nsample is the number of the collected samples run; Mgood is the number of species
labeled as good; Mweak is the number of species labeled as weak, and Pfactor is the number
of factors.

The base run of PMF could start the gradient algorithm with a random starting point
(random seed model) or a fixed starting point. The user guide of PMF stated that it could
test whether the solution found was optimal by using many random seeds and examining
whether the Q values are stable.

2.3.2. Health Risk Assessment

The excess cancer risk via inhalation was calculated based on exposure concentration,
as follows [39]:

Risk = EC × IUR (5)

where EC is the exposure concentration (µg/m3); IUR is the inhalation unit risk (µg/m3)−1.

https://www.epa.gov/sites/default/files/2015-03/epa_pmf_5.0_setup.exe
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As the toxicity level of each PAH was different, the “EC” in the above equation referred
to the equivalent concentration of BaP (BaPeq), which could quantify the potential toxicity
of PAH exposure [40], calculated using the equation below:

BaPeq = ∑n
i=1 TEFi × Ci (6)

where BaPeq is the equivalent level of BaP; TEFi is the toxic equivalent factor of the ith
PAH, and Ci is the concentration of the ith PAH. Relevant information on PAHs is depicted
in Table 1.

Table 1. Properties of polycyclic aromatic hydrocarbons.

PAH Species Abbreviation Rings MW Groups TEFs a IUR b (µg/m3)−1

Acenaphthene Ace 3 LMW 0.001 /
Fluorene Flu 3 LMW 0.001 /

Phenanthrene Phe 3 LMW 0.001 /
Fluoranthene Fl 4 MMW 0.001 /

Pyrene Pyr 4 MMW 0.001 /
Benz[a]anthracene BaA 4 MMW 0.1 /

Chrysene Chr 4 MMW 0.01 /
Benzo[b]fluoranthene BbF 5 HMW 0.1 /
Benzo[k]fluoranthene BkF 5 HMW 0.1 /

Benz[e]pyrene BeP 5 HMW / /
Benzo[a]pyrene BaP 5 HMW 1 1.1 × 10−3

Dibenz[a,h]anthracene DahA 5 HMW 1 /
Benzo[ghi]perylene BghiP 6 HMW 0.01 /

Indeno[1,2,3-cd]pyrene IND 6 HMW 0.1 /
a Nisbet and LaGoy, 1992; b EPA, 2011; MW, molecular weight; LMW, low molecular weight; MMW, middle
molecular weight; HMW, high molecular weight.

3. Results and Discussions
3.1. Characteristics of Personal PAHs Exposure

Polycyclic aromatic hydrocarbons concentrations based on personal PM2.5 samples
were shown in Table 2. The total concentration of the detected 14 PAHs ranged from
34.0 to 472.7 ng/m3, with an average value of 106.4 ng/m3. The average exposure level of
BaP was 8.0 ng/m3 and the calculated BaPeq was 15.3 ng/m3, accounting for 7.6% and 14.4%
of the total PAHs, respectively. No significant differences in total PM2.5-bound PAH con-
centrations were found between ETS- and non-ETS (including passive smoking)-exposed
people or cooking and non-cooking people (p > 0.05). Compared with two other studies
conducted during winter in Tianjin, the levels of personal PM2.5-bound PAH exposure
in the present study were nearly twice as high as those of children (∑PAHs 58.2 ng/m3,
BaP 5.65 ng/m3) [14], but comparable with those of the PM10-bound PAH exposure of
senior citizens (∑PAHs 162.4 ng/m3, BaP 9.0 ng/m3) [10]. Mu et al. [20] reported that the
levels of personal PM2.5-bound PAH exposure for adults in Wuhan and Zhuhai during
spring were 11.9 and 8.3 ng/m3, respectively, which were much lower than that of this
study, suggesting the seasonal variation of PAH exposure. Compared with occupational
exposure, the level of ∑PAH exposure of senior citizens was higher than that of vehicle
inspection workers at gasoline lines (56.1 ng/m3), comparable with that of workers at
bus lines (111.7 ng/m3), and lower than that of cooks in Chinese stall (141.0 ng/m3) and
workers at diesel lines (199.8 ng/m3); but the levels of PM2.5-bound BaP and BaPeq of senior
citizens were higher than those of the cooks and vehicle inspection workers [41,42]. The
result was unexpected as vehicle emission could significantly increase the level of partic-
ulate PAH exposure [43,44]. The occupational exposure of cooks and vehicle inspection
workers was represented by the concentration at the workplace. Therefore, the comparison
suggested the existence of other sources emitting higher BaPeq per unit source contributions
than cooking and vehicle emissions.
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Table 2. Polycyclic aromatic hydrocarbons concentrations based on personal PM2.5 samples (ng/m3).

PAHs All Population
(n = 87)

ETS-Exposed
(n = 27)

Non-ETS
(n = 60)

Cooking
(n = 52)

Non-Cooking
(n = 35)

Ace 0.5 ± 1.2 0.7 ± 1.5 0.5 ± 1.1 0.5 ± 1.4 0.6 ± 1.1
Flu 0.7 ± 1.2 0.9 ± 1.5 0.7 ± 1.0 0.7 ± 1.2 0.8 ± 1.2
Phe 5.0 ± 4.5 5.4 ± 5.6 4.8 ± 3.9 4.8 ± 4.3 5.2 ± 4.7
Fl 8.1 ± 7.3 8.6 ± 8.9 7.9 ± 6.5 7.7 ± 6.5 8.7 ± 8.4

Pyr 5.7 ± 4.7 6.1 ± 6.1 5.6 ± 3.9 5.6 ± 4.4 6.0 ± 5.0
BaA 6.7 ± 5.3 7.2 ± 6.3 6.5 ± 4.8 6.4 ± 5.1 7.1 ± 5.6
Chr 9.2 ± 7.0 9.9 ± 9.4 8.9 ± 5.7 8.7 ± 6.2 9.9 ± 8.1

BghiP 11.7 ± 6.9 12.7 ± 8.7 11.2 ± 5.9 11.3 ± 6.7 12.3 ± 7.3
IND 14.7 ± 8.8 16.0 ± 11.4 14.1 ± 7.4 14.1 ± 8.4 15.7 ± 9.6

DahA 2.3 ± 1.8 2.5 ± 2.1 2.1 ± 1.7 2.1 ± 1.8 2.5 ± 1.8
BbF 22.7 ± 14.9 24.1 ± 19.1 22.1 ± 12.6 21.8 ± 13.7 24.0 ± 16.6
BaP 8.0 ± 5.4 8.3 ± 5.9 7.9 ± 5.2 7.7 ± 5.5 8.5 ± 5.3
BeP 7.5 ± 4.7 7.7 ± 6.1 7.4 ± 4.0 7.2 ± 4.3 8.0 ± 5.3
BkF 3.7 ± 2.5 3.6 ± 3.1 3.7 ± 2.3 3.6 ± 2.4 3.9 ± 2.7

∑PAHs 106.4 ± 70.9 113.4 ± 91.0 103.3 ± 60.4 102.1 ± 66.5 112.9 ± 77.6
BaPeq 15.3 ± 10.1 16.2 ± 12.1 14.9 ± 9.2 14.6 ± 9.9 16.3 ± 10.5

ETS, environmental tobacco smoking; SD, standard deviation; Ace, acenaphthene; Flu, fluorene; Phe, phenan-
threne; Fl, fluoranthene; Pyr, pyrene; BaA, benz[a]anthracene; Chr, chrysene; BbF, benzo[b]fluoranthene;
BkF, benzo[k]fluoranthene; BeP, benz[e]pyrene; BaP, benzo[a]pyrene; DahA, dibenz[a,h]anthracene; BghiP,
benzo[ghi]perylene; IND, indeno[1,2,3-cd]pyrene.

The HMW-PAHs were the primary PAH category (occupying 67.3% of total PAHs), and
were followed by MMW-PAHs (27.0% of total PAHs) and LMW-PAHs (6.0% of total PAHs).
The average ratio of LMW-PAHs/HMW-PAHs was 0.1. The three dominant PAH individu-
als were BbF (22.7 ± 14.9 ng/m3), IND (14.7 ± 8.8 ng/m3), and BghiP (11.7 ± 6.9 ng/m3),
accounting for 21.4%, 14.3%, and 11.4% of total PAHs, respectively. The high proportion of
HMW-PAHs and low ratio of LMW-PAHs/HMW-PAHs indicated emission from pyrogenic
processes, such as coal combustion and vehicle emission [9]. The dominance of BbF, IND,
and BghiP in this study was the same as that of personal PM10-bound PAH exposure for
senior citizens [10] but different from that of the ambient atmosphere [45] during winter
in Tianjin. See et al. [42] reported that stir-frying in Chinese stalls would give rise to an
abundance of PM2.5-bound BbF, IND, and BghiP. Therefore, the influence of indoor PAHs
sources might be of importance and exposure bias may also be reflected in the proportion
of different PAH species.

3.2. Source Apportionment of Personal PAHs Exposure

EPA PMF5.0 was run in a random seed model with different numbers of factors. The
corresponding Q/Qexp was obtained and the decrease from five-factor to six-factor was
the largest. Therefore, six sources were determined in terms of senior citizens’ exposure to
PM2.5-bound PAHs in winter and the source profile is depicted in Figure 1.

Factor 1 was dominated by DahA (63.8%) and moderately loaded by BaA (30.6%) and
Chr (26.6%). DahA was used as the indicatory PAH for biomass burning [28], and BaA
and Chr were good tracers for biomass burning [46,47]. Biomass was burned in an open
field as agricultural waste or in stoves as fuel [29], which was not forbidden in Tianjin in
2011. Moreover, regional transport from nearby provinces, such as Hebei and Shandong,
was considered [27]. Zhang et al. [29] reported that a 20% increase in the contribution of
biomass burning in the Beijing–Tianjin area was from nearby provinces. Therefore, factor 1
was identified as biomass burning, contributing 14.7% to the PAHs’ mass concentration.

Factor 2 depicted the major loading of Phe (77.5%) and Fl (43.6%). Yao et al. [48]
concluded that 3–4 ring PAHs were related to cooking emission. An abundance of Phe
was found in commercial and domestic kitchen exhausts. Furthermore, it indicated liquid
petroleum gas burning and cooking oil fumes together with Fl [49], as the relatively low
temperature during cooking mainly produced lighter PAHs. Zhang et al. [37] established
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an emission profile of domestic cooking in China, suggesting that Phe and Fl could be
recognized as source signatures of cooking. Moreover, the ratio of IND/(IND + BghiP) in
this factor (0.7) was close to the reported value of 0.5 [37], displaying the impact of cooking
emission. According to the time–activity survey, 71.3% of the elderly spent an average of
1.5 h cooking daily. Thus, Factor 2 was identified as cooking, which contributed 9.9% to the
PAHs’ mass concentration.
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Figure 1. Source profile of personal PM2.5−bound PAH exposure. Conc., the abbreviation for concen-
tration; % of species, the percentage of species; Ace, acenaphthene; Flu, fluorene, Phe, phenanthrene;
Fl, fluoranthene; Pyr, pyrene; BaA, benz[a]anthracene; Chr, chrysene; BbF, benzo[b]fluoranthene; BkF,
benzo[k]fluoranthene; BeP, benz[e]pyrene; BaP, benzo[a]pyrene; DahA, dibenz[a,h]anthracene; BghiP,
benzo[ghi]perylene; IND, indeno[1,2,3-cd]pyrene.

Factor 3 was enriched with Pyr (58.3%), Chr (38.1%), and Fl (36.5%). Pyr was regarded
as a source tracer of coal combustion [46,50]. Several studies revealed that Pyr, Chr, and
Fl were dominant PAH species in coal combustion [5,17,27,46,51]. In 2011, 23.66 million
tons of coal were consumed, accounting for over 50% of fossil fuel usage in Tianjin. Coal
emissions from heating sources increased ambient PAH concentrations in winter [6,7,10,14].
Hence, factor 3 could represent coal combustion, which contributed 27.1% to the PAHs’
mass concentration.

For factor 4, there was a predominance of BkF (61.4%), and moderate Flu (38.9%), and
BaP (37.4%). BkF showed significant dominance in the diesel emission profile and was often
used as a diesel marker [15,46,49,50,52]. High fractions of Flu and BaP in diesel emission
profiles were reported [15,17,50]. The ratio of BbF/BkF in the factor (1.5) was higher than
0.5, which could be used to indicate diesel emission [51]. Two arterial roads surrounded
the selected communities, with a bus stop nearby. The senior citizens preferred buses for
commuting, and diesel was the main fuel for buses in Tianjin in 2011. Hence, factor 4 was
classified as diesel emission, which contributed 18.7% of the PAHs’ mass concentration.

Factor 5 was mainly loaded with BaP (27.0%), BaA (21.6%), and Fl (19.9%). Lu and
Zhu [53] found that over 80% of residential Bap came from tobacco smoking. BaA was
characterized as a source marker of environmental tobacco smoking [25,38]. Mannino and
Orecchio [54] pointed out that the level of Fl was higher in smoking-permitting families
than that in smoking-forbidding families. The ratio of BaA/BaA + Chr in the factor was
0.6, equal to that reported by Zhang et al. [38], which could be used to identify the ETS.



Int. J. Environ. Res. Public Health 2022, 19, 4440 8 of 13

Among the participants, 14.9% of the elderly were smokers, while 28.7% were exposed to
ETS. Shang et al. [34] found that ETS sources could affect people with no cigarette exposure,
suggesting that cigarette smoke could be present in ambient PM2.5. Therefore, factor 5 was
regarded as ETS, which contributed 9.2% of the PAHs’ mass concentration.

Factor 6 was highly loaded with Ace (49.4%), Flu (49.0%), IND (39.4%), and BghiP
(39.1%). The LWM-PAHs, such as Ace, were linked with unburned petroleum and gaso-
line emissions [50]. High loading of Flu indicated the emission of gasoline-powered
vehicles [50,55]. In addition, IND and BghiP were typical PAHs in gasoline vehicle ex-
hausts [17,49,56]. The ratio of Pyr/BaP in the factor was 0.6 [57], suggesting the presence of
gasoline emission. Tianjin was experiencing a 20.6% car ownership growth rate in 2011;
thus, factor 6 was considered as gasoline emission, which contributed 20.4% of the PAHs’
mass concentration.

Coal combustion, vehicle (gasoline + diesel) emission, and biomass burning con-
tributed the most to personal PM2.5-bound PAH exposure, as reported previously [10,14],
as they were primary ambient PAHs sources in the Beijing–Tianjin district [29]. Although
there were no significant differences in total PM2.5-bound PAH concentration between ETS-
and non-ETS (including passive smoking)-exposed people or cooking and non-cooking
people (p > 0.05), respectively, the chemical compositions of exposed PAHs were influenced
by these two sources. It was noted that indoor sources contributed nearly 20% to the
senior citizen PAH exposure, which suggested that individual domestic activities should be
considered in personal exposure estimation instead of the substitute of ambient monitoring
data. In addition, unlike ambient sources, it was convenient and effective for the public to
take actions, such as using range hoods during cooking [37] or preventing indoor smoking,
to reduce the influence of indoor sources.

3.3. Carcinogenic Risk of PAH Sources via Inhalation

In this study, the carcinogenic risk induced by PM2.5-bound PAHs via inhalation was
estimated for each contributing source based on personal exposure data. According to
the US EPA, the acceptable limit of carcinogenic risk was 1.0 × 10−6, and the tolerance
limit was 1.0 × 10−4 [39]. For senior citizens, the average inhalational carcinogenic risk
of PAH exposure was 1.6 × 10−5, which was within the tolerable range for the public
(1.0 × 10−6–1.0 × 10−4). As shown in Figure 2, the individual risk of the identified sources
occurred in the following sequence: biomass burning > diesel emission > gasoline emis-
sion > ETS > coal combustion > cooking, with the risk value of 4.1 × 10−6, 3.8 × 10−6,
3.1 × 10−6, 3.0 × 10−6, 1.5 × 10−6, and 0.9 × 10−6, respectively. The contributions of
biomass burning, diesel emission, ETS, and indoor sources (sum of cooking and ETS) to
PAH-induced carcinogenic risk were higher than those to the PAH mass concentration, as
shown in Table 3.

Biomass burning contributed the most to the risk of PM2.5-bound PAH exposure,
as the toxic DahA and BaA were prominent in the biomass burning profiles [46,47].
Exposure to PAHs from biomass burning would increase the risk of lung cancer [58].
Andersen et al. [59] reported that PM10 emitted from biomass burning would induce higher
daily respiratory hospital admissions than that emitted from traffic. The primary contribu-
tion to carcinogenic risk from diesel and gasoline emission was reported by Han et al. [10].
Hime et al. [36] concluded that vehicle emission might cause greater harm than other
sources by reviewing the health effect of ambient PM emissions. In particular, diesel engine
exhaust was classified as carcinogenic to humans [60]. ETS was the only individual source
with the fifth percentile risk value higher than 1.0 × 10−6; ETS has been reported as the pri-
mary source of indoor BaP [38,53], which was found to be related to over 0.7 million deaths
in China annually [61]. With approximately 300 million smokers in China, 740 million
non-smokers are exposed to ETS [34]. Hence, the result of this study can raise public
concern on the hazards of ETS exposure and promote the implementation of national
cigarette control regulations. The proportion of coal combustion contributed less than 10%
to exposure risk, which might be associated with a lower fraction of toxic PAH species
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in the coal combustion profile in Tianjin, as reported by Shi et al. [30]. The carcinogenic
risk associated with cooking observed in this study (0.9 × 10−6) was comparable with that
observed in households using the range hood for cooking (0.6 × 10−6) [37]. However, the
50th percentile risk value was over the acceptable risk limit, which should not be neglected.
The contribution of outdoor sources to exposure risk was higher than that of indoor sources
(76.1% vs. 23.9%), but the fifth percentile risk value of indoor and outdoor sources was over
1.0 × 10−6. Thus, the relatively higher carcinogenic risk per unit contribution of indoor
sources was consistent with the suggestion that indoor air pollution had equal or even
higher health risks compared with outdoor air pollution [33].
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tobacco smoking; dotted line, 1.0 × 10−6).

Table 3. Comparison of contribution to mass concentration and carcinogenic risk of each source.

Contribution to
Carcinogenic Risk (%)

Contribution to Mass
Concentration (%)

Ratio of Contribution to Carcinogenic Risk/
Contribution to Mass Concentration

Biomass burning 25.2 14.7 1.7
Coal combustion 9.0 27.1 0.3

Cooking 5.4 9.9 0.5
Diesel emission 23.2 18.7 1.2

ETS 18.5 9.2 2.0
Gasoline emission 18.7 20.4 0.9

Indoor 23.9 19.1 1.2
Outdoor 76.1 80.9 0.9

ETS, environmental tobacco smoking.

Due to the limited availability of resources, only senior citizens were recruited in this
study, which would influence the generalization of the findings. The underestimation of
health risk of PAHs in this study was unavoidable as only fourteen PAH species were
analyzed, which could not represent the actual PAH exposure. In addition, the lack of
vapor phase PAHs data might increase the uncertainty of PMF. Without considering the
vapor and particle partitioning, the model would have a biased source profile. Besides, the
health risk value was calculated based on the assumption of PAH exposure for preliminary
estimation, which did not have a direct link with adverse health effects.
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4. Conclusions

In this study, 101 senior citizens volunteered to participate in personal PM2.5 sample
collection. In addition, the characteristics, source contributions, and carcinogenic risks
of personal PM2.5-bound PAH exposure during winter in Tianjin were discussed. The
results showed that the average exposure level of PM2.5-bound PAHs for the elderly
was 106.4 ng/m3 in winter, and PAHs were mainly distributed in HMW range with BbF,
IND, and BghiP being dominant. Six main emission sources were apportioned, including
coal combustion (27.1%), gasoline emission (20.4%), diesel emission (18.7%), biomass
burning (14.7%), cooking (9.9%), and ETS (9.2%). The average inhalational carcinogenic
risk of PAH exposure was 1.6 × 10−5 in total, with indoor sources of 0.4 × 10−5 and
outdoor sources of 1.2 × 10−5. The carcinogenic risk contribution of each source was in
the following sequence: biomass burning (25.2%) > diesel emission (23.2%) > gasoline
emission (18.7%) > ETS (18.5%) > coal combustion (9.0%) > cooking (5.4%). Moreover,
the contributions of biomass burning, diesel emission, ETS, and indoor sources (cooking
and ETS) to PAH-induced carcinogenic risk were higher than those to the PAH mass
concentration, suggesting severe carcinogenic risk per unit contribution. This study can help
regulators inform functional and cost-effective emission reduction policies, leasing to the
reducing of personal PM2.5-bound PAH exposure, which could mitigate lung cancer risk.
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Author Contributions: N.Z.: Software, formal analysis, resources, data curation, writing—original
draft, writing—review and editing; C.G.: Formal analysis, resources, data curation, writing—original
draft, writing—review and editing; J.X.: Formal analysis, resources, data curation, writing—review
and editing; L.Z.: Formal analysis, resources, writing—review and editing; P.L.: Investigation, data
curation, writing—review and editing; J.H.: Investigation, data curation, writing—review and editing;
S.G.: Investigation, data curation, writing—review and editing; X.W.: Investigation, resources; W.Y.:
Investigation, resources; Z.B.: Conceptualization, methodology, resources, funding acquisition; W.Z.:
Formal analysis, writing—original draft, writing—review and editing; B.H.: Conceptualization,
methodology, software, formal analysis, resources, writing—original Draft, writing—review and
editing, project administration. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the National Basic Research Program of China (Grant No.
2011CB503801).

Informed Consent Statement: Written informed consent has been obtained from the participants to
publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khan, M.F.; Latif, M.T.; Lim, C.H.; Amil, N.; Jaafar, S.A.; Dominick, D.; Mohd Nadzir, M.S.; Sahani, M.; Tahir, N.M. Seasonal effect

and source apportionment of polycyclic aromatic hydrocarbons in PM2.5. Atmos. Environ. 2015, 106, 178–190. [CrossRef]
2. Taghvaee, S.; Sowlat, M.H.; Hassanvand, M.S.; Yunesian, M.; Naddafi, K.; Sioutas, C. Source-specific lung cancer risk assessment

of ambient PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) in central Tehran. Environ. Int. 2018, 120, 321–332. [CrossRef]
[PubMed]

3. Patel, A.B.; Shaikh, S.; Jain, K.R.; Desai, C.; Madamwar, D. Polycyclic Aromatic Hydrocarbons: Sources, Toxicity, and Remediation
Approaches. Front. Microbiol. 2020, 11, 562813. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijerph19084440/s1
https://www.mdpi.com/article/10.3390/ijerph19084440/s1
http://doi.org/10.1016/j.atmosenv.2015.01.077
http://doi.org/10.1016/j.envint.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30107293
http://doi.org/10.3389/fmicb.2020.562813
http://www.ncbi.nlm.nih.gov/pubmed/33224110


Int. J. Environ. Res. Public Health 2022, 19, 4440 11 of 13

4. Wang, G.; Wang, Y.; Yin, W.; Xu, T.; Hu, C.; Cheng, J.; Hou, J.; He, Z.; Yuan, J. Seasonal exposure to PM2.5-bound polycyclic
aromatic hydrocarbons and estimated lifetime risk of cancer: A pilot study. Sci. Total Environ. 2020, 702, 135056. [CrossRef]
[PubMed]

5. Lu, W.; Yang, L.; Chen, J.; Wang, X.; Li, H.; Zhu, Y.; Wen, L.; Xu, C.; Zhang, J.; Zhu, T.; et al. Identification of concentrations and
sources of PM2.5-bound PAHs in North China during haze episodes in 2013. Air Qual. Atmos. Health 2016, 9, 823–833. [CrossRef]

6. Wang, C.; Meng, Z.; Yao, P.; Zhang, L.; Wang, Z.; Lv, Y.; Tian, Y.; Feng, Y. Sources-specific carcinogenicity and mutagenicity of
PM2.5-bound PAHs in Beijing, China: Variations of contributions under diverse anthropogenic activities. Ecotoxicol. Environ. Saf.
2019, 183, 109552. [CrossRef]

7. Wang, S.; Ji, Y.; Zhao, J.; Lin, Y.; Lin, Z. Source apportionment and toxicity assessment of PM2.5-bound PAHs in a typical iron-steel
industry city in northeast China by PMF-ILCR. Sci. Total Environ. 2020, 713, 136428. [CrossRef]

8. Xue, Q.; Jiang, Z.; Wang, X.; Song, D.; Huang, F.; Tian, Y.; Huang-fu, Y.; Feng, Y. Comparative study of PM10-bound heavy metals
and PAHs during six years in a Chinese megacity: Compositions, sources, and source-specific risks. Ecotoxicol. Environ. Saf. 2019,
186, 109740. [CrossRef]

9. Yin, H.; Xu, L. Comparative study of PM10/PM2.5-bound PAHs in downtown Beijing, China: Concentrations, sources, and
health risks. J. Clean. Prod. 2018, 177, 674–683. [CrossRef]

10. Han, B.; You, Y.; Liu, Y.; Xu, J.; Zhou, J.; Zhang, J.; Niu, C.; Zhang, N.; He, F.; Ding, X.; et al. Inhalation cancer risk estimation
of source-specific personal exposure for particulate matter–bound polycyclic aromatic hydrocarbons based on positive matrix
factorization. Environ. Sci. Pollut. Res. 2019, 26, 10230–10239. [CrossRef]

11. Zhang, Y.; Tao, S. Global atmospheric emission inventory of polycyclic aromatic hydrocarbons (PAHs) for 2004. Atmos. Environ.
2009, 43, 812–819. [CrossRef]

12. IARC. Some Non-Heterocyclic Polycyclic Aromatic Hydrocarbons and Some Related Exposures; International Agency for Research on
Cancer: Lyson, France, 2010; Volume 92.

13. Gao, B.; Guo, H.; Wang, X.-M.; Zhao, X.-Y.; Ling, Z.-H.; Zhang, Z.; Liu, T.-Y. Polycyclic aromatic hydrocarbons in PM2.5 in
Guangzhou, southern China: Spatiotemporal patterns and emission sources. J. Hazard. Mater. 2012, 239, 78–87. [CrossRef]
[PubMed]

14. Han, J.; Zhang, N.; Niu, C.; Han, B.; Bai, Z. Personal Exposure of Children to Particle-Associated Polycyclic Aromatic Hydrocar-
bons in Tianjin, China. Polycycl. Aromat. Compd. 2014, 34, 320–342. [CrossRef]

15. Liu, J.; Man, R.; Ma, S.; Li, J.; Wu, Q.; Peng, J. Atmospheric levels and health risk of polycyclic aromatic hydrocarbons (PAHs)
bound to PM2.5 in Guangzhou, China. Mar. Pollut. Bull. 2015, 100, 134–143. [CrossRef] [PubMed]

16. Xing, X.; Chen, Z.; Tian, Q.; Mao, Y.; Liu, W.; Shi, M.; Cheng, C.; Hu, T.; Zhu, G.; Li, Y.; et al. Characterization and source
identification of PM2.5-bound polycyclic aromatic hydrocarbons in urban, suburban, and rural ambient air, central China during
summer harvest. Ecotoxicol. Environ. Saf. 2020, 191, 110219. [CrossRef] [PubMed]

17. Zhang, Y.; Zheng, H.; Zhang, L.; Zhang, Z.; Xing, X.; Qi, S. Fine particle-bound polycyclic aromatic hydrocarbons (PAHs) at an
urban site of Wuhan, central China: Characteristics, potential sources and cancer risks apportionment. Environ. Pollut. 2019,
246, 319–327. [CrossRef]

18. Li, T.; Wang, Y.; Hou, J.; Zheng, D.; Wang, G.; Hu, C.; Xu, T.; Cheng, J.; Yin, W.; Mao, X.; et al. Associations between inhaled
doses of PM2.5-bound polycyclic aromatic hydrocarbons and fractional exhaled nitric oxide. Chemosphere 2019, 218, 992–1001.
[CrossRef]

19. Shang, J.; Zhang, Y.; Schauer, J.J.; Tian, J.; Hua, J.; Han, T.; Fang, D.; An, J. Associations between source-resolved PM2.5 and
airway inflammation at urban and rural locations in Beijing. Environ. Int. 2020, 139, 105635. [CrossRef]

20. Mu, G.; Fan, L.; Zhou, Y.; Liu, Y.; Ma, J.; Yang, S.; Wang, B.; Xiao, L.; Ye, Z.; Shi, T.; et al. Personal exposure to PM2.5-bound
polycyclic aromatic hydrocarbons and lung function alteration: Results of a panel study in China. Sci. Total Environ. 2019,
684, 458–465. [CrossRef]

21. Kim, K.-H.; Jahan, S.A.; Kabir, E.; Brown, R.J.C. A review of airborne polycyclic aromatic hydrocarbons (PAHs) and their human
health effects. Environ. Int. 2013, 60, 71–80. [CrossRef]

22. Zhang, Y.; Tao, S.; Shen, H.; Ma, J. Inhalation exposure to ambient polycyclic aromatic hydrocarbons and lung cancer risk of
Chinese population. Proc. Natl. Acad. Sci. USA 2009, 106, 21063–21067. [CrossRef] [PubMed]

23. Fang, B.; Zeng, H.; Zhang, L.; Wang, H.; Liu, J.; Hao, K.; Zheng, G.; Wang, M.; Wang, Q.; Yang, W. Toxic metals in outdoor/indoor
airborne PM2.5 in port city of Northern, China: Characteristics, sources, and personal exposure risk assessment. Environ. Pollut.
2021, 279, 116937. [CrossRef] [PubMed]

24. Lai, A.M.; Carter, E.; Shan, M.; Ni, K.; Clark, S.; Ezzati, M.; Wiedinmyer, C.; Yang, X.; Baumgartner, J.; Schauer, J.J. Chemical
composition and source apportionment of ambient, household, and personal exposures to PM2.5 in communities using biomass
stoves in rural China. Sci. Total Environ. 2019, 646, 309–319. [CrossRef] [PubMed]

25. Saraga, D.E.; Maggos, T.E.; Sfetsos, A.; Tolis, E.I.; Andronopoulos, S.; Bartzis, J.G.; Vasilakos, C. PAHs sources contribution to the
air quality of an office environment: Experimental results and receptor model (PMF) application. Air Qual. Atmos. Health 2010,
3, 225–234. [CrossRef]

26. Tong, X.; Chen, X.-C.; Chuang, H.-C.; Cao, J.-J.; Ho, S.S.H.; Lui, K.-H.; Ho, K.F. Characteristics and cytotoxicity of indoor fine
particulate matter (PM2.5) and PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) in Hong Kong. Air Qual. Atmos. Health
2019, 12, 1459–1468. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2019.135056
http://www.ncbi.nlm.nih.gov/pubmed/31731128
http://doi.org/10.1007/s11869-015-0386-8
http://doi.org/10.1016/j.ecoenv.2019.109552
http://doi.org/10.1016/j.scitotenv.2019.136428
http://doi.org/10.1016/j.ecoenv.2019.109740
http://doi.org/10.1016/j.jclepro.2017.12.263
http://doi.org/10.1007/s11356-019-04198-y
http://doi.org/10.1016/j.atmosenv.2008.10.050
http://doi.org/10.1016/j.jhazmat.2012.07.068
http://www.ncbi.nlm.nih.gov/pubmed/23021315
http://doi.org/10.1080/10406638.2014.883416
http://doi.org/10.1016/j.marpolbul.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26392374
http://doi.org/10.1016/j.ecoenv.2020.110219
http://www.ncbi.nlm.nih.gov/pubmed/31972455
http://doi.org/10.1016/j.envpol.2018.11.111
http://doi.org/10.1016/j.chemosphere.2018.11.196
http://doi.org/10.1016/j.envint.2020.105635
http://doi.org/10.1016/j.scitotenv.2019.05.328
http://doi.org/10.1016/j.envint.2013.07.019
http://doi.org/10.1073/pnas.0905756106
http://www.ncbi.nlm.nih.gov/pubmed/19995969
http://doi.org/10.1016/j.envpol.2021.116937
http://www.ncbi.nlm.nih.gov/pubmed/33756243
http://doi.org/10.1016/j.scitotenv.2018.07.322
http://www.ncbi.nlm.nih.gov/pubmed/30055493
http://doi.org/10.1007/s11869-010-0074-7
http://doi.org/10.1007/s11869-019-00762-0


Int. J. Environ. Res. Public Health 2022, 19, 4440 12 of 13

27. Chao, S.; Liu, J.; Chen, Y.; Cao, H.; Zhang, A. Implications of seasonal control of PM2.5-bound PAHs: An integrated approach for
source apportionment, source region identification and health risk assessment. Environ. Pollut. 2019, 247, 685–695. [CrossRef]

28. Wang, Q.; Jiang, N.; Yin, S.; Li, X.; Yu, F.; Guo, Y.; Zhang, R. Carbonaceous species in PM2.5 and PM10 in urban area of Zhengzhou
in China: Seasonal variations and source apportionment. Atmos. Res. 2017, 191, 1–11. [CrossRef]

29. Zhang, Y.; Lin, Y.; Cai, J.; Liu, Y.; Hong, L.; Qin, M.; Zhao, Y.; Ma, J.; Wang, X.; Zhu, T.; et al. Atmospheric PAHs in North China:
Spatial distribution and sources. Sci. Total Environ. 2016, 565, 994–1000. [CrossRef]

30. Shi, G.-L.; Liu, G.-R.; Tian, Y.-Z.; Zhou, X.-Y.; Peng, X.; Feng, Y.-C. Chemical characteristic and toxicity assessment of particle
associated PAHs for the short-term anthropogenic activity event: During the Chinese New Year’s Festival in 2013. Sci. Total
Environ. 2014, 482, 8–14. [CrossRef]

31. Yuan, Y.; Luo, Z.; Liu, J.; Wang, Y.; Lin, Y. Health and economic benefits of building ventilation interventions for reducing indoor
PM2.5 exposure from both indoor and outdoor origins in urban Beijing, China. Sci. Total Environ. 2018, 626, 546–554. [CrossRef]

32. Zhou, J.; Han, B.; Bai, Z.; You, Y.; Zhang, J.; Niu, C.; Liu, Y.; Zhang, N.; He, F.; Ding, X.; et al. Particle Exposure Assessment for
Community Elderly (PEACE) in Tianjin, China: Mass concentration relationships. Atmos. Environ. 2012, 49, 77–84. [CrossRef]

33. Chen, X.-C.; Chuang, H.-C.; Ward, T.J.; Sarkar, C.; Webster, C.; Cao, J.; Hsiao, T.-C.; Ho, K.-F. Toxicological effects of personal
exposure to fine particles in adult residents of Hong Kong. Environ. Pollut. 2019, 275, 116633. [CrossRef] [PubMed]

34. Shang, J.; Khuzestani, R.B.; Tian, J.; Schauer, J.J.; Hua, J.; Zhang, Y.; Cai, T.; Fang, D.; An, J.; Zhang, Y. Chemical characterization
and source apportionment of PM2.5 personal exposure of two cohorts living in urban and suburban Beijing. Environ. Pollut. 2019,
246, 225–236. [CrossRef] [PubMed]

35. Xie, Y.; Zhao, B.; Zhao, Y.; Luo, Q.; Wang, S.; Zhao, B.; Bai, S. Reduction in population exposure to PM2.5 and cancer risk due to
PM2.5-bound PAHs exposure in Beijing, China during the APEC meeting. Environ. Pollut. 2017, 225, 338–345. [CrossRef]

36. Hime, N.J.; Marks, G.B.; Cowie, C.T. A Comparison of the Health Effects of Ambient Particulate Matter Air Pollution from Five
Emission Sources. Int. J. Environ. Res. Public Health 2018, 15, 1206. [CrossRef]

37. Zhang, N.; Han, B.; He, F.; Xu, J.; Zhao, R.; Zhang, Y.; Bai, Z. Chemical characteristic of PM2.5 emission and inhalational
carcinogenic risk of domestic Chinese cooking. Environ. Pollut. 2017, 227, 24–30. [CrossRef]

38. Zhang, N.; Han, B.; Zhao, R.; Zhao, X.; Xu, J.; Zhang, Y.; Bai, Z. Source profile and excess cancer risk evaluation of environmental
tobacco smoking under real conditions, China. Atmos. Pollut. Res. 2019, 10, 1994–1999. [CrossRef]

39. EPA. Risk Assessment Guidance for Superfund, Volume I: Human Health Evaluation Manual (Part F, Supplemental Guidance for
Inhalation Risk Assessment). Available online: https://www.epa.gov/sites/default/files/2015-09/documents/partf_200901
_final.pdf (accessed on 2 December 2021).

40. Nisbet, I.C.T.; LaGoy, P.K. Toxic equivalency factors (TEFs) for polycyclic aromatic hydrocarbons (PAHs). Regul. Toxicol. Pharmacol.
1992, 16, 290–300. [CrossRef]

41. Li, P.-H.; Kong, S.-F.; Geng, C.-M.; Han, B.; Lu, B.; Sun, R.-F.; Zhao, R.-J.; Zhi, P.-B. Health risk assessment for vehicle inspection
workers exposed to airborne polycyclic aromatic hydrocarbons (PAHs) in their work place. Environ. Sci. Processes Impacts 2013,
15, 623–632. [CrossRef]

42. See, S.W.; Karthikeyan, S.; Balasubramanian, R. Health risk assessment of occupational exposure to particulate-phase polycyclic
aromatic hydrocarbons associated with Chinese, Malay and Indian cooking. J. Environ. Monit. 2006, 8, 369–376. [CrossRef]

43. Liu, Y.N.; Tao, S.; Dou, H.; Zhang, T.W.; Zhang, X.L.; Dawson, R. Exposure of traffic police to Polycyclic aromatic hydrocarbons in
Beijing, China. Chemosphere 2007, 66, 1922–1928. [CrossRef] [PubMed]

44. Hu, Y.; Bai, Z.; Zhang, L.; Wang, X.; Zhang, L.; Yu, Q.; Zhu, T. Health risk assessment for traffic policemen exposed to polycyclic
aromatic hydrocarbons (PAHs) in Tianjin, China. Sci. Total Environ. 2007, 382, 240–250. [CrossRef] [PubMed]

45. Shi, J.; Peng, Y.; Li, W.; Qiu, W.; Bai, Z.; Kong, S.; Jin, T. Characterization and Source Identification of PM10-bound Polycyclic
Aromatic Hydrocarbons in Urban Air of Tianjin, China. Aerosol Air Qual. Res. 2010, 10, 507–518. [CrossRef]

46. Wang, F.; Lin, T.; Li, Y.; Ji, T.; Ma, C.; Guo, Z. Sources of polycyclic aromatic hydrocarbons in PM2.5 over the East China Sea, a
downwind domain of East Asian continental outflow. Atmos. Environ. 2014, 92, 484–492. [CrossRef]

47. Yu, Q.; Gao, B.; Li, G.; Zhang, Y.; He, Q.; Deng, W.; Huang, Z.; Ding, X.; Hu, Q.; Huang, Z.; et al. Attributing risk burden of
PM2.5-bound polycyclic aromatic hydrocarbons to major emission sources: Case study in Guangzhou, south China. Atmos.
Environ. 2016, 142, 313–323. [CrossRef]

48. Yao, Z.; Li, J.; Wu, B.; Hao, X.; Yin, Y.; Jiang, X. Characteristics of PAHs from deep-frying and frying cooking fumes. Environ. Sci.
Pollut. Res. 2015, 22, 16110–16120. [CrossRef] [PubMed]

49. Ray, D.; Chatterjee, A.; Majumdar, D.; Ghosh, S.K.; Raha, S. Polycyclic aromatic hydrocarbons over a tropical urban and a high
altitude Himalayan Station in India: Temporal variation and source apportionment. Atmos. Res. 2017, 197, 331–341. [CrossRef]

50. Chen, Y.-C.; Chiang, H.-C.; Hsu, C.-Y.; Yang, T.-T.; Lin, T.-Y.; Chen, M.-J.; Chen, N.-T.; Wu, Y.-S. Ambient PM2.5-bound polycyclic
aromatic hydrocarbons (PAHs) in Changhua County, central Taiwan: Seasonal variation, source apportionment and cancer risk
assessment. Environ. Pollut. 2016, 218, 372–382. [CrossRef]

51. Callén, M.S.; Iturmendi, A.; López, J.M. Source apportionment of atmospheric PM2.5-bound polycyclic aromatic hydrocarbons by
a PMF receptor model. Assessment of potential risk for human health. Environ. Pollut. 2014, 195, 167–177. [CrossRef]

52. Cao, X.; Hao, X.; Shen, X.; Jiang, X.; Wu, B.; Yao, Z. Emission characteristics of polycyclic aromatic hydrocarbons and nitro-
polycyclic aromatic hydrocarbons from diesel trucks based on on-road measurements. Atmos. Environ. 2017, 148, 190–196.
[CrossRef]

http://doi.org/10.1016/j.envpol.2018.12.074
http://doi.org/10.1016/j.atmosres.2017.02.003
http://doi.org/10.1016/j.scitotenv.2016.05.104
http://doi.org/10.1016/j.scitotenv.2014.02.107
http://doi.org/10.1016/j.scitotenv.2018.01.119
http://doi.org/10.1016/j.atmosenv.2011.12.020
http://doi.org/10.1016/j.envpol.2021.116633
http://www.ncbi.nlm.nih.gov/pubmed/33561752
http://doi.org/10.1016/j.envpol.2018.11.076
http://www.ncbi.nlm.nih.gov/pubmed/30557796
http://doi.org/10.1016/j.envpol.2017.02.059
http://doi.org/10.3390/ijerph15061206
http://doi.org/10.1016/j.envpol.2017.04.033
http://doi.org/10.1016/j.apr.2019.09.006
https://www.epa.gov/sites/default/files/2015-09/documents/partf_200901_final.pdf
https://www.epa.gov/sites/default/files/2015-09/documents/partf_200901_final.pdf
http://doi.org/10.1016/0273-2300(92)90009-X
http://doi.org/10.1039/c2em30708a
http://doi.org/10.1039/b516173h
http://doi.org/10.1016/j.chemosphere.2006.07.076
http://www.ncbi.nlm.nih.gov/pubmed/16996563
http://doi.org/10.1016/j.scitotenv.2007.04.038
http://www.ncbi.nlm.nih.gov/pubmed/17544483
http://doi.org/10.4209/aaqr.2010.06.0050
http://doi.org/10.1016/j.atmosenv.2014.05.003
http://doi.org/10.1016/j.atmosenv.2016.08.009
http://doi.org/10.1007/s11356-015-4837-4
http://www.ncbi.nlm.nih.gov/pubmed/26066859
http://doi.org/10.1016/j.atmosres.2017.07.010
http://doi.org/10.1016/j.envpol.2016.07.016
http://doi.org/10.1016/j.envpol.2014.08.025
http://doi.org/10.1016/j.atmosenv.2016.10.040


Int. J. Environ. Res. Public Health 2022, 19, 4440 13 of 13

53. Lu, H.; Zhu, L. Pollution patterns of polycyclic aromatic hydrocarbons in tobacco smoke. J. Hazard. Mater. 2007, 139, 193–198.
[CrossRef] [PubMed]

54. Mannino, M.R.; Orecchio, S. Polycyclic aromatic hydrocarbons (PAHs) in indoor dust matter of Palermo (Italy) area: Extraction,
GC–MS analysis, distribution and sources. Atmos. Environ. 2008, 42, 1801–1817. [CrossRef]

55. Murillo, J.H.; Villalobos, M.C.; Rojas Marín, J.F.; Guerrero, V.H.B.; Solórzano Arias, D. Polycyclic aromatic hydrocarbons in PM2.5
and PM10 atmospheric particles in the Metropolitan Area of Costa Rica: Sources, temporal and spatial variations. Atmos. Pollut.
Res. 2017, 8, 320–327. [CrossRef]

56. Ho, K.F.; Ho, S.S.H.; Lee, S.C.; Cheng, Y.; Chow, J.C.; Watson, J.G.; Louie, P.K.K.; Tian, L. Emissions of gas- and particle-phase
polycyclic aromatic hydrocarbons (PAHs) in the Shing Mun Tunnel, Hong Kong. Atmos. Environ. 2009, 43, 6343–6351. [CrossRef]

57. Ravindra, K.; Sokhi, R.; Van Grieken, R. Atmospheric polycyclic aromatic hydrocarbons: Source attribution, emission factors and
regulation. Atmos. Environ. 2008, 42, 2895–2921. [CrossRef]

58. Hosgood, H.D., 3rd; Boffetta, P.; Greenland, S.; Lee, Y.-C.A.; McLaughlin, J.; Seow, A.; Duell, E.J.; Andrew, A.S.; Zaridze, D.;
Szeszenia-Dabrowska, N.; et al. In-home coal and wood use and lung cancer risk: A pooled analysis of the International Lung
Cancer Consortium. Environ. Health Perspect. 2010, 118, 1743–1747. [CrossRef]

59. Andersen, Z.J.; Wahlin, P.; Raaschou-Nielsen, O.; Scheike, T.; Loft, S. Ambient particle source apportionment and daily hospital
admissions among children and elderly in Copenhagen. J. Expo. Sci. Environ. Epidemiol. 2007, 17, 625–636. [CrossRef]

60. IARC. Diesel and Gasoline Egnine Exhausts and Some Nitroarenes; International Agency for Research on Cancer: Lyson, France, 2014;
Volume 105.

61. Xie, J.; Wang, X.; Sheng, G.; Bi, X.; Fu, J. Determination of tobacco smoking influence on volatile organic compounds constituent
by indoor tobacco smoking simulation experiment. Atmos. Environ. 2003, 37, 3365–3374. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16839683
http://doi.org/10.1016/j.atmosenv.2007.11.031
http://doi.org/10.1016/j.apr.2016.10.002
http://doi.org/10.1016/j.atmosenv.2009.09.025
http://doi.org/10.1016/j.atmosenv.2007.12.010
http://doi.org/10.1289/ehp.1002217
http://doi.org/10.1038/sj.jes.7500546
http://doi.org/10.1016/S1352-2310(03)00354-6

	Introduction 
	Materials and Methods 
	Sampling Description 
	Sampling Area 
	Participant Recruitment 
	Sample Collection 

	Mass and PAH Analysis 
	Mass Analysis 
	Polycyclic Aromatic Hydrocarbons Analysis 

	Data Analysis 
	Source Apportionment 
	Health Risk Assessment 


	Results and Discussions 
	Characteristics of Personal PAHs Exposure 
	Source Apportionment of Personal PAHs Exposure 
	Carcinogenic Risk of PAH Sources via Inhalation 

	Conclusions 
	References

