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olycyclic  aromatic  hydrocarbons  in  PM2.5 in  Guangzhou,  southern  China:
patiotemporal  patterns  and  emission  sources
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 i  g  h  l  i  g  h  t  s

PM2.5 samples  were  collected  simultaneously  at  six different  sites  in  Guangzhou.
Tracer  to  PAH  ratios  were  jointly  used  to identify  sources  of  PAHs.
Vehicular  emissions  were  no longer  the  dominant  PAH  sources.
More  attention  should  be paid  to coal  combustion  and  biomass  burning.
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a  b  s  t  r  a  c  t

Fine  particulate  samples  were  simultaneously  collected  at  six  sites  in  Guangzhou  in  November–December
2009.  Eighteen  polycyclic  aromatic  hydrocarbons  (PAHs)  and  tracers,  i.e.  hopanes,  elemental  carbon,
picene  and  levoglucosan  were  measured.  Three  high  level  episodes  were  observed  during  the  sampling
period,  likely  due  to accumulation  effects.  Back  trajectory  analysis  revealed  that  the  air  masses  for  the
three  episodes  were  from  eastern  inland  Pearl  River  Delta  (PRD)  region.  There  was  no obvious  concen-
tration  gradient  for total  and  5–6  ring  PAHs  such  as  benzo[g,h,i]perylene  (BghiP)  from  urban  to  rural
AHs
ehicular emissions
oal combustion
iomass burning
uangzhou

sites.  However,  4-ring  PAHs  such  as  pyrene  (Pyr)  exhibited  significantly  higher  levels  at  rural  site  than
that  at  urban/suburban  sites  (p  <  0.01).  BghiP  correlated  well  with  hopanes,  elemental  carbon  and  picene,
indicating  vehicular  emissions  and  coal  combustion  were  the  sources  of  5–6  ring  PAHs,  which  were
further  confirmed  by  comparing  the  four  tracers/BghiP  ratios  and  IcdP/BghiP  ratios  in  ambient  samples
with  those  from  source  profiles.  Results  indicated  that  vehicular  emissions  were  no  longer  the  dominant
sources  in  winter  season  in Guangzhou.
. Introduction

Polycyclic aromatic hydrocarbons (PAHs) exist widespread in
he urban atmosphere and are well-known human carcinogens and

utagens. They are released mostly from incomplete combustion
nd pyrolysis of fossil fuels such as wood, coal and petroleum and
ther organic materials. PAHs associated with fine particles are of

pecial concern because fine particles can deposit in the lungs and
xert their carcinogenicity over long exposure periods. In general,
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PAHs with high molecular weight are mainly associated with fine
particles.

Continued effort has been made worldwide to get better knowl-
edge of PAH emissions, distributions and sources in the atmosphere
[1–6]. Zhang and Tao [7] pointed out although emissions of PAHs
in developed countries have decreased significantly in the past
decades with the improved efficiency of energy utilization, PAH
emissions from developing countries have been increasing due
to rapid population growth and the associated energy demand.
Xu et al. [5] estimated that the total PAH emissions in China
was 25,300 tons in 2003 and the major emission sources such as
biomass burning, domestic coal combustion, and coking industry
contributed 60%, 20%, and 16% to the total atmospheric PAH emis-
sion, respectively.

The major sources of PAHs in Guangzhou are vehicular emis-

sion, biomass burning and coal combustion [8–10]. Early studies
performed in 2001 identified vehicular emissions as the domi-
nant sources of PAHs in urban Guangzhou [8,9]. A recent research
reported that in winter, regional biomass burning could be the

dx.doi.org/10.1016/j.jhazmat.2012.07.068
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ceguohai@polyu.edu.hk
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Fig. 1. Location o

ominant sources of high molecular PAHs such as IcdP and BghiP
n Guangzhou [10]. However, as these studies were conducted at
nly one or two sites, they cannot provide a full picture of PAHs in
uangzhou. In addition, the source identification methods adopted

n these studies were mainly PAH ratios and principle component
nalysis using only PAH data. These methods have been challenged
y the degradation of certain PAHs, overlapped ratios and similar
AH profiles among different sources. As it has been years since
revious source identifications in Guangzhou were carried out, the
ominant PAH sources may  be significantly changed due to the fact
hat energy generation and consumption have been greatly restruc-
ured and increased, and strict vehicular emission standards have
een taken effect and numerous high emission vehicles have been
hased out in the past decade in Guangzhou. Therefore, it is nec-
ssary to reevaluate the sources of PAHs in Guangzhou using more
eliable methods.

Pearl River Delta (PRD) region is a highly industrialized and
ensely populated city cluster. Studies have shown that cities in
his region suffer from regional air pollution [11–13].  As one class of
ersistent organic pollutants, PAHs can undergo long range atmo-
pheric transport. PAHs emitted from a location can be deposited
o remote receptors. Guangzhou, with an area of 7434 km2, is the
conomic and cultural center of the PRD. During the past decade,
he population in Guangzhou increased from 6.9 million in 2000 to
0.3 million in 2009. More and more people have the potential to be
xposed to PAH-associated polluted air. Therefore, it is important
o know the source regions and pathways, and the regional impact
n airborne PAHs in the atmosphere of Guangzhou.

This study benefits from the intensive sampling campaigns at
ix different sites in Guangzhou from 28 November to 23 December

009. PM2.5 samples were collected and measured for major com-
onents and various organic compounds. 18 PAHs together with
ertain molecular tracers for vehicular emissions (i.e. hopanes
nd elemental carbon), coal combustion (i.e. picene) and biomass
ix sampling sites.

burning (i.e. levoglucosan) in the samples were analyzed. With this
large dataset, better understanding of the spatiotemporal varia-
tions of PAH levels can be achieved. By means of back trajectory
cluster analysis, the air mass source regions and pathways, and the
regional influence on PAHs are discussed. Finally, the sources of
PAHs are evaluated by their correlations with tracers and by com-
parison of the percentages of several tracers to PAH ratios in the
samples with those calculated from multiple source profiles.

2. Materials and methods

2.1. Sampling sites

Six sites were selected for the field measurements including
Guangzhou Environmental Monitoring Center (SZ) and Guangdong
Fangcun Experimental High School (FC) in urban areas, Huadu
Normal College (HD) and Pan Yu Middle School (PY) in suburban
areas, and Guangzhou Kangda Vocational Technical College (KD)
and Wanqingsha middle school (WQS) in rural areas (Fig. 1). The
distances between every two sites with the same land-use function
were approximately 7, 55 and 65 km for urban, suburban and rural
areas, respectively.

SZ (23.13◦N, 113.27◦E) and FC (23.07◦N, 113.23◦E) were in the
city center, with heavy traffic and busy commercial activities.
HD (23.39◦N, 113.22◦E) was  located in a newly-developed indus-
trial area with light traffic, about 30 km north from Guangzhou
city center and 9 km west from the Baiyun international air-
port. PY (22.94◦N, 113.36◦E) was  about 25 km southeast from the
city center. It was  located in a newly-developed residential town
with scattered houses, schools and light traffic but adjacent to

the highway and to railway lines. KD (23.30◦N, 113.57◦E), about
40 km northeast from urban center, was located in a mountain-
ous and hilly area with sparse population. There was a main road
with rare traffic approximately 200 m away from this site. The
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outhernmost site WQS  (22.71◦N, 113.55◦E) was located in a small
own in the central PRD, surrounded by city clusters (e.g. Hong
ong, Guangzhou, Shenzhen, Foshan and Dongguan), about 55 km
way from city center and adjacent to the Pearl River estuary. This
mall town was surrounded by farmlands and had very few tex-
ile and clothing workshops. However, this town was  adjacent to a
usy highway.

.2. Fine particle sampling

At each site, a high volume sampler (Tisch Environmental, Inc.)
as deployed to collect PM2.5 samples at a constant flow rate of

.1 m3 min−1 at the rooftop of a seven-storey building with a height
f 30 m above the ground. 24-h samples (10 a.m.−10 a.m.) were
aken consecutively from 28 November to 23 December 2009. Sam-
les at all sites were not collected on 8 and 9 December because of
aining. Due to logistical difficulty, samples on 3 and 15 December
t SZ, on 6 December at PY, on 10 and 16 December at KD and on
0, 15 and 16 December at WQS  were not taken. In total, 136 sam-
les were collected on quartz filters (Whatman, Mainstone, UK).

 × 10 in. filters were pre-heated for 12 h at 450 ◦C and stored at
◦C wrapped with aluminum foil before collection and at −20 ◦C
fter collection.

.3. Chemical analysis

A punch (1.5 cm × 1.0 cm)  of each filter was taken for the mea-
urements of organic carbon (OC) and elemental carbon (EC) using
he thermo-optical transmittance (TOT) method by an OC/EC Ana-
yzer (Sunset Laboratory Inc.) Detailed analytical procedures are
escribed in NIOSH [14].

For the analysis of PAHs, hopanes and levoglucosan, detailed
escription is given elsewhere [10]. Briefly, a mixture of three iso-
opically labeled PAH compounds (phenanthrene-d10, chrysene-
12, and perylene-d12), tetracosane-d50 and levoglucosan-13C6
ere added as surrogates prior to extraction. PM2.5 filter samples
ere ultrasonically extracted twice with 40 mL  hexane, then three

imes with 40 mL  dichloromethane (DCM)/methanol (1:1, v/v). The
xtracts were concentrated to 1 mL  and split into two  aliquots. One
liquot (∼0.5 mL)  was solvent-exchanged to redistilled hexane, and
hen purified using a 1:2 alumina/silica column chromatography.
wo fractions were eluted. The first fraction containing nonpolar
ompounds was eluted by 30 mL  of hexane. The second fraction
as eluted by 70 mL  of DCM/hexane (3:7, v/v). The two fractions
ere combined, concentrated to ∼2 mL  and blown to dryness under

 gentle stream of nitrogen. This was redissolved with n-hexane to
0.5 mL  and analyzed for PAHs (including picene) and hopanes.
he other aliquot (∼0.5 mL)  was blown to dryness for silylation
ith 100 �L of pyridine and 200 �L of BSTFA (BSTFA/TMCS, 99:1,

upelco) in an oven at 70 ◦C for 1 h. The silylated extract was then
nalyzed for levoglucosan.

The samples were analyzed using an Agilent
C–MS (6890-5973N) equipped with a DB-5MS column

50 m × 0.32 mm × 0.17 �m).  The column temperature was
nitiated at 80 ◦C (held for 2 min) and increased to 290 ◦C at
◦C min−1 (held for 30 min). An aliquot of 1 �L was  injected in

plitless/split mode with a solvent delay of 6 min. Target com-
ounds were identified based on their mass spectra and retention
imes. Molecular ions, m/z 191 and m/z 60 were used as target
ons for the quantification of PAHs, hopanes and levoglucosan,
espectively.

In this study, PAH compounds analyzed are given as fol-

ows: naphthalene (Nap), acenaphthylene (Acey), acenaphthene
Ace), fluorene (Fl), phenanthrene (Phe), anthracene (Ant),
uoranthene (Flu), pyrene (Pyr), benz[a]anthracene (BaA), chry-
ene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene
aterials 239– 240 (2012) 78– 87

(BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP),
indeno[1,2,3-cd]pyrene (IcdP), benzo[g,h,i]perylene (BghiP),
dibenz[a,h]anthracene (DahA) and Coronene (Cor).

Field blanks and lab blanks were routinely analyzed to deter-
mine any background contamination. All results showed very
low analytes and in most cases not detectable in the blanks.
Recovery efficiencies were determined by evaluating surrogate
recovery standards spiked to the samples. The mean recover-
ies for surrogates in field samples were naphthalene-d8 30%,
acenaphthalene-d8 33%, phenanthrene-d10 35%, chrysene-d12
88%, perylene-d12 70%, tetracosane-d50 90% and levoglucosan-
13C6 88%. It is noteworthy that the recovery of naphthalene-d8,
acenaphthalene-d8 and phenanthrene-d10 was relatively low due
to their high volatility. Since 2–3 ring PAHs mainly exist in gas
phase, they are not the focus in this study.

2.4. Selection of molecular tracers

In contrast to PAHs having various sources, molecular tracers are
more source-specific and have been widely used to identify sources
[4,15–18]. As previous studies identified that the main sources of
PAHs in Guangzhou were vehicular emissions (VE), biomass burn-
ing (BB) and coal combustion (CC) [8–10], tracers for these sources
were selected: hopanes and EC as tracers of VE [4,17],  levoglu-
cosan as a tracer of BB [4,16] and picene as a tracer of CC [19,20].
In this study, different hopane compounds were highly correlated
with each other (R2 > 0.85). The levels of four dominant hopanes,
i.e. 17�(H)-21�(H)-29-Norhopane, 17�(H)-21�(H)-Hopane, 22S-
Homohopane and 22R-Homohopane, were summed up (denoted
as

∑
4Hopanes) to represent total hopanes.

3. Results and discussion

3.1. Meteorological conditions

The meteorological data of Guangzhou during the sampling
period were obtained from a website (http://www.tqjlw.cn), which
provided weather data of major cities in China. The daily varia-
tions of ambient temperature, relative humidity, wind speed and
wind direction during the sampling period are shown in Fig. 2a.
The daily temperature was 10.8–22.6 ◦C with an average of 16.0 ◦C.
The daily relative humidity was 34.2–94.0% with an average of
65.1%. The daily wind speed was 3.6–20.0 km h−1 with an average
of 9.8 km h−1. The dominant wind directions were from the north
and northeast. There was a precipitation from 6 p.m. on 7 December
to 9 a.m. on 8 December, and no rain on the other sampling days.

3.2. Temporal variation of PAHs

Correlation analysis on the concentrations of individual PAHs for
all the sampling sites revealed that three groups of PAHs had strong
correlations (R2 > 0.85), namely (1) Flu and Pyr; (2) BaA and Chr;
and (3) 5–7 ring PAHs. This indicated that PAHs with comparative
ring sizes had similar physiochemical properties and/or emission
sources. Hence, three typical PAHs, i.e. Pyr, Chr and BghiP were
selected to represent each corresponding group in this study. Fig. 2b
shows the temporal variations of the three PAHs. The OC, EC and
molecular tracers are also shown in Fig. 2b for the comparison of
the temporal trends of these species.

It was  found that all species including sum of all species at all
sites had similar temporal variations and they exhibited three high-
value episodes, i.e. 4–6 (H1), 10–12 (H2) and 21–23 (H3) December

and two  low-value episodes, i.e. 29 November–3 December (L1)
and 15–20 (L2) December. The PAH concentrations during high
episodes were significantly higher than those during low episodes
(p < 0.01). For example, BghiP averaged 1.29 ± 0.14, 3.66 ± 0.87,

http://www.tqjlw.cn/
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Fig. 2. Daily variations of (a) ambient temperature, relative humidity, wind speed and wind direction for Guangzhou city; (b) PAHs, �4Hopanes, levoglucosan, OC and EC at
the  six sampling sites in Guangzhou from 28 November to 23 December 2009.
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Table 1
PAH concentrations (ng m−3) at the six sampling sites.

SZ (n = 22) FC (n = 24) PY (n = 23) HD (n = 24) KD (n = 22) WQS  (n = 21)

Mean (95%CI) a Median Mean (95%CI) a Median Mean (95%CI) a Median Mean (95%CI) a Median Mean (95%CI) a Median Mean (95%CI) a Median

Nap 0.04 (0.02) 0.04 0.05 (0.02) 0.04 0.03 (0.01) 0.02 0.04 (0.02) 0.04 0.03 (0.01) 0.03 0.02 (0.01) 0.02
Acey  0.02 (0.01) 0.01 0.04 (0.01) 0.04 0.01 (0.01) 0.01 0.03 (0.01) 0.03 0.01 (0.01) 0.01 0.01 (0.01) 0.01
Ace  0.02 (0.01) 0.01 0.04 (0.01) 0.04 0.01 (0.00) 0.01 0.03 (0.01) 0.03 0.01 (0.01) 0.01 0.01 (0.00) 0.01
Fl  0.04 (0.02) 0.03 0.06 (0.02) 0.05 0.02 (0.01) 0.02 0.04 (0.02) 0.04 0.02 (0.01) 0.02 0.03 (0.01) 0.03
Phe  0.15 (0.03) 0.14 0.19 (0.04) 0.17 0.13 (0.03) 0.11 0.17 (0.03) 0.16 0.15 (0.03) 0.14 0.12 (0.03) 0.09
Ant 0.08  (0.01) 0.07 0.10 (0.02) 0.09 0.06 (0.01) 0.06 0.08 (0.02) 0.07 0.07 (0.01) 0.06 0.07 (0.01) 0.06
Flu  0.47 (0.09) 0.42 0.64 (0.15) 0.55 0.45 (0.12) 0.37 0.64 (0.12) 0.52 0.69 (0.13) 0.61 0.73 (0.16) 0.62
Pyr 0.43  (0.07) 0.39 0.58 (0.13) 0.50 0.40 (0.10) 0.35 0.56 (0.11) 0.48 0.65 (0.13) 0.60 0.63 (0.13) 0.57
BaA 0.71  (0.23) 0.51 1.12 (0.45) 0.71 0.54 (0.25) 0.36 0.96 (0.35) 0.53 0.88 (0.27) 0.65 0.46 (0.11) 0.38
Chr 1.11  (0.31) 0.84 1.70 (0.54) 1.30 0.88 (0.35) 0.61 1.40 (0.47) 0.87 1.25 (0.35) 0.91 1.17 (0.24) 1.07
BbF 1.99  (0.52) 1.51 3.00 (0.90) 2.24 1.62 (0.57) 1.12 2.70 (0.85) 1.72 2.24 (0.64) 1.46 2.08 (0.49) 1.56
BkF 1.38  (0.36) 1.09 2.12 (0.65) 1.57 1.20 (0.47) 0.81 1.98 (0.67) 1.18 1.60 (0.48) 1.04 1.69 (0.35) 1.41
BeP  1.81 (0.44) 1.41 2.72 (0.77) 2.09 1.56 (0.56) 1.08 2.46 (0.78) 1.54 1.97 (0.56) 1.30 1.82 (0.37) 1.64
BaP  1.16 (0.39) 0.87 1.67 (0.60) 1.23 1.11 (0.47) 0.71 1.70 (0.63) 1.01 1.47 (0.51) 0.76 1.14 (0.31) 0.89
IcdP  3.12 (0.87) 2.59 4.05 (1.33) 2.96 2.48 (1.14) 1.39 4.54 (1.60) 2.87 3.22 (1.07) 1.75 2.26 (0.54) 1.91
DahA  0.37 (0.12) 0.30 0.52 (0.17) 0.35 0.28 (0.13) 0.15 0.55 (0.21) 0.33 0.39 (0.13) 0.25 0.21 (0.07) 0.18
Piceneb 0.26 (0.07) 0.20 0.36 (0.12) 0.26 0.20 (0.11) 0.10 0.43 (0.17) 0.30 0.31 (0.11) 0.18 0.21 (0.06) 0.15
BghiP  1.94 (0.52) 1.64 2.45 (0.79) 1.76 1.62 (0.72) 0.93 2.71 (0.94) 1.69 1.88 (0.61) 1.05 1.59 (0.38) 1.27
Cor 0.64  (0.19) 0.58 0.62 (0.20) 0.47 0.54 (0.28) 0.21 0.90 (0.33) 0.48 0.51 (0.17) 0.31 0.54 (0.14) 0.40
�PAHs  15.46 (4.25) 11.97 21.65 (6.52) 15.35 12.94 (4.99) 8.06 21.46 (6.92) 12.97 17.02 (5.23) 11.31 14.46 (3.25) 12.83
�4Hopanesc 5.38 (1.22) 4.57 6.40 (1.44) 5.34 3.46 (0.74) 2.53 3.38 (1.02) 2.38 2.26 (0.58) 1.67 4.38 (0.53) 4.71
Levoglucosan 118.40 (20.66) 122.47 131.17 (38.74) 120.29 89.70 (17.99) 82.11 179.04 (40.17) 177.08 251.75 (55.00) 220.18 109.99 (24.31) 120.23
OC  (�g m−3) 17.81 (3.64) 15.47 22.61 (4.30) 21.55 13.62 (2.47) 12.64 18.27 (4.03) 15.41 15.12 (3.27) 14.31 15.70 (2.31) 16.27
EC  (�g m−3) 5.58 (1.13) 4.91 6.32 (1.32) 5.12 3.78 (0.81) 3.24 4.18 (0.99) 3.27 4.03 (1.03) 2.95 4.94 (0.63) 5.08

a Numbers in parentheses are the 95% confidence interval.
b Not included in �PAHs.
c The four hopanes are 17�(H)-21�(H)-29-Norhopane, 17�(H)-21�(H)-Hopane, 22S-Homohopane and 22R-Homohopane.
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Table  2
Correlation coefficients (R2) of Pyr, Chr and BghiP among the six sampling sites.

Pyr, Chr, BghiP SZ FC PY HD KD WQS

SZ 1, 1, 1
FC 0.50, 0.60, 0.64 1, 1, 1
PY 0.78, 0.70, 0.54 0.52, 0.80, 0.52 1, 1, 1

0.61, 0
0.45, 0
0.77, 0

2
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p
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s
l
P
w
w
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a
t
s
(
1
t
t
w
8

s
w

HD  0.69, 0.50, 0.53 0.45, 0.42, 0.39 

KD 0.64, 0.69, 0.67 0.51, 0.62, 0.55 

WQS  0.53, 0.22, 0.155 0.57, 0.31, 0.23 

.76 ± 0.94, 0.77 ± 0.10 and 4.07 ± 0.86 ng m−3 for L1, H1, H2, L2
nd H3, respectively. It is well known that the concentrations of air
ollutants have close relationships with meteorological conditions.
uring the three high-value episodes, the weather conditions were

table, namely relatively high temperature and solar radiation, and
ow wind speeds, which were favorable for the accumulation of
AHs. On the other hand, during the two low-value episodes, there
ere two cooling processes caused by cold front and/or rain belts,
hich lowered the PAH concentrations. For instance, from 14 to

5 December, the temperature fell sharply from 20.4 to 12.8 ◦C
nd the prevailing northerly wind accelerated from a speed of 5.3
o 19.0 km h−1, leading to strong mixing and dispersion of air and
ubsequently the reduction of all species to significantly low levels
p < 0.01). Indeed, the mean BghiP level was 1.55 ± 0.71 ng/m3 on
4 December and 0.73 ± 0.07 ng/m3 on 15 December. It is notewor-
hy that on 7 December, after several days’ accumulation of PAHs,
here was a sharp decrease in PAH levels, most likely due to the
ashout effect by the rain from 6 p.m. on 7 December to 9 a.m. on
 December.
In addition, by averaging all the samples collected at the six

ites, the average profile of PAHs in the atmosphere of Guangzhou
as obtained (Fig. S1). Clearly, IcdP had the highest concentration,

Fig. 3. Back trajectory cluster analys
.36, 0.27 1, 1, 1

.44, 0.30 0.85, 0.84, 0.77 1, 1, 1

.37, 0.38 0.29, 0.03, 0.03 0.24, 0.06, 0.01 1, 1, 1

followed by BbF, BghiP and BeP. Inversely, the concentrations of
NaP, Acey, Ace, Fl and Ant in the atmosphere of Guangzhou were
negligible.

3.3. Spatial variation of PAHs

The mean concentrations together with 95% confidence inter-
vals of individual PAHs at the six sampling sites in Guangzhou are
given in Table 1. The total PAH concentrations ranged from 2.67 to
68.9 ng m−3, with an average value of 17.1 ng m−3. The dominant
species were 5–7 ring PAHs, accounting for ∼80% of the total PAHs.
By comparison, the total PAH concentrations found in this study are
consistent with those reported by Li et al. [9] and Yang et al. [21],
who  found that the total PAH concentrations were 10–40 ng m−3 in
December 2001 in Guangzhou, and ranged from 29.7 to 39.1 ng m−3

in December 2005, respectively. Bearing the large variations in
mind, the total PAH concentrations were the highest at FC and HD,
and the lowest at PY. Inspection found that all the tracers showed

slightly higher levels at urban FC than those at urban SZ, indicating
that the air was  more polluted at FC due to stronger source emis-
sions. Relatively high PAH concentrations at HD may  be explained
by more BB and CC, as indicated by relatively high levogulcosan and

is during the sampling period.
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Fig. 4. Principal compone

icene levels. Indeed, MODIS fire maps showed many open fires in
he northern direction of HD during the sampling period (Fig. S2).
s the coal-fired industry was mainly populated in the urban cen-

er, the relatively high CC emissions at HD could be more related to
mall and low-efficient coal-fired boilers and domestic CC. Slightly
igher PAH levels at KD and WQS  than those at PY may  be due
o more BB emissions at the two rural sites, where the residents
raditionally burned straws, stalks and deadwood for cooking and
eating. In addition, KD was also influenced by the northern upwind
B emissions from open fires (Fig. S2).

Similar to the total PAHs, 5–7 ring PAH levels did not show sig-
ificant difference among the sites. 4-ring PAHs such as Pyr and Chr,
owever, exhibited some spatial patterns. The mean Pyr level at KD
as significantly greater than that at SZ and PY (p < 0.01) while the
ean Chr level at FC was much higher than that in PY (p < 0.05). The

ifferent spatial patterns of the three PAHs among the sites may  be
ue to the difference in factors such as source emission strengths,
icro-environmental meteorological conditions and atmospheric

ransportations.
It is well known that BaP is the most carcinogenic PAH among

he 16 USEPA PAHs. It has often been used as an indicator
f the carcinogenicity of PAHs. The mean levels of BaP were
.16 ± 0.39, 1.67 ± 0.60, 1.11 ± 0.47, 1.70 ± 0.63, 1.47 ± 0.51, and
.14 ± 0.31 ng m−3 at SZ, FC, PY, HD, KD and WQS, respectively.
n addition to BaP, other species such as BaA, BbF, BkF, DahA and
cdP are usually considered as possible human carcinogens [22–24].
xposure to these carcinogenic compounds may  cause respiratory,
ardiovascular and other long-term chronic diseases [25]. To assess
he carcinogenic potency of PAHs, the cancer potency equivalence
actors (BaPeq) of target carcinogenic PAHs were calculated using

he following equation:

aPeq = BaA × 0.06 + BF × 0.07 + BaP + DahA × 0.6 + IcdP × 0.08
alysis factor loading plot.

The cancer potency equivalency factors (PEF) proposed
by Yassaa et al. [26] were used. Hence, the BaPeq was
1.91 ± 0.60, 2.73 ± 0.94, 1.71 ± 0.72, 2.78 ± 1.00, 2.28 ± 0.77 and
1.74 ± 0.44 ng m−3 at SZ, FC, PY, HD, KD and WQS, respectively. The
average BaPeq values at all sites exceeded 1 ng m−3, namely the
WHO  air quality guideline recommended for BaP as daily average,
indicating the health risk of exposure to these carcinogenic PAHs
in Guangzhou.

3.4. Impact of inland and outland PRD

As one class of persistent organic pollutants, PAHs have rela-
tively long lifetimes in the atmosphere and can travel long distance
from one location to other places. In order to find the relationships
of PAH levels among different sites, correlation analysis of the three
typical PAHs between every two  sites was carried out. It can be seen
that for all the three PAHs, most of the site–site correlations were
moderate–good (Table 2, R2 = 0.39–0.78), indicating the prevalence
of regional influence over Guangzhou. In particular, the highest
correlations between KD and HD were found for the three PAHs,
perhaps due to the significant influence of the northern upwind BB
emissions from open fires (Fig. S2). In contrast, the PAHs at WQS
showed the lowest correlations with those at other sites, especially
for Chr and BghiP, indicating that the emission sources and/or emis-
sion patterns of these PAHs at WQS  may  be different from those at
the other sites.

To understand the pathways of air masses and the percent-
age of each class of air masses, back trajectory cluster analysis
was  carried out. Air mass backward trajectories were calculated

using NOAA-HYSPLIT (v4.9) model. The meteorological data that
drove the model were from the Global Data Assimilation System
(GDAS) data set (3 hourly, global, 1◦ in longitude and latitude,
and 23 pressure levels). For each sampling day, 10-h backward
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Fig. 5. �4Hopanes/BghiP (a), picene/BghiP (b), levoglucosan/BghiP (c), EC/BghiP (d) and IcdP/BghiP (e) ratios for the six sites. The vehicular emission composition is from
data  collected in Zhujiang Tunnel in the western urban area of Guangzhou [30]. The biomass burning profiles are obtained from rice straw and sugar cane burning in open
field  burning in the PRD [31] and several biomass burning in dilution chamber measurements [32]. The coal combustion profiles are selected from coal combustion in the
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ain  coal-mining regions in China [19].

rajectories starting at 0:00, 6:00, 12:00 and 18:00 with the end-
ng point of 200 m above sea level were configured. Finally, during
he 24-day sampling period, 96 back trajectories were obtained
n total. The trajectories were combined successively to form
ifferent groups by increasing the cluster total spatial variance
TSV). In this study, the final group number was  determined by
he percent change in TSV and grouping performance. Two clus-
ers are classified as shown in Fig. 3. The first cluster originated
rom the east border of inland PRD, i.e. Huizhou (track 1), account-
ng for 59% of the total air masses. The second cluster (track
) originated from northern outland PRD, near the boundary of
uangdong and Jiangxi provinces, contributing 41% to the total
ir masses. This track passed over Shaoguan and Conghua, and
ravelled much faster than the first track. The endpoints associ-
ted with track 2 were mostly labeled on 29 November, 2–3, and
5–20 December. Further inspection found that the wind speeds
n these days (12.53–19.95 km h−1) were higher than those on
he other days (3.60–10.47 km h−1). As discussed in Section 3.2,
n days associated with track 2, the cooling process happened

nd PAH levels were significantly lower than those on the other
ays (p < 0.01). It is noteworthy that track 1 included the three
igh level episodes while track 2 stood for air masses on days
hen strong Asian winter monsoon was dominant, which brought
cold and clean air and sharply reduced pollutant levels at the
sites. As expected, under the influence of the two  different air
masses, the pollutant levels at the sites exhibited large variations
(Fig. 2).

3.5. Source identification

To obtain initial information on the relationships between indi-
vidual PAHs and the tracers, principal component analysis factor
loading plots of three PAHs together with tracers for the six sites are
presented in Fig. 4. For each site, three components with cumula-
tive variance explained larger than 95% were extracted based on the
main sources in Guangzhou as mentioned above. It is interesting to
note that from BghiP to Pyr, with the decrease of molecular weight,
their relations with picene,

∑
4Hopanes and EC weakened but this

trend was not apparent for levoglucosan. This might be caused by
the larger influence of the gas-particle partitioning on the 4-ring
PAHs than on 5–6 ring PAHs. The effect of gas-particle partitioning

might bias the source identification for 4-ring PAHs. In addition,
5–6 ring PAHs predominantly exist in particle phase and are major
PAHs that induce health effect. Therefore, we mainly focused on
5–6 ring PAHs such as BghiP for their source identification.



8 ous M

a
P
E
w
o
C
e
b
e

s
p
s
h
c
t
t
h
o
r
r
a
w
P
t
A
m
p
p
[
h
s
r
[
[
r
w

e
i
t
c
o
c
T
l
t
s
K

s
t
m
t
l
a
M
f
s
G

4

i

6 B. Gao et al. / Journal of Hazard

Excellent associations were found between BghiP and picene for
ll the six sites, indicating that CC had significant influence on this
AH. Moderate to good associations of BghiP with

∑
4Hopanes and

C suggested the strong impact of VE on BghiP levels. The relatively
eaker associations between BghiP and levoglucosan compared to

ther tracers may  be due to the strong variations of levoglucosan.
ompared to CC and VE, BB was characterized by more irregular
missions and thus larger day-to-day variations. In addition, com-
ustion materials and conditions also had significant impact on the
missions of levoglucosan.

Although PAH ratios have been widely used to distinguish the
ources of PAHs, the degradation of individual compounds will
otentially undermine the application of the ratios as a reliable
ource identification tool [27]. Moreover, different sources often
ave similar or overlapped PAHs ratios, which result in the diffi-
ulty in identifying the major sources. Instead, the use of specific
racers other than PAHs becomes fundamental for the identifica-
ion of these sources [4].  We  believe different source categories
ave distinct tracers to PAH ratios. Fig. 5 shows the percentiles
f several tracers to BghiP ratios. As single ratio may  not provide
eliable identification of major sources, four tracers to BghiP
atios, i.e. �4Hopanes/BghiP, picene/BghiP, levoglucosan/BghiP
nd EC/BghiP, and one commonly used PAH ratio, i.e. IcdP to BghiP,
ere jointly used. IcdP to BghiP ratio was selected because the two

AHs are photolytically degraded at comparable rates and therefore
heir ratios retain the characteristics of emission sources [28,29].
lso plotted in Fig. 5 are ratio ranges obtained from source profiles
easured in other studies [19,30–32].  It is practical to select source

rofiles that could represent local emissions. In this study, The VE
rofile was from data collected in Zhujiang Tunnel in Guangzhou
30]. Because of large variations of CC emission factors [5,33] and
igh uncertainties in BB emissions [34] in PRD, more profiles were
elected for these two sources. The BB profiles were obtained from
ice straw and sugar cane burning in open field burning in the PRD
31], and from the BB measured in dilution chamber in South Asia
32]. The CC profiles were selected from CC in the main coal-mining
egions in China [19]. In total, seven BB profiles and eight CC profiles
ere selected.

It can be seen that for all the six sites, most ratios of ambi-
nt data were quite away from the ratios of VE source profile,
ndicating VE was not the dominant source of BghiP (Fig. 5). Never-
heless, although most ratios (>50%) fell into the CC range (Fig. 5), it
ould not be inferred that CC emissions were the dominant sources
f BghiP, because the range of CC was very wide and the ratios
ould be explained by random combinations of VE, BB and CC.
he �4Hopanes/BghiP and EC/BghiP ratios at KD were significantly
ower than those at SZ, FC, PY and WQS  (Fig. 5b and d), whereas
he levoglucosan/BghiP ratios showed higher values at KD (Fig. 5c),
uggesting that BB rather than VE was the main source of BghiP at
D, in line with the fact that this site was located in a rural area.

Previous studies in Guangzhou claimed VE as the dominant
ource of PAHs, especially for BghiP and IcdP [8,9], in contrast
o the findings in this study. The shift of source contributions

ay  be due to strict VE control over years [35], but rare con-
rol for CC and BB in PRD. However, the notion that VE was no
onger the dominant source of PAHs should be examined by source
pportionment tool such as positive matrix factorization (PMF).
oreover, as we only studied one month data in winter Guangzhou,

uture research is needed to update our knowledge about the sea-
onal and annual variations of source contributions to PAHs in
uangzhou.
. Summary

24-h PM2.5 samples were collected simultaneously at six sites
n Guangzhou from 28 November to 23 December. The total PAH

[

aterials 239– 240 (2012) 78– 87

concentrations measured were from 2.66 to 68.51 ng m−3, with an
average value of 17.13 ng m−3. Individual PAHs and major com-
ponents such as organic and elemental carbon exhibited similar
temporal patterns. There were two  high-PAH episodes on 4–6 and
21–23 December due to the accumulation under the influence of
stable boundary layer, elevated temperature and low wind speeds
when the cooling processes were over. There were no significant
differences of the total and 5–6 ring PAHs among the sites. 4-
ring PAHs such as Pyr and Chr, however, exhibited some spatial
variations, implying the differences in source emission strengths,
micro-environmental meteorological conditions and atmospheric
transportations among the sites. Back trajectory cluster analyses
showed that the air masses arrived in Guangzhou had different
origins, i.e. the east border of inland PRD and the northern out-
land PRD. While the 6-ring PAH species BghiP correlated well with
molecular tracers such as hopanes, EC and picene, 4-ring PAH
species Pyr and Chr showed poor–moderate correlations with these
tracers, perhaps due to the influence of gas-particle partitioning on
the 4-ring PAHs. In order to identify the sources of 5–6 ring PAHs,
tracer/BghiP and IcdP/BghiP ratios were used. The results indicated
that vehicular emissions were not the dominant sources of BghiP in
winter Guangzhou. However, further study is necessary to update
our knowledge about seasonal and annual patterns of PAH source
apportionment in Guangzhou.
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