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Abstract. Ambient particulate matter (PM) can contain a formation rather than primary emissions. Rdand NPAHs
mix of different toxic species derived from a wide variety of showed a strong correlation with gas-phase HONO. 9-
sources. This study quanti es the diurnal variation and noc-Nitroanthracene appeared to undergo a photodegradation
turnal abundance of 16 polycyclic aromatic hydrocarbonsduring the daytime and showed a strong positive correlation
(PAHSs), 10 oxygenated PAHs (OPAHSs) and 9 nitrated PAHswith ambient HONO R D 0:90, P < 0:001). The lifetime
(NPAHSs) in ambient PM in central Beijing during winter. excess lung cancer risk for those species that have available
Target compounds were identied and quanti ed using toxicological data (16 PAHs, 1 OPAH and 6 NPAHSs) was
gas chromatography—time-of- ight mass spectrometry calculated to be in the range 10to 10 3 (risk per million
(GC-Q-ToF-MS). The total concentration of PAHs varied people ranges from 26 to 2053 cases per year).
between 18 and 297 ng i over 3h daytime Iter samples
and from 23 to 165ngn? in 15h night-time samples.
The total concentrations of PAHs over 24 h varied between
37 and 180ngm® (mean: 97 43ngm®). The total 1 Introduction
daytime concentrations during high particulate loading
conditions for PAHs, OPAHs and NPAHs were 224, 54 Outdoor air pollution contains a complex set of toxicologi-
and 2.3ngm?, respectively. The most abundant PAHs cal hazards and has become the largest detrimental environ-
were uoranthene (33ngn?), chrysene (27 ngn?), mental effect on human health (WHO, 2016). Exposure to
pyrene  (27ngmd), benzo[a]pyrene (27 ngn3), outdoor high particulate loading of PM (aerodynamic di-
benzo[b] uoranthene  (25ngn¥), benzo[aJanthracene ameter less than 2.5um) is linked to harmful health effects,
(20ngm 3) and phenanthrene (18ng®). The most particularly affecting urban populations (Raaschou-Nielsen
abundant OPAHs were 9,10-anthraquinone (18nd)n etal.,, 2013; Hamra et al., 2014). The major sources 0f.5M
1,8-naphthalic anhydride (14ngr) and 9-uorenone in urban areas are incomplete combustion or gas—particle
(12ngm 3), and the three most abundant NPAHs were conversion, and they contain a varied mix of chemicals in-
9-nitroanthracene (0.84ng M), 3-nitro uoranthene  cluding inorganic ions, organic carbon and elemental car-
(9.78ngm 3)3 and 3-nitrodibenzofuran  (0.45ng #). bon (Bond et al., 2004; Saikawa et al., 2009). Polycyclic
PAHs and OPAHSs showed a strong positive correlation aromatic hydrocarbons (PAHs) and their oxidative deriva-
with the gas-phase abundance of NO, CO, %6d HONO, tives (nitrated PAHs and oxygenated PAHS) are one class of
indicating that PAHs and OPAHs can be associated with botispecies with high toxic potency (Nisbet and LaGoy, 1992;
local and regional emissions. Diagnostic ratios suggestedarsen etal., 1998; Zhang et al., 2009; Jia et al., 2011; Wang
emissions from traf ¢ road and coal combustion were the €t al., 2011a). PAHs released in the atmosphere come from
predominant sources of PAHs in Beijing and also revealedooth natural and anthropogenic sources; anthropogenic emis-
the main source of NPAHs to be secondary photochemicafions include incomplete combustion of fossil fuels, agricul-
tural burning and industrial and agricultural activities and are
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8742 A. Elzein et al.: Variability of polycyclic aromatic hydrocarbons in Beijing

considered predominant (Ravindra et al., 2008; Zhang et al.2007). Shorter time periods for sampling (3 and 4 h) are still
2009; Poulain et al., 2011; Kim et al, 2013; Abbas et al., very limited (Reisen and Arey, 2004; Srivastava et al., 2018).
2018); natural contributions such as volcanic eruptions andConsidering the above, this paper determines the temporal
forest res are reported to be a less signi cant contributor to diurnal and nocturnal variation of the Bgtbound concen-
total emissions (Xu et al., 2006; Abbas et al, 2018). trations of PAHs, OPAHs and NPAHSs from the air of Beijing
Vapour-phase PAHs can undergo gas-phase reactions witin China, it shows the role of photochemistry in the forma-
oxidants in the atmosphere (including hydroxyl, ozone andtion of OPAHs and NPAHSs, and it associates the fate and
nitrate radicals), leading to the generation of a range of ni-evolution of PAHs, OPAHs and NPAHs with the gas-phase
trated PAHs and oxygenated PAHs (Atkinson et al., 1990;concentrations of other pollutants {OCO, NO, NQ, SO,
Atkinson and Arey, 1994; Sasaki et al., 1997). AtmosphericHONO). The cancer risk associated with inhalation of42M
reaction with chlorine atoms in the presence of oxygen hasvas also calculated. This paper explores the feasibility of
also been suggested as a new formation pathway of OPAHkigher frequency sampling in Beijing, to support the identi -
(Riva et al., 2015). OPAHs and NPAHSs are often more toxic cation of emissions sources from diagnostic ratios and corre-
than the parent PAHs, showing a direct-acting mutagenicitylations with atmospheric gas pollutants. These measurements
on human cells (Durant et al., 1996; Hannigan et al., 1998;also raise the potential importance of the chemical relation-
Purohit and Basu, 2000; Wang et al., 2011a; Benbrahimship between NPAHs and HONO, which may impact the
Tallaa et al., 2012). Beside their formation in the gas phaseHONO budget in the atmosphere and, if included, improve
OPAHs and NPAHSs can also be produced by heterogeneouglated models. This study comes 3 years after declaring the
reactions (Ringuet et al., 2012a, Jariyasopit et al., 2014; Zim-anti-pollution action plan and strategy taken by the munici-
mermann et al., 2013; Wenyuan and Zhu, 2014; Keyte et al.pal government of Beijing and published in September 2013
2013). Many of these derivatives can also be linked to pri-(Ministry of Ecology and Environment The People's Repub-
mary emissions from motor vehicles and combustion pro-lic of China, 2013), trying to increase the number of days
cesses (Rogge et al., 1993, Albinet et al., 2007a; Jakober etith good air quality index by prohibiting coal combustion,
al., 2007; Shen et al., 2012; Nalin et al., 2016). promoting clean energy vehicles and public transport, help-
Many studies in different countries have focused on study-ing industrial transformation and upgrading to new technolo-
ing toxic organic pollutants in Pl because they fall within  gies.
the respirable size range for humans (Sharma et al., 2007;
Ringuet et al., 2012b, Farren et al., 2015). In the last decade i
amajor focus has been given to Chinese cities such as Shana— Experimental steps
ha|,_ Beijing, _Guangzhou, Tianjin and_Shenzhen becausg 05_1 Sampling site and method
their population growth and geographic peripheral expansion

in manufacturing capacity and energy industries which arerpq sampling setup shown in Fig. S1 in the Supple-
located throughout each of the city's manufacturing zones. ,ant was located at the Institute of Atmospheric Physics,
This has made China the world leader in energy consumpehinese Academy of Sciences in Beijing (38%28°N

tion but also the world's highest emitter of RMand PAHS 116 901 50¢) as part of the Air Pollution and Human Health

(Lin et al., 2018; Zhang et al., 2009; Xu et al., 2006). The (Apyp) research programme. BM Iter samples were col-
majority of previous studies have reported PAH concentra-gcted on the roof of a two-storey building about 8 m above
tions in 24 h averaged samples during short-term and long-

i round level using a high-volume air sampler (Ecotech HiVol
term measurement campaigns (Tomaz et al., 2016; Alves %OOO, Victoria, Australia) operating at 1.3%min 1. Day-
al., 2017; Niu et al., 2017; Bandowe et al.,

: , 2014; Wang etiime particles were collected every 3 h during high PM con-
al., 2011a). However, a long averaging period creates Somggnration levels, 9 h at low PM levels and over 15 h at night-
limitations such as sampling artefacts, notably where changsime during 18 continuous days (22 November to 9 Decem-
ing atmospheric photolysis conditions (air humidity, temper- e, 5016). In total 57 samples were collected. The daytime

ature, wind direction, ozone or other oxidant concentrations)samp”ng started at 08:30 (China standard time), and the I-
may have a signi cant in uence on PAH concentrations and o \was changed every 3h. During low particulate loading

oxida.tion rates (Albinet et al., 2007b, 2009; Qoriaux et al,, conditions, the daytime sampling started at 08:30 for a sam-
2006; Tsapakis and Stephanou, 2003, 2007; Ringuet et alyjing quration of 9 h. Night-time sampling began atl7:30
_2012b). More .|ntenS|ve and higher frequency measureme_ntgnd ended at 08:30 the following day. Prior to sampling,
in eld campaigns have been suggested as a means 10 iMpe quartz Iters (20.3cm 25.4 cm) (supplied by Whatman,
prove the positive matrix factorization model performance y15idstone UK) were baked at 55G for 5h in order to
(Tian etal., 2017; Srivastava et al., 2018). A few studies have,iminate any organic matter. After sampling, Iters were

used twice daily (12 h) sampling (Albinet et al., 2008; Zhang \yranned in aluminium foil, sealed in polyethylene bags and
et al.,, 2018; Farren et al., 2015; Ringuet et al., 2012b), 0biqred at 20 C until extraction and analysis.

taining limited information on variability in concentrations
during the daytime and night-time (Tsapakis and Stephanou,
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2.2 Extraction method and clean-up 2.4 Gas chromatography—mass spectrometry analysis

All collected samples were extracted using an Acceler-Target compounds were quanti ed using an Accurate-Mass
ated Solvent Extractor automated system (Dionex, ASEQuadrupole Time-of-Flight GC/MS system (GC Agilent
350). Prior to extraction, 416 (surface area equivalent 7890B coupled to an Agilent 7200 Q-ToF-MS). Parent PAHs
to 25.7cn?) of each lter was cut using a hole puncher were separated in a 35min analysis time using a capillary
(@D 27 mm), and for each batch of six samples, one sam-HP-5MS Ultra Inert GC column (Agilent; 5% phenyl substi-
ple was spiked with a mixture of two deuterated PAHs tuted methylpolysiloxane; length: 30 m, diameter: 0.25 mm,
(phenanthrene-d10; pyrene-d10), two deuterated-OPAHs (94m thickness: 0.25 um). Inlet injections of 1 uL were per-
uorenone-d8; 9,10-anthraquinone-d8) and two deuteratedormed in pulsed splittess mode at 32D using an au-
NPAHSs (1-nitronaphthalene-d7; 3-nitro uoranthene-d9), astomated liquid injection with the GERSTEL MultiPurpose
surrogate standards for PAHs, OPAHs and NPAHSs, respecSampler (MPS). Helium was used as a carrier gas at
tively, with concentration on lters corresponding to 400 ng 1.4mLmin 1. The GC oven temperature was programmed
(40pL, 10ngpuL ! in acetonitrile). All punched samples to 65 C for 4min as a starting point and then increased
were cut into small pieces and packed into 5mL stainlesgo 185 C at a heating rate of 4@ min 1 and held for
steel extraction cells. Extractions were carried out in ace-0.5 min, followed by a heating rate of 10 to 240 and then
tonitrile as follows: oven at 120C, pressure at 1500 psi, ramped at 5C min  until 320 C and held isothermally for
rinse volume 60% and 60s purge time for three consecua further 6 min to ensure all analytes eluted from the col-
tive 5min cycles. ExtractsM D 20 mL) were evaporated to umn. The mass spectrometer (MS) was operated in electron
approximately 6 mL under a gentle stream of nitrogen be-ionization (El) mode at 70 eV with an emission current of
fore the clean-up step. All samples and blanks were puri-35 pA. Calibration solutions were injected three times in the
ed on a SPE silica normal-phase cartridge €6gnL; Sigma  same sequence for samples and covered the range from 1 to
Aldrich) to reduce the impacts of interfering compounds in 1000 pg pL *.

the matrix and to help maintain a clean gas chromatograph The method development for OPAHs and NPAHs was
(GC) injection inlet liner. After the clean-up step, the solu- based on previous studies (Albinet et al., 2006, 2014; Bez-
tion of each sample was evaporated to 1 mL under a gentlabeh et al., 2003; Kawanaka et al., 2007) using negative
stream of nitrogen at room temperature (2) and trans- chemical ionization (NCI) performed at 155eV and 48 pA,
ferred to a 1.5mL autosampler amber vial. Each concenwith methane (Chl, research grade 5.5, Air Liquide) as
trated sample was stored at@ until analysis. The aver- reagent gas. Target compounds were eluted using the RXi-
age recovery ef ciencies calculated from surrogate standardéms (Restek GC column) with similar phase and character-
ranged from 85% to 96 % (phenanthrene-d10: 9%%%; istics to HP-5ms. Analysis was performed in 29.2 min, and
pyrene-d10: 101 7 %; 9- uorenone-d8: 98 13%; 9,10- the GC settings were as follows: 1 uL of each sample was in-
anthraquinone-d8: 102 11 %; 1-nitronaphthalene-d7: 93  jected in pulsed splitless mode at 310 helium ow was set
8%; 3-nitro uoranthene-d9: 10111 %), and the target com- to 1.2mL min ; the initial oven temperature of 7€ was
pounds concentrations were calculated incorporating meaheld for 4 min, followed by a heating rate of 60 min 1

sured recovery ef ciencies. until 190 C, which was then raised to 27C at a rate of
25 Cmin 1, ending with 5 Cmin * until 320 C, held for
2.3 Chemical standards 10 min. A 10-point calibration curve within the range 0.5 to

1000 pg uL * was obtained with the correlation coef cients
The chemical compounds that have attracted the most atterfrom the linear regression from 0.980 to 0.999.
tion in previous studies are the 16 priority PAHs and their
derivatives, de ned by the United States Environment Pro-2.5 Data analysis and error evaluation
tection Agency (EPA). The choice of the organic compounds
investigated in this study is based on those associated witlbata were recorded and processed using the Agilent Quali-
the particle phase and commercially available standards. Altative and Quantitative analysis software. Target compounds
compounds are listed in Table 1 and were purchased fromvere isolated using extracted-ion chromatograms (EICs) and
Sigma Aldrich, Alfa Aesar and Santa Cruz Biotechnology in identi ed by the combination of retention time and mass
the UK and had a minimum purity of 98%. In parallel to spectral match against the calibration standards measured
individual standards, a mixed solution of the 16 EPA PAHs simultaneously within the samples. The limit of detection
(CRM47940, Supelco, Sigma Aldrich) of 10 uyg mkinace-  (LOD) was de ned as the valid lowest measurable peak re-
tonitrile was also used. Standard solutions for calibrationssponse to peak noise near the elution time of the target peak
were prepared in acetonitrile (HPLC grade, 99.9% purity,(S=ND 3) in a mix of standard solutions. As the chemi-
Sigma Aldrich). Deuterated compounds were supplied bycal noise increases during the analysis of real samples, the
C/D/N isotopes and distributed by QMX Laboratories Ltd limit of quanti cation (LOQ) was de nedS=ND 10. These
(Essex, UK). recommendations are in accordance with previous analyti-
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Table 1.List of measured PAHs, OPAHs and NPAHs and their abbreviations. Compounds are listed in order of elution. %RSD refers to the
relative standard deviation.

Compound/formula Abbreviation Accurate mass=) \ %RSD

16 PAHs Monitored ions in El mode \ Inter-day Intra-day
NaphthaleneCqgHg NAP 1280628 1270543 1020464 4.6 3.2
AcenaphthyleneC;,Hg ACY 1520629 151:0546 1260463 4.1 2.1
AcenaphtheneCi5H19 AC 1530705 1540779 1520634 5.5 6.1
FluoreneCy3H1g FLU 1660782 1650708 1640621 4.0 2.9
PhenanthrerC,4H1g PHE 1780789 1760626 1520622 4.6 3.0
AnthraceneCq4H1g ANT 1780787 1760627 1520620 4.7 4.2
FluorantheneCigH10 FLT 2020788 2000626 1010388 1.8 4.5
PyreneC1gH10 PYR 2020788 2000626 1010389 3.2 1.9
BenzdlAnthraceneCigH12 BaA 2280927 2260783 1010388 6.2 1.2
ChryseneCygH12 CHR 2280943 2260784 1010387 6.0 2.6
BenzabUuorantheneCygH12 BbF 2520941 2500784 1260467 4.7 2.0
BenzdkUuorantheneCygH12 BkF 2520940 2500783 1260468 8.9 8.7
BenzolalpyreneCooH12 BaP 2520940 2500783 1260466 5.2 2.3
Indeno[1,2,3-cd]pyrengCyoH1 2 IcdP 2760939 2740783 1380467 7.2 2.6
DibenZig; hlinthraceneCooH14 DahA 2781097 2760941 1390545 7.7 4.3
BenzalghilperyleneCyoH1 2 BghiP 2760942 2740783 1380467 5.4 2.6
10 OPAHs Monitored ions in NCI mode \
1,4-NaphtoquinoreCgHgO2 1,4-NAQ 158.0420 6.3 5.1
1-NaphthaldehydeC;1HgO 1-NALD 156.0557 8.9 7.8
9-FluorenoneCq3HgO 9-FLON 180.0639 5.7 6.2
9,10-AnthraquinoreCy4HgO> 9,10-ANQ 208.0572 5.6 3.2
1,8-Naphthalicanhydrid€,,HgO3 1,8-NANY 198.0436 6.4 5.6
Phenanthrene-9-carboxaldehy@gsH100 PHCA 206.0777 5.4 4.9
BenzadaUuorenone=C;7H1 00 BaFLU 230.0791 6.4 3.2
7H-Benz[de]anthracene-7-or@;7H1 00O BANTone 230.0781 7.2 5.8
1-Pyrenecaboxaldehyd@;7H100 1-PYRCA 230.0786 7.5 7.2
1,2-Benzanthraquinor€1gH1002 1,2-BANQ 258.0743 8.5 7.4
9 NPAHs Monitored ions in NCI mode \
1-NitronaphthalerneC;gH7NO> 1-NNAP 173.0551 4.7 4.4
3-NitrodibenzofuranC12H7NO3 3-NDBF 213.0475 4.4 5.1
5-Nitroacenaphther€1,HgNO> 5-NAC 199.0682 5.6 5.3
2-Nitro uorene=C;3HgNO» 2-NFLU 211.0689 5.0 5.4
9-NitroanthracereCq4HgNO>» 9-NANT 223.0697 5.9 3.9
3-Nitro uorantheneC1gHgNO> 3-NFLT 247.0688 6.4 4.1
1-NitropyreneC,gHgNO>» 1-NPYR 247.0691 3.9 3.2
6-NitrochryseneC gH11NO> 6-NCHR 273.0847 4.7 5.4
6-NitrobenzdalpyreneCogH11NO2 6-NBaP 297.0845 8.4 9.7

cal studies (Nyiri et al., 2016; Ramirez et al., 2015). LOD lower than was found in the samples. A small number of
values were evaluated from standard solutions and rangedompounds found in eld blanks (1,8-naphthalic anhydride,
between 1 and 20pg for PAHs, 0.01 and 0.2pg (exceptbenzo[a] uorenone, l-nitronaphthalene, 9-nitroanthracene)
1-naphthaldehyde 0.5pg) for OPAHs and 0.02 to 0.25pghave a higher contribution (4 %-30%) to very few lters
for NPAHSs. (two to ve samples) collected over a 3 h time period, if this
To determine any sources of contamination during samplevas coincident with low particulate loading conditions. The
preparation and the analytical procedure, the solvent (aceeontribution to each compound from eld blanks was cor-
tonitrile) and eld blanks @ D 2) were analysed following rected in the nal data.
the same procedure as for the samples (extraction, SPE, evap-We evaluated the precision of the method by calculating
oration). Most target compounds were found to be belowthe relative standard deviation (%RSD) from replicate anal-
LOD (S=ND 3) or orders of magnitude (up to 3a10% ysis as shown in Table 1. For PAHs, the precision of sam-
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Figure 1. Concentrations 01|c3 PAHSs, P OPAHs andP NPAHSs in PMy.5 samples during the daytime (3, 9 h) and night-time (15h). The

box plot represents the 25th and 75th percentiles range of the observed concentrations, and the bottom and top lines indicate minimunr
and maximum concentrations. Square symbols represent the mean concentration, and the short dashed line within the boxes represents tl
median. Empty triangles correspond to the data measured over 3, 9 and 15h samples. The lines between data points and boxes re ect
normal distribution curve.

ple replicatesr{ D 10) during inter-day and intra-day varied considered not signi cant (Tsapakis and Stephanou, 2003),
from 1.8 % to 8.9 % (mean 5.2 %) and 1.2 % to 8.7 % (meanwhilst, at medium ozone levels (30-50 ppb), PAH values
3.4%), respectively. The %RSD average for deuterium la-were underestimated by 30 % (Schauer et al., 2003). In addi-
belled compounds was about 3.6 %. For OPAHs and NPAHSstion, heterogeneous reactions during particle sampling may
two different concentrations of standards were analysedccur only on the monolayer surface coverage with limited
(50pg;nD 6 and 400 pgn D 6); inter-day precision of 10 diffusion of oxidants to the bulk particles (Keyte et al., 2013,
OPAHs gives an average %RSD of 6.8% (range: 5.4 %-and references therein). Previous studies reported that the
8.9 %) and intra-day precision of 5.6 % (3.2 %—7.8 %). Simi- formation of NPAHs during high-volume sampling is not sig-
lar to OPAHSs, repeatability and reproducibility between daysni cant and calculated to b& 3% (Arey et al., 1988) and
for NPAHSs varied from 3.9% to 8.4% (mean 5.5%) and < 0:1 % (Dimashki et al., 2000).
3.2% to 9.7 % (mean 5.2 %), respectively. Hence, the esti- Considering the role of ozone (always below 30 ppb in this
mated random error quanti ed by the standard deviation ofstudy, with a mean value of i 8:8 ppb), in addition to
the measurements did not exceed 7 % on average. The sysampling time and temperature, the estimation of the neg-
tematic error may be due to the in uence of the sample ma-ative sampling artefacts on our data ranges between 10 %
trix during the analysis sequence on the quanti cation stepand 20 %, with the highest error estimation attributable to the
and the calibration offset. It was estimated to be a maximumongest sampling time (15 h).
10% from the measured recovery of the deuterium species
(Garrido-Frenich et al., 2006). Therefore, the overall esti- ) ]
mated error, combining the precision and the systematic ef3 Results and discussion
fects, is less than 20 %.

Another source of error can be attributed to sampling
artefacts, and this has been discussed in previous studies

(Schﬁuer etza(\)l., 20193; Gt())riaux etf al., 2006; (‘jl’sapglkis andl’he volume of literature on P4 has rapidly increased over
Stephanou, 2003). The absence of an ozone denuder to U3Re last two decades, and various disciplines have contributed

the gas-phase oxidants may lead to an underestimation of thg, improve understanding about source emissions, chemical

true values of PAHs due to chemical decomposition. There—Composition and impact on people’s behaviour and health. In

fore,_ data from Iong sampling times and under high 0ZON€Cching, the of cial air quality guidelines for Pl expressed
ambient concentrations may be biased by sampling artefactss ., annual mean and 24 h average are 35 and 75Higm

by more than 100% (Schauer et al., 200:_%; Goriaux et al"respectively (WHO, 2016; Ministry of Ecology and Envi-
2006). However, at low ozone levels, negative artefacts werg .+ The People's Republic of China, 2012). During the

3.1 Temporal variations of PAHs, OPAHs and NPAHs

www.atmos-chem-phys.net/19/8741/2019/ Atmos. Chem. Phys., 19, 8BYES§ 2019
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sampling period of this study (November—-December 2016)where the authors reported a total PAH average concentra-
PMys was measured every hour and ranged from 3.8 totion in winter Beijing (2014-2015) of 88 75ngm 3. The
438ugm 3, with an average concentration of 103pugfn  lower average concentration of total PAHs reported in this
The average 24 h PM concentration was 108 82 ugm 3 study and Feng et al. (2019) can potentially be attributed to
(range: 10-283 pg n?), exceeding the 24 h limit value on 10 the efforts by the municipal government to improve air qual-
of the 18 sampling days. Concurrent RdIconcentrations ity and control emissions by reducing combustion sources in
were averaged to the Iter sampling times (3, 9, 15h) andthe years of intervention. The urban location in this study
are shown in Figs. 6 and S3. The daily (24 h) concentration(Fig. S1) was surrounded by busy roads, residential build-
of benzo[a]pyrene ranged from 4.46 to 29.8 nghtaverage  ings, an underground railway and restaurants and, further
15 8:9ngm 3), exceeding the 24 h average limit value of a eld, thermal power stations. PAH concentrations are an-
2.5ngm 2 for China (Ministry of Ecology and Environment ticipated to decline closer to the mountains in the north
The People's Republic of China, 2012) on all of the 18 daysand west of Beijing due to the air mass trajectory, ageing

of the sampling period. and distance from emission sources. Results from this study
Figure 1 shows the measured concentrations of PAHs ircan be considered representative (within the margin of er-
the 3 h daytime samples ranging from 18 to 297 ngrtav- ror) of the urban area of Beijing including districts such as

erage 88 58ngm 3) and from 23 to 165ngn? (aver- Chaoyang, Haidian, Fengtai, Xicheng, Dongcheng and Shi-
age 107 51ngm 3) in the 15h night-time samples. The jingshan, covering an approximate population of 12 million.
24 h total concentrations (combined results from daytimeFuture studies in less populated districts and different areas
and night-time samples) of the 16 PAHs varied betweenof the metropolitan of Beijing would be helpful for compari-
37 and 180 ng m® (average 97 43ngm 3). PAH deriva-  son of population exposure.
tives showed the following trends: total OPAH concentra- Concentrations of PAHs in PM (range: 3.2—
tions varied from 3.3 to 55 ng nt (average: 26 16 ngm 3) 222.7ngm?2) in Beijing were found in previous studies to
in daytime and from 8.9 to 95ngm (average: 45 be lower than in PM5 (Wang et al., 2011c). The concentra-
26 ngm 3) at night-time; OPAHs were approximately 25 and tion of PAHs in this study was much lower than that reported
14 times higher than average NPAHSs in the daytime (averagein certain other megacities, for example, Delhi, India, in
1:03 0:74ngm 2, range: 0.13-2.3) and night-time (aver- the winter season of 2003 (range: 948—1345 nd;rmean:
age: 306 1:83ngm 3, range: 0.57-6.43), respectively. 1157 113ngm 2 from Sharma et al., 2007) and Mexico
PHE (see Table 1 for abbreviations), FLT, PYR, BaA, City, Mexico, in October 2002 (range: 60-910ng¥
CHR, BbF and BaP were the largest contributors to the to-mean: 310ngm? from Marr et al., 2004). Average con-
tal PAH concentration. 9-FLON, 9,10-ANQ and 1,8-NANY centrations for total PAHs in the rst 3h lter of the day
were the three major O-PAH species. The most abun{08:30-11:30; Monday to Friday; mean: 112 ngthwere
dant NPAHs were 3-NDBF, 9-NANT and 3-NFLT. The tem- 1.5 times higher than the rest of the day and 1.6 times higher
poral pro le and contributions of each compound to the to- than the same rst 3h on a Sunday. A potential reason for
tal concentration are shown in Fig. 2 and detailed in Ta-the elevated concentrations in the morning hours is the rush
ble 2. The highest concentrations recorded in this study werédour traf ¢ during working days, coupled with a period of a
on the day of 29 November 2016; concentrations of all tar-shallow boundary layer.
get compounds in the particulate phase are displayed in The mean total concentrations in Table 2 for the 3h
Fig. S2. Some nitro compounds (5-NAC, 1-NPYR, 6-NCHR, integration samples of OPAHs and NPAHs were728
6-NBaP) were below LOQ in a few samples, while one oxy 21 ngm 2 (range: 1.8-87.9ngn¥) and 117 1ngm 3
compound (1,8-naphthalic anhydride) was outside the dy{range: 0.15-3.92ngnd). Average night-time concentra-
namic range and limit of linearity of the calibration curve tions were 41.6 ngn? (OPAHSs) and 3.06 ng n? (NPAHS),
for samples with high mass loading (Table 2). Similar dom- 2.6 and 35 times lower than the average total PAHS in the
inant compounds were found in different cities (Xi'an, Ji- night samples. The ratios of mean concentrations of PAHs
nan, Beijing) of China (Bandowe et al., 2014; Zhang et al., divided by the concentration of OPAHs and NPAHSs for the
2018; Wang et al., 2011c). The average 24 h total PAH con-3h samples were 3 and 74. Ratios of combined daytime
centration (97 ngm?3) in this study was higher than the av- and night-tije sampjes (24 h) were on average 2.9 (range
erage value reported for Guangzhou in the south of Chin%.9—4.6) fgr PAHs= OPAHSs and 47.4 (range 25-79) for
(average 45.5ng n¥, from Liu et al., 2015); however, it was PAHs= NPAHSs. Lower ratilgs were rg,ported from a win-
lower than average values reported for Xi'an in winter (rangeter study in Xi'an, Chinapwhere RAHs=OPAHs ranged
14-701 ng m3; average 206 ng n¥ from Wang et al., 2006) from 1.75 to 1.86, and PAHs= NPAHs ranged from
and in the suburbs of Beijing in winter (average 277 ngf 34 to 55.2. On thg other hgnd, similar trends to our study
from Feng et al., 2005). Our average value (97 nghwas  were recorded for PAHs= OPAHSs in Europe, such as
comparable to the reported values in a recent study (Feng éithens in Greece in winter (ratio Z86:9 D 4:2) (Andreou
al., 2019) at the campus of Peking University Health Scienceand Rapsomanikis, 2009) and Augsburg in Germany in win-
Center, a short distance from our sampling sitel( mile), ter (ratio 1E3:2 D 3:4) (Pietrogrande et al., 2011). Further
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Table 2. Minimum, maximum and average atmospheric concentrations of PAHs, OPAHs and NPAHSs.§ €bmpounds in bold represent

the highest mean contribution to the sum of all compounds.

8747

Compound Concentrations (ng %) Average contribution
Minimum—maximum Average to total (%)
16 PAHs .3h=.9h=.15H .3h SD /=.9h SD/=.15h SD/ .3h=.9h=.15n
NAP (0.05-0.8¥0.1-0.4¥0.06-0.6) .0:31 0:2/=.024 0:1/=.0:27 02/ . 0:48/=.0:39/=.0:25
ACY (0.01-1.250.1-0.850.1-1.2) .0:31 0:3/=.0:31 0:2/=.0:58 0:4/ . 0:35/=.0:46/=.0:50/
AC (0.03-0.13¥0.02—0.0910.01-0.2) .0:07 0:02/=.0:04 0:03=.0:.07 0:07/ .0:15=.0:08/=.0:06/
FLU (0.05-1.3¥0.1-1.0¥0.1-1.5) .0:43 0:3/=.041 0:3/=.0:63 0.4/ .0:53/=.0:65/=.0:56/
PHE (1.2-23.)=(1.9-16.3<(1.5-13.7 .7:38 55/=.6:30 5:3/=.8:4 40/ .8:83/=.9:04/=.7:84
ANT (0.5-3.4H0.3-1.950.3-2.9) .1:07 0:7/=.0:79 0:6/=.1:43 0.8/ .1:48/=.1:23/=.1:32
FLT (1.4-41.8=(3.0-17.6<(3.2-11.7 129 100/=.9:10 5:7/=.897 27/ .139/=.13.9/=.9:67/
PYR (0.7-34.6=(2.1-15.J=(2.9-10.7 .9:85 82/=.7:48 50/=.81 25/ .10:4/=.11/=.8:69
BaA (1.3-27.7~1.3-17.55(2.1-18.8 6:69 6:4/=.6:52 59/=.12 59/ L 7:17/=.8:23=.11
CHR (1.4-37.55(2.1-20.8<2.7-15.9 105 87/=.917 717=.113 48/ .11:2/=.12:4/=.10:8/
BbF (1.5-35.3(2.1-21.3<(2.3-20.3 .10:3 85/=.893 7:3=.108 50/ .11:2/=.11:8/=.10:4/
BkF (1.6-15.4¥1.2-7.4¥1.3-6.6) .5:51 3:8/=.3.94 2.7/=.43 1.5/ .6:76/=.5:80/=.4:43
BaP (1.4-37.351.5-20.7<3.2-35.2 .8:81 8:6/=.840 7:5=.189 124/ .9:12/=.10:3/=.16:1/
IcdP (1.7-16.1¢0.9-11.6¥1.0-18.3) 479 3:5/=.4:65 4:3/=.975 64/ .6:06/=.5:70/=.8:03/
DahA (1.9-5.250.7-2.950.5-6.9) .254 0:7/=.1:46 0:8=30 21 . 4:43/=.2:46/=.2:56/
BghiP (2.53-17.6%1.2-10.7¥1.4-15.4) .5:80 35/=.470 37/-.88 51 . 7:86/=.6:47/=.7:62/
Total (18—297319-167¥X23-165) .87:.3 58=.725 56/=.107 51
10 OPAHSs .3hW=.9h=.15KH .3h SD/=.9h SD/=.15h SD/ .3h=.9h=.15NW
1,4-NAQ (0.02-8.13(0.16-3.1¥0.1-4.2) .2:25 2:4/=.1:27 1:2/=.1:66 1.3/ .6:22/=.5:39=.3:70/
1-NALD (0.2-0.8¥(0.07—0.5¥0.08-0.9) .0:43 0:1/=.020 0:1/=.0:49 0:3/ .2:71=.1:19=.1:25
9-FLON (0.49-14.9=0.7-6.0<0.8-11.4 .6:76 4:4/=.256 1:9/=.4:26 2.8/ .25.8/=.14:3/=.10:2/
9,10-ANQ (0.3-36.4=(1.2-24.8<2.8-36 .8:31 8:8/=.8:65 85/=.143 9.9 . 24:3/=.35.8/=.327/
1,8-NANY?2 (0.3-16.351.0-6.9%3.7-9.3 .7.09 5:4/=.3:69 2:9/=.6:81 28 .37:9/=.332/=.45.6/
PHCA (0.1-0.9¥0.05-0.6X0.06-1.9) .0:26 0:17/=.0:20 0:19=.0:71 057/ . 1:42/=.0:99/=.1.50/
BaFLU (0.06-10.8%0.1-8.110.4-15.1) 277 30/=.272 29/=.599 4.8/ L T:47/=.9:73=.121/
BANTone (0.08-15.1(0.04-8.3¥0.5-19.8) .2.46 3:3/=.2.63 2:9/=.9:27 7.3 .6:10/=.9:05=.19.1/
1-PYRCA (0.007-1.8Y0.008-1.5%0.05-2.4) .0:31 0:4/=.0:.39 0:5~=.1.0 09 .0:74/=.1:24/=.1.96/
1,2-BANQ (0.02-3.6)(0.03-2.6¥0.2-3.9) .0:87 0:96/=.0:90 0:96/=.1:99 1.4/ . 2:3/=.3:24/=.4:33
Total (1.8-87.9X3.6-55.358.9-95.5) 287 21=.217 18=.416 26
9 NPAHs .3h=.9h=.15H .3h SD/=.9h SD/=.15h SD/ .3h=.9h=.15H
1-NNAP (0.01-0.1¢0.008-0.04x(0.005-0.03) .0:03 0:02/=.0:01 0:01/=.0:01 0:008 .4:38/=.3:08=.0:57/
3-NDBF (0.08-1.5=0.02-0.06=0.03-2.4 .0:33 0:31/=.0:03 0:01/=.0:89 0:84/ .33:4/=.7:92/=.22:4/
5-NACP (0.04-0.1¥< LOQ)=(0.03-0.35) .0:08 0:05=.< LOQ/=.0:18 0:13 .5:64/=.< LOQ/=.4:67/
2-NFLU (0.03-0.3}0.01-0.3¥0.01-0.5) .0:08 0:06=.0:09 0:11/=.0:26 0:21/ .10:15/=.10.00/=.7:28
9-NANT (0.01-1.250.06-0.3<0.4-2.9 .0:36 0:37/=.0:.41 0:31/=.1:18 06/ .27:1/=.53.4/=.475/
3-NFLT (0.05-1.2=(0.02—-0.5<0.04-1.2 .0:34 0:3/=.0:21 0:2/=.0.54 0:4/ . 24:6/=.234/=.17:7/
1-NPYR® (0.01-0.1K0.01-0.06¥0.008-0.2) .0:05 0:03=.0:06 0:05=.0:02 0:02 . 2:92/=.2:48/=.2:.01
6-NCHRA (0.05-0.2¥.< LOQ/=(0.009-0.02) .0:09 0:06/=.< LOQ/=.0:01 0:007 .5:6/=.< LOQ/=.0:5/
6-NBaP® < LOQ/=.< LOQ//(0.02-0.08) < LOQ/=.< LOQ/=.0:05 0:0 < LOQ/=.< LOQ/=.1:26/
Total (0.15-3.92)(0.13-2.010.57-6.43) .1:17  1:.0/=.0.80 0:66/=.3:.06 1.8/

2 Quanti ed in 2854 samplesp Quanti ed in 7=54 samples® Quanti ed in 35=54 samples?JI Quanti ed in 5=54 samples® Quanti ed in 11=54 samples. SD: standard

deviation.
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Figure 2. Time series of PAHs, OPAHs and NPAHSs in PM.5 samples during the daytime (3 and 9 h) and night-time (15 h). Percent-
ages below 1 % for NPAHs are omitted for clarity. Night-time data on 25 November 2016, 3 December 2016 and 7 December 2016 are not
available due to a lack of samples.

monitoring studies are needed to con rm trends of NPAHs observed for IcdR(IcdPC BghiP); daytime ratios were be-

in China. tween 0.39 and 0.5 (3 and 9 h samples), indicating the dom-
inance of petroleum combustion. At night, the ratio in most
3.2 Diagnostic ratios to identify emission sources samples was slightly higher than 0.5, with some values be-

low, suggesting mixed sources with likely higher contribu-
The concentration ratios between different PAHs are widelytions coming from residential heating using coal and wood
used to assess and identify pollution emission sources (Toat night.
biszewski and Nam#nik, 2012, and references therein). As shown in Fig. 4, other ratios can be useful to con-
The ratios of FLT=(FLT C PYR) and IcdP=(lcdPC BghiP) rm the contribution from local traf ¢ and to discriminate
isomer pairs are commonly used to distinguish betweervehicle emissions such as BaBghiP, FLU=FLUC PYR
emission sources such as coal and biomass burningnd BaP-BaPC CHR (Tobiszewski and Naméaik, 2012,
or the incomplete combustion of petroleum. Values of and references therein). The BaBghiP ratios were signi -
FLT =(FLT C PYR) and lcdP=(lcdPC BghiP) higher than cantly higher than 0.6, indicating a major in uence from road
0.5 indicate dominance of a coal or biomass burningtrafc, while FLU =FLU C PYR ratios suggested a predomi-
source. Values of FLE(FLT C PYR) between 0.4 and 0.5 nhant petrol contribution (ratie 0:5) instead of diesel engines
and IcdP=(lcdPC BghiP) between 0.2 and 0.5 suggest a (ratio > 0:5). Results shown in Fig. 4 identify traf c emis-
higher in uence from fossil fuel combustion. Values of sions and in particular petrol engines as the major emitter of
FLT =(FLT C PYR) less than 0.4 and IcaflcdPC BghiP)  PAHSs. In PM:s, the ve- and six-ring PAH species (BaP,
less than 0.2 are mostly related to incomplete combustioricdP, BghiP) were previously attributed to petrol engines,
(petrogenic origin) (Yunker et al., 2002; Pio et al., 2001). while lower-molecular-weight species with three rings (ACY,
The measured ratios in this study are shown in Fig. 3 andAC, FLU, PHE, ANT) and four rings (FLT, PYR, BaA, CHR)
ranged from 0.53 to 0.67 (mean 0.56) during the day (3 andvere closely related to diesel vehicle emissions (Chiang et
9h samples), while at night (15h samples) they varied beal., 2012; Wu et al., 2014, and references therein). Previous
tween 0.51 and 0.54 (mean 0.52), indicating primary emis-Studies in Beijing and Guangzhou in China suggested similar
sions from coal and biomass burning. Lower values werecontributions from coal and petroleum combustion, focusing

Atmos. Chem. Phys., 19, 8748758 2019 www.atmos-chem-phys.net/19/8741/2019/
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Figure 3. Column scatter of FLE(FLTCPYR) and

IcdP=(lcdPC BghiP) in the particulate phase for three differ- Figure 4. Column distribution of BaRBaPC CHR, BaP=BghiP

ent time sampling averages. Open triangles and circles represerind FLU=FLU C PYR in the particulate phase for three different
the daytime data for 3 and 9 h samples, and open squares represesmpling periods. 3 and 9 h represent samples collected during the
the night-time data of 15 h. The dashed line separates the petroleumay, and 15 h represents samples at night. Error bars re ect standard
combustion source from the petrogenic source for both ratios. Thejeviations.

solid short line on each data set represents the mean value of ratios.

3-NFLT during analysis. A previous study reported that the
) ] ] concentration of 3-NFLT compared to 2-NFLT is relatively

on vehicular trafc.(petrol anq diesel) as potential sources Ofvery low in ambient air (Bamford et al., 2003): in addition,
PAHs (Gao and Ji, 2018; Liu et al., 2015; Wu et al., 2014, he " separation of both isomers (2- and 3-NFLT) using the
Niu et al., 2017). , most common GC-MS column for PAH separation, HP-5ms

NPAHSs can be used to track the photochemistry of PAHs 4 DB-5ms, was not possible (Zhang et al., 2018; Bandowe
with OH and NQ radicals, both of which can generate sec- ot 5/ 2014 Ringuet et al., 2012b: Albinet et al., 2008).
ondary photochemical products of NPAHs and OPAHS fromjence we assume that the sum of 2- and 3-NFLT is closely
primary PAH emissions (Zhang et al., 2018; Ringuet et al., ;o resentative of the original ratio 2-NFEL-NPYR. There-
2012b; Wang et al., 2011a). 1-NPYR originates mainly from¢,re e adopted the ratio@3NFLT =1-NPYR, which var-
primary emissions and in particular from _dlesel vehicles o4 hetween 4 and 19 during the daytime (mean: 12) and from
(Keyte et al., 2016; Schulte et al., 2015), whilst 2-NFLT has 3 g 14 30.4 in the night-time (mean: 8.8) (Fig. S3). Most day-
been reported to be absent in direct combustion emissiong;me yajues exceeded the benchmark ratio of 5 signi cantly,
instead produced from the gas-phase reactions of FLT withy ije at night-time the average value was lower. These re-
OH radicals in the presence of N@uring the day or N@ g jts indicate the predominance of OH-radical-initiated reac-

radicals at night. 2-NPYR comes solely from the reaction of jong controlling the formation of 2-NFLT in the presence of
PYR with OH radicals (Ramdahl et al., 1986; Arey et al., NO, and sunlight.

1986; Atkinson et al., 1987; Ciccioli et al., 1996). Accord-

ingly, the ratio 2-NFLT=1-NPYR has been widely used as 3.3 Correlation with gaseous po||utant5

diagnostic, with a value greater than 5 indicating a major con-

tribution from photochemical processes, whilst a ratio valueOs, CO, NO, N@Q, SO&; and HONO were also measured at

less than 5 means an important contribution from direct emisthe same site location as the PMsampling. Inlets were

sions (Albinet et al., 2008; Wang et al., 2011a; Ringuet et al.,installed outside lab containers approximately 3—4 m above

2012b; Bandowe et al., 2014; Tomaz et al., 2017; Zhang eground (Fig. S1). Online measurements of the gas-phase

al., 2018). species have been time-averaged to the Iter sampling times.
In this study, the 2-NFLT was not quanti ed because the No correlations of signi cance were seen between PAHs and

standard compound was not commercially available; subsemeteorological parameters (relative humidity and tempera-

quently, we used the 3-NFLT isomer as a substitution forturlg), as shownsin Table S1 in the Supplement.

2-NFLT. PAH isomer pairs (Table 1) in standard mixtures PAHs and OPAHSs had a similar strong positive cor-

showed similar sensitivities for each concentration usedyelation R D 0:82 to 0.98) in the 9 and 15h samples with

therefore, we assume an equal sensitivity for 2-NFLT andCO, NO, NQ, SO, and HONO (Table S1). NO is known

www.atmos-chem-phys.net/19/8741/2019/ Atmos. Chem. Phys., 19, 8BYES§ 2019
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p P P
Figure 5. Correlation coef cients of PAHs, OPAHs, NPAHs and PM.5 with HONO. The time sampling resolution of 3 and 9h
refers to daytime concentrations and 15 h to nocturnal concentrations. Signi cance levels were between 0.001 and 0.05 except for HONO
and NPAHs at night for which th level> 0:05, and the Pearson coef cient was 0.52.

as an effective tracer for local traf c emissions, and it be- served WithP PAHSs, P OPAHSs andP NPAHSs (Fig. 5; Ta-
haves as a short-lived intermediate (Bange, 2008; Janhall dile S1). Furthermore, HONO was signi cantly correlated
al., 2004). CO is mainly produced from incomplete combus-with PMy.5 during the daytime (Fig. 5), and some signi -
tion and has a relatively long atmospheric lifetime (3 monthscant chemical link between HONO emissions and ambient
on average) and undergoes long-range transport (Peng et aparticles (PM:s) is implied. A similar conclusion was drawn
2007, and references therein). The high correlations withfrom a recent study in Beijing (Zhang et al., 2019) which
primary pollutants such as NO and CO during the daytimesuggested a potential chemical relationship between HONO
and night-time indicate that PAHs and OPAHs are primar-and haze particles (PM) and proposed a high contribution
ily emitted from local sources, which may also be associatedrom vehicle emissions to the night-time HONO.
with regional scale emissions. Signi cant correlations were For NPAHSs, as shown in Table S1, no signi cant corre-
observed with S a pollutant mostly emitted from power lation was found in 3 and 15h time sampling resolution,
plants outside the city (Lee et al., 2011). This strong rela-except with HONO, for which a signi cant difference be-
tionship with SQ could be explained by the contribution of tween day and night was observed. Surprisingly, the 9 h time
anthropogenic sources such as the Beijing Taiyanggong theresolution showed a strong correlation with CO, NO, NO
mal power station (3%8%42 N, 116 26°19 E) and is consis- and SQ, potentially suggesting direct emission of NPAHS.
tent with the domain air masses arriving at the sites from theMore likely these correlations arise because of a formation
north-east for much of the time (Fig. S4). delay of NPAHSs that is smoothed out by the longer day-
In contrast, most of the 3 h day samples showed only modtime sampling period. In a previous study, Zimmermann et
erate correlationsR D 0:38 to 0.74) except for HONO for al. (2013) reported the formation of NPAHs from the het-
which signi cant correlationsR D 0:87 to 0.94) were ob- erogeneous interaction of ambient particle-bound PAHs with

Atmos. Chem. Phys., 19, 8748758 2019 www.atmos-chem-phys.net/19/8741/2019/
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Figure 6. Temporal variation of 9-nitroanthracene and f4ver the entire winter campaign.

atmospheric oxidants. In line with the observed high values There was a signi cant positive correlation between ANT

for the ratio 2C 3NFLT=1-NPYR (Sect. 3.2) and the trace and 9-NANT R D 0:90, 3h;R D 0:94, 9h;R D 0:90, 15h;

levels of NPAH concentrations in the atmosphere, the secP ~ 0:001), which may be an indication that 9-NANT is

ondary formation of NPAHSs by gas-phase reactions followedclosely related to ANT. In this respect, additional simulation

by adsorption on particles and in parallel the heterogeneoushamber measurements of the gas-phase reaction of ANT

formation on the surface of particles is supported rather tharwith NOg radicals and for 9-nitroanthracene with OH radi-

primary emissions. cals in the presence of light and under different atmospheric
HONO plays a key role in tropospheric photochemistry; parameters are required for more precise assessment.

however its sources and their relative contributions to am-

bient HONO are still unclear, especially in the daytime. 3.4 Exposure assessment

To help understand the mechanism of HONO formation

in the atmosphere, each NPAH compound has been correFhe toxicity equivalency factor (TEF) represents an estimate

lated with HONO concentrations. The available data in Ta-of the relative toxicity of a chemical compared to a reference

ble S2 show diurnal and nocturnal differences for individ- chemical. For PAHs, benzo[a]pyrene was chosen as the refer-

ual correlations of NPAHs with HONO with the exception ence chemical because it is known as the most carcinogenic

of 1-NPYR, which originates mainly from primary emis- PAH (OEHHA, 1994, 2002) and is commonly used (Albinet

sions and shows a strong correlation during the day ancet al., 2008; Tomaz et al., 2016; Alves et al., 2017; Bandowe

night. 9-Nitroanthracene showed distinctive behaviour, accu€t al., 2014; Ramirez et al., 2011) as an indicator of carcino-

mulating during the night and appearing to undergo a pho-genicity of total PAHs. The toxicity of the total PAHs ex-

todegradation during the daytime (Fig. 6). As shown in Ta-pressed as BaP equivalents (BgHs calculated from the

ble S2, 9-nitroanthracene showed a strong positive correTEFs of each target compound (Table S3) multiplied by its

lation with HONO R D 0:90, P < 0:001) in the daytime, corresponding concentration:

while no signi cant relationship was found at night-time

(R D 0:15, P > 0:05). This suggests 9-nitroanthracene as ax o1

possible source of HONO during the daytime via the OH-  [BaHeqD  .GixTER/; (1)

radical-initiated reaction leading to OH (ortho) addition and i

followed by intramolecular hydrogen transfer from the phe-

nolic hydroxyl group to the nitro group. whereC; corresponds to the concentration of individual tar-

get compounds (PAHs, OPAHs and NPAHS) in nanograms
per cubic metre (ng n¥).
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P
Table 3. Average concentration of BaPeq in nanograms per cubic metre (ng ) and cancer risk assessment for the sum of 16 PAHSs,
1 OPAH and 6 NPAHSs.

o
Sampling hours [BaPkq URgapD 11 10 © URpepD87 10 ° Risk per
ngm 3 (CalEPA) (WHO) million people
9h (daytimen D 401 15.9° 175 10 ° 1:38 10 3 17°-138%
15 h (night-timen D 14) 28.3 317 10 ° 246 10 3 31P—246¢
24h (D 54) 23.6 26 10 ° 2:05 10 3 26°-205F

a Average includes combined 3 h samples in each ddy 83) and 9 h samplesi(D 7). P Calculated value according to CalEPA.
¢ Calculated value according to WH®. number of samples.

A widely applied procedure from the Of ce of Environ- 2:6 10 °and 205 10 3, respectively. Using the highest
mental Health Hazards Assessment (OEHHA) of the Califor-calculated ECR ®5 10 °) gives an estimate of 2027 ad-
nia Environmental Protection Agency (CalEPA) and also theditional cancer cases per million people exposed (29 cases
World Health Organization (WHO) was used here to evaluateper year) in comparison to the estimate based on CalEPA of
and calculate the potential of contracting cancer from inhala-26 persons (0.37 cases per year).
tion and exposure to Pp4-bound PAHS, commonly known ECR trends were reported in previous studies from Beijing

as the lifetime excess cancer risk (ECR): and other populated area (Bandowe et al., 2014; Alves et al.,
X 2017; Ramirez et al., 2011; Jia et al., 2011; Liu et al., 2015;
ECRD [BaHeq URear (2)  Song et al., 2018; Feng et al., 2019). In this study we con-

L . sidered the combination ofall samplesl 54) to estimate
where two values are mostly used for the unit risk (UR), I8 the average 24 h cancer risk (BaPkqD 236 12ngm 3.

. 6 3y 1
URgaru(L:1 10 °(ngm *) * (OEHHA, 2002, 2005) and range 8—-44ngm?) and compare it with previous studies.

. 5 3 1 ; ;

87 10 >(ngm *) *, WHO, 2000). Equation (2) describes an ayerage value of 17 ngnd (range 2—64 ng m?) was re-

the inhalation unit risk associated with a high probability of ported for Xi'an for the whole year between July 2008 and

contracting cancer .when expo_seq continuously to 1ngm August 2009 (Bandowe et al., 2014). After considering the

of BaRq concentration over a lifetime of 70. years. same winter period (November and December) as in our
As shown in Table 3, the Baﬁ’concentratlon.mcludes the study, the average values reported for Xi'an (31-33 ng)m

sum of 16 PAHs, 1 OPAH and 6 NPAHS, with the canceryq o higher than our results. In contrast, our average value

risk evaluated using different sampling times according 10,55 comparable to those reported in a recent study in Beijing,
CalEPA and WHO guidelines. The risk values may be under'ranging from 21 to 38 ngn® in cold months (Feng et al.
estimated due to a lack of toxicity data for OPAHs an.d b(,9'2019), whilst in the previous study of Chen et al. (2017), they
cause our assessment excludes the gas-phase Conmbuuor?éborted an average of 31.4ng#for outdoor air in Bei-

I.e. they are only based on the health risk evaluation of th§in i winter. Lower and more varied values have been also
particulate phase. The average Zﬁh&f’mr the whole sam- oy rted in Beijing in winter. Liu et al. (2007) reported an
pling period was 25 124 ngm * (Table 3). As shown in 5 erage Bag, concentration of 13.0 and 27.3 ng fat two

Tablg 2 .G'NCHR has not bgen qugnti ed_in all samples; its sampling sites at Peking University campus and 82.1n§m
contribution to the total Bag is relatively high (mean: 8%, ¢, samples collected from a busy road. It is clear that di-

range: 1%-249%) in comparison with the three major CON-rect comparison with Beijing air from other studies is limited

trib(l;ltors :‘Jrom the PAH group: pr (mean: 41.5%,0range:due to the variable number of compounds considered in each
24 %-64%), DahA (mean: 17.8 %, range: 10 %-32%) andgy 4y and the differences in sampling sites and sampling peri-
BbF (mean: 10.1 %, range: 7 %—21 %). In this study,

] . ) the EC,:Rods. Other areas of uncertainty include TEF reference values
attributable to all polycyclic aromatic compounds (PACs) in and the range of BaP UR, which were extrapolated from an-

; 3 6
urban air of Beijing ranged from 10 t0 10 3> 10 ° (Ta- bioassays with limited evidence regarding the carcino-
ble 3), suggesting an elevated potential cancer risk for adu“@enicity to humans.

(Chen and Liao, 2006; Bai et al., 2009).

X ) : : ) Seasonal variability is also crucial in estimating BgaP
It is worth noting that inhalation exposure is not the only

concentrations; it has been shown that BaRilues in cold

; include d | di X fth Thonths are always higher than warm months due to the in-
of exposure include dermal contact and ingestion of the ré o 46 in coal combustion, central and residential heating,

suspended dusts in matrices such as road dusts and soils, gi{yer photochemical transformation and lower volatilization

of which increase the risk value for urban residents (Wang e{y¢ 4 qes favouring particle fogmation in winter. Previous ob-
al., 2011b, Weli et al., 2015) In this Study, the 24 h aVerageservations in Be”lng recorded [Bapeq] Of 11.1 ng m 3 in
estimated cancer risk (Table 3) from inhalation exposure to

. L= autumn (Jia et al., 2011) and 11.0 ng¥in warm months
ambient PM:5 based on CalEPA and WHO guidelines was
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(April to June) (Feng et al., 2019). In comparison with  The lifetime excess cancer risk attributable to the summa-
Guangzhou (south of China), Bawas 9.24 ng m2 in win- tion of polycyclic aromatic compounds measured here and
ter and reported to be 1.6 and 6.2 times greater than autumassociated with Pl inhalation in Beijing was in the range
and summer, respectively (Liu et al., 2015). Our results wereof 10 3 according to WHO guidelines, con rming that there
considerably higher than those estimated for western Eurois a statistically elevated risk of contracting cancer from this
pean cities during the winter, such as 1.4 ng’nn Greno-  class of pollutants in this location.

ble (Tomaz et al., 2016), 3.56 ng rhin Oporto, 1.39 ng m3

in Florence and 0.43ngni in Athens (Alves et al., 2017).

ECR values estimated for each city were 31 (Grenoble), 6.8ata availability. Variability of all compounds is presented in Ta-
(Oporto), 17 (Florence) and 54 (Athens) times lower thanble 2 and throughout the different sections of the paper. Speci ¢ data
our ECR estimation. Lower ECR levels in western Europeanr@duests can be addressed by email to the corresponding authors.
cities were attributed to cleaner energy sources, less densely

populated cities, waste export and recycling and more effec- . o .
tive environmental regulations. SupplementThe supplement related to this article is available

online at: https://doi.org/10.5194/acp-19-8741-2019-supplement.

4 Conclusions Author contributions.AE led the analysis and prepared the

| . d chemical . f manuscript with contributions from all authors. ACL and JFH con-
Temporal variations and chemical composition of £M tributed to the analysis, interpretation and writing of the paper. RED

were measured in Beijing, China, from 22 November 10 nqyided the data on the gas-phase measurements and collected the

9 December 2016, focusing in particular on the diurnal and jter samples in the eld. MWW supported laboratory chemical

nocturnal chemical formation of PAHs, OPAHs and NPAHS. analysis on the GC-Q-ToF-MS. All authors contributed to the cor-

The 24 h average concentration of Rdwas 108 ugm3, rections of the paper.

ranging from 10 to 283 ugn?, exceeding the 24 h limit

value for Ching on 10 out of 18 sampling days. The 24 h con-

centrations of PAH;¢ varied hetween 37 and 180 ng fh Competing interestsThe authors declare that they have no com-

(average 97 43ngm 3), while ' OPAHo ganged from 13 peting interests.

to 70ngm 2 (average 3% 19ngm 3)and NPAH, from

0.87 to 4.4ngm?3 (average 29 1:2ngm ). Daytime

concentrations during pollution episodes for PAHs, OPAHsSPecial issue statemerithis article is part of the special issue

and NPAHs were 224, 54, and 2.3 ng?nrespectively. The ‘_‘_In-depth_ study of air poIIutl_on sources an_q_ processes wnthln Bei-

daily concentration of benzo[a]pyrene exceeded the 24 h aylNd and its surrounding region (APHH-Beijing) (ACP/AMT inter-
. . . journal SlI)”. It is not associated with a conference.

erage limit value of 2.5ngn? for China on all sampling

days in this study, indicating elevated risk of disease among

Inha'bltants.. . £ diff . d di AcknowledgementsAuthors gratefully acknowledge the UK Nat-
Diagnostic ratios of different species were used to IS"ural Environment Research Council for funding the Air Pollu-

tinguish between possible emission sources of PAHS. Co8fion and Human Health programme, reference NE/N007115/1
combustion and road traf ¢ emissions (petrol engines) wereand NE/N006917/1. We thank Leigh Crilley and Louisa Kramer
found overall to be the two dominant sources. In addi-from the University of Birmingham for provision of HONO data,
tion, high ratios of £3-nitro uoranthene / 1-nitropyrene in-  funded through the APHH AIRPRO and AIRPOLL projects, ref-
dicated signi cant secondary formation of NPAHs, espe- erence NE/NO07115/1 and NE/N006917/1. Authors gratefully ac-
cially in daytime via the OH-radical-initiated reaction path- knowledge the vital contributions of Pingqing Fu and his staff at
way. the Institute of Atmospheric Physics, CAS, in Beijing for enabling
PAH and OPAH concentrations were correlated with CO,the, eld observations and providing resources to support the wider
NO, NO,, SO, and HONO, indicating that both are associ- project.
ated with local and regional primary emissions and in partic-

ular to traf ¢ sources. Correlations seen previously between_, . .
P y Financial support. This research has been supported by the Natu-
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OH radicals. The strong positive correlation between indi-
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