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Abstract

The characteristics of atmospheric PM,,- and PM, s-bound polycyclic aromatic hydrocarbons (PAHs) were investigated
in Tongling city, China. Results showed that the total concentrations of PM,,- and PM, s-bound PAHs exhibited distinct
seasonal and spatial variability. The metallurgic sites showed the highest PAH concentrations, which is mainly attributed to
the metallurgic activities (mainly copper ore smelting) and coal combustion as the smelting fuel. The rural area showed the
lowest concentrations, but exhibited significant increase from summer to autumn. This seasonal fluctuation is mainly caused
by the biomass burning at the sites in the harvest season. The diagnostic ratio indicated that the main PAHs sources were
vehicle exhausts, coal combustion and biomass burning. The total BaP equivalent concentration (BAP-TEQ) was found to
be maximum at DGS site in winter, whereas it was minimum at BGC site in summer. Risk assessment indicates that resi-
dential exposure to PAHs in the industrial area, especially in the winter season, may pose a greater inhalation cancer risk

than people living in living area and rural area.
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Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
global contaminants and are potentially carcinogenic and
mutagenic to human beings. Airborne PAHs can impact
remote areas though long range transport due to their semi-
volatile and persistent properties. In addition, they can
deposit in the lungs and exert their carcinogenicity over long
exposure periods. Some studies indicated that the carcino-
genic 5- and 6-ring PAHs are often associated with the par-
ticle sizes below 2.0 um (Ravindra et al. 2008). Therefore, it
is necessary to investigate the characteristics and sources of
ambient PM,,- and PM, s-bound PAHs. Substantial efforts
have been dedicated to investigate the characteristics of
PAHs in atmosphere. However, they mainly focused on the
overall air quality in the megacities, there is lack of com-
plex studies on atmospheric PAHs in the traditional metal
mineral-based city.
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Tongling city is located at the south bank of the lower
middle reaches of Yangtze River (Fig. 1), which is a typical
nonferrous industrial base for copper mining and smelting
in China. As a result of the rapid development of industrial
activities, traffic density and urbanization development,
Tongling city has been suffering from serous air pollu-
tion of fine particulate matter in recent years. In this study,
the characteristics and sources of atmospheric PM,,- and
PM, s-PAHs from Tongling city were investigated. The aim
of this study was to: (1) investigate the spatial and seasonal
distribution of atmospheric PM,,- and PM, s-bound PAHs,
(2) quantify the source contributions to PAHs, and (3) assess
the carcinogenic risks of PAH exposure.

Materials and Methods

PM,, and PM, 5 samples were collected at three sites rep-
resenting different potential PAH sources, which include
Dong Guashan (DGS) in industrial area, No.4 middle school
(4MS) in central urban area, and Bei Gengcun (BGC) in
rural areas (Fig. 1). 4MS (30°5629", 117°49'4") is located
in the city center with heavy traffic and busy commercial
activities. DGS (30°55'53", 117°52'58") is located in the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-017-2217-0&domain=pdf

304

Bulletin of Environmental Contamination and Toxicology (2018) 100:303-309

Fig. 1 Map of the studied area with sampling sites

mining zones surrounded by concentric mining activities.
BGC (30°55'53", 117°43'13") is located in a small town sur-
rounded by farmlands in the surrounding, and 940 m from
the Yangtze River.

Sampling campaign was conducted continuously in the
period of August, September, October, November, Decem-
ber and January from 2014 to 2015. PM,, and PM, s particle
fractions were collected using a medium-volume air sampler
(TH150D, manufactured by Wuhan Tianhong Ltd, China).
PM,, and PM, 5 samples were collected on quartz filters
(Whatman Company, UK with 90 diameter) which were
baked at 550°C for 4 h before sampling. Each sample was
collected for 20 h with a flow rate of 100 L/min. Samples
were collected under both haze and non-haze conditions in
July—Aug, Oct—Nov and Jan—Feb respectively in 2014.

Before sample-extraction, a mixture of surrogate stand-
ards 2-fluoro-1,1-biphenyl, p-terphenyl-d,, and dibenzo[a,h]
anthracene-d;, (Cambridge Isotope Laboratories) were
added to the filters. Each sample was extracted using an
accelerated solvent extraction (ASE) apparatus with 15 mL
mixture solution of dichloromethane (DCM) and acetone
for 10 min. Then the extracts were processed by concentra-
tion, solvent-exchange and elution. Determination of PAHs
was performed using an Agilent gas chromatograph mass
spectrometer (GC-MS, GC 6890 and MSD 5973N) equipped
with a 30 m X 0.25 mm i.d. HP-5 column with film thick-
ness of 0.25 pm. Sixteen US EPA priority PAH species were
detected including naphthalene (Naph), acenaphthylene
(Acy), acenaphthene (Acen), fluorene (Flu), phenanthrene
(Phen), anthracene (Anth), Fluoranthene (Fluo), Pyrene
(Pyr), benz[a]anthracene (BaA), chrysene (Chr), benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene (BKF), benzo[a]
pyrene (BaP), dibenzo[a,h]anthracene (DahA), indeno[1,2,3-
cd]pyrene (IP), benzo[ghi]perylene (BghiP).

Quality assurance was provided by analysing 1 of 4 sam-
ples in duplicate (samples split in the laboratory), recovery
of surrogate compounds and analytical blanks. The average
recovery rates were 87.3%, 82.5% and 81.8% for anthra-
cene-d,,, pyrene-d,, and 1-nitro-pyrene-d,, respectively.
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Analytical blanks were used as a control at each step of the
analyses. Detection limits (DLs) were set to the lowest con-
centration of the calibration standard, and three times the
signal-to-noise found in the procedural blanks.

Result and Discussion

As shown in Tables 1 and 2, PM,, and PM, 5 concentrations
in the summer show the lowest pollution level compared
with those in autumn and winter (Tables 1, 2), which may
be resulted from the higher precipitation resulting from the
summer monsoon (Wang et al. 2015). Moreover, the total
concentrations of PM-bound PAHs (Z,,PAHs) at DGS site
are significantly higher than those at 4MS site and BGC site.
This is not unexpected since that the sampling site of DGS
was surrounded by many coal mining and smelting factories,
where coal combustion may increase the atmospheric PAH
concentrations. Moreover, the transport of coal and ores may
also increase the atmospheric PAH levels due to the resus-
pended dusts and vehicle exhausts.

Various groups have investigated the characteristics of
atmospheric PAHs in different cities around the world. Their
concentrations varied widely from ca. 0.05 to ca. 449 ng/
m?, depending on the locations where the samples were col-
lected. For example, PAH concentrations in our work are
much lower than those reported in Beijing (258.2 +208.8 ng/
m?) (Guo et al. 2016), whereas they are significantly higher
than those reported in Guangzhou (0.29-56.9 ng/m?®) (Yu
et al. 2016), Nanjing (3.87-15.6 ng/m®) (Li et al. 2016) and
Sanya (0.8-220 ng/m?) and Shanghai (6.41-7.48 ng/m?)
(Wang et al. 2015).

On the other hand, the highest PAH concentrations in
winter were at DGS site (167.51+10.94 and 76.38 +2.74 ng/
m? in PM,, and PM, s fractions, respectively), followed by
4MS site (113.42+5.91 and 65.67 +5.08 ng/m® in PM,,
and PM, s fractions, respectively) and BGC site (82.5+9.17
and 55.36 +3.01 ng/m’ in PM,, and PM, s fractions, respec-
tively). In contrast, PAH concentrations showed the lowest
level in summer. Moreover, PAH concentrations in PM
and PM, s fractions in autumn showed significant increase
at BGC site compared with those in summer. The seasonal
variation trend of atmospheric PAH concentrations is con-
sistent with some previous studies (Chen et al. 2011; Callén
et al. 2014), which suggested that the increased ambient tem-
perature and intense sunlight in summer may cause PAH
degradation in a larger extent, thus resulting in lower atmos-
pheric PAH concentration. In addition, the decreased ambi-
ent temperature, slower photolysis and radical degradation
reaction of PAHs in winter may increase the atmospheric
PAH concentrations.

Moreover, the normalized PAH concentrations (NC) val-
ues across three sites and seasons, which is calculated based
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Table 1 PAH concentrations in PM,, fractions (mean + SD, ng/m?)

PAHsand DGS 4MS BGC
FMs Summer (n=4) Autumn (n=5) Winter (n=3) Summer (n=4) Autumn (n=5) Winter (n=23) Summer (n=4) Autumn (n=4) Winter (n=3)
Nap 1.23+0.26 1.15+£0.27 1.82+0.18 0.87+0.34 0.92+0.26 0.66+0.26 0.61+0.15 0.95+0.49 0.58+0.1
Acy 2.25+0.28 3.63+0.48 4.87+0.57 1.91+0.33 2.18+0.36 243+0.34 1.02+0.2 2.85+0.42 2.81+0.45
Acen 2.87+0.51 4.36+0.6 6.75+0.64 1.75+0.5 3.37+0.9 4.03+£0.37 1.77+0.21 3.74+0.51 4.18+£0.92
Flu 3.05+0.34 5.86+0.38 8.64+0.29 2.13+0.33 4.82+1.23 5.39+0.41 3.08+0.49 441+1.12 536+1.18
Phen 3.16+0.88 597+0.7 9.82+0.49 3.86+0.61 4.25+0.66 541+1.0 4.04+0.54 3.48+0.88 5.85+1.07
Anth 3.49+0.87 7.37+0.31 10.05+0.71 4.05+0.39 4.92+0.94 6.47+0.42 3.92+0.42 4.22+1.39 6.54+0.68
Fluo 8.87+1.11 14.38 £0.55 12.69+1.67 4.61+£0.4 8.68+1.53 7.66+0.51 3.86+£0.38 7.28+1.01 8.13+1.17
Pyr 9.21+0.37 5.87+£0.42 595+1.53 7.92+2.12 5.56+0.5 5.44+0.41 4.80+1.34 522+1.22 5.70+£0.85
BaA 8.25+0.82 9.36+0.42 13.37+2.05 5214043 7.81+0.50 9.26+0.72 3.95+0.46 594+1.1 4.92+03
Chr 7.56+0.49 10.14+1.0 15.36+1.22 3.36+0.57 7.02+1.0 10.05+0.72 4.11+0.59 6.11+1.18 6.04+£0.48
BbF 5.52+0.49 12.37+1.14 16.25+1.75 4.86+0.35 6.63+0.63 11.24+0.69 5.25+0.7 7.16+1.81 6.37+0.19
BKF 8.61+0.35 10.67+£0.32 12.28 +0.98 4.39+0.6 7.86+1.7 6.72+0.22 3.57+0.78 7.54+1.12 6.55+0.79
BaP 8.18+0.72 10.96+0.95 1436 +2.23 3.97+0.75 7.02+0.63 9.79+0.5 4.82+0.72 7.05+0.68 5.93+0.54
DahA 6.75+0.7 10.27+0.3 15.96+2.4 5.66+0.62 6.25+0.56 11.03+2.38 3.41+£0.83 5.03+0.89 4.91+0.52
1P 7.46+0.48 9.28+0.86 12.96+0.52 4.65+0.73 825+1.18 10.78 +0.65 4.77+0.52 6.36+0.75 5.37+0.69
BghiP 8.76+0.8 5.23+0.59 6.38+0.89 6.27+0.73 6.22+1.16 7.06+0.81 6.45+0.58 3.28+0.46 3.26+£0.61
PMI? (pg/ 91.75+4.1 107.91+£3.26 147.47£3.81 86.11+3.4 95.24 +4.06 133.37+8.1 66.55+4.53 83.81+3.49 118.01£4.75
m’)
NC* 1.04+0.09 1.18+0.05 1.14+0.12 0.76 +£0.11 0.96+0.07 0.85+0.04 0.90+0.12 0.96+0.08 0.70+0.08
(mg/g)
Total 95.22+4.48 126.87+2.32 167.51+10.94  65.47+7.18 91.76 +7.09 113.42+5091 59.43 +3.02 80.62+7.83 82.50+9.17
PAHs
4NC normalized PAH concentration (mg/g)
Table2 PAH concentrations in PM, s fractions (mean+ SD, ng/m®)
PAHs spe-  DGS 4MS BGC
cies Summer Autumn Winter Summer Autumn Winter Summer Autumn Winter (n=23)
(n=4) (n=5) (n=3) (n=4) (n=5) (n=3) (n=4) (n=4)
Nap 0.76+0.13 0.81+£0.31 0.82+0.24 0.73+0.24 0.69+0.30 0.88+0.27 0.69+0.21 0.72+0.30 0.77+0.24
Acy 091+0.18 0.86+032 097+0.24 0.79+0.28 1.05+0.32 1.29+020 0.76+0.27 1.12+0.29 1.28+0.22
Acen 0.81+028 1.57+0.56 1.02+0.27 0.78+0.27 131029 1.73+0.63 0.76+0.19 1.13+0.27 1.65+0.22
Flu 0.83+0.32 1.22+0.37 093+0.18 0.82+0.27 1.79+£053 198+044 0.85+0.37 137+0.18 1.47+0.27
Phen 1.52+029 255+056 3.88+0.56 142+032 195+049 3.11+047 135+055 1.75+044 2.23+0.29
Anth 1.62+0.55 2.73+059 594+044 147052 251+0.59 3.07+030 231+081 2.65+035 3.77+0.48
Fluo 420+0.51 626092 591+£037 2.94+0.72 596+1.02 583+038 193+042 4.82+081 5.01+0.58
Pyr 493+045 4.04+026 393+030 4.52+028 4.56+0.61 451+0.62 2.68+051 297+052 3.87+1.17
BaA 326+045 6.87+054 625+059 3.74+040 451+041 626+0.77 2.72+023 4.74+0.51 4.87+0.85
Chr 375+034 6.17+0.66 7.12+0.62 247+040 573+099 537+0.72 237+0.59 4.28+1.10 4.39+0.85
BbF 417+055 624+052 726+048 3.74+0.78 4.28+0.50 498+0.38 1.62+043 3.96+035 541+0.79
BkF 5.02+052 596+046 697+047 3.96+043 394+1.19 546+0.71 198+0.62 4.75+1.20 3.92+0.46
BaP 428+0.62 527+0.66 639+0.73 4.02+030 4.68+045 5.73+036 2.17+0.55 3.87+042 4.87+1.01
DahA 3.11+0.58 4.52+0.61 592+041 3.24+031 497+051 4.04+0.68 1.89+0.39 487+036 4.51+0.58
1P 4.68+045 6.26+0.85 7.19+£0.63 3.52+045 526+1.15 6.81+0.80 3.01+0.51 4.71+0.39 435+0.62
BghiP 6.73+0.85 5.09+0.64 588+046 545+0.56 4.04+096 4.62+048 4.16+0.61 3.62+036 2.99+0.37
PM, s (pg/ 62.11+4.05 67.17+5.06 77.89+2.82 56.18+1.81 5596+0.88 69.16+4.06 47.47+4.96 54.49+3.44 67.54+3.68
m’)
PM, s/PM,, 0.65+0.02 0.56+0.02 0.53+0.03 0.65+0.02 0.59+0.02 0.52+0.02 0.71+0.04 0.65+0.02 0.58+0.02
NC* (mg/g) 0.86+0.08 1.09+0.07 0.98+0.07 0.78+0.05 1.02+0.07 0.95+0.06 0.67+0.15 0.95+0.03 0.82+0.06
Total PAHs  50.58+1.62 66.42+2.36 76.38+2.74 43.61+2.05 57.23+4.39 65.67+5.08 31.25+3.49 51.33+4.55 55.36+3.01

#NC normalized PAH concentration (mg/g)
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on the division of PAH concentration by PM mass concen-
tration, are shown in Tables 1 and 2, respectively. It can be
seen that the NC values for both PM,, and PM, 5 at BGC site
are lower than those at DGS and 4MS sites, in contrast, the
NC values at DGS are the highest across both three seasons.
This indicates that the atmospheric PAHs at urban and rural
area are less influenced by the local emissions when com-
pared with the industrial site. In addition, the NC values for
both the PM,, and PM, s in summer are lower than those in
autumn and winter, especially for the NC value derived from
PM, 5 fraction in summer, suggesting that atmospheric PAHs
in summer are more influenced by the evaporation and/or
atmospheric transportation rather than the local emission.
Previous studies have indicated that the abundance
ratios (AR) of PM, s/PM,, can be used to differentiate their
sources (Zhou et al. 2016). Higher ratios (>0.6) indicate

the greater contributions by secondary particulate formation
from inorganic matter and partial organic matter, whereas
lower ratios indicate the primary sources for mineral dusts
from re-suspended soil and road dust. Table 2 shows that the
AR ratios of PM, s/PM,, at remote site (BGC) are generally
higher than those at industrial site (DGS) and city center
(4MS) influenced by anthropogenic local source. In addition,
the AR ratios of PM, s/PM,, are higher in summer than that
in winter and autumn, suggesting the enhanced production
and accumulation of secondary PM, 5 in the summer.

The PAH profiles in function of the different number of
rings are illustrated in Fig. 2. The 4- to 6-ring PAHs are
predominant in both PM, - and PM, s-phases, accounting for
69.2%—-83.1% and 78.5%—87.2% of total PAHs, respectively
(Fig. 2a, b). In addition, PAH profiles varied at different
sampling sites, suggesting their different PAH sources. For
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example, the fractions of 2- and 3-ring PAHs increased as
BGC > 4MS > DGC, suggesting that the atmospheric PAHs
levels at rural site were mainly affected by PAH evaporation,
whereas those at industrial site were mainly affected by the
local PAH emissions.

Nevertheless, correlations between the ring size distri-
butions need to be used with caution because PAH profiles
in the sampling locations may be different from those in
the source sites (Wu et al. 2005), since the occurrence of
chemical reaction with other atmospheric pollutants (e.g.
NO, and O;) and/or degradation during the sampling process
can modify the apparent atmospheric PAH levels (Robinson
et al. 2006). More detailed analysis of the distribution of the
individual PAHs in winter between different sites is given
in Fig. 2c. It can be seen that the concentrations of medium
(MMW) and high molecular weight (HMW) PAHs (from
Fluo to BghiP) at DGS site are higher than those at 4MS and
BGC sites, which is opposite to the low molecular weight
(LMW) PAHs (from NaP to Phen). This further supports
that the atmospheric PAHs has distinct sources at DGS site
from those at 4MS and BGC sites. Moreover, in contrast
to the MMW and HMW PAHSs, the relative concentrations
of LMW PAHs (i.e., NaP, Acy and Acen) at BGC site are
higher than those at DGS and 4MS sites, especially for Anth
which shows significant higher concentration than that at
4MS site (Fig. 2c), supporting the assumption that atmos-
pheric PAHs at rural site are mainly derived from the PAH
evaporation.

PAH molecular diagnostic ratios, such as Anth/
(Anth + Phen), Flu/(Flu+ Pyr), BaA/(BaA + Chr), IP/
(IP+ BghiP) and BaP/BghiP, have been extensively studied
and successfully used as qualitative tools to characterize and
identify possible emission sources (Yunker et al. 2002; Ding
et al. 2007; Ahad et al. 2015). This methodology is based on
the assumption that paired isomers are diluted to a similar
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5 021------------- Ammmksommmmoe
h‘ 1 1
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0.0 T ; : T
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extent during transport, and the ratios remain constant from
the sources to the receptors (Katsoyiannis et al. 2011). In
this work, the combination of Fluo/(Fluo + Pyr) versus IP/
(IP+ BghiP) for PM,-bound PAHs were further employed
to apportion PAH sources (Fig. 3a, b). Yunker et al. (2002)
proposed that the scatter plots of Fluo/(Fluo + Pyr) versus
IP/(BghiP +IP) with boundary values are (<0.2, <0.4) for
petroleum, (0.2-0.5, 0.4-0.5) for petroleum combustion and
(>0.5, >0.5) for grass/wood/coal combustion. The ratios
of Fluo/(Fluo + Pyr) at both sampling sites are highly con-
sistent in summer, which varied between 0.37 and 0.49 for
PM,-bound PAHs as well as between 0.39 and 0.46 for
PM, s-bound PAHS, respectively (Fig. 3a, b). This indicates
that vehicular traffic emission has greater contribution to
atmospheric PAHs in summer for both sampling sites, which
is supported by the ratio values of IP/(IP 4+ BghiP) ranging
from 0.42 to 0.46 for PM,-bound PAHs and 0.39 to 0.42
for PM, s-bound PAHEs, respectively (Fig. 3a, b). In contrast,
the ratio values of Fluo/(Fluo + Pry) and IP/(IP + BghiP) at
4MS and DGS sites in autumn and winter were significantly
larger than 0.5 (Fig. 3a, b), indicating that grass/wood/coal
combustion were the main source of PAHs at central urban
and industrial sites. The observed diagnostic ratios indicate
that biomass burning in rural areas has less contribution to
atmospheric PAHs in summer, whereas it has significant
contribution in autumn and winter. Vehicular traffic emis-
sion greatly contribute to the atmospheric PAHs in summer
in city center and industrial areas, whereas coal combustion
dominated the atmospheric PAH pollution in winter in these
areas.

It must be noted that diagnostic ratios that incorporate
LMW species should be used with caution because they are
largely present in vapour phase v.s. HMW species which
are largely in particle phase. In addition, LMW species are
greater volatilized to vapour phase in summer due to their
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Fig.3 PAH cross plots for the ratios of IP/(IP+BghiP) v.s. Fluo/(Fluo+Pry) in a PM,, fraction; b PM, 5 fraction in Tongling city of different

seasons
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higher vapour pressure, which also limit the accuracy of
diagnostic method for source apportionment (Galarneau
2008). Moreover, some reference values exhibited incon-
sistencies for PAHs emitted from different sources. For
example, the values of IP/(IP 4+ BghiP) reported by Ravin-
dra et al. (2006) for diesel exhaust (0.37), wood (0.62) and
coal combustion (0.56) fell in the range of those for diesel
exhaust (0.35-0.7) reported by Rogge et al. (1993).

The application of BAP-equivalent toxicity (BAP-TEQ)
calculating by multiplying concentrations by appropriate
toxicity equivalency factors (TEFs), as illustrated in Eq. (1),
is frequently used to estimate the carcinogenic potency of
atmospheric PAHs.

BAP-TEQ= )’ G x TEF, )

where C; is the concentration of targeted individual PAHs,
TEF, is the corresponding toxic equivalency factor, which
were proposed by Nisbet and LaGoy (1992) based on the
knowledge of PAH carcinogenic effects. It should be noted
that this method of risk assessment might underestimate
risk due to the fact that not all PAHs, but only limited com-
pounds, are considered (Jung et al. 2010). The calculated
BAP-TEQ values showed that PAH pollution levels in winter
are higher than those in summer and autumn. In addition,
the BAP-TEQ values was found to be maximum at DGS
site (99.9 + 14.2 and 38.9 +3.2 ng/m® in PM,, and PM, s,
respectively) in winter and minimum at BGC site in summer
(23.7+3.8 and 12.6 +2.0 ng/m’ in PM,, and PM, s, respec-
tively). Apparently, people living in the industrial area may
pose a greater inhalation cancer risk than people living in
living area and rural area.

In conclusion, the concentrations of PAHs in PM,, and
PM, 5 were measured in central urban, industrial and rural
sites in different seasons of Tongling city. The PAHs con-
centrations varied from 59.43 to 167.51 ng/m> and 31.25 to
76.38 ng/m® in PM,, and PM, s, respectively. Distinct sea-
sonal and spatial variability has been observed in the PM, -
and PM, s-bound PAHs, which is attributed to difference in
emission sources. PAHs in industrial area showed signifi-
cantly higher levels than those in central urban area and rural
area. Moreover, PAHs in autumn exhibited sharp increase in
the rural area compared to the summer. PAHs released from
the common practice of straw burning in northern Anhui
province might trasfer to Tongling city along with the gen-
eral atmospheric circulation. Diagnostic ratios confirm that
vehicle exhaust emissions, coal combustion, biomass burn-
ing were the predominant sources of atmospheric PAHs in
Tongling, albeit their contribution proportions vary in dif-
ferent functional areas and seasons.
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