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Abstract Azaarenes (AZAs) are toxicologically relevant
organic compounds with physicochemical properties that
are significantly different from the well-studied polycy-
clic aromatic hydrocarbons (PAHs). However, little is
known about their concentrations, seasonal variations,
fate, and relationship with PAHs in air. This paper re-
ports the temporal variations in the concentrations and
composition patterns of AZAs in PM2.5 that was

sampled once per 6 days from outdoor air of Xi’an,
China from July 2008 to August 2009. The concentra-
tions of the ∑AZAs, quinoline (QUI), benzo[h]quinoline
(BQI), and acridine (ACR) in PM2.5 were 213–6441,
185–520, 69–2483, and 10–3544 pg m−3, respectively.
These concentrations were higher than those measured
in urban areas of Western Europe. AZA compositional
patterns were dominated by BQI and ACR. The high
concentration of AZAs, high AZA/related PAH ratio,
and the dominance of three-ring AZAs (BQI and
ACR) in PM2.5 of Xi’an are all in contrast to observa-
tions from Western European and North American cit-
ies. This contrast likely reflects differences in coal type
and the more intense use of coal in China. The PM2.5-
bound concentration of AZA in winter season (W) was
higher than during the summer season (S) with W/S
ratios of 5.7, 1.4, 4.1, and 13, for ∑AZAs, QUI, BQI,
and ACR, respectively. Despite their significantly differ-
ent physicochemical properties, AZAs were significantly
(p< 0.05) positively correlated with their related PAHs
and pyrogenic elemental carbon. The changes in AZA
concentrations were positively correlated with ambient
pressure but negatively correlated with ambient temper-
ature, wind speed, and relative humidity. This trend is
similar to that observed for the related PAHs. We con-
clude that Xi’an and possibly other Chinese cities have
higher emission of AZAs into their atmosphere because
of the more pronounced use of coal. We also conclude
that in spite of differences in physicochemical properties
between AZAs and related PAHs, the atmospheric dy-
namics and relationships with meteorological factors of
both compound groups are similar.
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Introduction

Several published studies report a link between air particulate
matter (PM) and the level of diseases borne by people living in
or near cities and industrial zones (Pope and Dockery 2006;
Cao et al. 2012). Higher levels of cardiovascular diseases,
respiratory diseases, lung cancer, developmental and repro-
ductive disorders, premature mortality and morbidity are all
associated with inhalation of air contaminated with fine PM
(Nel 2005; Millman et al. 2008; Cao et al. 2012). Economic
growth, industrialization, and urbanization in China have all
accelerated over the past few decades. These rapid transitions,
which far outpace environmental protection measures, have
resulted in severe cases of air pollution by PM and increased
exposure of people to toxic air pollutants in many urban areas
in China (Streets et al. 2006; Chan and Yao 2008; Huang et al.
2014). This situation has negative consequences for human
health, general well-being (lower quality of life), and work-
place productivity. These also result in high financial costs due
to loss of working time and treatment of ailments (Zhang et al.
2009; Cao et al. 2012; Kan et al. 2012; Matus et al. 2012). The
negative effects of exposure to fine PM are related to their
small size, morphology, and high concentration of toxic
chemicals bound to them (Harrison and Yin 2000).
Polycyclic aromatic compounds (PACs) are prime suspects
in the toxicity, mutagenicity, and estrogenicity of PM
(Harrison and Yin 2000; Harrison et al. 2004; Gerlofs-
Nijland et al. 2009; Wei et al. 2009). Previous studies that
characterized the composition of toxic chemicals in PM were
focused on polycyclic aromatic hydrocarbons (PAHs) or only
benzo[a]pyrene probably because these are covered by air
quality regulations in China, European Union, North
America, and several other countries (European Union 2005;
Wang et al. 2006; Ravindra et al. 2008; Ministry of
Environmental Protection of The People’s Republic of China
2012). However, other PACs like nitrogen-heterocyclic poly-
cyclic aromatic compounds (azaarenes or AZAs) also show
toxic effects. The toxic, mutagenic, carcinogenic, and estro-
genic effects of some AZAs are higher than for some PAHs
(Machala et al. 2001; Jung et al. 2001; IARC 2011). Several
AZAs have been classified as probable/possible human car-
cinogens and assigned toxicity equivalence factors which are
higher than those of some PAHs (Collins et al. 1998; IARC
2011). PM2.5, their bound AZAs, PAHs, and pyrogenic/
elemental carbon (EC) are co-emitted into the atmosphere of
urban environment from the combustion of fossil fuels (coal,
oil) and biomass that take place during household heating,
cooking, municipal waste incineration, transportation,
industrial/power production, farming, and natural fires
(Wilhelm et al. 2000; Bleeker et al. 2002; Boström et al.
2002; Bi et al. 2008; Junninen et al. 2009; Vicente et al. in
press). Compared to PAHs with equal number of benzene
rings (related PAHs), AZAs tend to have higher water

solubility, lower octanol-water (KOW), lower octanol-air par-
tition coefficients (KOA), and lower vapor pressures (Table 1,
Figure S1).

AZAs also have unpaired electrons, acid/base characteris-
tics, and can exist in protonated (ionic forms) form under the
right pH conditions (Kochany and Maguire 1994; Chen and
Preston 2004; Reineke et al. 2007). AZAs might be washed
out of the atmosphere by precipitation (especially with low
pH) in more significant amounts than related PAHs because
of their higher water solubility and acid/base properties
(Osborne et al. 1997; Chen and Preston 2004). Furthermore,
AZAs can be more strongly sorbed to charged surfaces of
minerals and organic materials in atmospheric PM (by ionic
and/or polar intermolecular forces) through their unpaired
electrons and protonated ionic forms. Thus, the interactions
of AZAs with sorbents in PM are different from those of their
related PAHs whose sorption to PM is mainly by hydrophobic
and weak van der Waal forces (Osborne et al. 1997; Chen and
Preston 1997; Chen and Preston 2004; Bi et al. 2006; Arp
et al. 2008). The above factor/properties could have enormous
effects on the levels, temporal trends, gas/particle partitioning,
particle size distribution, deposition patterns, and toxic effects
of AZAs in air that are less predictable and different from their
related but more hydrophobic PAHs (Chen and Preston 1997;
Bandowe et al. 2014a). We therefore hypothesize that AZAs
behave differently with respect to interaction with carbon frac-
tions in atmospheric PM and meteorological conditions than
related PAHs. However, up to now, not enough studies have
been conducted on atmospheric AZAs with regards to their
concentration levels, composition pattern, sources, fate, and
behavior. The relationship of atmospheric AZAs with other
co-emitted atmospheric pollutants (e.g., EC, PAHs) and me-
teorological conditions is sparsely investigated (Chen and
Preston 1997; Lintelmann et al. 2010; Delhomme and Millet
2012). There are no studies on PM2.5-bound AZAs in China.
However, the concentrations of AZAs in air of China could be
very high because coal combustion (which is a significant
source of AZAs) constitutes a large percentage of fuels cur-
rently used in China (Millman et al. 2008; Junninen et al.
2009; You and Xu 2010).

We recently reported the levels, temporal trends, composi-
tion pattern, and sources of a range of PACs (PAHs, oxygen-
ated PAHs (OPAHs), nitrated-PAHs) in PM2.5 (from Xi’an,
China) sampled once per 6 days from July 2008 to August
2009. This previous study also evaluated the effects of sea-
sonality and meteorological conditions on the levels, sources,
composition pattern, and fate of the PACs groups listed above
(Bandowe et al. 2014a). The current paper focuses on AZAs
that was measured in the same samples as used in the previous
paper with the following objectives: (1) to study the concen-
trations, temporal trends, and composition pattern of PM2.5-
bound AZAs in the atmosphere of the Chinese megacity of
Xi’an, (2) to compare the concentrations of AZAs in our study
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to those reported in other studies, (3) to explore the relation-
ship between AZAs, their related PAHs, and carbon fractions
reported in earlier studies, (4) to study the relationship be-
tween ambient meteorological conditions and the temporal
variation of PM2.5-bound AZAs, and (5) To draw conclusions
on the drivers of PM2.5-bound AZAs concentrations in com-
parison to other related PACs measured in the same samples
(Bandowe et al. 2014a).

Materials and methods

Sampling and laboratory analysis

Sampling location and procedures were described in the pre-
vious paper (Bandowe et al. 2014a). In brief, 65 and 24 h
PM2.5 samples were collected from the atmosphere of Xi’an
(33.29°N–34.44°N and 107.40°E–109.49°E, Fig. 1), China.

The city of Xi’an which has a population of ca. 8 million is
the administrative capital of Shaanxi province. The PM2.5

sampler was placed at the top of the roof of the building of
the Institute of Earth Environment, Chinese Academy of
Sciences. Xi’an city center is about 15 km away from the
sampling location (Cao et al. 2005; Dai et al. 2012;
Bandowe et al. 2014a). One 24-h sample (10:00 to the next
day 10:00) was collected every sixth day from 5 July, 2008 to
8 August 2009 on pre-baked (780°C, 3 h) quartz-fiber filters
(203 mm× 254 mm, Whatman QM-A, USA) using TE-
6070MFC Hi-Vol PM2.5 air samplers (Tisch, OH, USA).
The sampler was operated at a flow rate of 1 m3 min−1. All
collected samples (filters with PM2.5) were immediately kept
in cold storage (temperature <−15°C) until laboratory analy-
sis. Ambient temperature (T), relative humidity (RH), pressure
(P), wind speed (WS), and wind direction (WD) were record-
ed during sampling. Further details about the sampling loca-
tion and the health impact of PM on inhabitants of Xi’an were
discussed in previous papers (Cao et al. 2005; Cao et al. 2012;
Dai et al. 2012; Bandowe et al. 2014a). Properties such as
mass of PM2.5, total carbon (TC), organic carbon (OC), EC,
and other PACs (OPAHs, PAHs, and nitrated-PAHs) have pre-
viously been determined in the same set of samples (Bandowe
et al. 2014a), and the procedures and results reported previ-
ously (Chow et al. 2007; Chow et al. 2011; Dai et al. 2012;
Bandowe et al. 2014a).

Analysis of PM2.5-bound AZAs

The procedure for the analysis of PM2.5-bound AZAs was
similar to those used for other PACs (PAHs and OPAHs)
(Bandowe and Wilcke 2010; Bandowe et al. 2014a;
Bandowe et al. 2014b; Lundstedt et al. 2014). In brief,
AZAs (together with PAHs, OPAHs, and nitrated-PAHs) were
extracted from the PM2.5 samples (on filters) and blank filters
by pressurized liquid extraction after being spiked with inter-
nal standards. Each sample was extracted twice using dichlo-
romethane. After that, the two extracts from each sample were
combined, spiked with toluene as keeper, rotary evaporated,
and transferred to 2ml GC vials. Analytes were thenmeasured
by gas chromatography mass spectrometry (GC-MS) in the

Table 1 Physicochemical
properties of azaarenes (25 °C,
101.3 kPa) in comparison with
related PAHs. All data were taken
from the database of EPI-suiteTM
4.1 (http://www.epa.gov/opptintr/
exposure/pubs/episuitedl.htm).
Data in italics were estimated
while all others were
experimental data

Name Mw [g/mol] Water solubility
[mg/L]

Log Kow Vapor pressure
[Pa]

Log Koa

Azaarenes

Quinoline 129.16 6110 2.03 8 6.19

Benzo[h]
quinoline

179.22 78.7 3.43 0.0291 8.578

Acridine 179.22 38.4 3.4 0.018 8.961

Related PAHs

Naphthalene 128.18 31 3.3 11.3 5.19

Phenanthrene 178.24 1.15 4.46 0.016 7.57

Anthracene 178.24 0.0434 4.45 0.00087 7.55

Fig. 1 Location of the sampling site in Xi’an, China
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selected ion monitoringmode. Target AZAs [quinoline (QUI),
benzo[h]quinoline (BQI) and acridine (ACR)] were identified
using their retention times, ratios of quantifying and qualifier
ions as compared to those in calibration standards measured
together with the samples in same GC-MS sequence. AZAs
were quantified by the internal standard method. Target and
qualifier ions (SIM ions) used during GC-MS measurements
are same as in previous reports (Bandowe and Wilcke 2010;
Bandowe et al. 2014a; Bandowe et al. 2014b; Lundstedt et al.
2014). The mass of target compounds measured in blanks
(which was insignificant) was deducted from the mass mea-
sured in samples (to correct for artifacts).

To check for the accuracy and precision of the analytical
procedures, we spiked blank filters (n=3) with target AZAs
(at ca. 1000 ng) and applied the entire analytical procedure to
it and then calculated the recovery of the target compounds as
indicator of accuracy and the relative standard deviation as
indication of the precision of the measurements. The average
recoveries of the AZAs were 75±5, 87±6, 54±5 % for QUI,
BQI, and ACR, respectively. The relative standard deviation
(RSD) for the replicate (n=3) measurements of each target
AZA compound was 7–10 % indicating the high precision
of our measurements. The detection limit of our analytical
method (LOD) was calculated as mass of target compound
that produces a signal that is three times the baseline noise
in the chromatogram. Concentrations lower than the LOD
were designated as non-detected (n.d).

Data evaluation and statistical analyses

Based on the climate of Xi’an, the months of March, April,
and May constitute the spring season; June, July, and August
constitute the summer season; and September, October, and
November constitute fall season while the months of
December, January, and February constitute winter season
(Dai et al. 2012). The sum of the three analyzed AZAs was
called ∑AZAs. The sum of the concentration of all analyzed
PAHs is designated as∑26PAHs. Naphthalene, phenanthrene,
anthracene, and benzo[a]pyrene are symbolized by as NAPH,
PHEN, ANTH, and BaP, respectively. The sum of fluoran-
thene, pyrene benzo[a]anthracene, chrysene, benzo[b + j +
k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, indeno[1,2,
3-cd]pyrene, benzo[g,h,i]perylene, and coronene which main-
ly originate from combustion sources are referred to as
∑COMB-PAHs (Bandowe et al. 2011). NAPH, PHEN, and
ANTH are designated as PAHs related (related PAHs) to QUI,
BQI, and ACR, respectively, because of their structural simi-
larity (Fig SI, Table 1). Concentrations of all PAHs used in the
current work were taken from the previously published paper
(Bandowe et al. 2014a). Statistical evaluations (Pearson’s cor-
relation and regression analysis, t tests, ANOVA, and Tukey’s
HSD post hoc tests) were conducted on concentration data
that have been mathematically transformed to improve their

normal distribution. Concentration data sets were transformed
using the formula log (x + 1), where x is concentration.
Statistical analyses were done with SPSS 19.0. The statistical
tests were deemed to be significant at p<0.05.

Results and discussion

Temporal and seasonal variation in concentrations
of PM2.5-bound AZAs

The concentration of the ∑AZAs in PM2.5 for the 14 months
sampling period were 213–6440 pg m−3 (Fig. 2). The mean
concentration of individual AZAs for the whole sampling pe-
riod increased in the order QUI (mean 254 pgm−3, range 185–
5 2 0 p g m − 3 ) < BQ I ( 6 6 9 p g m − 3 , r a n g e 6 9 –
2480 pg m−3) < ACR (757 pg m−3 10–3540 pg m−3)
(Table S1). Very few studies have been conducted on AZAs
in atmospheric PM2.5 (Lintelmann et al. 2010; Table 2).
Compared to the measurements from other cities, the concen-
trations of individual AZAs and ∑AZAs from this study were

Fig. 2 Relationships between ambient temperature (T) and QUI, BQI,
ACR, and ∑AZA concentrations in PM2.5 of Xi’an sampled from 5
July 2008 to 8 August 2009
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either comparable or higher than at the other locations
(Table 2, Table S1). The concentrations of AZAs in PM2.5

samples have never been reported from any location in
China. However, the fact that the concentrations of AZAs in
Xi’an are higher than in urban areas of Western Europe and
USA (Table 2) is in line with findings for other PACs. PACs
such as PAHs, OPAHs, and nitrated-PAHs in air PM from
Chinese cities are of similarly higher concentrations than in
air PM sampled from Western Europe, Japan, and North
America (Wang et al. 2006; Bandowe et al. 2014a).

The concentrations of ∑AZAs, individual AZAs, and their
composition pattern showed a seasonal variation. Mean con-
centration of ∑AZAs was highest in winter and lowest in
summer (i.e., winter > fall > spring > summer; Fig. 2). The
mean concentration of ∑AZAs in winter was significantly
higher than that in fall, summer, and spring (ANOVA with
Tukey’s HSD test). The ratio of the concentration of ∑AZAs
in winter to that in summer (W/S) averaged 5.7. The concen-
trations of individual AZAs showed similar trend (i.e., highest
concentration in winter and lowest concentration in summer)
as the ∑AZAs (Fig. 2, Table S1). The average W/S was 1.4,
4.1, and 13 for QUI, BQI, and ACR, respectively. A previous
study from Strasbourg (France) found the W/S ratio of 9.2,
7.3, 41, and 3.2 for two-, three-, four-, and five-ring AZAs,
respectively, which is in line with our study (Delhomme and
Millet 2012). The seasonal variation in our AZA concentra-
tion is consistent with most previous studies which also report
higher average concentrations in winter seasons than in sum-
mer seasons (Chen and Preston 1998; Ladji et al. 2009;

Delhomme and Millet 2012). This trend reflect increased ten-
dency of AZAs (like other PACs) to condense into the particle
phase during the winter months because of the lower ambient
temperature, a lower inversion layer height, higher mass of
total suspended particles, higher PACs emissions (from in-
creased household heating), and a lower photo degradation
than in summer (Bandowe et al. 2014a; Chen and Preston
1998; Ladji et al. 2009; Delhomme and Millet 2012). Chen
and Preston (1997) have shown that the percentage of AZAs
in particulate phase of air was 30 % in summer and 70 % in
winter hence strongly suggesting that larger partitioning into
the particulate phase during winter is a reason for the increase
in AZAs concentrations in winter. Elevated contribution of
fine PM to the total atmospheric PM and lower re-
distribution of AZAs to larger particles in winter compared
to summer fraction are further factors that contribute to the
higher concentrations of PM2.5-bound AZAs in winter com-
pared to summer (Chen and Preston 1997; Chen and Preston
1998; Albinet et al. 2008; Ringuet et al. 2012).

The average composition pattern of the AZA mixtures for
the whole sampling period was dominated by BQI (mean
42 %, range 17–48 %) > ACR (38 %, 3–66 %) > QUI
(21 %, 0–65 %). The seasonal contributions of the individual
compounds to the ΣAZAs followed the order, ACR (54 %) >
BQI (35 %) > QUI (6 %) in winter and BQI (49 %) > QUI
(27 %) > ACR (24 %) in summer (Fig. 3). Hence, the com-
position pattern of AZAs in PM2.5 of Xi’an’s atmosphere was
in all cases dominated by the three-ring AZAs, followed by
the two-ring AZA.

Table 2 Concentrations [pg m−3] of particle-bound azaarenes in Xi’an, China in comparison with other geographic locations

Location Date Particle size Typology Quinoline Benzo[h]quinoline Acridine ∑AZA Reference

Xi’an, China Winter 08/09 PM2.5 Urban 201–420 402–2483 720–3544 1329–6411
(n = 3)

This study

Xi’an, China Summer 08/09 PM2.5 Urban 185–261 69–1304 10–477 213–1833 (n = 3) This study
Algiers, Algeria Winter 05/06 PM10 Urban 290–420 570–1100 (n = 2) Ladji et al. 2009
Algiers, Algeria Summer 05/06 PM10 Urban nd-30 0.0–30 (n = 2) Ladji et al. 2009
NY, USA Feb-Apr/75 TSP Urban 69 10 41 1244 (n = 21) Dong et al. 1977
NY, USA Jan-Mar/76 TSP Urban 22 13 40 716 (n = 21) Dong et al. 1977
Copenhagen,

Denmark
Winter 76–82 PM1.2 Residential 110 200 960 (n = 11) Nielsen et al. 1986

Copenhagen,
Denmark

Winter 76–82 PM1.2 Traffic 400 300 1275 (n = 11) Nielsen et al. 1986

Münich,
Germany

Winter 08 PM2.5 Suburban 356 120–600 (n = 10) Lintelmann et al. 2010

Upper Silesia,
Poland

Summer 91 TSP Industrial 390 (220–600) 678 (530–1000) 1190–2290
(n = 5)

Warzecha 1993

Strasbourg,
France

Annual 06/07 PM10 Urban 2800 (n = 19) Delhomme and Millet
2012

Besancon, France Annual 06/07 PM10 Urban 1600 (n = 19) Delhomme and Millet
2012

Spicheren,
Germany

Annual 06/07 PM10 Urban 1000 (n = 19) Delhomme and Millet
2012

Liverpool, UK Annual 94–96 TSP Urban 27 (6–152) 176 (22–523) 2800 (n = 47) Chen and Preston 1998
Liverpool, UK Winter 94–96 TSP Urban 6240 (n = 47) Chen and Preston 1998
Liverpool, UK Summer 94–96 TSP Urban 480 (n = 47) Chen and Preston 1998
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In contrast, the composition pattern of AZAs from several
European and North American cities (Liverpool, Strasbourg,
Spicheren, Besancon, Copenhagen, and New York) showed
increasingly lower contributions to ∑AZAs concentrations
with increasing ring size (Dong et al. 1977; Chen and
Preston 1998; Delhomme and Millet 2012). However, in an
industrialized area of Upper Silesia, Poland (where coal is
extensively used), the concentration of 3-ring AZAs (ACR
and BQI) was also higher than those of two-ring AZAs
(Warzecha 1993). We therefore attribute the dominance of
three- over two-ring AZAs in the Xi’an samples compared
to the other cities (Liverpool, Strasbourg, Spicheren,
Besancon, Copenhagen, and NewYork) as indication of great-
er use of coal in Xi’an, where the fossil fuel used for energy
(which amounts to 4.905.405 t of standard coal equivalent)
includes 58 % of coal and 25 % of oil (Xi’an Municipal
Statistics Bureau 2011). Coal combustion is known to produce
both larger concentrations of AZAs as well as higher contri-
butions of higher ring size AZAs to the total AZA concentra-
tion (Dong et al. 1977; Wakeham 1979; Warzecha 1993;
Osborne et al. 1997; Chen and Preston 1998). The higher
molecular weight and lower vapor pressure of ACR
(Table 1, Figure S1) will also lead to its more pronounced
partitioning into the particulate phase, hence its higher contri-
bution to ΣAZAs concentrations than of the low molecular
weight QUI. The seasonal change in the dominant AZA may
also be an indication of the increased emission of ACR from
household combustion of coal (for heating) during winter
season.

There was significant correlation (p<0.05) of the concen-
trations of individual AZAs with each other (Table S2). The
correlation between QUI and BQI (r=0.713, p<0.01) and
ACR (r=0.653, p<0.01) was weaker than the correlation
between BQI and ACR (r=0.849, p<0.01). In comparison,
the concentrations of the three-ring PAHs (PHEN and ANTH,
taken from previous paper, Bandowe et al. 2014a) were cor-
related with each other (r=0.966, p<0.01) but not with the
two-ring PAH, NAPH (Table S2). Correlations between two-
and three-ring AZAs (r=0.82 and 0.89) were observed in the
atmosphere of the Strasbourg region (France) and Liverpool
(England), respectively (Chen and Preston 1998; Delhomme
and Millet 2012). In Munich (Germany), the correlation

coefficient between individual PM2.5-bound AZAs sampled
in winter was >0.9 (Lintelmann et al. 2010). Such strong
correlations between individual AZAs result from their com-
mon source, co-sorption, and/or similar fates in outdoor atmo-
spheric environment (Osborne et al. 1997; Chen and Preston
1998; Chen et al. 2008). The weaker correlation between QUI
and the three-ring AZAs could be explained by differences in
their physicochemical properties and thus gas/particle
partitioning (Table 1, Chen and Preston 1997, 1998 and
2004).

Relationship between AZAs, PAHs, mass of PM2.5,
and carbon

The average individual AZA/related PAH concentration ratios
calculated in the current study were QUI/NAPH (mean 1.64,
range 0.37–10), BQI/PHEN (mean 0.36, range 0.03–1.67),
and ACR/ANTH (mean 1.43, range 0.23–3.5) (Fig. 4). This
is in contrast to previous reports that suggest that the concen-
trations of AZAs in environmental media are frequently about
1–10 % of those of their related PAHs (Bleeker et al. 2002:
Lintelmann et al. 2010).

The percent number of days for which the individual AZA/
related PAH ratio was >1 and was 56, 6, and 68 % for QUI/
NAPH, BQI/PHEN, and ACR/ANTH, respectively. These en-
hanced concentrations of AZAs relative to their related PAHs
which are in contrast to studies from Western Europe and
USA are an additional reflection of the higher proportion of
coal in the fossil fuel use profile of Xi’an. Enhanced concen-
trations of AZAs relative to PAHs have also been observed in
European regions where coal is dominantly used as industrial
fuel or for power plants or in European cities with less efficient
combustion of coal (e.g., Krakow, Poland) for residential
heating (Warzecha 1993; Junninen et al. 2009). AZAs are
considered as markers for coal combustion (Junninen et al.
2009). Bi et al. (2008) suggested that the higher concentra-
tions of organic nitrogen in coal used in China might favor the
formation and emission of high concentrations of AZAs dur-
ing their combustion. Furthermore, there might also be a dis-
tinct influence of biomass burning which is more pronounced
in China than most developed countries (Xu et al. 2006; Shen
et al. 2013). Concentration of individual AZAs was higher

Fig. 3 Composition pattern of AZAs in PM2.5 of Xi’an
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than their related PAHs in soils of Bangkok (Thailand) which
could be related with enhanced biomass burning (Shen et al.
2013; Bandowe et al. 2014b).

The concentrations of three-ring AZAs were correlated
with their related PAHs [i.e., BQI vs PHEN (r = 0.806,
p<0.01) and ACR vs ANTH (r=0.878, p<0.01)] while the
two-ring QUI did not significantly correlate with NAPH
(Fig. 5). The concentrations of individual AZAs and ∑AZAs
also correlated significantly with the concentrations of
∑26PAHs,∑COMB-PAHs, and BaP (Fig. 5, Table S2) report-
ed in Bandowe et al. (2014a). Such strong relationships be-
tween AZAs and related PAHs indicate common sources (py-
rogenic combustion activities), and similarity in post-emission
transport and environmental turnover. We previously found
similar relationships between other polar PACs (OPAHs and
nitrated PAHs) and PAHs in this same set of samples which
were also attributed to their common source, similar transport
mechanisms, and atmospheric turnover (Bandowe et al.
2014a).

The concentration of total carbon (TC), elemental carbon
(EC), and organic carbon (OC) in atmospheric PM is frequent-
ly found to be strongly correlated with non-ionizable polar and

hydrophobic PACs because of their co-emission, co-sorption,
transport, and similar fate (Pankow and Bidleman 1991; Cao
et al. 2009; Li et al. 2009; Ma et al. 2013; Bandowe et al.
2014a). The concentrations of each AZAwere correlated with
EC, OC, and PM2.5 (Fig. 6, Table S2). Correlations between
three-ring AZA and OC, EC, and PM2.5 were stronger than
with those of the two-ring AZA (QUI) and OC, EC, and
PM2.5, which was also earlier observed for the related PAHs
(Table S2, Bandowe et al. 2014a). This is attributable to the
higher vapor pressure of QUI and the higher fraction of it in
the gaseous phase compared to the three-ring AZAs (Chen
and Preston 1997). Individual AZAs were more strongly cor-
related OC than with EC. Similar pattern was also observed
for their related PAHs and other PACs (OPAHs and nitrated-
PAHs, Bandowe et al. 2014a, Table S2). It was the working
hypothesis of this study that there will be significant differ-
ences between AZAs and their related PAHs with regards to
the relationship between each compound group and the com-
ponents of atmospheric PM (mass of PM2.5, EC, OC, and TC).
This is because the physicochemical properties of AZAs (abil-
ity to form ions under changing atmospheric pH, ability to be
sorbed tominerals because of their higher charge density/ionic
forms which enables them to form specific bonds with min-
erals particle in atmospheric aerosols, and their higher water
solubility) are different from the more hydrophobic and neu-
tral PAHs (Götz et al. 2007; Arp et al. 2008; Bandowe et al.
2014a). In contrast to our hypothesis, our results strongly sug-
gest that the relationships between AZAs and atmospheric
sorbents (PM2.5 and carbonaceous matter) are similar to the
relationship between hydrophobic PAHs and atmospheric sor-
bents (PM2.5 and carbonaceous matter). This finding strongly
suggests that the physical, chemical, and ionic properties of
AZAs do not significantly lead to a deviation in terms of their
sorption properties compared to the neutral and more hydro-
phobic PACs. Further investigations on the relationships be-
tween atmospheric sorbents and higher molecular weight
AZAs are warranted because the differences in sorptionmech-
anism and extent of sorption could become more visible with
increasing molecular weight. Previous studies have suggested
that the sorption mechanisms and partitioning properties of
AZAs might be similar to those of PAHs (Chen and Preston
1997).

Relationship between ambient meteorological conditions
and PM2.5-bound AZAs

The concentrations of QUI, BQI, ACR, and AZAs increased
with decreasing ambient T and WS (significant negative cor-
relation, Fig. 2, Table S2), but increased with increasing am-
bient P (significant positive correlation, Table S2). The con-
centration of QUI decreased with increasing RH (significant
negative correlation, Table S2). There were slight differences
between some individual AZAs and their related PAHs. For

Fig. 4 Concentration ratio of AZAs to their related PAHs in PM2.5 of
Xi’an
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instance, there was no significant relationship between NAPH
concentrations in PM2.5 and any meteorological parameter
while the concentrations QUI (the NAPH-related AZA) were
significantly correlated with T, P, RH, and WS (Table S2).
Furthermore, there was no significant relationship between
RH and BQI and ACR concentrations, but RH was negatively
correlated with the concentrations of the BQI- and ACR-
related PAHs (PHEN and ANTH). We previously also found
significant correlations between several PAHs, OPAHs,
nitrated-PAHs, and meteorological parameters for the same
PM2.5 samples (Bandowe et al. 2014a). Studies that investi-
gated annual concentrations of AZAs in European cities
(Liverpool, Strasbourg, Besançon, and Spicheren) found neg-
ative correlations between ambient T and concentrations of
AZAs (r=−0.5 to −0.88) in PM (Chen and Preston 1998;
Delhomme and Millet 2012). The inverse relationship be-
tween ambient T and AZAs concentrations can be attributed
to higher AZAs emissions during colder periods because of
enhanced household heating, less degradation because of low-
er heat and sunlight, lower average OH radical concentration
in the atmosphere, enhanced partitioning onto atmospheric
PM, and smaller redistribution to coarser particles (Yamasaki
et al. 1982; Chen and Preston 1997; Chen and Preston 1998;
Tsapakis and Stephanou 2005). The inverse relationship be-
tween WS and PM2.5-bound AZAs concentrations results

from the fact that higher WS dilutes and disperses AZAs
(Mastral et al. 2003; Amodio et al. 2009; Cao et al. 2009:
Gu et al. 2010; Bandowe et al. 2014a). High ambient P often
results in stable and calm ambient atmospheric conditions
such as low WS, stable atmospheric stratification, and
narrower atmospheric mixing layer height (Tsai 2005;
Akyüz and Çabuk 2009). These conditions results in lower
dispersion of PM-bound AZAs and hence higher concentra-
tions (Tsai 2005; Akyüz and Çabuk 2009; Zhou et al. 2013;
Bandowe et al. 2014a; Li et al. 2015). Awinter-time study in
Munich found that AZAs concentrations were higher in days
without rain or snow (Lintelmann et al. 2010).

Conclusions

The PM2.5-bound concentrations of individual AZAs from
Xi’an, China are higher than those reported from North
American and Western European cities. Individual AZA con-
centrations were frequently higher than those of their regulat-
ed and related PAHs. There was a dominance of three-ring
AZAs over two-ring AZAs. The more pronounced use of coal

Fig. 5 Correlation of log (x + 1)-transformed concentration of AZAs and PAHs in PM2.5 of Xi’an

�Fig. 6 Relationship between log (x + 1)-transformed carbon fractions
and mass of PM2.5 log (x + 1)-transformed concentrations of AZAs
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in Xi’an compared toWestern countries is a likely explanation
for the contrasts between the results from Xi’an and Western
countries. Concentrations of AZAs showed positive correla-
tions with the concentrations of PM2.5, EC, OC, and their
related PAHs, indicating similar sources and fates.
Concentrations of AZAs in PM2.5 also showed strong nega-
tive correlations with T, WS, and positive relationship with P
which is related to enhanced emissions, enhanced gas/particle
partition and retention onto PM2.5, lower degradation during
colder months and lower dispersion/dilution during periods of
lower WS, and stable atmospheric conditions. The findings
strongly suggest that the fate of AZAs is similar to that of their
related PAHs in spite of their significantly different physico-
chemical properties.
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