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HIGHLIGHTS

o The benzo[a]pyrene equivalents of gas-
and particle-phase PAHs were well
reproduced.

e The health risks of total PAHs in the
central YRD are homogeneously
distributed.

e The daily cycle of total PAHs is shaped
by various emission sources and
meteorology.

e The contribution of gaseous PAHs to the
total risk is over 40% at midday in
summer.
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ABSTRACT

The health risks of ambient polycyclic aromatic hydrocarbons (PAHs) have widely been assessed using their
particulate data, while PAHs in the gas phase have rarely been considered due to their lack of availability. In this
study, an equilibrium model for gas-particle partitioning, including both absorption and adsorption mechanisms,
was parameterized to predict PAHs in the gas phase from particle data. This model was validated using measured
PAHs in the gas and particle phase (G + P) from northern Nanjing, China. It was found that the benzo[a]pyrene
equivalents (BaPeq) of total G + P PAHs were well reproduced. After predicting gaseous PAHs for integrated
PM, 5 samples from five central cities in the Yangtze River Delta (YRD), China and time-resolved PM3 5 samples
from northern Nanjing, BaPeq of G + P PAHs showed high regional homogeneity in fall and winter, and gaseous
PAHSs contributed 43.6 % of the BaPeq and incremental lifetime cancer risk (ILCR) of G + P PAHs at noon in
summer when the temperature was the highest. The regional variability and diurnal patterns of ambient PAHs
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and associated health risks presented in this study are important for an accurate assessment of personal inha-
lation exposure in the YRD region.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of semi-
volatile organic compounds (SVOCs) that originate from incomplete
combustion processes and are ubiquitous in air, soil, and water. As many
PAHs are known carcinogens (e.g., benzo[a]pyrene) and inhalation is an
important exposure pathway for humans [42,58,6,71], the concentra-
tions, spatiotemporal variability, and sources of PAHs in the atmosphere
and their health effects have been intensively investigated [15,26,54,
65]. In Western Europe and the United States, total PAH concentrations
and associated health risks, typically expressed in benzo[a]pyrene (BaP)
equivalents (BaPeq) and incremental lifetime cancer risk (ILCR), have
been declining for decades due to stringent control measures for emis-
sion sources [29,33]. Specific standards or targets have been set up to
minimize inhalation exposure to airborne PAHs. For example, the US
Occupational Safety and Health Administration has established a
permissible exposure level of 0.2mg m™ (8-hour time-weighted
average) for PAHs in workplace air [3]. The European Union targets
to limit the annual mean concentration of B[a]P in particulate matter
(PM) with an aerodynamic diameter of less than 10 pm (PM;) to no
more than 1 ng m™ [16], and the UK National Air Quality Objective for
B[a]P in ambient air is even stricter with an annual mean value of
0.25ng m™> [13]. In 2020, only 7 of the 33 sampling sites in the UK PAH
network exceeded 0.25 ng m~ (0.27 - 0.84 ng m3; [9]).

According to Yan et al. [65] and the references therein, particulate
PAHs in Chinese cities mainly originate from coal and biomass burning,
motor vehicle emissions, and the coke and petroleum industries; PAH
pollution was higher in northern cities than in southern cities due to
large amounts of coal and biofuel used for heating in winter. Besides the
changes in emission sources, the high winter and low summer levels of
PAH pollution were also attributed to seasonal variations in meteoro-
logical conditions (e.g., temperature, precipitation, and solar radiation;
[46,56]). Following the implementation of a series of air pollution
control plans in China since 2013 (“Air Pollution Prevention and Control
Action Plan”, 2013-2017; the “Three-Year Blue Sky Action Plan”,
2018-2020), PM pollution in Chinese cities decreased drastically [25,
28,70]. The PAH emission inventory compiled by Wang et al. [55]
showed an emission decrease of 11.4 % from 2013 to 2017 in mainland
China. In Nanjing, a typical megacity in the Yangtze River Delta (YRD),
China, the annual mean concentration of priority PAHs (excluding
naphthalene) as defined by the US Environmental Protection Agency
(EPA) in PM; 5 decreased from 14.3 ng m~3 in 2014-2015 to 9.21 ng m3
in 2018-2019 [20,24].

In most studies, the health risks of airborne PAHs were assessed only
by measuring their concentrations in the particle phase [24,45,52,71,
with integrated PM sampling performed at low temporal resolution
(12-24 h). This may be because preparation for sampling gaseous PAHs
and subsequent analysis is time- and solvent-consuming [20,63], and
because continuous measurement technique for the gas-particle (G-P)
partitioning of PAHs is not commercially available [32]. Ramirez et al.
[43] reported BaPeq and ILCR of 18 parent PAHs in both gas and particle
phase (G + P) near chemical industry sites in northeastern Spain for one
year (2008-2009), and gas-phase PAHs accounted for 34-86 % of BaPeq
and ILCR values for G + P PAHs. The spatial variability of PAH con-
centrations may jeopardize the representativeness of risk analysis based
on measurement data at a single site. Some studies have performed
multi-site sampling within a city to mitigate this issue [2,27,47,54].
However, the spatial distribution of PAHs and health risks at the
regional level has scarcely been studied [15,26]. Since people spend
time outdoors and indoors at different times of the day, time-resolved
measurements of PAHs in air are beneficial not only for source

identification and regulatory policy development, but also for accurate
inhalation exposure estimation and risk analysis.

Central YRD is one of the most developed regions in China and suf-
fers from air pollution problems [18,66]. To reveal the regional and
diurnal variability of health risks of PAHs in this area, the integrated
particle-phase concentrations (PM5 s5) of 15 parent PAHs in the five cities
of southern Jiangsu (Nanjing, Suzhou, Wuxi, Changzhou, and Zhen-
jiang) from September, 2020 to February, 2021 were obtained from
Feng et al. [18]. Time-resolved data of the same PAH species in PMj 5 in
northern Nanjing during the winter and summer of 2019 and 2020 were
retrieved from Feng et al. [17]. The gas-phase concentrations of PAHs
were predicted based on the above particle-phase data using an equi-
librium partitioning model that accounts for both absorption and
adsorption mechanisms [40,41], which was validated by using
measured gas- and particle-phase data from northern Nanjing. The total
concentrations of measured particle-phase and predicted gaseous PAHs
were calculated to estimate the spatial and diurnal variations in their
health risks. The results of the study will improve the understanding of
the spatiotemporal variability of health risks from airborne PAHs in the
central YRD and the estimation of personal inhalation exposure.

2. Methods
2.1. Data collection

The measurement results of 15 parent PAHs in PM; 5 of the five
central cities in the YRD were obtained from Feng et al. [18], where 23-h
PM, 5 samples were collected simultaneously every three days from
September 1, 2020 to February 28, 2021 using a four-channel sampler
with a flow rate of 16.7 L min’. The locations of the five sampling sites
in Nanjing (Caochangmen), Suzhou (Nanmen), Wuxi (Environmental
Monitoring Center), Changzhou (Environmental Monitoring Center),
and Zhenjiang (Center for Disease Control and Prevention) are shown in
Fig. 1. Time-resolved measurement data of PAHs in PM; 5 from northern
Nanjing were derived from Feng et al. [17], with 2-h PMjy 5 samples
collected from 8:00-20:00 and 6-h samples collected from 20:00-8:00
(the next day) on each sampling day. The sampling site is located on the
roof of a seven-story building of Nanjing University of Information
Science and Technology (NUIST, Fig. 1). A total of 15-day sampling was
conducted in winter 2019 (January, N =7) and 2020 (January, N = 8),
and 48-day sampling was conducted in summer 2019 (June-September,
N =24) and 2020 (June-September, N = 24). To test and validate the
prediction method for PAH concentrations in the gas phase, the mea-
surement results of PAH concentrations in PMj 5 and in the gas phase
from Gou et al. [20] were used. PMy 5 and gas-phase samples were
collected in pairs every sixth day (11-12h sampling; twice daily) from
September 2018 to September 2019 using a medium-volume sampler
(300 Lmin ™) at the same site (NUIST) in northern Nanjing (Fig. 1).

All six sampling sites are located in urban or suburban areas and are
not close to point sources of emissions. The surrounding area consists
mainly of residential buildings and road traffic. As shown in Fig. 1, the
five cities in southern Jiangsu form the center of the YRD region, one of
the most developed areas in China, and the selected sampling sites are
almost evenly distributed. Feng et al. [18] reported a spatially homo-
geneous distribution of PAH concentrations and the main sources (in-
dustrial emissions and biomass burning) in the five cities of southern
Jiangsu, indicating the dominance of regional emissions. In addition, the
main factors influencing the G-P partitioning of PAHs, including PMj 5
major components and meteorological parameters (temperature and
relative humidity), also showed high spatial homogeneity in southern
Jiangsu [18]. Therefore, the sampling sites selected in this study were
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well representative of the central YRD region.

The analytical method for non-polar SVOCs, including PAHs, was
described in detail in the studies mentioned above. Briefly, an aliquot of
each PM, s-loaded quartz filter was pre-spiked with 20 pL of a mixture of
isotopically labeled PAHs (internal standard, IS) and ultrasonically
extracted twice with methylene chloride for 15 min. Gaseous SVOCs in
adsorbent samples (polyurethane foam and XAD-4 resin cartridge) were
pre-spiked with IS and Soxhlet-extracted in methylene chloride for 24 h.
The extracts of the particulate and gaseous samples were filtered,
concentrated, and examined using a gas chromatograph (GC, Agilent
7890B)-mass spectrometer (MS, Agilent 5977B). Six-point calibration
curves were generated to determine the concentrations of each species
following an internal standard method. Field blank corrections were
performed before calculating the ambient concentrations of the target
compounds. Moreover, the concentrations of bulk organic carbon (OC)
and elemental carbon (EC) in filter samples were measured using a
thermo-optical carbon analyzer (DRI Model 2001) according to the
IMPROVE-A protocol. The PM5 5 mass accumulated in each filter sample
from the NUIST site was determined gravimetrically, and the synchro-
nized PM, 5 data of the five central YRD cities were obtained from the
online air quality platform [53]. Table S1 in the Supporting Information
lists the mean concentrations of 19 PAHs in PMjy 5 and gas phase, OC,
and PMj s mass at the NUIST site from 2018 to 2019. Chrysene and
triphenylene have similar vapor pressure (~107° atm at 298.15 K; [21,
22]), and these two compounds cannot be separated on the stationary
phase of the GC column (HP-5ms, Agilent) chosen for the analysis [20,
63]. Therefore, these two compounds were treated as one species
(CHY/TP). For the same reason, benzo[b]fluoranthene and benzo[k]
fluoranthene were grouped together as BbkF. Four PAHs with the lowest
MW (naphthalene-NAP, acenaphthene-ACE, acenaphthylene-ACY, and
fluorene-FLU) in PM; 5 showed mean concentrations below the method
detection limit (MDL, Table S1) and/or a high proportion of missing
values. Their concentrations in PMy 5 were not reported for the five
central YRD cities [18] and the time-resolved samples at NUIST in
northern Nanjing [17]. Therefore, the mean concentrations of 15 PAHs
in PMy 5, OC, and PM; 5 mass from Nanjing, Suzhou, Wuxi, Changzhou,
and Zhenjiang are summarized in Table S2; the mean concentrations
during individual sampling intervals for time-resolved measurements
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are listed in Table S3.

2.2. Gas-phase PAH predictions and validation

The G-P partitioning of SVOCs was defined in early studies on the

basis of the measured concentrations of the individual species in the
particle and gas phase and the PM mass [39,64]:
K, = F/ZSP (1)
where K, (m® pg™) is the partitioning coefficient, TSP (ug m™) is the
concentration of total suspended particles (TSP), and F and A (ng m>)
are the concentrations of each compound in the particle and gas phase,
respectively. In this work, TSP was replaced by PMj 5 mass in Eq. (1). Cui
et al. [11] have shown that the particle-phase PAHs are enriched in
PM, 5 in northern Nanjing.

The partitioning coefficient can also be predicted using an equilib-
rium model developed by [40,41]:

1 _ fomRT
K., = — [N.arwepRTe @ ~Q)/RT
P = pp Mot " T0°MWonCon

(2)
where pf is the subcooled liquid vapor pressure (atm) of each PAH, and
the first and second terms in the brackets represent the adsorption on PM
surfaces and the absorptive partitioning to particulate organic matter
(OM), respectively. In the first term, N5 (mol cm'z) is the surface con-
centration of the adsorption sites, arsp (m? g‘l) denotes the specific
surface area of TSP, and Q-Q, (kJ mol™) is the difference between
subcooled liquid desorption enthalpy (Qp) and vaporization enthalpy
(Qy). To best fit the measured 1g K}, of PAHs in northern Nanjing (China)
and Denver (United States), Zhou et al. [72] developed a parameteri-
zation method for Eq. (2) by setting N; and apyzs to 6.64 X 10710
mol cm™? and 10 m? g’l, respectively. The Q-Q, value for Denver
(3 keal mol™!) was higher than that for Nanjing (2 kcal mol™), possibly
due to the extremely low aerosol water content in Denver. Since the
influencing factors for the G-P partitioning of PAHs and their sources in
southern Jiangsu showed high spatial homogeneity (Section 2.1), the
equilibrium model parameterized for describing G-P partitioning of
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Fig. 1. Locations of sampling sites in (a) the Yangtze River Delta (YRD), eastern China, and (b) southern Jiangsu, center of the YRD region. Map data: Google
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PAHs in northern Nanjing by Zhou et al. [72] was used in this work. In
the absorptive partitioning term, fou is the fraction of PM accounted for
by OM, of which the concentration was calculated as OCx 1.6 [48].
MWowm (8 mol’l) and {om are the mean molecular weight (MW) of
particulate OM and the molar activity coefficient of a specific compound
in particulate OM, respectively. To be consistent with previous studies,
these two parameters were set to 200 g mol ™ and 1.0, respectively [20,
4,61-63,72].

In both terms, R and T are the gas constant (8.21 x107° m?
atm mol~! K1) and the ambient temperature (K). The pf value of each
PAH was calculated for each sample as follows

o _ o Q& 1T 1
P =D eXp{R (29&15 T” 3

where p®” and Q*, are pf and Q, at 298.15 K. In this study, the p{" and
Q*y values of the target PAHs were taken from the literature based on
the dependence of GC retention times on temperature (Table 1; [21,22,
371). Since the ranges of pf’* and Q* values in the literature were within
an order of magnitude, their midranges were used for pf calculation
(Table 1). Subsequently, the gas-phase concentrations of PAHs for the
five central YRD cities and time-resolved samples in northern Nanjing
can be predicted by combining Eqs. (1) and (2).

To validate the prediction method, the PAH concentrations in the gas
phase and the corresponding BaPeq for the integrated sampling at the
NUIST site were initially predicted using measurement data from the
particle phase, and then the measured and predicted concentrations and
BaPeq in the gas-phase and G + P PAHs were compared. If absorptive
partitioning was the dominant mechanism, the measured and predicted
absorptive partitioning coefficient (K, owm, m® pg™) can be parameter-
ized as

K, F/Mon
Kpom = fou A @
RT
Kpom = 7o 5
POM T T 06 MW omConl®s ®)

Since the equilibrium absorptive partitioning has been widely used
to describe the G-P partitioning of ambient SVOCs and to predict the
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formation of secondary organic aerosols (SOA) in laboratory and field
studies [31,38,5,62,63,69], the prediction results by combining Eqs. (4)
and (5) were also presented for comparison.

2.3. Risk assessment

In this study, the BaPeq of the target PAHs in each sample were
calculated by multiplying the concentrations of each PAH by the cor-
responding toxic equivalency factors (TEFs) used to rank the carcino-
genicity of PAHs with respect to BaP [12]. The TEFs of our target PAHs
were proposed by Nisbet and LaGoy [36] and Larsen and Larsen [30]
and are listed in Table 1. The measured concentrations of low MW PAHs
(e.g., NAP and FLU) in the particle phase and high MW PAHs (e.g, BbkF
and DahA) in the gas phase were mostly below the MDL. As suggested by
Ramirez et al. [43] and US EPA [50], these measurements were replaced
by half of the MDL in the calculation of BaPeq. The ILCR values of the
individual PAHs were calculated as

ILCR = BaPeq x UR (6)

where UR is the unit risk of the ILCR of PAHs in the ambient. Based on
the estimation of WHO [59,60], the value of UR in this study was set at
8.7 x 107 per ng m™>, which corresponds to 8.7 cases per 100,000
people with chronic inhalation exposure to BaP at 1 ng m™>.

3. Results and discussion
3.1. Validation for the prediction of gaseous PAHs

Table S4 compares the mean values of measured and predicted
concentrations and BaPeq for gaseous and G + P PAHs in northern
Nanjing. Because G + P NAP, ACE, ACY, and FLU account for only a very
small proportion (mean 5.11 % =+ 2.86 %) of the BaPeq of all target
PAHs, and their low levels in PMy 5 (Table S1) could lead to large un-
certainties in the gas-phase prediction, the prediction results for these
four species were not reported. According to the measured data, PHE,
ANT, FLT, and PYR (MW < 202) were mainly present in the gas phase,
while other PAHs (MW > 228) primarily existed in the particle phase;
PHE and FLT dominated (61.7 % =+ 8.35 %) the G + P concentrations of

Table 1

Vapor pressures (atm) and enthalpies of vaporization (kJ mol™!) at 273.15 K of the target PAHs and their TEFs used in this study.
Compounds Abbr. P2’ Q*y TEF

Literature value This study Literature value This study

naphthalene NAP (3.68-4.22)x 10~** 3.95 x 1074 55.7-62° 58.8 0.001¢
acenaphthene ACE (1.46-1.50)x 10~>* 1.48 x 107° 70.5-71.4" 71.0 0.001¢
acenaphthylene ACY 2.07 x 10>* 2.07 x 107° 69.1° 69.1 0.001¢
fluorene FLU (4.32-5.20)x 107%¢ 476 x 107 74.4-75.1° 74.7 0.0005'
phenanthrene PHE (7.34-9.90)x 107 8.62 x 1077 79.0-81.4" 80.2 0.0005"
anthracene ANT (6.54-10.6)x 107" 8.57 x 1077 79.1-81.7° 80.4 0.0005'
fluoranthene FLT (4.73-11.9)x 107%¢ 8.32 x 1078 86.8-90.2" 88.5 0.05'
pyrene PYR (3.76-8.62)x 1078¢ 6.19 x 1078 87.2-91.0° 89.1 0.001"
benz[a]anthracene BaA (1.84-3.76)x 10~°° 2.80 x 107° 95.2-104" 99.8 0.005"
chrysene/triphenylene CHY/TP (1.68-1.76)x 10~°° 1.72 x 107° 97.0-103" 100 0.03"¢
benzo[b&k]fluoranthene BbkF (7.51-12.8)x 107112 1.02 x 1071 104-106" 105 0.1¢
benzo[j]fluoranthene BjF (7.51-12.8)x 10~ 1%P 1.02 x 10710 104-106" 105 0.05"
benzo[e]pyrene BeP 9.68 x 10711 9.68 x 10711 105-108" 107 0.002'
benzo[a]pyrene BaP (5.83-9.24)x 107112 7.54 x 10711 105-107° 106 1!
indeno[1,2,3-cd]pyrene IDP 1.06 x 107 11¢ 1.06 x 10711 109° 109 0.1°
benzo[ghi]perylene BghiP (4.24-4.27)x 107124 4.26 x 10712 106 106 0.02°
dibenz[ah]anthracene DahA (3.32-3.41)x 107124 3.37 x 10712 106 106 1.1

2 Haftka et al. [21] and references therein

b values of BbkF were used

¢ Odabasi et al. [37]

4 Hanshaw et al. [22] and references therein

¢ Nisbet and LaGoy [36]

f Larsen and Larsen [30]

& the same TEF value was assumed for triphenylene as for chrysene.
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all PAHs. As Table S4 shows, the mean concentrations of the predicted
PHE, ANT, FLT, and PYR gas-phase concentrations are much closer to
the measurements when using the absorption and adsorption mecha-
nism (Abs + Ads) than when using the absorptive partitioning mecha-
nism (Abs), which also explains the good agreement between the
measured (31.0 & 20.6 ng m'3) and predicted G + P concentrations
(39.5 + 31.7 ng m™) of all PAHs. Although the Abs mechanism can well
explain the G-P partitioning of n-alkanes in northern Nanjing, the
measured Kp om values of PAHs were several times higher than those
predicted, indicating stronger sorption to the particle phase than ab-
sorption [72]. This could be due to the particular interactions (e.g., -1
conjugation) between PAHs and solid surfaces [10,73]. However, the
gas-phase concentrations of PAHs with MW > 228 were not well pre-
dicted, which had little effect on the predicted mean G + P concentra-
tions of these species (Table S4). A possible explanation for this is that
PAHs with high MW had trace levels in the gas phase (Table S1), whose
signal intensity was probably influenced and overestimated by co-eluted
compounds with similar ion fragments for GC-MS analysis. For the same
reason, ANT concentrations in PMj 5 were subject to large uncertainties,
which could lead to the large difference between measured and pre-
dicted gas-phase and G + P concentrations (Table S4).

When calculating the BaPeq of individual PAHs, the total BaPeq of
gas-phase and G + P PAHs also showed better agreement between
measurements (0.48 £ 0.21 ngm™>; 2.15+1.51ngm™>) and pre-
dictions (0.28 + 0.26 ng m™3; 1.95 + 1.53 ng m™>) according to the Abs
+ Ads mechanism (Table S4). In Table 1, the TEF value of FLT (0.05) was
50-100 times higher than that of PHE, ANT, and PYR, the other three
prominent PAHs in the gas phase, and its mean gas-phase concentration
was no less than 20 % of the total (Table S4). Thus, FLT accounted for a
large fraction (48.2 % + 16.6 %) of the BaPeq of all PAHs in the gas
phase for the measured data. As shown in Fig. 2a and b, the regression
slope for the predicted versus measured concentrations of G + P PAHs is
closer to unity (0.88) for the Abs + Ads mechanism than for the Abs
mechanism (2.31). Although the Abs + Ads mechanism could not
perfectly reproduce the variations in the concentrations of G + P PAHs,
the scattering data for the predicted and measured BaPeq of G + P PAHs
almost overlapped with the identity line (Fig. 2c). Given that the BaPeq
of gas-phase PAHs averaged 28.9 % + 14.9 % of the BaPeq of G + P
PAHs in 2018-2019 and often exceeded 50 % in summer, the health
risks of gas-phase PAHs in the central YRD should not be ignored and can
be predicted when the measurement data are not available.

3.2. Regional variability of G+P PAHs and risks

Feng et al. [18] found that the particle-phase concentrations of PAHs
in Nanjing, Suzhou, Wuxi, Changzhou, and Zhenjiang exhibited similar
temporal variability (r = 0.78-0.97), with particulate PAHs peaking in
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December and January between September 1, 2020, and February 28,
2021. Considering the spatial homogeneity of PAHs in the particle
phase, the significant increase in winter was attributed to the long-range
transport of combustion aerosols from northern China and unfavorable
meteorological conditions. In this study, the gas-phase concentrations of
PAHs from the five central cities in the YRD region were predicted using
the Abs + Ads mechanism. The mean concentrations and BaPeq of G + P
PAHs in the five cities are shown in Table S5. Figs. S1 and 3 show time
series of concentrations and health risks of G + P PAHs.

Unlike the temporal variations of particulate PAHs, the concentra-
tions of G + P PAHs showed no obvious increases from fall to winter
(Fig. S1). PHE, ANT, FLT, and PYR together contributed 85.3 %
+ 10.7 %-91.5 % + 7.29 % of all G + P PAHs in the five central cities of
the YRD region from September to November 2020 (fall). With the
decrease in temperature and increase in heating activities in northern
China during winter, the mass fractions of other PAHs with higher MW
(>228) increased to 25.4 % + 14.6 %-34.3 % + 13.7 %. These results
suggest that evaporation of unburned fossil fuels is likely an important
source of light PAHs in warm seasons [23,57]. However, the BaPeq of G
-+ P PAHs remained low in fall and high in winter and was mainly
contributed by particulate PAHs (78.9 % =+ 17.0 %-85.2 % =+ 14.5 %).
In Fig. 3, the PAH species with mean contributions to BaPeq greater than
5 % in the five cities are FLT (10.4 %-16.9 %), BbkF (5.66 %-6.07 %),
BaP (49.8 %-53.5 %), IDP (5.48 %-5.84 %), and DahA (18.6 %-
22.6 %), of which only FLT occurs mainly in the gas phase, with
particle-phase fractions ranging from 18.4% +17.2 to 24.4%
=+ 20.3 %. Since FLT and BaP are the two main contributors to the BaPeq
of G + P PAHs in September and early October, 2020 (Fig. 3), it was
expected that the health risks of PAHs in the gas and particle phase
would be comparable in summer.

The correlation coefficients () of G + P PAHs between two sampling
sites in the five cities showed a wider range (0.14-0.73) than that of
particle-phase PAHs (Fig. S2), indicating that the gas-phase PAHs were
more influenced by local sources. This might be because long-range
transport is subject to photochemical oxidations due to the faster pro-
cessing rate in the gas phase [14,44]. Due to the dominance of partic-
ulate PAHs in the health risks in late fall and winter, the r values and
coefficient of divergence (COD) of G + P BaPeq between sampling sites
(r=0.79 + 0.04, COD = 0.25 4 0.04) are comparable to particulate
BaPeq (r = 0.74 + 0.10, COD = 0.30 + 0.05; Fig. S2). Thus, the con-
centrations of G + P PAHs determined in one of the five cities can be
used to evaluate and illustrate the health risks in the central YRD region
during the cold period.

As shown in Fig. 3f, the ILCR values of G + P PAHs in the five cities
are in the range of 1 x 10 x 10 in fall and winter, and the mean
values are all higher than 1 x 10* in winter (1.16 x 107*
+6.84 x 10°-2.00 x 10 + 1.11 x 107*). The ILCR values in the cold
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periods of this study were comparable to those of G + P PAHs at
chemical industry sites in Spain (1.2 x 10’4; [43]), but lower than those
observed in two typical foundry plants in central Taiwan (9.06 x 10~
and 1.09 x 1073; [34]). An ILCR value of 1 x 10~ for PAHs was deemed
unacceptable by the US EPA [49]. It was derived by setting a statewide
standard of 1 x 107> for each carcinogen and assuming that no more
than ten carcinogens would be detected at a site. Considering the spatial
homogeneity of BaPeq (Figs. 3 and S2) and the high ILCR values (>
1 x 10‘4) in winter in the central YRD region, joint prevention and
control measures such as replacing coal and biomass fuels with cleaner
energy (e.g., natural gas and electricity) should be continued to reduce
PAH emissions during the heating season in northern China.

3.3. Time-resolved variability of G+P PAHs and risks

Feng et al. [17] reported a significant increase in PMjy 5 PAHs during
the late afternoon rush hour only in winter for the northern Nanjing site,
and the diurnal profile in summer was probably determined by the
variations in planetary boundary layer height (PBLH). The increase in
PM, 5 PAHs at 16:00-20:00 in winter shown in Fig. S3a could also be
partly related to the emissions from domestic heating (e.g., cooking)
using biofuels in the neighboring rural areas [1,35]. The total concen-
trations of PMss PAHs reached their maxima at 8:00-10:00 am in
winter (21.2 ng m’3) and at 2:00-8:00 am in summer (6.53 ng m’g;
Table S3). Besides the influences of PBLH variations, particulate PAHs
are more subject to photodegradation and evaporation at
8:00-10:00 am in summer than in winter, as sunrise occurs much earlier
in summer (before 6:00 am). According to the measured particulate and
predicted G + P PAHs, the mean particulate fraction of total PAHs was
more than twice as high at 2:00-8:00 am (20.7 %) as at 8:00-10:00 am
(9.20 %) in summer, while the values in the two sampling intervals in
winter (62.2 % and 72.1 %) were comparable. Moreover, the earlier
morning rush hour in summer (before 8:00 am) could also contribute to
the highest PM5 5 PAH concentrations at 2:00-8:00 am. In both winter
and summer, PAH concentrations in the gas phase were much higher
during the day than at night (Fig. S3b, e), and the particulate fractions of
PAHs reached the lowest value at 14:00-16:00 (winter 46.3 %; summer
4.03 %) with the highest temperature. Although the mean difference
between the daily maximum and minimum temperatures in winter and
summer was only 4.72 °C and 6.82 °C, respectively, the pf of individual
PAHs increased by about 100 % from the lowest to the highest tem-
peratures on both winter and summer days. In winter, total concentra-
tions of particle-phase PAHs during individual sampling intervals (mean
10.5-21.2 ng m™>) were generally higher than those of gas-phase PAHs
(5.31-14.2 ng m™>), and the diurnal profile of G + P PAHs was similar to
that of the particle-phase PAHs (Fig. S3a, c). In contrast, G + P con-
centrations in summer were mainly determined by gas-phase PAHs
(79.6 %-96.1 %) and showed a diurnal pattern identical to that of the
gas phase (Fig. S3e, f).

Compared with gaseous pollutants and PM; 5 major components in
Nanjing [67,68], the diurnal patterns of PMj 5, gaseous, and G + P PAHs
in winter were similar to those of NO; and EC with elevated concen-
trations in the morning and late afternoon (Fig. S3a—c), indicating in-
fluences of commuting emissions. However, it cannot be ruled out that
the biomass burning for heating purposes makes a contribution. In
summer, the diurnal variations of gaseous and G + P PAHs (Fig. S3e, f)
were similar to those of SOy and SO~ with a broad peak during the day
[17,68], reflecting the daily cycles of industrial emissions. Moreover, the
higher temperature during the day could also contribute to the increased
concentrations of G + P PAHs due to the evaporation of unburned fossil
fuels. Photolysis and reactions with oxidants (e.g., -OH and Ogs) are
important pathways for the degradation of PAHs in the atmosphere
[51]. The intensity of solar radiation, which is reflected in temperature,
reaches its maximum at around 12:00-16:00, and the highest O3 con-
centrations in the YRD region occur at 14:00-16:00 [68,8], which could
be a possible reason for the decrease in concentrations of gas-phase and
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G + P PAHs at 14:00-16:00.

Similar to the BaPeq composition in the five central YRD cities during
fall and winter, only FLT, BbkF, BaP, IDP, and DahA contributed more
than 5 % (daily weighted average 6.52 %-48.6 %) to the BaPeq of G + P
PAHs of the time-resolved samples in winter (Fig. 4b). As the mean
concentrations of FLT in the particle phase during each sampling in-
terval (1.78-3.74 ng m™>) were higher than the concentrations in the gas
phase (0.89-2.21 ng m™) in winter, and particulate PAHs accounted for
more than 90 % of the BaPeq of G + P PAHs, the inclusion of PAHs in the
gas phase had little impact on the values or diurnal variations of total
BaPeq and ILCR (Fig. 4a—c). In summer, FLT contributed 1.38 %-2.26 %
and 13.5 %-39.7 % to the BaPeq of particulate and G + P PAHs,
respectively, at different sampling intervals of the day; particulate PAHs
accounted for 56.4 %-85.9 % of the BaPeq of G + P PAHs. In contrast to
the diurnal pattern of G + P PAHs (Fig. S3e), the variations of G + P
BaPeq and ILCR on summer days (Fig. 4e, f) were similar to those of
PAHs in the particle phase (Fig. S3d). However, BaPeq or ILCR values of
all PAHs could be underestimated by up to 43.6 % (12:00-14:00) when
gas-phase PAHs were not considered, and the difference in BaPeq or
ILCR between particulate and G + P PAHs reflected the diurnal pattern
of FLT contributions.

In northern Nanjing, the mean ILCR value of total PAHs for different
sampling intervals on winter days ranged from 1.19 x 10™* to
2.57 x 1074, all of which were above the upper limit of the acceptable
level (1 x 1074 set by the US EPA [49]. The ILCR value for winter days
peaked at 18:00-20:00 (2.57 x 10'4), largely due to increased traffic
during rush hours and local biomass burning for domestic heating. The
summertime ILCR exceeded 1x10* only at 2:00-8:00 am
(1.26 x 10’4), when the PBLH reached its daily minimum with the
lowest temperature and the photodegradation of PAHs was weakest.

4. Conclusions and implications

Referring to the comparisons between measured and predicted G + P
PAHs in northern Nanjing, the BaPeq of total G + P PAHs based on
measured data can be reproduced by predicting the PAHs in the gas
phase using an equilibrium G-P partitioning model that accounts for
both absorption and adsorption mechanisms. Since the PAHs in the gas
phase are mainly composed of low MW PAHs, the G + P PAHs in the
central YRD region during fall and winter exhibited greater spatial
heterogeneity than the particulate PAHs. However, the BaPeq values of
both particulate and G + P PAHs were homogeneously distributed,
suggesting that the measurement results of PAHs at a well-selected site
can be used to assess their health effects in the central YRD region during
the cold periods. The diurnal profile of G + P PAHs in winter reflected
the influence of changes in PBLH, motor vehicle emissions during rush
hours, and biomass burning for domestic heating, while the profile in
summer was likely driven by industrial emissions and meteorology.
Because the BaPeq of G + P PAHs in winter was predominantly deter-
mined by particulate PAHs, the inclusion of gas-phase PAHs had little
impact on the value and diurnal profile of total BaPeq and ILCR. How-
ever, the time-resolved BaPeq values of particulate and G + P PAHs in
summer showed significant (p < 0.01) differences that varied with
temperature. In this work, the concentrations of G + P PAHs and their
health effects were obtained at the end or immediately after the two
nationwide air pollution control plans mentioned in the Introduction, and
can be used as a reference for comparison in central YRD after the
implementation of the subsequent air pollution control plans.

Environmental implications

Since the health risks associated with PAHs in the gas phase cannot
be neglected during warm periods, the method used in this study can be
used to predict PAH concentrations in the gas phase in a region with
similar meteorological conditions and PM composition. Considering the
spatial homogeneity of PAH health risks in the central Yangtze River
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Fig. 4. Diurnal variations of stacked BaPeq of particulate (a, d) and G + P PAHs (b, e) and total LLCR of G + P PAHs (c, f) during winter and summer in north-

ern Nanjing.

Delta (YRD), China, measurement-based assessment at a well-selected
site may have good representativeness. The diurnal pattern of ambient
PAHs and their health risks unveiled in this work can be used to achieve
a better estimation of personal exposure risk in the YRD region.
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