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• Gaseous and particulate PAHs, OPAHs, NPAHs and AZAs were measured at Xi’an.
• ∑29PAHs were 1 to 2 orders of magnitude higher than ∑15OPAHs, ∑11NPAHs and ∑4AZAs.
• MW can predict phase partitioning and more absorption occurred in September.
• Gaseous PACs contributed 29 − 44% of total cancer risk
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29 parent- and alkyl-polycyclic aromatic hydrocarbons (PAHs), 15 oxygenated-PAHs (OPAHs), 11 nitrated-
PAHs (NPAHs) and 4 azaarenes (AZAs) in both the gaseous and particulate phases, as well as the
particulate-bound carbon fractions (organic carbon, elemental carbon, char, and soot) in ambient air sampled
in March and September 2012 from an urban site in Xi'an, central China were extracted and analyzed. The av-
erage concentrations (gaseous + particulate) of ∑29PAHs, ∑15OPAHs, ∑11NPAHs and ∑4AZAs were
1267.0 ± 307.5, 113.8 ± 46.1, 11.8 ± 4.8 and 26.5 ± 11.8 ng m−3 in March and 784.7 ± 165.1, 67.2 ± 9.8,
9.0 ± 1.5 and 21.6 ± 5.1 ng m−3 in September, respectively. Concentrations of ∑29PAHs, ∑15OPAHs
and ∑11NPAHs in particulates were significantly correlated with those of the carbon fractions (OC, EC,
char and soot). Both absorption into organic matter in particles and adsorption onto the surface of particles
were important for PAHs and OPAHs in both sampling periods, with more absorption occurring in September,
while absorption was always the most important process for NPAHs. The total carcinogenic risk of PAHs plus
the NPAHs was higher in March. Gaseous compounds, which were not considered in most previous studies,
contributed 29 to 44% of the total health risk in March and September, respectively.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), a group of organic con-
taminants containing two or more benzene rings, are ubiquitous envi-
ronmental pollutants worldwide. The oxygenated-PAHs (OPAHs)
included in this study and nitrated-PAHs (NPAHs) are derivatives of
igh-Tech Zone, Xi'an 710075,
PAHs containing carbonyl- and nitro-functional groups, respectively
(Atkinson and Arey, 1994; Lundstedt et al., 2007). Azaarenes (AZAs)
are a group of heterocyclic PAHs containing one nitrogen atom in
place of a carbon atom within the aromatic ring (Bleeker et al., 1999).
These polycyclic aromatic compounds (PACs) are formed and released
into the environment mainly from the incomplete combustion of fossil
fuels and biomass (Albinet et al., 2007; Bleeker et al., 1999; Lima et al.,
2005). There are also natural sources of AZAs (e.g., microbial myco-
toxins and plant-produced alkaloids) (Bleeker et al., 1999) and
parent-PAHs like naphthalene and perylene (Bandowe et al., 2009;
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Wilcke, 2007; Wilcke et al., 1999) in the environment. OPAHs and
NPAHs can also be formed in the atmosphere by the direct photolysis
of parent-PAHs or homogeneous and heterogeneous reactions between
parent-PAHs and atmospheric oxidants (e.g., O3, OH and NOx)
(Atkinson and Arey, 1994; Lundstedt et al., 2007; Huang et al., 2014).

Elemental carbon (EC, also referred to as black carbon) mainly orig-
inates from the incomplete combustion of biomass and fossil fuels and is
also ubiquitous in the environment (Goldberg, 1985;Han et al., 2010). It
can be subdivided into char and soot (Han et al., 2010). Char is a carbo-
naceous material formed by the pyrolysis of organic substances and is
therefore contained in combustion residues of incomplete burning,
while soot refers to carbon particles formed at high temperatures via
gas-to-particle conversion processes (Han et al., 2010). On heating,
the organic compounds are partially cracked to smaller and unstable
fragments, which are reactive free radicals with a short lifetime. These
fragments form more stable PACs through recombination reactions
(Mastral and Callén, 2000). This formation process can also be referred
to as a “waterfall mechanism”, in which soot and other complex-
structure compounds with high molecular weight are formed through
the combination of small fragments during combustion (Mastral and
Callén, 2000). Hence, to someextent, soot and PACshave similar sources
and formation mechanisms, and high molecular weight PACs can be
considered to be precursors of soot.

PACs can be released into ambient air and partitioned into both
gaseous and particulate phases, with a large fraction of PACs present
in part or almost exclusively in the gaseous phase (Klein et al.,
2006). The partition process is relevant to their occurrence in the
atmosphere, fate (deposition, stability and long-range transport),
and toxicity (Harner and Bidleman, 1998; Ringuet et al., 2012;
Schnelle-Kreis et al., 2007). The two main mechanisms of partition
are adsorption onto the surface of particles and absorption into the or-
ganic matter in particles (Harner and Bidleman, 1998; Ringuet et al.,
2012). The difference in the sorption mechanism of PAHs is usually
studied by plotting their experimental gas-particulate partition coef-
ficient (Kp) against the sub-cooled vapor pressure (PL0) to generate a
linear equation, the slope of which is related to the sorption mecha-
nism (Harner and Bidleman, 1998; Pankow, 1987, 1994a,b; Pankow
and Bidleman, 1991; Ringuet et al., 2012). Usually a slope (mr) b −1
indicates adsorption to a strong sorbent, and N−0.6 absorption to a
medium with high cohesive energy, while an mr between −1 and
−0.6 indicates that both adsorption and absorption occurred
(Pankow, 1987, 1994a,b; Pankow and Bidleman, 1991; Terzi and
Samara, 2004). The intercept (br) of the regression line depends on
properties associated with the particles (Pankow, 1994a; Pankow
and Bidleman, 1992). Most previous studies have focused on parent-
PAHs, whereas little is known about the phase partitioning of
OPAHs, NPAHs and AZAs (Albinet et al., 2007, 2008; Bandowe et al.,
2014; Wang et al., 2011a).

The United States Environmental Protection Agency (U.S. EPA) lists
16 parent-PAHs as priority pollutants because of their carcinogenic,mu-
tagenic and teratogenic properties (Eisler, 1987). OPAHs, AZAs and
NPAHs are recognized as direct/indirect acting mutagens and carcino-
gens that generate more toxic and estrogenic effects than their
parent-PAHs (Albinet et al., 2008; Rosenkranz and Mermelstein,
1985). The toxic potency of individual PAHs can be assessed according
to their benzo[a]pyrene equivalent concentration (BaPeq), based on
the concept established by Nisbet and LaGoy (1992). Toxicological
assessments have been extensively investigated for PAHs bound to par-
ticles (Bandowe et al., 2014; Ramírez et al., 2011). Few studies have con-
sidered gaseous pollutants (Gaga et al., 2012; Klein et al., 2006),
although they may pose more risk to human health than particle-
bound compounds because they canmore easily enter the blood system
following uptake via breathing.

Xi'an is the capital city of Shaanxi Province and is a popular tourist
destination in central China; however, it has experienced serious air
pollution, especially by particulate matter (PM), in recent years
(Cao et al., 2005; Han et al., 2010). Therefore, gaseous and particulate
bound-PACs were collected at Xi'an inMarch and September 2012, to
determine their occurrence, phase partitioning, and carcinogenic
risk.
2. Materials and methods

2.1. Sampling

Gaseous and particulate samples were collected simultaneously in
28–30 March and 6–10 September 2012 at the sampling platform of
the Institute of Earth Environment, Chinese Academy of Sciences
(IEECAS), located in the southeastern part of downtown Xi'an in an
area with a mixture of urban, industrial, commercial and traffic use
(Xu et al., 2012) (Fig. S1, A, shown in the Supplementary information,
SI). A total of seven samples were collected on continuous three and
four days sampling in March and September, respectively. Particulate
and gaseous phase samples were acquired using an assembled car-
tridge containing quartz microfiber filters (QM/A, diameter: 90 mm,
Whatman, Maidstone, UK), followed by a glass polyurethane foam
(PUF) holder containing PUF plugs (60mm diameter × 75mm length,
Peta, Guangzhou, China) (Fig. S1, B). The system was connected to a
pump to collect total suspended particle (TSP) and gaseous samples
for 24 h (from 10:00 am to 10:00 am). This system was controlled
by a flow meter installed before the pump that was used to maintain
a flow of 30 L min−1. The inlet flow was also measured using a digital
display Defender-520 air-flow calibrator (Mesa Laboratories, Lake-
wood, CO, USA) at the beginning and end of sampling. The real flow
was calculated using the average value of the beginning and end
flow, while the final sampling volumewas converted to standard con-
ditions (0 °C, 1.01 × 10−5 Pa). Prior to sampling, all quartz fiber filters
were baked at 780 °C for 4 h in amuffle furnace to remove any organic
compounds that might be present on the filters. PUFs were pre-eluted
with dichloromethane (DCM) using a Soxhlet Extraction System for
24 h. After collection, the filters were wrapped in pre-baked alumi-
num foil and stored at −20 °C, while the PUFs were also stored at
−20 °C in their stainless steel containers.

The average temperature (T) was 19.5 °C during the September
sampling period, which was higher than the March sampling period
(13.9 °C) (Table S1). Wind speed (WS) was 1.4 m s−1 in September,
which was comparable to that in March (1.3 m s−1) (Table S1). The
dominant wind directions were south-west (SW, 39%) and north-
west (NW, 37%) in March and September, respectively (Fig. S2).
2.2. Analysis of carbon fractions and PACs

The mass of total suspended particles (TSP) was obtained by
weighing the filters twice before and after sampling using an electronic
microbalance with 0.1 mg sensitivity (LA130S-F, Sartorius, Göttingen,
Germany) in a controlled temperature (20–25 °C) and relative humidi-
ty (35–45%) environment (Han et al., 2010). The filters were equilibrat-
ed for 24 h at constant temperature (22 °C) and humidity (17%) in an
environment chamber (MC108F, MeRyOu, Wuppertal, Germany)
before gravimetric analysis.
2.2.1. Carbon fractions
Four C pools, i.e., organic carbon (OC), elemental carbon (EC), char

and soot, were determined using a Desert Research Institute (DRI)
Model 2001 Carbon Analyzer (Atmoslytic Inc. Calabasas, CA, USA)
following the IMPROVE TOR protocol, which is described elsewhere
(Cao et al., 2004; Chow et al., 1993; Han et al., 2007). Char and soot
were measured following the definition by Han et al. (2007), with
their sum being EC.



Table 1
Summary of the concentrations of the mass and carbon fractions of total suspended parti-
cle (TSP) and meteorological conditions during sampling in Xi'an.

Compounds March September

Mass (μg m−3) 416.5 ± 125.5 151.7 ± 63.4

Carbon factions (μg m−3)
TCa 54.9 ± 17.1 26.5 ± 17.3
OCa 42.8 ± 14.5 18.8 ± 12.6
ECa 12.1 ± 2.8 7.8 ± 4.9
Char 11.0 ± 2.6 7.2 ± 4.5
Soot 1.2 ± 0.3 0.6 ± 0.4
OC/EC 3.5 ± 0.5 2.3 ± 0.9
Char/soot 9.6 ± 2.3 12.7 ± 0.8

Meteorological conditions
Tb (°C) 13.9 ± 1.9 19.5 ± 1.6
RHb (%) 66.7 ± 17.5 70.6 ± 16.3
Pb (hPa) 975.1 ± 2.9 971.2 ± 3.1
WSb (m/s) 1.3 ± 0.4 1.4 ± 0.2

a TC, OC and EC are total carbon, organic carbon, and elemental carbon, respectively.
b T, RH, P and WS here represent temperature, relative humidity, pressure and wind

speed in the ambient environment during sampling, respectively.
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2.2.2. PACs
Details of the method used for the analysis of PACs are described

in the Supplementary information. Briefly, filters containing sampled
particulate PACs and PUFs containing gaseous PACs were analyzed
separately. Half of each filter and the whole of each PUF were cut
into small pieces, placed in 33 mL Accelerated Solvent Extractor
(ASE) extraction cells (Dionex, Sunnyvale, CA, USA), spiked with
seven perdeuterated-PAHs (naphthalene-D8, acenaphthene-D10,
phenanthrene-D10, pyrene-D10, chrysene-D12, perylene-D12 and
benzo[g,h,i]perylene-D12), two deuterated-OPAHs (benzophenone-
D5 and anthraquinone-D8) and three deuterated-NPAHs (2-
nitrofluorene-D9, 3-nitrofluoranthene-D9 and 6-nitrochrysene-D11)
as internal standards. Samples were extracted twice by pressurized
liquid extraction (ASE 200, Dionex, Sunnyvale, CA, USA) using
dichloromethane (DCM) as the extraction solvent. The ASE instru-
mental conditions, purification procedures and analysis by gas chro-
matography/mass spectrometry (GC/MS) followed the method used
by Bandowe et al. (2014). A total of 29 PAHs, 15 OPAHs, 11 NPAHs
and 4AZAs were measured and the monitored and qualifier ions
used for detection and quantification are shown in Table S2.

2.3. Quality assurance/quality control

All glassware used during sample preparation and analysis were
machine-washed and baked overnight at 250 °C in an oven. Solvents
were pesticide residue grade (J.T. Baker, Center Valley, PA, USA).

For carbon analysis, the Carbon Analyzer was calibratedwith known
quantities of CH4 every day. Every 10th sample in a measurement se-
quence which also included samples from other locations not included
in this study was analyzed in duplicate to check for analytical precision.
Precision, expressed as the relative standard deviation of themean, was
b5% for TC, b8% for OC and EC, and b10% for char and soot.

For the analysis of PACs, several laboratory and field blanks (QFFs
and PUFs) were measured to verify potential contamination
(Table S3). Average field values of the 59 target PACs were
subtracted from samples. The average recoveries of the deuterated
internal standards were 90% [range: 57% (benzo[g,h,i]perylene-
D12) to 140% (anthraquinone-D8)] in filters and 100% [range: 55%
(Naphthalene-D8) to 135% (perylene-D12)] in PUFs. The limit of
detection was calculated as a signal to noise ratio of 3:1 following
Bandowe et al. (2014) (Table S3).

2.4. Calculations and properties of PACs

The characteristics of 59 PACs and the toxicity equivalency factors
(TEFs) of selected PACs are summarized in Table S2. The sum of all 29
PAHs, 15 OPAHs, 11 NPAHs, 4 AZAs, low molecular weight parent
PAHs (2–3 rings), high molecular weight parent PAHs (4–7 rings) and
16 U.S. EPA priority PAHs are referred to as ∑29PAHs, ∑15OPAHs,
∑11NPAHs, ∑4AZAs, LMW, HMW and∑16PAHs, respectively.

2.4.1. Calculation of gas-particle partitioning
The distribution of a PACs between the gaseous and particulate

phases is described by the partitioning coefficient (Kp) (Pankow, 1987;
Terzi and Samara, 2004):

Kp ¼ Cp=TSP
� �

=Cg ð1Þ

where Cp and Cg are the concentrations of the target compound in the
particulate and gas phases (ng m−3), and TSP is the mass of total
suspended particulate matter in the air (μg m−3).

Adsorption and absorption are the two classical mechanisms that
govern the association between PACs and atmospheric aerosols, and
hence gas-particle partitioning (Goss and Schwarzenbach, 1998; Shen
et al., 2011b). For both mechanisms there is a linear relationship
between log Kp and log PL
0 (Pankow, 1987, 1994a,b; Pankow and

Bidleman, 1991; Terzi and Samara, 2004):

log Kp ¼ mrlogP
0
L þ br ð2Þ

where PL
0 is the sub-cooled liquid vapor pressure of a particular com-

pound. A linear regression of logKp on logPL
0was calculated for individual

PAHs, OPAHs and NPAHs to determine theirmr and br values after nor-
mal distribution of the data sets was verified.

2.4.2. Carcinogenic risk assessment
Carcinogenic risk was estimated using the TEFs, and was calculated

following the method of Albinet et al. (2008):

Carcinogenic risk ¼
X

i
Ci � TEFð Þi � URBaP ð3Þ

where Ci and TEFi are the individual concentration and TEF value of
the target PAC (Table S2), respectively. To the best of our knowl-
edge, no better data were available for the risk assessment of
OPAHs. URBaP (unit risk) is defined as the number of people at risk
of contracting cancer from the inhalation of a BaP equivalent con-
centration of 1 ng m−3 within a lifetime of 70 years, and has a
value of 1.1 × 10−6 (ng m−3)−1 according to the California Environ-
mental Protection Agency (OEHHA, 1994).

3. Results and discussion

3.1. Concentrations of TSP and carbon factions

The mass concentrations of TSP and the four carbon fractions in
both March and September are summarized in Table 1 and Fig. 1.
The average mass concentration of TSP in March was 416.5 ±
125.5 μg m−3 (average ± standard deviation), which was much
higher than in September (151.7 ± 63.4 μg m−3) (p = 0.014)
(Table 1), indicating serious particulate pollution in March. These
values were comparable with those reported in previous studies in
Xi'an by Zhang et al. (2002) and Shen et al. (2009). The average OC
and EC concentrations were 42.8 ± 14.5 and 12.1 ± 2.8 μg m−3 in
March, contributing 10.3% and 2.9% of the mass of TSP, respectively.
Although OC and EC concentrations in March were higher than in
September (Table 1), their contribution to the TSP was reversed
(17.5% for OC and 5.1% for EC in September). Average char and soot
concentrations at Xi'an were 11.0 ± 2.6 and 1.2 ± 0.3 μg m−3 in
March, respectively, whichwere also higher than those in September



Fig. 1. Concentrations of PACs, TSP, carbon fractions and concentration ratios of OC/EC and
char/soot at an urban sampling location in Xi'an. The sum of concentrations of char plus
soot is EC concentration, while the sum of concentrations of OC, char and soot equals TC
concentration.
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(Table 1). Concentrations of OC, EC (char + soot), char and soot
paralleled those of TSP (Fig. 1). The highest concentrations of TSP
and the carbon fractions were recorded on 29 March, while the low-
est loading was recorded on 10 September (Fig. 1) because of precip-
itation scavenging (18.8 mm rainfall, Table S1), which is an
important factor that influences atmospheric aerosol concentrations
(Armalis, 1999; Han et al., 2010). Wind is another factor that affects
particle concentrations in ambient air (Cao et al., 2009; Ragosta et al.,
2002). TSP and carbon fractions likely accumulated in ambient air at
low wind speeds (b1.3 m s−1) or when non-directional wind domi-
nated and pollutants recycled in the Guanzhong Basin (Fig. S1) such
as on 29 March 2012 (Fig. S2). At higher wind speeds or when the di-
rectional dominant wind (south-west and north-west in March and
September, respectively (Wang et al., 2012)) controlled, TSP and car-
bon fractions were diluted (Table S1, Fig. S2). The influence of pre-
cipitation and wind explains the variation in the concentrations of
TSP and its associated pollutants during several days (Fig. 1A).
Other factors, e.g., emission differences and dust storms, also can af-
fect the concentrations of TSP and the carbon fractions, leading to
higher values in March (Shen et al., 2009). Although 15 November
to 15 March is the period when central heating is used in buildings
in Xi'an, there were some occasions in the sampling period during
which particles were also emitted by domestic heating of rural fam-
ilies and coal or petroleum combustion in some public buildings
(e.g., hospitals). The magnitude of such non-centralized heating is
higher in the colder periods (March) than in the slightly hotter peri-
od (September, Tables 1 and S1).

The measured OC/EC and char/soot ratios are shown in Table 1 and
Fig. S3. These ratios are usually used as markers to distinguish between
sources of aerosol (Cao et al., 2005; Han et al., 2010; Shen et al., 2010).
An OC/EC value of 2.7 indicates coal combustion, 1.1 indicates
combustion inmotor vehicle engines (Watson et al., 2001) and 9.0 indi-
cates biomass burning (Cachier et al., 1989). The OC/EC ratio is not only
influenced by the fuel used (primary emissions), but also by the forma-
tion of secondary organic aerosols. The OC/EC ratio is not universally
suitable for the identification of primary sources of carbonaceous aero-
sol (Han et al., 2010). Han et al. (2010) proposed the char/soot ratio to
identify primary sources because both atmospheric char and soot con-
centrations are controlled by primary emission sources and have differ-
ent removal rates by deposition. The char/soot ratio is less than 1 for
combustion in a motor vehicle engine, 1.5 to 3.0 for residential coal
combustion, 2.0 to 6.0 for domestic cooking, and much higher for bio-
mass burning (Han et al., 2010). The OC/EC and char/soot ratios indicat-
ed that the atmospheric particles sampled in Xi'an during the study
period mainly originated from a mixture of vehicle exhaust emissions,
coal combustion and biomass burning (Fig. S3).

3.2. Occurrence and composition of PACs

3.2.1. PAHs
The average total concentrations (gaseous + particulate) of

∑29PAHs and ∑16PAHs were 1267.0 ± 307.5 and 728.6 ±
131.9 ng m−3 in March, which were higher than the levels recorded
in September (Table 2, Fig. 1). The average concentrations of
∑16PAHs (gaseous + particulate) in both months were higher
than those reported from other cities, such as Chicago, USA (428 ±
240 ng m−3 in June to October, 1995) (Odabasi et al., 1999), Kocaeli,
Turkey (108 ngm−3 in summer 2006) (Gaga et al., 2012) and Guang-
zhou, China (337 ± 137 ng m−3) (Lee et al., 2001). The average con-
centration of ∑16PAHs (gaseous + particulate) accounted for 58%
and 70% of the ∑29PAHs concentration in March and September,
respectively. This implies that the measurement of just the 16 U.S.
EPA priority PAHs may miss a large fraction of the total PAHs, such
as methyl-PAHs in both months, and especially the cooler time
(Table S4). Gaseous ∑29PAHs, ∑16PAHs, LMW, and HMW
accounted for 88%, 85%, 99% and 30% of the total gaseous plus partic-
ulate phases in March, and 91%, 89%, 99% and 46% in September,
which suggests that most of the measured PAHs (especially LMW)
were present in the gaseous phase and the proportion of the total
compound concentration in the gaseous phase increased with
increasing temperature because of enhanced volatilization. Phenan-
threne (22%), 1,3-dimethylnaphthalene (14%) and naphthalene
(10%) were the dominant PAHs in March, which were similar to Sep-
tember, while dibenzo[a,h]anthracene, perylene and 1,2,3,4-
tetrahydronaphthalene were the least abundant in both months
(Fig. 2). The pattern of PAH concentrations in the two months was
similar to each other (r2 = 0.73, p b 0.001, linear regression) sug-
gesting similar sources of the PAHs in the two sampling periods.

3.2.2. OPAHs
The average concentration of∑15OPAHs (gaseous+ particulate)

was 113.8± 46.1 ngm−3 inMarch, whichwas higher than in Septem-
ber (67.4 ± 9.8 ngm−3) (Table 2, Fig. 1). This was almost one order of
magnitude lower than the average concentration of ∑29PAHs, but
was higher than that reported in Birmingham, UK (29.1 ng m−3 in
January, 2010) (Delgado-Saborit et al., 2013), Texas, USA
(0.56 ng m−3 in March, 1991) (Wilson et al., 1995) and Singapore
(4.14 ± 1.42 ng m−3 in November, 2006) (He et al., 2010). Gaseous
∑15OPAHs accounted for 78% and 76% of the total ∑15OPAHs con-
centrations in gaseous + particulate phases in March and September,
respectively. These values were lower than the percentages of
∑29PAHs and ∑16PAHs in the gaseous phase, because the mea-
sured OPAHs had a high molecular weight and therefore preferably
occurred in the particulate phase (Albinet et al., 2008). 9-Fluorenone
(42%), 1-indanone (17%), 1,4-naphthoquinone (10%) and 9,10-
anthraquinone (7.3%) were the most abundant OPAHs, while 5,12-
naphthacenequinone (1.2%), 1,8-naphthalic anhydride (0.5%) and 2-



Fig. 2. Composition of themixtures of 29 PAHs, 15 OPAHs, 11 NPAHs and 4 AZAs in ambient gaseous and particulate phases inMarch (A) and September (B) at an urban sampling location
in Xi'an.
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biphenylcarboxaldehyde (0.5%) were the least abundant in March
(Fig. 2). The pattern of OPAH concentrations in March was similar to
that in September (Fig. 2) (r2 = 0.77, p b 0.0001, linear regression),
as was also found for PAHs.
3.2.3. NPAHs
The average concentration of ∑11NPAHs (gaseous ± particulate)

was 11.8± 4.8 ngm−3 inMarch, whichwas slightly higher than in Sep-
tember (9.0 ± 1.5 ng m−3) (Table 2, Fig. 1). These values were nearly
two orders of magnitude lower than the average concentration of
∑29PAHs, and were higher than those reported from Texas, USA
(0.28 ng m−3) (Wilson et al., 1995) and Toronto, Canada
(0.1 ng m−3) (Klein et al., 2006). Gaseous ∑11NPAH concentrations
were similar to particulate concentrations in both periods (Table 2),
Table 2
Concentration of polycyclic aromatic hydrocarbons (PAHs) and their derivatives (OPAHs, NPAH
an urban sampling location in Xi'an.

March

G P G/Pa G + P

LMWb 687.4 ± 149.4 9.0 ± 3.5 76.25 696.4 ±
HMWb 54.4 ± 9.5 124.6 ± 40.5 0.44 178.9 ±
∑16PAHsb 621.6 ± 123.5 107.0 ± 34.5 5.81 728.6 ±
∑29PAHsb 1117.8 ± 307.6 149.2 ± 42.9 7.49 1267.0 ±
∑15OPAHsb 89.2 ± 43.0 24.6 ± 3.9 3.62 113.8 ±
∑11NPAHsb 4.9 ± 2.5 6.9 ± 2.3 0.70 11.8 ±
∑4AZAsb 21.5 ± 14.8 5.0 ± 4.0 4.31 26.5 ±

a G/P means the ratio of the average concentration in the gaseous to that in the particulate p
b LMW is the sum of the naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthre

anthracene, chrysene, benzo[bjk]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, perylene, ind
trations. ∑16PAHs is the sum of the naphthalene, acenaphthylene, acenaphthene, fluorene,
[bjk]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene and benz
sums of 29 parent- and alkyl-PAHs, 15 oxygenated PAHs, 11 nitrated PAHs and 4 azaarenes co
which was not true for gaseous ∑29PAHs and ∑15OPAHs. 1-
Nitronaphthalene (32%), (2 + 3)-nitrofluoranthene (23%) and 1-
nitropyrene (10%) were the most abundant compounds among the
NPAHs, while 2,7-dinitrofluorene (3.9%), 9-nitroanthracene (2.8%),
and 2-nitrobiphenyl (2.1%) were the least abundant in March (Fig. 2).
The concentration pattern in March was similar to that in September
(r2 = 0.53, p = 0.011, linear regression).
3.2.4. AZAs
The average concentration of ∑4AZAs was 26.5 ± 11.8 ng m−3 in

March, which was slightly higher than in September (21.6 ±
5.1 ng m−3) (Table 2, Fig. 1) and the concentration of gaseous
∑4AZAs was almost four times higher than the particulate ∑4AZAs
concentration in both months. Quinoline, benzo[h]quinoline, acridine
s, AZAS) in the gaseous (G), particulate (P) and gaseous plus particulate (G + P) phases at

September

G P G/Pa G + P

148.0 485.5 ± 84.7 2.8 ± 2.8 171.18 488.3 ± 86.3
49.3 55.2 ± 6.9 64.5 ± 22.9 0.86 119.7 ± 27.3
131.9 492.3 ± 68.1 59.0 ± 20.5 8.34 551.3 ± 84.9
307.5 713.0 ± 138.2 71.7 ± 27.2 9.95 784.7 ± 165.1
46.1 51.0 ± 8.0 16.2 ± 6.0 3.14 67.4 ± 9.8
4.8 4.0 ± 0.8 5.0 ± 1.4 0.80 9.0 ± 1.5
11.8 18.0 ± 5.8 3.6 ± 1.6 5.07 21.6 ± 5.1

hase.
ne and anthracene concentrations; HMW is the sum of fluoranthene, pyrene, benzo[a]
eno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene, benzo[g,h,i]perylene and coronene concen-
phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo
o[g,h,i]perylene concentrations; ∑29PAHs, ∑15OPAHs,∑11NPAHs,∑4AZAs are the
ncentrations, respectively.

image of Fig.�2


Table 3
Selected mean concentration ratios (±standard deviations) of PAHs, OPAHs, NPAHs and
of PAHs to the carbon fractions in the atmosphere of Xi'an.

Ratioa March September

LMW/HMWb 3.806 ± 0.953 4.247 ± 0.428
∑15OPAHs/∑29PAHsb 0.079 ± 0.025 0.087 ± 0.013
∑11NPAHs/∑29PAHsb 0.010 ± 0.005 0.012 ± 0.002
∑11NPAHs/∑15OPAHsb 0.105 ± 0.008 0.135 ± 0.028
Benzo[e]pyrene/benzo[a]pyrene 1.087 ± 0.133 1.732 ± 0.405
Benzo[ghi]perylene/benzo[a]pyrene 1.346 ± 0.502 2.324 ± 0.720
9-Fluorenone/fluorene 0.770 ± 0.177 0.543 ± 0.062
9,10-Anthraquinone/anthracene 0.287 ± 0.073 0.037 ± 0.008
Benzo[a]anthracene-7,12-dione/benzo[a]
anthracene

0.531 ± 0.196 0.286 ± 0.077

1,2-Acenaphthenequinone/acenaphthene 0.067 ± 0.037 0.140 ± 0.072
1-Nitronapthalene/napthalene 0.037 ± 0.032 0.067 ± 0.023
5-Nitroacenaphethene/acenaphthene 0.022 ± 0.013 0.062 ± 0.032
2-Nitrobiphenyl/biphenyl 0.003 ± 0.001 0.006 ± 0.004
2-Nitrofluoranthene/fluoranthene 0.007 ± 0.003 0.007 ± 0.002
9-Nitrophenanthene/nitrophenanthrene 0.003 ± 0.001 0.006 ± 0.002
9-Nitroanthracene/anthracene 0.011 ± 0.004 0.021 ± 0.007
6-Nitrochrysene/chrysene 0.064 ± 0.026 0.070 ± 0.012
6-Nitrobenzo[a]pyrene/benzo[a]pyrene 0.052 ± 0.004 0.157 ± 0.052
2-Nitrofluorene/1-nitropyrene 2.423 ± 0.224 4.076 ± 0.578
∑29PAHs/TCb 0.024 ± 0.004 0.045 ± 0.037
∑29PAHs/OCb 0.030 ± 0.005 0.079 ± 0.086
∑29PAHs/ECb 0.106 ± 0.019 0.124 ± 0.053
∑29PAHs/char 0.118 ± 0.023 0.133 ± 0.057
∑29PAHs/soot 1.096 ± 0.038 1.716 ± 0.793

a Individual values and the sum of PAHs, OPAHs, NPAHs and AZAs concentrations refer
to the gaseous plus particulate phase.

b LMW is the sum of the naphthalene, acenaphthylene, acenaphthene, fluorene, phen-
anthrene and anthracene concentrations; HMW is the sum of the fluoranthene, pyrene,
benzo[a]anthracene, chrysene, benzo[b + j + k]fluoranthene, benzo[e]pyrene, benzo[a]
pyrene, perylene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene, benzo[g,h,i]perylene
and coronene concentrations. ∑15OPAHs, ∑29PAHs and ∑11NPAHs are the sum of
15 oxygenated-PAHs, 29 parent- and alkyl-PAHs and 11 nitrated-PAHs concentrations, re-
spectively. TC, OC, EC are acronyms for total carbon, organic carbon and elemental carbon,
respectively.
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and carbazole, the four AZA compounds investigated in this study,
accounted for 70%, 7%, 6% and 17% in March and 36%, 15%, 8% and 41%
of the∑4AZAs concentrations in September, respectively (Fig. 2).

Both gaseous and particulate ∑29PAHs displayed a similar daily
variation to TSP and their carbon fractions (Table S5, Fig. 1), which is
probably because PAHs (both gaseous and particulate) were mainly
emitted fromprimary sources associatedwith particles and their carbon
contents (e.g., OC, char and soot). The concentrations of particulate
∑15OPAHs and ∑11NPAHs were significantly correlated with those
of the carbon fractions, but the gaseous ∑15OPAHs and ∑11NPAHs
were not (Table S5) suggesting that particulate polar PACs (OPAHs
and NPAHs) were co-emitted with carbon fractions and co-sorbed to
carbon fractions and therefore PACs and carbon fractions showed a sim-
ilar fate. PACs in the gaseous phase in contrast are susceptible to other
process such as photochemical transformation and deposition by gas–
solid phase partitioning to terrestrial surfaces that are markedly differ-
ent from the fate of carbon fractions in the particulate phase.

PAC concentration ratios have been used to distinguish their sources
in air (Albinet et al., 2008; Kim et al., 2012). A higher BeP/BaP ratio in
September (Table 3) suggests photochemical aging of PACs in ambient
air, because this ratio is ~1 close to sources, and increases during
“aging” because BaP is degraded faster than BeP in the environment
(Kamens et al., 1988; Lammel et al., 2010). The concentration ratios of
∑11NPAHs/∑29PAHs and individual NPAH to parent-PAHs were
higher in September than inMarch (Tables 3 & S6), which also indicates
a large contribution from NPAHs formed from photochemical reactions
of their parent-PAHs (Huang et al., 2014). The concentration ratios of
∑15OPAHs/∑29PAHs and most individual OPAHs to their parent-
PAHs were lower in September than in March, whereas the
∑11NPAHs/∑15OPAHs concentration ratio displayed an opposite
pattern (Tables 3 & S6). This suggests that OPAHs mainly originated
fromprimary emission sources and themore intense photochemical ac-
tivity in September therefore did not lead to significant formation of
OPAHs from their parent-PAHs. Alternatively, it is possible that both
the OPAHs and their parent-PAHs are equally susceptible to photo-
chemical degradation, which would prevent any excess accumulation
of OPAHs. Furthermore, relatively highOPAHemissions from residential
cooking and heating due to differences in the amount of oxygen sup-
plied, result in lower combustion efficiencies and relatively high tem-
peratures in enclosed residential stoves (Shen et al., 2011a). Other
concentration ratios, such as those of ∑29PAHs, ∑15OPAHs,
∑11NPAHs and ∑4AZAs in relation to TC, OC, EC, char and soot
were higher in September indicating that these carbon fractions contain
more PACs (Table S6). This can be explained by: 1) more PACs being
evaporated from storage pools (e.g., soil) in September because of the
higher ambient temperature (Wang et al., 2011b), and 2) the TSP
could contain more carbon in March because dust storms, which occa-
sionally occur in the Xi'an region in March, could introduce carbona-
ceous materials from the surrounding areas (Shen et al., 2009).

3.3. Gas/particle partitioning of PACs

The fractions of individual PAHs, OPAHs and NPAHs of the total at-
mospheric concentrations in the particulate phase depended strongly
on the molecular weight (MW), and the relationships between gaseous
and particulate phases displayed variations among the two sampling
periods (Fig. 3). All PAHs, OPAHs and NPAHs were shifted to the partic-
ulate phase to some extent in March (Fig. 3) because of the lower tem-
perature (Table S1), which was also observed in French alpine valleys
(Albinet et al., 2008) and Birmingham, UK (Delgado-Saborit et al.,
2013). Normally, low molecular weight compounds (i.e. MW
b200 g mol−1) mainly occurred in the gaseous phase, whereas high
molecular weight compounds (MW N240 g mol−1) were detected in
the particulate phase during the two studied months. The fractions of
particulate PACs were also plotted and a sigmoidal logistic function
with other physicochemical properties, such as log PL

0, KOW and Henry's
Law constant (H) was fitted (Fig. S4). They all displayed similar trends
to that shown in Fig. 3 except for the relationship between the fraction
of total atmospheric concentrations in particulates and H for OPAHs,
which suggested that MW, log PL

0 and KOW might all be suitable predic-
tors of gas/particle partitioning (Delgado-Saborit et al., 2013).

The slopes (mr) and intercepts (br) of the regression lines of log Kp

on log PL
0 for PAHs, OPAHs, NPAHs and PACs were calculated for the

two study months (Fig. 4) and for individual days (Table S7). Absorp-
tion into the organic matter in particles and adsorption onto the surface
of particles occurred simultaneously for PAHs and OPAHs, and absorp-
tion occurred more frequently in September as indicated by the slope
values (Fig. 4). In contrast, absorption was the main mechanism for
the association of NPAHs with particles in both periods (Fig. 4). More
PACs are expected to partition to the gaseous phase in September be-
cause of the higher ambient temperature (Table S1), which could intro-
duce a lower Kp and therefore a less negativemr in September (Fig. 4).
mr was also significantly correlated with br for both OPAHs (r = 0.84,
p = 0.018) and NPAHs (r = 0.90, p = 0.006), but not PAHs (r = 0.74,
p= 0.057), suggesting a relationship between mr and br for OPAHs
and NPAHs. The slope and intercept of the linear regression of br on mr

for PAHs were 3.69 and −1.37, respectively, which were consistent
with published data (Pankow and Bidleman, 1992; Terzi and
Samara, 2004), but higher than the values for OPAHs (slope = 3.12
and intercept = −1.53) and NPAHs (slope = 2.37 and intercept =
−2.09).

3.4. Carcinogenic risk of PACs

Because there are no TEF values for OPAHs and AZAs available, the
published TEF values of selected PAHs and NPAHs (Table S2) were
used to evaluate the carcinogenic risk in this study. The total risk of



Fig. 3. Fraction of PAHs, OPAHs and NPAHs concentrations in the particulate fraction of their total atmospheric concentrations (gaseous+ particulate) according to theirmolecularweight
in March (black square) and September (red dot) 2012 at an urban sampling location in Xi'an. p values refer to t-tests of paired samples in March and September.

820 C. Wei et al. / Science of the Total Environment 505 (2015) 814–822
the sumof PAHs andNPAHswas 4.4 × 10−5 inMarch,whichwas higher
than in September (2.8 × 10−5) (Fig. 5, A). There was also a higher
carcinogenic risk posed by the atmospheric concentrations of both
PAHs and NPAHs in March than in September. Although the
concentrations of NPAHs (gaseous + particulate) were two orders
of magnitude lower than those of PAHs, the carcinogenic risk of NPAHs
(gaseous + particulate) contributed a large amount of the total carcino-
genic risk of PACs. For example, NPAHs accounted for 17% and 11% of the
total carcinogenic risk (NPAHs + PAHs) in March and September,
respectively. The carcinogenic risk of gaseous PACs accounted for 29%
and 44% of the total risk inMarch and September, respectively, indicating
that gaseous PACs contributed a large proportion of the total carcinogenic
risk, which increased further at higher ambient temperatures. In the
Fig. 4. Linear regression of log Kp on log PL0 for PAHs (A, circle), OPAHs (B, up-triangle), NPAHs (C
(red).
future, any risk assessment of PACs should consider the impact of
gaseous compounds as well as particulates.

4. Conclusions

The concentrations of ∑29PAHs were one to two orders of magni-
tude higher than those of ∑15OPAHs, ∑11NPAHs and ∑4AZAs in
both March and September at the selected urban location in Xi'an.
Higher ∑29PAHs, ∑15OPAHs, ∑11NPAHs and ∑4AZAs concentra-
tionswere recorded inMarch, aswell as of TSP and carbon fractions (OC,
EC and soot). All of the pollutants mainly originated from a mixture of
vehicle exhausts, coal combustion and biomass burning in both sam-
pling periods. Secondary formation (e.g., by photochemical reactions)
, square) and all PACs (D, down-triangle represents AZAs) inMarch (black) and September

image of Fig.�4
image of Fig.�3


Fig. 5. Total cancer risk calculated from the ambient concentration of 20 PAHs and 6 NPAHs (left) and the contribution of gaseous and particulate-bound compounds (right).
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also contributed to the atmospheric concentrations of polar com-
pounds (i.e. OPAHs and NPAHs) in September. Molecular weight
was a suitable predictor of phase partitioning and more absorption
occurred in September for all PACs, although both absorption into
particulate organic matter and adsorption onto the surface of particles
occurred in both periods. The total carcinogenic risk of PAHs and
NPAHs was higher in March. Gaseous compounds contributed a
large fraction of the total risk and their contribution increased as the
ambient temperature increased. Future carcinogenic risk assessment
in air should include the impact of gaseous compounds as well as
particulates.
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Appendix A. Supplementary data

The Supplementary information describes the detailed protocol
of the PACs analysis method, provides a map of the sampling site in
Fig. S1 and summarizes atmospheric properties during sampling pe-
riods in Table S1. Tables S2–S4 summarize the names, abbreviations,
properties, blanks and concentrations of 59 PACs. Correlation coeffi-
cients between atmospheric concentrations of PACs and the carbon
fractions, meteorological factors and gaseous components are given
in Table S5, while selected concentration ratios of individual com-
pounds or sum of compounds are summarized in Table S6. A wind
rose showing the wind directions and wind speeds during sampling
is plotted for individual days in Fig. S2. A plot of the char/soot con-
centration ratio against OC/EC is presented in Fig. S3. The particulate
fractions of the total atmospheric concentrations of PAHs, OPAHs and
NPAHs are plotted against their sub-cooled vapor pressure (PL0), and
KOW values and Henry's Law Constant (H) are presented in Fig. S4.
The coefficients of the regression lines of logKp on logPL

0 for PACs
are shown in Table S7, and the correlation coefficients of PACs con-
centrations with other factors are presented in Table S8. Supplemen-
tary data associated with this article can be found in the online
version. Supplementary data associated with this article can be
found in the online version, at http://dx.doi.org/10.1016/j.
scitotenv.2014.10.054. These data include Google maps of the most
important areas described in this article.
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