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M2.5 carbonaceous pollutants
between an urban site in Shanghai and
a background site in a coastal East China Sea island
in summer: concentration, composition and
sources†

Fengwen Wang, *abc Tian Lin,d Yuanyuan Li,b Zhigang Guob and Neil L. Rosee

Nine paired samples of atmospheric particulate matter with an aerodynamic diameter less than or equal to

2.5 mm (PM2.5) were collected concurrently from an urban site in Shanghai, China and a background site in

Huaniao Island (HNI) in the coastal East China Sea (ECS) between July 21 and 29, 2011. The samples were

analyzed for 16 United States Environmental Protection Agency (USEPA) priority polycyclic aromatic

hydrocarbons (PAHs), n-alkanes (20 species, C14–C33), hopanes (10 species, C29–C32), and steranes (12

species, C27–C29). These two sites, approximately 66 km apart, are both on the pathway of land-based

pollutants as they are transported to the ECS by seasonal winds. As expected, concentrations in Shanghai

were higher (average: 8.4 and 67.8 ng m�3 for the 16 PAHs and n-alkanes, respectively) than those in

HNI (average: 1.8 and 8.5 ng m�3, respectively). The dominant contributor to the 16 PAHs in Shanghai

was 5–6-ring PAHs (60.0%), whereas 2–3-ring PAHs contributed the most (72.5%) in HNI. Plant waxes

contributed 45.7% and 25.9% of the n-alkanes in Shanghai and HNI, respectively, implying a relatively

greater contribution from petroleum residues to the n-alkanes in HNI. Principal component analysis

(PCA) and the compositions of hopanes and steranes highlighted a prominent contribution from traffic

emissions to carbonaceous PM2.5 aerosols. This study provides comprehensive details about the sources,

formation, and transport of pollutants from eastern China to the coastal ECS.
Environmental impact

Shanghai and the East China Sea (ECS) both lie in the transport pathway of continental pollutants owing from mainland China to the northwest Pacic Ocean
driven by the East Asian monsoon. In this study, based on nine paired atmospheric PM2.5 samples collected concurrently from an urban site in Shanghai, China
and a background site in Huaniao Island (HNI) in the coastal ECS, we compared the associated concentration, composition and sources of 16 USEPA priority
polycyclic aromatic hydrocarbons (PAHs), n-alkanes (20 species, C14–C33), hopanes (10 species, C29–C32) and steranes (12 species, C27–C29). The composition
patterns of the 16 PAHs and 20 n-alkanes from the two sites were signicantly different, implying that predominant sources were distinct; while diagnostic ratios
for PAHs suggested common sources, such as the combustion of coal, wood and grass, and vehicular emissions. PCA conrmed a common dominant source
from vehicular emissions for PAHs and a biogenic source for n-alkanes at the two sites. Vehicular exhaust and shipping traffic could be important contributors to
the burden of hopanes and steranes for Shanghai and HNI, respectively. This study directly contributed to a better understanding of pollutant transport from
Shanghai, and possibly from the YRD, to the coastal ECS.
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1 Introduction

Carbonaceous pollutants are a complex mixture of substances
that represent a large, but highly variable fraction of the mass of
particulate matter with an aerodynamic diameter less than or
equal to 2.5 mm (PM2.5) (i.e., usually 20–50%).1 They can be
formed by a variety of processes that may be divided into two
source categories: natural origins and anthropogenic combus-
tion. Natural origins include wild res, volcanic eruptions, and
natural dust transport, whereas fossil-fuel combustion, vehicle
exhaust, and biomass burning are the main anthropogenic
origins.2–4 Due to the importance of carbonaceous pollutants to
Environ. Sci.: Processes Impacts
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aerosol sources as well as their detrimental effects on human
health and climate, many studies on their formation and
transportation processes have been undertaken in urban,
suburban, and remote environments worldwide.5–7

The concentrations, compositions, and sources of these
pollutants have also been foci of researchers. For example, Feng
et al., (2007) reported the carbonaceous pollutant composition
of PM2.5 in Changdao, a resort island located between the Bohai
Sea and the Yellow Sea in northern China, and apportioned
sources based on a component analysis of specic molecular
markers.8 Cao et al. (2013) investigated the occurrence and
compositions of carbonaceous pollutants (i.e., 24 n-alkanes and
17 polycyclic aromatic hydrocarbons: PAHs) in PM2.5 and total
suspended particulates (TSPs) collected from a Shanghai
suburban site and provided new ways to apportion their sour-
ces.9 Chen et al. (2014) measured the compositions and sources
of n-alkanes and PAHs in TSPs from the southeastern Tibetan
Plateau and found a prominent contribution from biomass
burning transported from South Asia and Western China,
whereas Kunwar et al., (2014) reported 1-year observations of
carbonaceous pollutants in TSPs collected at Cape Hedo, Oki-
nawa and discussed seasonal changes in the components and
their transformation during transport.10,11 These studies have
highlighted the spatial and temporal variability in the concen-
tration, composition, and sources of carbonaceous pollutants
and have also shown that high-resolution studies, rather than
low-resolution, regional assessments, are required to provide
insight into the formation and transport mechanisms of these
substances.

Shanghai, one of the largest (�24 million population in
2015) and most developed (�2 trillion yuan GDP in 2015)
Chinese mainland cities, is located at the eastern end of the
Yangtze River Delta (YRD) and is bordered to the east by the
East China Sea (ECS). The city is located in the transport
pathway of continental pollutants owing from mainland
China to the ECS, which are driven by the East Asian
monsoon.12,13 The unique circulation pattern of this region has
made the ECS a “receptor” of pollutants transported from both
YRD (i.e., Shanghai) and adjacent regions, as demonstrated by
recent, intensive aerosol pollution studies conducted at
a remote site, Huaniao Island (HNI), in the coastal ECS.14–17

These studies, however, were limited as data were collected
only on the island, which did not allow comparison with other
sites along the pollutant transport pathway. In this study, nine
paired PM2.5 samples were collected concurrently from an
urban site in Shanghai, China and in HNI in the coastal ECS.
These samples were analyzed for typical carbonaceous
pollutants, including 16 United States Environmental Protec-
tion Agency (USEPA) priority PAHs, 20 n-alkanes (C14–C33),
hopanes (10 species), and steranes (12 species), with an
emphasis on their concentrations, compositions, and sources.
The aim of this study was to compare data on the pollution
characteristics of carbonaceous aerosols at these paired sites,
thereby directly contributing to a better understanding of
pollutant transport from Shanghai, and possibly from the
YRD, to the coastal ECS.
Environ. Sci.: Processes Impacts
2 Materials and methods
2.1 Sampling sites and sample collection

The sampling site in Shanghai (31.3� N, 121.5� E) was at the top
of a building at Fudan University.18 With four oors, the
building is roughly 20 m above ground and approximately 2 km
from the Wu-Jiao-Chang shopping center, one of the ve sub-
centers in urban Shanghai. As this area is the site of faculty
housing and a student dormitory, which is located to the south
of the building, it is representative of both residential and
commercial areas (Fig. 1). As a consequence, it has been used by
researchers in many previous studies.19–22

The sampling site in the ECS was positioned on the roof of
a three-story building located at the northeast corner of HNI
(N30.86�, E122.67�) (Fig. 1). This building is a small part of
a state-owned lighthouse, with a building area of approximately
500 m2. The sampling apparatus was placed at the center of the
roof at a horizontal distance of 50 m from a fence and an
elevation of �50 m above sea level. HNI is 66 km from the east
of Shanghai and has a land area of approximately 3.3 km2 and
a population of fewer than 1000. The northeastern part of the
island is primarily covered by bare rocks, with some annual
herbal plants and windowers. There is almost no industrial
activity on the island. Most of the inhabitants reside in the
southwest and subsist by shing, making it an ideal site to
compare the pollution characteristics of atmospheric organic
pollutants in inland locations.

To concurrently collect PM2.5 samples in both Shanghai and
HNI, two identical PM2.5 samplers (ASM-1, Guangzhou Mingye
Huanbao Technology Company, Guangzhou, China) with a ow
rate of 300 Lmin�1 were used. The PM2.5 samples were collected
on quartz lters (20 � 25 cm2, T2600, Pall Corporation, Port
Washington, NY, USA). The sampling time was 23.5 hours,
starting at 09:00 and ending at 08:30 the following day. The
sampling period was July 21–29, 2011, resulting in nine paired
samples. This included periods when air masses were arriving
at both Shanghai and HNI from both continental and oceanic
sources (see Section 2.5). Two parallel operational sample
blanks (i.e., eld blanks) were obtained for each site. The
sample blanks were obtained by placing lters into the sampler
without pumping air; they were then immediately removed. The
blanks were also analyzed for PAHs, n-alkanes, hopanes, and
steranes to identify any possible contamination in the eld.
Before sampling, the quartz lters were wrapped in aluminum
foil and combusted at 450 �C for 4 h. Aer baking, the lters
were sealed in marked valve bags and stored in a cool and dry
location until they were prepared for sample collection. The
sampled lters were preserved at �20 �C prior to analysis.
2.2 Sample analysis for PAHs and n-alkanes

The sampling lter was rst divided into two equal parts. One
part was then Soxhlet extracted for 48 hours with dichloro-
methane (DCM). The DCM was spiked with a known PAH
standard sample that consisted of deuterated naphthalene
(Nap-d8, m/z 136) (200 ng), deuterated acenaphthene (Ace-d10,
m/z 164) (200 ng), deuterated phenanthrene (Phe-d10, m/z 188)
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Sampling sites in Shanghai and Huaniao Island (HNI).
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(200 ng), deuterated chrysene (Chr-d12, m/z 240) (200 ng) and
deuterated perylene (Per-12, m/z 264) (200 ng). These deuterated
standard samples were used to monitor the efficiency (i.e.,
recovery rate) of the extracting process in the lab.

Aer Soxhlet extraction, the extracts were moved into
a vacuum rotary evaporator and rotary evaporated to about 5 mL
at 40 �C and 50 rpm min�1. The samples were then transferred
into 22 mL glass tubes and concentrates to about 2 mL using N2

(purity: 99%). The concentrates were then cleaned and frac-
tionated on chromatography alumina/silica columns (8 mm in
diameter, 20 cm in length). From down to top, the columns were
lled with 3 cm deactivated Al2O3 (1.53 g; mesh size: 100–200;
supplier: Shanghai Guoyao Company), 3 cm SiO2 (1.20 g, mesh
size: 80–100; supplier: Jiangsu Qiangsheng Chemical Company)
and 1 cm Na2SO4 (analysis grade; supplier: Shanghai Dahe
Chemical Company). The columns were then eluted at least
twice with 20 mL dichloromethane/hexane (1 : 1, v/v). The
solvent was then exchanged for hexane and rotary evaporation
continued until the sample was approximately 5 mL. Prior to
PAH analysis, the extracts were further reduced to about 500 mL
under N2.

The 16 PAHs were as follows: 2-ring: naphthalene (Nap); 3-
ring: acenaphthylene (Ac), acenaphthene (Ace), uorene (Fl),
phenanthrene (Phe), and anthracene (Ant); 4-ring: uoranthene
(Flu), pyrene (Pyr), benzo[a]anthracene (BaA), and chrysene
(Chr); 5-ring: benzo[b]uoranthene (BbF), benzo[k]uoranthene
(BkF), benzo[a]pyrene (BaP), and dibenzo[a,h]anthracene (DBA);
6-ring: indeno[1,2,3cd]pyrene (IP) and benzo[ghi]perylene
(BghiP). The n-alkanes were C14H30, C15H32, C16H34, C17H36,
C18H38, C19H40, C20H42, C21H44, C22H46, C23H48, C24H50, C25H52,
This journal is © The Royal Society of Chemistry 2017
C26H54, C27H56, C28H58, C29H60, C30H62, C31H64, C32H66, and
C33H68.

The samples were injected with a certain amount of hex-
amethylbenzene (200 ng) for GC-MS analysis. The GC-MSD,
namely an Agilent GC 6890 N coupled with a 5975C MSD, was
equipped with a DB5-MS column (30 m � 0.25 mm � 0.25 mm)
and highly puried helium (99% in purity). The oven temper-
ature was rst set at 60 �C for 2 min, and then ramped to 290 �C
at 3 �C min�1 and held for 20 min. The injection temperature
was at 290 �C with an injection of split-less mode of the sample.
The volume of the sample was 1 mL with a 5 minute delay of the
solvent.

The concentration of PAHs and n-alkanes was determined by
using authentic standards of the 16 PAHs (Nap, Ac, Ace, Fl, Phe,
Ant, Flu, Pyr, BaA, Chr, BbF, BkF, BaP, DBA, IP, and BghiP) and
10 even numbered n-alkanes (C14, C16, C18, C20, C22, C24, C26,
C28, C30 and C32), respectively. The PAHs were quantied, for
example, by the ions of m/z 128 for Nap, 178 for Phe and 252 for
BbF, BkF, and BaP. The n-alkanes were quantied by the ions at
m/z 57 and 71. The species identication was based on the mass
spectra and retention times of the chromatographic peaks
comparing with those of authentic standards.
2.3 Sample analysis for hopanes and steranes

The extraction procedure and GC-MS analysis for hopanes and
steranes were the same as those for the PAHs and n-alkanes.
The hopanes and steranes were identied by monitoring the
respective typical ions: m/z 191 for hopanes and m/z 217 for 5a-,
14a- and 17a-steranes and m/z 218 for 5a-, 14b- and 17b-
Environ. Sci.: Processes Impacts
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Fig. 2 3-day back trajectories from both 100 m (A) and 700 m (B)
altitudes arriving at Shanghai and HNI (The red and blue lines indicate
air masses toward Shanghai and HNI sampling sites, respectively).
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steranes.23 The targeted 10 hopanes and 12 steranes are dis-
played in Table S1 of the ESI.† In this study, we could only
present the relative abundances of hopanes and steranes rather
than the concentration data without the authentic reference
standards.

2.4 Quality assurance/quality control (QA/QC)

The dichloromethane (DCM) and hexane extracting the PAHs,
n-alkanes, hopanes and steranes were both of HPLC grade (95%
in purity) and were purchased from Shanghai ANPEL Scientic
Instrument Company (http://www.anpel.com.cn). The vessels
used in the experiment were all rinsed with hot potassium
dichromate-sulfuric acid solution and le overnight. Then they
were washed using de-ionized water (18.2 MU Milli-Q) and
wrapped in aluminum foil. Before sealing the vessels in
a marked valve bag, they were baked at 450 �C for 4 hours in
a muffle furnace to avoid background contamination. All
vessels were rinsed at least twice with reagents when using in
the lab.

The authentic reference standards of PAHs and n-alkanes
were purchased from Accu Standard, Inc (http://
www.accustandard.com). The extraction efficiency for n-
alkanes was based on the recovery rate of Phe-d10 and Chr-d12 as
they were suggested to indicate the recovery rate of the targeted
n-alkanes.24 The average recovery rates were 90 � 14% for Phe-
d10 and 103� 15% for Chr-d12. The detection limits for 16 PAHs
were from 0.008 to 0.08 ng m�3; while for 20 n-alkanes, they
were from 0.01 to 0.1 ng m�3.4 Blank lters were analyzed to
determine any background contamination and they showed no
detectable carbonaceous pollutants. Procedural blanks and
standard-spiked blanks were performed to monitor procedural
performance and matrix effects. The concentrations reported
here were not corrected for recovery efficiency.

2.5 Air mass back trajectory

The use of air mass back trajectories is a common way to trace
atmospheric transport pathways and an altitude of 700 m has
been used previously to trace long-range air mass transport in
HNI.14 In this study, 3-day back trajectories from Shanghai and
HNI at 1200 UTC were calculated at both 100 m (local) and 700
m (long-range) above ground level at 12-hour intervals for all
sampling days. The trajectory database was originated from the
HYSPLIT Trajectory Model on the NOAA website. The down-
loaded datasets were then integrated using PC-based HYSPLIT
Trajectory Model soware. Detailed applications of the model
on atmospheric transport and dispersion have been described
by Draxler, R. R., et al., (1997, 1998, and 1999)25�27 and Stein, A.
F., et al., (2015)28 as shown on “http://www.arl.noaa.gov/
HYSPLIT_pubs.php”.

3 Results and discussion
3.1 Air mass back trajectory conditions

Three-day back trajectories from altitudes of both 100 m
(Fig. 2A) and 700 m (Fig. 2B) arriving at Shanghai (red lines) and
HNI (blue lines) during the 9-day sampling period are shown in
Environ. Sci.: Processes Impacts
Fig. 2. For the 100 m altitude trajectory, the air parcels arriving
at the two sites were almost the same and were comprised of
three parts: derived from southern coastal regions and the open
eastern and northern seas. For the 700 m altitude trajectory, the
air parcels at the two sites were also quite similar, with half
derived from the east (open sea) and half from the YRD region
(continental). During sampling, the atmospheres of both
sampling locations were inuenced by source regions from
around the YRD (contaminated) and air transport from the
open sea (clean). However, there were also some obvious
differences. Compared with that derived from HNI, the YRD-
derived air mass arriving at Shanghai originated from farther
southwest (i.e., southern China) and, therefore, was a source of
more anthropogenic pollutants (i.e., industrial emissions,
vehicle exhaust, etc.). The concentrations of PAHs and n-alkanes
in Shanghai were much higher than those in HNI, but no
obvious corresponding relationship (high to high/low to low
levels) could be found for each paired sample (see Table 1 in the
following section). This indicates that not only the air mass
transport path but also other factors, such as meteorological
conditions and emission sources, played important roles in the
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7em00129k


Table 1 Concentrations and some indices of carbonaceous pollutants in PM2.5 from Shanghai and HNI (n ¼ 9, for each site; “—”indicates not
detected)

Site Date
16 PAHs,
ng m�3

n-Alkanes (C14–C33) Hopanes Steranes

Yield
(ng m�3) CPI Cmax Waxed (%) Ts/Tm

abC31
S/(S + R)

aaaC29
S/(S + R)

Shanghai 7/21/2011 11.2 81.9 1.3 C29 25.0 0.68 0.58 0.49
7/22/2011 8.7 36.1 1.9 C29 53.7 0.70 0.65 0.52
7/23/2011 6.0 90.6 0.8 C24 43.7 0.65 0.51 0.48
7/24/2011 6.5 34.8 2.2 C31 65.5 — 0.52 0.46
7/25/2011 7.0 51.0 2.0 C29 54.9 0.72 0.51 0.57
7/26/2011 10.9 38.5 2.0 C29 72.8 0.61 0.54 0.51
7/27/2011 11.8 147.3 1.4 C29 29.0 0.76 0.57 0.46
7/28/2011 7.5 58.7 1.8 C29 34.5 0.66 0.56 0.54
7/29/2011 6.4 71.0 1.5 C29 32.3 0.52 0.58 0.60
Average � stdev 8.4 � 2.3 67.8 � 36.0 1.7 � 0.4 — 45.7 � 16.9 0.66 � 0.07 0.56 � 0.04 0.52 � 0.05
Median 7.5 58.7 1.8 — 43.7 0.67 0.56 0.51
Percentile 5% 6.2 35.3 1.0 — 26.6 0.55 0.51 0.46
Percentile 95% 11.6 124.6 2.1 — 69.9 0.75 0.62 0.59

HNI 7/21/2011 1.8 16.7 1.1 C31 29.3 0.74 0.59 0.52
7/22/2011 1.9 23.4 1.0 C31 42.2 0.91 0.62 0.52
7/23/2011 2.4 4.8 1.1 C27 24.9 0.79 0.57 0.56
7/24/2011 1.8 4.7 1.1 C27 16.5 0.94 0.59 0.54
7/25/2011 2.0 6.3 1.2 C29 28.2 — 0.58 0.54
7/26/2011 1.7 6.6 1.2 C29 26.2 — 0.58 0.43
7/27/2011 1.5 6.8 1.2 C29 24.0 — 0.52 —
7/28/2011 2.0 4.3 1.3 C31 26.4 — 0.52 0.54
7/29/2011 1.6 3.3 1.1 C26 24.9 0.75 0.61 0.51
Average � stdev 1.8 � 0.3 8.5 � 6.8 1.2 � 0.1 — 26.9 � 6.8 0.82 � 0.09 0.58 � 0.04 0.52 � 0.04
Median 1.8 6.3 1.1 — 26.2 0.79 0.58 0.53
Percentile 5% 1.5 3.7 1.0 — 19.5 0.74 0.52 0.46
Percentile 95% 2.2 20.7 1.3 — 37.0 0.93 0.62 0.55
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concentrations of PAHs and n-alkanes. This will be further
discussed in the next section.
3.2 Concentrations of PAHs and n-alkanes

The concentrations of the 16 PAHs and 20 n-alkanes in PM2.5

during the sampling period are presented in Table 1 along with
several statistical indices, including the average � standard
deviation (stdev), median, and percentiles (5–95%). The
concentrations of individual PAHs and n-alkanes in all PM2.5

samples are shown in Table S2 of the ESI.† The concentrations
of the 16 PAHs (ng m�3) in Shanghai (range: 6.0–11.8; average�
stdev: 8.4� 2.3) were more than four times higher than those in
HNI (range: 1.5–2.4; average � stdev: 1.8 � 0.3). The concen-
tration differences between the two sites for the 20 n-alkanes (ng
m�3) were similar to those of the 16 PAHs, ranging from 34.8 to
147.3 for Shanghai (average � stdev: 67.8 � 36.0) and from 3.3
to 23.4 for HNI (average � stdev: 8.5 � 6.9). The higher
concentrations of PAHs and n-alkanes in Shanghai compared
with HNI were consistent with the air mass transport pathway
described above, indicating relatively severe ne particulate
pollution and multi-anthropogenic source contribution to
airborne particles in Shanghai.

Table 2 provides a comparison of the PAH and n-alkane
concentrations in the paired samples with those from other
studies worldwide. The PAH and n-alkane concentrations in
This journal is © The Royal Society of Chemistry 2017
Shanghai and HNI in summer 2011 were comparable to those in
2012 (ref. 15–18) as well as to those reported in a paired study of
TSPs undertaken in the USA at an urban site in Chicago and
a remote location in Lake Michigan.29 Compared with a study of
TSPs undertaken at the Liberty Science Center in New Jersey and
Raritan Bay, which is adjacent to Staten Island,30 the concen-
trations of n-alkanes in Shanghai and HNI were much higher,
although concentrations of PAHs were more comparable.9,19,31,32

The concentrations of PAHs in HNI were comparable to those
reported in remote regions of Europe33,34 and Tibet,10 but the n-
alkane concentrations were higher. Table 2 also summarizes the
concentrations of particulate PAHs in Shanghai in 2003, 2006,
2009, 2011, 2012, and 2015. It was found that the PAH
concentrations in PM2.5 in the summer in Shanghai were rela-
tively stable over the past 10 years. The PAH concentration in
summer was the lowest of all four seasons.18 Previous studies
have suggested that the reasons for the stable concentrations
were the similar meteorological conditions and the inuence of
air mass transport pathways.19,31 When compared with the other
seasons, the frequency of sunny days in summer was higher and
solar radiation was more intense, resulting in more rapid
photochemical degradation of PAHs.35 In summer, the prevail-
ing winds in Shanghai are mostly from the relatively “clean”
open sea, acting as a signicant “dilution” of “local-emitted”
PAHs at any time.18
Environ. Sci.: Processes Impacts
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Table 2 Comparison of PAH and n-alkane concentrations in PM2.5 in this study with those in other studies measured worldwide

Site Time Sample number Type PAHs PAHs summed n-Alkanes References

Shanghai 2011,07 n ¼ 9 PM2.5 8.4 16 67.8 This study
HNI n ¼ 9 PM2.5 1.8 16 8.6
Shanghai 2012,07–08 n ¼ 18 PM2.5 6.4 16 57.8 4, 15, 16 and 18
HNI n ¼ 14 PM2.5 1.0 16 13.4
Chicago 1994–1995 n ¼ 73 TSP 45 26 — 29
Lake Michigan n ¼ 73 TSP 2.9 26 —
New Jersey 1998,07 n ¼ 12 TSP 2.9 26 — 30
Raritan Bay n ¼ 3 TSP 0.8 26 —
Remote Europe Lake 1997–1998 — TSP 1.8–3.0 23 — 33
Remote Finnish forest 2003,03–04 n ¼ 60 TSP 1.0–6.3 17 7.0–95.0 34
Remote Tibetan Plateau 2008,07–2009,07 n ¼ 62 TSP 0.6 17 1.3 10
Shanghai 2015,08 n ¼ 7 PM3.3 7.3 26 — 32
Shanghai 2009,09 n ¼ 20 PM2.5 7.2 17 32.2 (C17–C40) 9
Shanghai 2006,07 n ¼ 28 TSP 17.9 17 — 31
Shanghai 2003,08 n ¼ 7 PM2.5 7.1 16 22.5 (C17–C36) 19
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3.3 Compositions of PAHs and n-alkanes

The composition of PAHs and n-alkanes during the sampling
period is plotted in Fig. 3 and reects a distinctly different
pattern in the overall composition of the PAHs in all samples
from the two sites. For Shanghai, 5–6-ring PAHs (BbF, BkF, BaA,
DBA, IP, and BghiP) contributed most to the total PAHs (60.0%),
Fig. 3 The compositions of PAHs and n-alkanes in PM2.5 from Shangha

Environ. Sci.: Processes Impacts
with 4-ring PAHs (Flu, Pyr, BaA, and Chr) ranked second
(22.7%), followed by 2–3-ring PAHs (Nap, Ac, Ace, Fl, Phe, and
Ant) (17.3%). In contrast, in HNI, 2–3-ring PAHs contributed the
most to the total PAHs (72.5%), followed by 4-ring PAHs (19.6%)
and 5–6-ring PAHs (7.9%). The 5–6-ring PAHs, such as BkF, BaP,
and BghiP, are indicators of diesel vehicle and gasoline
i and HNI.

This journal is © The Royal Society of Chemistry 2017
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emissions,36 whereas 2–3-ring PAHs, such as Nap, Ace, FL, and
Phe, are more abundant in natural mineral dust.37 These
composition patterns are similar to those reported in our
previous study, which also found major contributions from 5–6-
ring PAHs in Shanghai (56.5%) and 2–3-ring PAHs in HNI
(55.6%).15

The compositions of n-alkanes in Shanghai and HNI were
similar for low carbon number (C14–C23) compounds, but there
were clear differences for the high carbon-number n-alkanes
(C24–C33). An odd-to-even dominance among the C24–C33 n-
alkanes was observed in Shanghai, whereas the concentrations
of odd and even n-alkanes were almost equal in HNI. The
carbon preference index (CPI) of n-alkanes has been used to
characterize the biogenic and anthropogenic origins of mate-
rials.38 In this study, the CPI ¼ P

(C15–C33)/
P

(C14–C32), which
was calculated as the sum of the concentrations of the odd
carbon-number n-alkanes divided by the sum of the concen-
tration of the even carbon-number n-alkanes. The CPI averaged
1.7 for Shanghai and 1.2 for HNI (Table 1). A CPI of �1.0 indi-
cates anthropogenic sources (e.g., petroleum residues and
gasoline emissions)38 and, therefore, the higher CPI for
Shanghai compared with HNI indicated a reduced contribution
from anthropogenic sources to those with a biogenic origin.
3.4 Source categories of PAHs and n-alkanes

As shown in Fig. 4, the diagnostic ratios used to determine the
source categories in this study were Phe/(Phe + Ant), Flu/(Flu +
Pyr), BaA/(BaA + Chr), and IP/(IP + BghiP). The ratio of Phe/(Phe
+ Ant) was 0.89 for Shanghai and 0.93 for HNI, suggesting that
the dominant source of these PAHs was coal combustion and
biomass burning.33 The ratios of Flu/(Flu + Pyr) for Shanghai
and HNI were both >0.5, indicating a dominant contribution
from the combustion of coal, wood, and grass. The values of
BaA/(BaA + Chr) were 0.37 for Shanghai and 0.50 for HNI, both
indicating vehicular emission.29 There was almost no difference
in the ratios of IP/(IP + BghiP) for the two sites (0.60 and 0.55,
respectively), also implying a contribution from the combustion
Fig. 4 The diagnostic ratios of Phe/(Phe + Ant), Flu/(Flu + Pyr), BaA/
(BaA + Chr) and IP/(IP + BghiP) of PM2.5 in Shanghai and HNI.

This journal is © The Royal Society of Chemistry 2017
of coal, wood, and grass.39 These results suggest that the PM2.5-
bound PAHs arriving at the two sites probably have common
sources, such as the combustion of coal, wood, and grass, as
well as vehicular emissions.

According to Simoneit et al. (1991),40 n-alkanes can be
divided into two source categories: plant waxes and petroleum
residues. In this study, Cmax (the n-alkane with the highest
concentration) was C29 or C31, suggesting a predominance of
biogenic sources, especially epicuticular waxes from higher
plants. The contribution of plant wax-derived n-alkanes can be
calculated from the following equation: Wax Cn ¼ [Cn � (Cn+1 +
Cn�1)/2]/Cn, with the contributions for all 18 samples at the two
sites listed in Table 1. The contribution of wax-derived n-
alkanes to the total n-alkanes in Shanghai and HNI was 45.7 and
25.9%, respectively. The sampling site in Shanghai was on the
roof of a campus building, which was surrounded by the green
belt of the campus; the site in HNI was mostly covered by bare
rocks and was potentially inuenced by ship emissions associ-
ated with two busy ports, Yangshan Port and the Port of
Shanghai.18 Therefore, the higher contributions from plant-wax
in Shanghai compared with HNI may be due to processes such
as the abrasion of leaves and pollen from trees around the
sampling site. These percentages are comparable to those re-
ported for summer 2012 in Shanghai (plant wax-n-alkanes ¼
49.8%)4 but are higher than those reported for HNI (plant wax-n-
alkanes ¼ 9.0%).16 Feng et al. (2006)19 used the same method
and sampling site in Shanghai and estimated that about 20% of
the n-alkanes in summer (n ¼ 7) were from biogenic sources,
which was only about half the amount found in this study
(45.7%). The differences between these studies suggest
temporal variations at sampling sites and uncertainties asso-
ciated with the sample number and sampling apparatus.
3.5 Source identication of selected PAHs (eight species)
and n-alkanes (eight species) using principal component
analysis (PCA)

PCA using SPSS 16.0 (SPSS Inc., Chicago, IL, USA) was per-
formed on datasets containing eight PAHs (Phe, Ant, Flu, Pyr,
BaA, Chr, IP, and BghiP) and eight n-alkanes (C14H30, C15H32,
C22H46, C23H48, C28H58, C29H60, C30H62, and C31H64). The eight
PAHs were the “diagnostic ratio” species referred to in Section
3.4, and the eight n-alkanes were representative of low, middle,
and high carbon number n-alkanes. Two PCs, PC1 and PC2,
were extracted and are shown in Table 3. For PAHs, the PCs
explained 82.4% (63.1 and 19.3%, respectively) of the total
variance for Shanghai and 86.1% (49.8 and 36.3%, respectively)
for HNI. For n-alkanes, the PCs explained 94.5% (86.8 and 7.7%,
respectively) of the total variance for Shanghai and 94.5% (70.0
and 24.5%, respectively) for HNI. The four biplots with PC
scores and loadings of the eight PAHs and n-alkanes in PM2.5

collected in Shanghai and HNI using a correlation matrix are
shown in Fig. S1–S4 of the ESI.†

For PAHs, PC1 of both Shanghai and HNI had high loadings
of BaA, Chr, IP, and BghiP, whereas PC2 of Shanghai was
dominated by Phe and Ant and PC2 of HNI was more evidently
characterized by Phe, Flu and Pyr. Therefore, PC1 of the two
Environ. Sci.: Processes Impacts

http://dx.doi.org/10.1039/c7em00129k


Table 3 Correlation factor loading matrix of selected 8 PAHs and 8 n-
alkanes in PM2.5 collected in Shanghai and HNI. (“—”indicates values of
the factor loading below zero)

PM2.5 (2011, summer)
n ¼ 9, 8 species

Shanghai HNI

PC1 PC2 PC1 PC2

PAHs Phe 0.45 0.72 0.04 0.97
Ant 0.48 0.72 — 0.69
Flu 0.97 0.15 0.38 0.91
Pyr 0.95 0.20 0.65 0.75
BaA 0.85 — 0.91 —
Chr 0.96 — 0.88 —
IP 0.70 — 0.89 —
BghiP 0.81 — 0.89 —
Explained
variance%

63.1 19.3 49.8 36.3

n-
Alkanes

C14H30 0.93 0.17 0.13 0.97
C15H32 0.96 0.10 0.16 0.94
C22H46 0.76 0.63 0.91 0.19
C23H48 0.93 — 0.96 —
C28H58 0.99 — 0.99 —
C29H60 0.98 — 0.98 —
C30H62 0.91 — 0.97 —
C31H64 0.99 — 0.96 —
Explained
variance%

86.8 7.7 70.0 24.5
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sites was primarily associated with vehicular emissions,15 PC2
of Shanghai was associated with coal combustion,36 and PC2 of
HNI was most likely associated with biomass burning.2 Because
Fig. 5 Distribution diagrams of relative hopane and sterane abundances
Tm:17a(H)-22,29,30-trisnorhopane; C29ab:17a(H),21b(H)-norhopane;
ba:17b(H),21a(H)-hopane; C31S:22S-17a(H),21b(H)-homohopane; C31R:2
pane; C32R:22R-17a(H),21b(H)-bishomohopane) (C27aaa(20S), C27a
C28abb(20S), C28aaa(20R), C29aaa(20S), C29abb(20R), C29abb(20S), C
14b(H), 17b(H)-steranes, R and S ¼ C-20 R and S configuration, respecti

Environ. Sci.: Processes Impacts
there was a higher loading of PC1 in Shanghai (63.1%) than in
HNI (49.8%), it was concluded that vehicular emissions had
more inuence on PAH emissions in Shanghai than in HNI
during the sampling period.

For n-alkanes, PC1 of both Shanghai and HNI had high
loadings of C23H48, C28H58, C29H60, C30H62, and C31H64. PC2 of
Shanghai was solely dominated by C22H46, whereas PC2 of HNI
had a high loading of C14H30 and C15H32. C26–C33 n-alkanes are
typical markers of biogenic sources, whereas C14–C19 mainly
originate from petroleum residues. Therefore, the PC1 of these
two sites was considered to be associated with biogenic sources,
and PC2 represented a petroleum residue source. A higher
factor contribution from PC1 in Shanghai (86.8%) compared
with HNI (70.0%) indicated more prominent biogenic sources
of n-alkanes in PM2.5 in Shanghai during the sampling period.

3.6 Relative abundances of hopanes and steranes, and
source implications

Table 1 shows the concentration ratios of Ts/Tm, abC31 S/(S +
R), and aaaC29 S/(S + R) in all samples. The Ts/Tm ranged from
0.52 to 0.76 for Shanghai and 0.74 to 0.94 for HNI, with average
values of 0.66 � 0.07 and 0.82� 0.09, respectively. The abC31 S/
S + R ranged from 0.51 to 0.65 for Shanghai and 0.52 to 0.62 for
HNI, with average values of 0.56 � 0.04 and 0.58 � 0.04,
respectively. In terms of aaaC29 S/(S + R), the ratios ranged
from 0.46 to 0.60 for Shanghai and 0.43 to 0.56 for HNI, with
each having the same mean value of 0.52 � 0.05. As suggested
by Feng et al. (2005)41, a lower Ts/Tm indicates an enhanced
in PM2.5 in Shanghai and HNI. Ts:18a(H)-22,29,30-trisnorneohopane;
C29ba:17b(H),21a(H)-norhopane; C30ab:17a(H),21b(H)-hopane; C30-
2R-17a(H),21b(H)-homohopane; C32S:22S-17a(H),21b(H)-bishomoho-
bb(20R), C27abb(20S), C27aaa(20R), C28aaa(20S), C28abb(20R),
29aaa(20R), and aaa ¼ 5a(H), 14a(H), 17a(H)-steranes; abb ¼ 5a(H),

vely.

This journal is © The Royal Society of Chemistry 2017
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impact from the combustion of less thermally maturated fossil
fuels, such as biomass and coal. Further evidence for a fossil-
fuel input is determined by the ratio of abC31S/(S + R), both
approaching 0.6, indicating a major contribution from traffic
emissions.42 However, the value of aaaC29 S/(S + R) was close to
0.5, indicating fully mature petroleum residues43 and suggest-
ing an origin from petroleum products contaminating the
atmosphere of Shanghai and HNI.44

Fig. 5 shows the distribution of hopane (10 species) and
sterane (12 species) abundances relative to 18a(H)-22,29,30-
trisnorneohopane (Ts: where Ts ¼ 1) and C27-5a(H), 14a(H),
and 17a(H)-steranes (C27aaa(20S): where C27aaa(20S) ¼ 1)
measured in Shanghai and HNI, respectively. The distributions
of hopanes in Shanghai and HNI were quite similar, with the
most abundant compounds being 17a(H) and 21b(H)-hopane
(C30ab), followed by 17a(H) and 21b(H)-norhopane (C29ab).
C30ab is predominantly produced by wood burning,45 whereas
C29ab is a tracer for motor vehicle exhaust,46 providing evidence
of contributions from these two sources. The pattern of steranes
at both sites revealed the dominance of C29abb(20R), followed
by C29aaa(20S) and C29aaa(20R) (Fig. 5). The predominance of
the C29 over the C28 and C27 steranes was also reported in
surface sediments from the Sfax-Kerkennah coastal zone in
Tunisia41 and the Bohai Sea, China.23

The compositions of hopanes and steranes combined with
these characteristic ratios conrmed the contribution from
biomass burning, traffic emissions, and petroleum to the PM2.5

of Shanghai and HNI. Because there is almost no industrial
activity on HNI, the hopanes and steranes most likely originated
from long-range atmospheric transport. With two large ports,
the Port of Shanghai and Yangshan Port, the coastal ECS is
busy, with activity from both public ferries and national and
international cargo shipping. Shipping traffic in the coastal ECS
is therefore the most likely source of the hopanes and steranes
in the PM2.5 of HNI. Detailed quantitative measurements for
specic hopanes and steranes in aerosols in HNI, combined
with size distribution and temporal data, are required to further
investigate their sources.

4 Conclusions

A comprehensive study of the concentrations, compositions,
and sources of carbonaceous pollutants in PM2.5 was under-
taken using paired samples from an urban site in Shanghai and
an island location, HNI, in the coastal ECS during summer
2011. Shanghai, as expected, had relatively high levels of
carbonaceous pollutants in comparison to HNI. The composi-
tions of 16 PAHs and 20 n-alkanes for the two sites were
signicantly different, implying that the predominant sources
were also distinctly different; however, the diagnostic ratios for
PAHs suggested common sources, such as the combustion of
coal, wood, and grass, and vehicular emissions. Plant waxes
contributed more n-alkanes in Shanghai (average: 45.7%) than
in HNI (average: 25.9%), probably due to biogenic activities,
such as the abrasion of leaves and pollen transport. PCA
conrmed a common dominant source from vehicular emis-
sions for PAHs and a biogenic source for n-alkanes at the two
This journal is © The Royal Society of Chemistry 2017
sites. Vehicular exhaust emissions and shipping traffic were
important contributors to the burden of hopanes and steranes
in Shanghai and HNI, respectively.
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