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� An obvious seasonal variation of carbonaceous pollutants in PM2.5 was observed.
� Petroleum residue contributed 71.4% to the n-alkanes.
� PCA analysis revealed mixed sources for the OC, EC and n-alkanes.
� Vehicle exhaust contributed more PM2.5-bound hopanes than coal combustion.
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a b s t r a c t

Multiple PM2.5 samples collected through different seasons from October 2011 to August 2012 at an
urban site in Shanghai, China were analyzed for carbonaceous pollutants. Data from this site, a ‘super’ air
quality monitoring station at Fudan University, has been used by researchers to investigate the formation
mechanism of haze episodes. The characteristics and concentrations of organic carbon (OC), elemental
carbon (EC), n-alkanes, as well as relative abundances of hopanes, in these samples were determined.
The concentrations showed a pronounced annual cycle with higher values in cold seasons (spring and
winter, mean: 8.6 mg/m3, 3.3 mg/m3 and 136.4 ng/m3 for OC, EC and n-alkanes, respectively) and lower
values in warm seasons (fall and summer, mean: 6.6 mg/m3, 2.6 mg/m3 and 73.8 ng/m3 for OC, EC and n-
alkanes, respectively). EC generally displayed a common source with that of OC in all seasons. Petroleum
residue was the major source of n-alkanes, contributing 71.4% to the targeted C14eC33 n-alkanes over four
seasons. Principal components analysis and the composition of hopanes showed that emissions from
vehicle exhaust contributed more carbonaceous aerosols than coal combustion. These data could provide
important information for measures to reduce carbonaceous pollutant emissions and improve air quality
in Shanghai, and other urban centers across China.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

PM2.5 is particulate matter in the atmosphere with an aero-
dynamic equivalent diameter of 2.5 mm or less. It is a complex
mixture of elemental and organic carbon, mineral dust, trace ele-
ments and water, and is known to produce respiratory and
oal Mine Disaster Dynamics
0, China.
g).
cardiovascular illness (Ha et al., 2014). Carbonaceous compounds
can comprise a large but highly variable fraction of the PM2.5
burden andmay provide a better indicator of particulate substances
harmful to human health than undifferentiated particle mass
(Janssen et al., 2012). In general, these compounds can be classified
as organic carbon (OC) and elemental carbon (EC). Organic carbon,
formed by a variety of processes including primary emission and
secondary conversion (e.g. by reaction with atmospheric gases), is
an aggregate of organic compounds such as n-alkanes, aromatic
and aliphatic compounds etc. Elemental carbon, sometimes also
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known as black carbon (BC), is produced by the incomplete com-
bustion of fossil fuels and biomass burning, as well as from the
vapor phase as a condensation product. As a consequence EC (or
BC) particles can range from graphite-like particles through to
larger soot and chars (Rose and Ruppel, 2015). It has been
demonstrated that these carbonaceous materials are associated
with environmental, human health and climate effects (Jacobson,
2001; Menon et al., 2002; Kennedy, 2007) and as a consequence
their sources, toxic effects, mass-balance budgets and their signif-
icance to biogeochemical cycles is receiving increased worldwide
attention.

The impacts of carbonaceous compounds in aerosols on envi-
ronmental and health effects are considered to be mostly associ-
ated with concentration, particle size and chemical compositions.
n-Alkanes and hopanes are important components of carbonaceous
compounds. n-Alkanes can be derived from both natural sources
(e.g. higher plant waxes) and anthropogenic activities such as the
combustion of diesel, gasoline and natural gas (Simoneit, 1986).
Hopanes, markers for fossil-fuel emissions, are a group of organic
compounds consisting of six isoprene units. Coal burning and en-
gine exhausts are considered the potential main sources (Fraser
et al., 1998). These pollutants, once emitted, are ubiquitous in
environment and therefore can be used as markers for source
identification of aerosols (Bi et al., 2002).

Shanghai, the largest Chinese city by population (nearly 24
million in 2013), is a global financial center, and a transport hub
with the world's busiest container port. Located at the eastern end
of the Yangtze River Delta (YRD) in east China, Shanghai has
experienced rapid development in both urbanization and indus-
trialization over recent decades. Due to its location at the center of
the YRD, Shanghai has been, and continues to be, the focus of
environmental pollutant studies in this region, especially of at-
mospheric organic pollution. For example, Yang et al. (2005) re-
ported a one-year record of OC and EC in PM2.5 in central Shanghai,
and found an important contribution from biomass burning to the
fine carbonaceous particle component. Gu et al. (2010) presented
the occurrence and composition of polycyclic aromatic hydrocar-
bons (PAHs) based on over two years of PM2.5 samples, revealing
sources of petroleum and coal/biomass combustion. Similarly, Hou
et al. (2011) investigated the characteristics and sources of OC and
EC in PM2.5 over 2006e2007, and assessed their role in heavy haze
formation. These studies imply a significant role for carbonaceous
pollutants in the composition of PM2.5 in Shanghai and are sup-
ported by our previous research on source apportionment of PAHs
in PM2.5 (Wang et al., 2015).

Here, we focus on a detailed seasonal study of the characteristics
of other organic compounds in PM2.5 samples. This not only en-
hances our understanding of the pollution status and composition
of carbonaceous pollutants in the fine particulate fraction in
Shanghai but also provides significant new data on source appor-
tionment and hence an important basis for human health studies in
the city.

2. Materials and methods

2.1. Sampling site and sample collection

The sampling site (31.3� N, 121.5� E) is located on the roof of No
4. Teaching building at Fudan University (Huang et al., 2012). With
many observation instruments on the roof, this site is a ‘super’ air
quality monitoring station in Shanghai. Wujiao Chang shopping
center, one of the four sub-centers in Shanghai, is approximately
1 km away. Two roadways with heavy traffic, Guoding Road and
Handan Road, surround a major part of the campus. The resident
population in this area (Yangpu District) is about 1.3 million (http://
www.yprk.com/).
The PM2.5 samples were collected on quartz filters (20� 25 cm2,

2600 QAT, PALL, USA) by an aerosol sampler at a flow rate of 18 m3/
h (Guangzhou Mingye Huanbao Technology Company). The sam-
ples were collected on a 23.5-h basis with a regular start at 09:00
and an end at 08:30 the following day. Four sampling campaigns,
24 Oct-16 Nov 2011 (fall, n ¼ 20), 24 Dec 2011e11 Jan 2012 (winter,
n ¼ 18), 9e28 Apr 2012 (spring, n ¼ 19) and 26 Jul-15 Aug 2012
(summer, n ¼ 14), were conducted to represent four different
seasons. A total of 71 samples were taken during the sampling
period. Two parallel operational sample blanks (i.e., field blanks)
were run and obtained for each season.

Before exposure, the quartz filters were wrapped in aluminum
foil and combusted at 450 �C for 4 h in themuffle furnace to remove
residual organic contaminants. Then they were put in a constant
temperature and humidity chamber for at least 24 h and weighed
using an analytical balance (model: Sartorius 2004 MP; reading
precision: 10 mg) under stable temperature (20 ± 1 �C) and hu-
midity (45 ± 5%). Each weighed filter was sealed in a marked valve
bag and stored in a cool and dry condition before sample collection.
After sampling, all the filters were re-weighed using the same
analytical balance under the same temperature and humidity
condition (i.e., 20 ± 1 �C, 45 ± 5%, at least 24 h) as pre-sampling
filters to obtain sample mass concentrations. The weighed sam-
ples were then stored in a refrigerator until analysis.

2.2. Sample analysis for OC and EC

The OC and EC fractions in PM2.5 samples were determined by
the IMPROVE thermal/optical reflectance (TOR) method developed
by the Desert Research Institute (DRI), Nevada, USA (Chow et al.,
1993). A 0.544 cm2 area of each sample was punched to analyze
the targeted carbon fractions including four OC (OC1-OC4), three EC
(EC1-EC3) sub-samples and a pyrolyzed carbon fraction (OP). OC1-
OC4 were produced in a helium atmosphere at temperatures of
140 �C, 280 �C, 480 �C and 580 �C, respectively. EC1-EC3 were
produced in a 2% oxygen/98% helium atmosphere at temperatures
of 580 �C, 740 �C and 840 �C, respectively. OC was operationally
defined as total carbon in the sample when heated to 550 �C in a
100% helium atmosphere. EC was defined as all carbon when
heated to 800 �C in an atmosphere of 2% oxygen and 98% helium
after removal of OC. OP was determined when a reflecting trans-
mittance laser attained its original intensity after oxygenwas added
to the analysis atmosphere. OC and EC were obtained as
OC1þOC2þOC3þOC4þOP and EC1þEC2þEC3-OP, respectively.

2.3. Sample analysis for n-alkanes

The analytical procedure for the measurement of n-alkanes was
similar to that for PAHs (Wang et al., 2014). Half of each sample
filter was used for Soxhlet extraction. The extraction lasted 48 h
with dichloromethane (DCM) spiked with a mixture of 200 ng of
deuterated phenanthrene (Phe-d10, m/z 188) and deuterated
chrysene (Chr-d12,m/z 240) in order to determine the recovery rate.
Sample extracts were concentrated to ~5 ml using a vacuum rotary
evaporator at 40 �C, 50 rpm. Subsequently, the solvent was
exchanged into n-hexane (HEX) and rotary evaporated to approx-
imately 2 ml. The extracts were then transferred into 22-ml glass
tubes and concentrated to ~2 ml under purified N2. The concen-
trated extracts were sequentially cleaned in a chromatography
column (8 mm in diameter) filled with 3 cm deactivated alumina
(Al2O3: 1.53 g; mesh size: 100e200; supplier: Shanghai Guoyao
Company), 3 cm silica gel (SiO2: 1.20 g, mesh size: 80e100; sup-
plier: Jiangsu Qiangsheng Chemical Company) and 1 cm anhydrous
sodium sulfate (Na2SO4: analysis grade; supplier: Shanghai Dahe
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Chemical Company), and eluted with 20 mL DCM/HEX (1:1, V:V).
Prior to analysis for n-alkanes, the extracts were reduced to ~500 mL
under a stream of purified N2. A sample vial (2mL) was prepared for
the final concentrated extract, and hexamethylbenzene (HMB) was
used as an internal standard to quantify the n-alkanes. All samples
were injected with HMB and then concentrated to about 200 mL in
preparation for GCeMS analysis. The GC-MSD (Agilent GC 6890 N
coupled with 5975C MSD, equipped with DB5-MS column,
30 m � 0.25 mm � 0.25 mm) used helium as a carrier gas. The GC
operating processing was: 60 �C for 2min, ramped to 290 �C at 3 �C/
min and held for 20 min. The sample was injected split-less with
the injector temperature at 290 �C. The post-run time was 5 min
with an oven temperature of 310 �C. Hopanes were analyzed under
the same condition as n-alkanes. The concentration of n-alkanes
was determined by using authentic standards of n-alkanes (C14, C16,
C18, C20, C22, C24, C26, C28, C30 and C32). Individual n-alkanes (C14e33)
were identified based on the retention times and mass spectra of
target compounds against the authentic standards.
2.4. Sample analysis for hopanes

The extraction procedure and GCeMS analysis for hopanes was
the same as for n-alkanes. Detection of hopanes was carried out by
monitoring the respective typical ions: m/z 191 (Hu et al., 2009).
Without authentic standard samples (i.e., reference material) of the
targeted hopanes (Ts:18a(H)-22,29,30-trisnorneohopane;
Tm:17a(H)-22,29,30-trisnorhopane; C29ab:17a(H),21b(H)-norho-
pane; C29ba:17b(H),21a(H)-norhopane; C30ab:17a(H),21b(H)-
hopane; C30ba:17b(H),21a(H)-hopane; C31S:22S-17a(H),21b(H)-
homohopane; C31R:22R-17a(H),21b(H)-homohopane; C32S:22S-
17a(H),21b(H)-bishomohopane; C32R:22R-17a(H),21b(H)-bisho-
mohopane), we can only present their relative abundances rather
than concentration data.
2.5. QA/QC

The analyzer was calibrated with known quantities of sucrose.
One replicate analysis was conducted for every ten samples. The
difference determined from replicate analyses was less than 5% for
TC (total carbon), and less than 6% for OC and EC. Two parallel blank
filters were analyzed following the same procedures in each sea-
son. Results were corrected with respect to the average blank
concentrations. Detection limits for the OC and EC were below 0.2
and 0.03 mg/m3, respectively.

Organic reagents (DCM, HEX) used in extracting n-alkanes were
purchased from Shanghai ANPEL Scientific Instrument Company
(HPLC grade, purity: 95%). All vessels were first rinsed with hot
potassium dichromate-sulfuric acid solution, then left overnight in
the solution and washed using de-ionized water (18.2 MU Milli-Q
water). After wrapping these vessels in aluminum foil, they were
put in muffle furnace at 450 �C for 4 h. All utensils were rinsed
twice with reagents before use. The QA/QC for n-alkanes was based
on the recovery rate of Phe-d10 and Chr-d12. These two species were
assumed to have matched molecular weight and similar chemical
properties to the targeted n-alkanes (Guo et al., 2009), which were
those from C14H30 to C33H68. Nominal detection limits for individ-
ual n-alkanes ranged from 0.01 to 0.1 ng/m3 according to the data
sets reported by Kavouras et al. (1999) and Bi et al. (2002). The
mean recoveries were 91% ± 13% for Phe-d10 and 103% ± 15% for
Chr-d12. Procedural blanks, standard-spiked blanks, and blank fil-
ters were analyzed, and all met QA/QC requirements. Sample re-
sults were calculated as blank corrected values by subtracting the
average blank from each sample. Reported concentrations here
were not recovery corrected.
3. Results and discussion

3.1. Concentrations of PM2.5 mass, OC, EC and n-alkanes

Average concentrations of PM2.5 mass, OC, EC and associated n-
alkanes in each season are shown in Table 1, and daily variations of
OC, EC and n-alkanes during the sampling periods are plotted in
Fig. 1. The concentrations of OC, EC, and n-alkanes in all PM2.5
samples are shown in Table S1. PM2.5 mass concentrations (mg/m3)
were highest in winter (104.3 ± 91.0) and lowest in summer
(57.8 ± 27.9), with an annual average of 83.4 ± 58.9. Seasonal var-
iations of OC and EC concentrations (mg/m3)were similar to those of
PM2.5 mass, and varied from 5.3 ± 3.4 (summer) to 9.6 ± 5.4
(winter) and 2.0 ± 2.2 (summer) to 3.8 ± 2.9 (winter), respectively.
OC and EC in PM2.5 were well correlated (R2 ¼ 0.86), suggesting
possible common sources. The percentage of TC (OC þ EC) in PM2.5
in fall, winter, spring, and summer was 12.1%, 13.8%, 12.0%, and
12.3%, respectively, with an annual mean of 12.6%.

Seasonal trends of n-alkanes during the sampling period are also
plotted in Fig. 1. The average seasonal concentrations of n-alkanes
in PM2.5 (ng/m3) were highest in spring (181.4 ± 100.9) and lowest
in summer (62.5 ± 31.5), an approximate 3-fold difference. The
carbon preference index (CPI) of n-alkanes has been used to iden-
tify the distribution of biogenic origins and anthropogenic mate-
rials (Simoneit, 1986). In this study, the CPI was calculated as the
sum of the concentrations of the odd-carbon-number n-alkanes
divided by the sum of the concentrations of the even-carbon-
number n-alkanes, which is CPI ¼ P

(C15eC33)/
P

(C14eC32). The
relatively low values for the CPI (Simoneit et al., 1991) (1.5 in fall, 1.2
in winter, 1.8 in spring and 1.9 in summer; Table 1) indicate the
importance of petroleum and diesel residues and gasoline emis-
sions, as well as the lower contribution of n-alkanes emitted from
epicuticular waxes. These results are consistent with those ob-
tained by Feng et al. (2006). The maximum carbon number (Cmax)
in warm seasons (fall and summer) was C29/C31, while in cold
seasons (winter and spring), it was C23/C24. A similar phenomenon
was also observed in a previous study reported by Feng et al.
(2006). Ambient temperature and source variation could both be
important to the seasonal differences observed in this study.

Table 2 provides a comparison of concentrations of PM2.5 mass,
OC, EC and n-alkanes in Shanghai with those from some other areas
of the world. These data indicate that PM2.5 mass concentrations in
Shanghai were lower than those detected in Xi'an by a factor of 1e2
(Wang et al., 2006), and are comparable with those in Beijing (He
et al., 2006) and Guangzhou (Cao et al., 2003). However,
compared with other cities in the world, such as Los Angeles
(Minguill�on et al., 2008), London, Porto and Vienna (Hamilton et al.,
2002), the PM2.5 mass concentrations in Shanghai were much
higher. With regard to OC, EC and n-alkanes, concentrations in
Shanghai were lower than those detected in Beijing, Guangzhou
and Xi'an in China (Bi et al., 2003; Yang et al., 2005; Wang et al.,
2006), comparable with those in London, Porto and Vienna, but
higher than those reported for Los Angeles (Eiguren-Fernandez
et al., 2004; Minguill�on et al., 2008).

When compared with OC and EC data from previous reports for
Shanghai, the levels of OC (in mg/m3) in summer and fall in this
study (average 6.6) were lower than the OC of 9.9 measured in
2002e2003, while EC was slightly lower: 2.6 and 2.9, respectively
(Feng et al., 2006). The OC and EC levels (6.7 and 2.9, respectively)
were also lower than those reported for 2005e2006 (16.1 and 3.0
respectively) (Feng et al., 2009). While compared with PM2.5 from
2006 to 2007 (Hou et al., 2011) (7.4 and 2.8 EC, respectively), the OC
and EC levels in this study didn't show statistically significant dif-
ference (p > 0.05). These data therefore suggest that the carbona-
ceous component of PM2.5 in urban Shanghai has declined over the



Table 1
Average concentration of PM2.5 mass, OC, EC, n-alkanes and associated indices.

mg/m3 % % ng/m3 n-alkanes

Season PM2.5 OC EC OC/EC SOC SOC/OC TC/PM2.5 yield n-alkanes CPI Cmax Waxed %

fall, 2011 80.6 ± 65.3 7.9 ± 8.7 3.1 ± 2.8 2.4 4.2 ± 5.5 46.5 12.1 85.0 ± 87.7 1.5 C29/31 50.1
winter, 2011 104.3 ± 91.0 9.6 ± 5.4 3.8 ± 2.9 2.7 3.1 ± 1.6 36.2 13.8 91.4 ± 59.3 1.2 C23/24 8.2
spring, 2012 89.6 ± 34.3 7.6 ± 2.8 2.7 ± 1.0 2.8 1.9 ± 1.6 23.7 12.0 181.4 ± 100.9 1.8 C23/24 6.3
summer, 2012 57.8 ± 27.9 5.3 ± 3.4 2.0 ± 2.2 3.2 2.0 ± 0.8 43.7 12.3 62.5 ± 31.5 1.9 C29/31 49.8

Fig. 1. Daily concentrations of OC, EC and associated n-alkanes over four seasons.

Table 2
Concentrations of PM2.5 mass, OC, EC (mg/m3) and associated n-alkanes (ng/m3) for this study and studies in other cities around world.

Site Period Size Mass OC EC n-alkanes References

Shanghai 2011,10e2012,08 PM2.5 83.4 7.8 3.0 108.0 This work
Beijing 2002,07e2003,01 PM2.5 73.7 26.2 e 220.5 He et al., 2006
Guangzhou 2002,01e2002,02 PM2.5 105.9 22.6 8.3 e Cao et al., 2003
Xi'an 2003,01e2003,07 PM2.5 214.5 60.0 14.8 864.5 Wang et al., 2006
Los Angeles 2007,07e2007,09 PM2.5 22.0 2.7 0.7 25.8 Minguill�on et al., 2008
London 1995,09e1996,06 TSP 45.5 7.2 2.3 218.8 Hamilton et al., 2002
Porto 1995,09e1996,06 TSP e 10.3 3.9 272.3 Hamilton et al., 2002
Vienna 1995,09e1996,06 TSP e 11.5 3.4 188.3 Hamilton et al., 2002
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past decade although the rate of this decline has slowed down in
the last five years. However, despite these reductions, concentra-
tions remain high and still indicate potential hazards to human
health. Therefore, abatement strategies for carbonaceous aerosols
associated with changes in the energy structure and industrial ac-
tivities in the city need to be given more attention in the near
future.

3.2. Secondary organic carbon (SOC) estimation and comparison

Estimates of secondary organic carbon (SOC) in PM2.5 for
Shanghai have previously been presented by Feng et al. (2009) and
Hou et al. (2011), although these studies were conducted at
different sites and estimated using different methods. Feng et al.
(2009) applied the thermal-optical transmittance (TOT) method
to measure OC and EC while Hou et al. (2011) used the TOR. In the
present study, we provide an update on SOC concentrations and
compare these datasets with those estimated by other researchers.

The OC/EC ratios in PM2.5 were highest in summer (3.2), lowest
in fall (2.4) and averaged over the year at 2.8. These results are
comparable with those reported by Hou et al. (2011), in which the
OC/EC was 3.5 and 2.2 in summer and winter, respectively. When
compared with Feng et al. (2009), the OC/EC in our study was lower
by a factor of 1e2 although it should be noted that OC/EC ratios
measured by the TOT method are higher than values measured by
TOR (Watson et al., 2005) and differences by a factor of two are
common. Furthermore, Hou et al. (2011) conducted their sampling
campaign at the same site as our current study while Feng et al.
(2009) investigated suburban areas in the northwest of Shanghai.
Therefore while it is difficult to draw direct comparisons between
these studies, spatial variations across the city seem likely although
uncertainties are high.
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In our study, OC/EC ratios exceed 2.0, indicating SOC formation.
The SOC was estimated by a common method that was introduced
by Turpin (Turpin and Huntzicker, 1995) and developed by Castro
(Castro et al., 1999). For a detailed description see Wang et al.
(2015). Average seasonal SOC concentrations in PM2.5 are listed in
Table 1. High SOC concentrations (mg/m3) in PM2.5 were observed in
fall (4.2) and winter (3.1), accounting for 46.5% and 36.2% of OC,
respectively; while low SOC concentrations occurred in spring (1.9)
and summer (2.0), accounting for 23.7% and 43.7% of OC, respec-
tively. The lower contribution of SOC to OC occurred in spring and
winter, which was consistent with that reported by Hou et al.
(2011) (29.0% and 33.0% in spring and winter, respectively). In fall
and summer, meteorological conditions, such as a higher frequency
of sunny days and more intense solar radiation, could result in a
higher photochemical activity (Castro et al., 1999). Therefore,
higher SOC/OC in fall and summer could be due to the presence of
precursors of semi-volatile organic compounds enhanced by
favorable meteorological conditions. The seasonal trend of SOC in
this study was similar to that reported for the Zha-bei district of
Shanghai by Feng et al. (2009), which also displayed highest levels
in the fall and lowest in the spring. Therefore, although our study
was limited to a single site and cannot account for spatial variations
of SOC in PM2.5 across Shanghai, these data can provide a view of
recent SOC pollution status and could be used by policy decision-
makers to more effectively reduce carbonaceous pollutants.
3.3. Relationships between OC and EC, OCpri and n-alkanes

The relationship between OC and EC can also indicate potential
common sources and the correlations between the two for the four
seasons are shown in Fig. 2. Strong correlations are observed over
all four seasons: fall (R2 ¼ 0.90), winter (R2 ¼ 0.97), spring
(R2 ¼ 0.71) and summer (R2 ¼ 0.83) suggesting common primary
emission sources, such as vehicle exhaust, biomass burning and
coal combustion. This result is in agreement with Feng et al. (2009),
who showed that OC and EC undergo similar atmospheric disper-
sion processes and demonstrated the influence of both local sour-
ces and long range transport pathways.

According to Lim and Turpin, 2002, OC may be divided into two
parts: primary OC (OCpri) and secondary OC (OCsec). OCpri is emitted
directly in particulate form from various emission sources (e.g.,
vehicular exhaust, fuel combustion), while OCsec is formed through
the gas/particle partitioning of semi- and nonvolatile products of
chemical reactions involving reactive organic gases. The seasonal
Fig. 2. Correlations between OC and EC on PM2.5 for each season.
correlations between OCpri and n-alkanes in PM2.5 are shown in
Fig. 3. Unlike the relationship between OC and EC, OCpri and n-al-
kanes in fall andwinter had higher correlations than those in spring
and summer. The R2 was 0.93 in fall and 0.92 in winter; while in
spring and summer, it was 0.52 and 0.62, respectively. This in-
dicates that more n-alkanes had a common source with that of
OCpri in fall and winter than in spring and summer. During the
sampling period, Cmax was C23 or C24 in spring and winter (Table 1)
probably indicating gasoline as the dominant vehicle emission
source (Schnelle-Kreis et al., 2005). In fall and summer, C29 or C31
dominated suggesting biogenic sources, especially epicuticular
waxes from higher plants, were the predominant sources for these
n-alkanes (Simoneit et al., 1991). According to Simoneit et al. (1991),
n-alkanes can be divided into two source categories: plant wax and
petroleum residue. Plant wax-derived n-alkanes can be calculated
from the following equation:

Wax Cn ¼

�
Cn� ðCnþ1 þ Cn�1Þ

2

�

Cn

The average contributions from plant waxes to n-alkanes over
the four seasons are listed in Table 1. Plant waxes contributed more
n-alkanes in fall and summer (average: 50.0%) than in spring and
winter (average: 7.3%) probably due to biogenic activities, such as
the abrasion of leaves and the transport of pollen. By contrast, in
spring andwinter, prevailing northwest winds bring anthropogenic
pollutants via long-range transport from northern China (Wang
et al., 2015), thus enhancing the contribution from petroleum
residue.

3.4. Source identification of OCpri, OCsec, EC and n-alkanes using
PCA

Principal component analysis (PCA) using SPSS 16.0 was per-
formed on the datasets containing OCpri, OCsec, EC and 20 n-alkanes
(C14eC33). The loadings for these variables on the three major
principal components (PC1 e PC3) are shown in Table 3. These PCs
explain 81.0% of the total variance (51.8%, 18.0% and 11.2%, respec-
tively). PC1 had high loadings of C28eC33 and moderate loadings of
C16eC17 and C24eC25 n-alkanes, indicating a biogenic source
(Simoneit et al., 1991) mixed with gasoline vehicle emission
(Schnelle-Kreis et al., 2005). PC2 was characterized by high positive
loadings of C18eC23 n-alkanes and moderate loadings from OCpri,
EC, C17 and C24. C21 indicates a diesel source (Schnelle-Kreis et al.,
2005) and short chain n-alkanes mainly originate from petroleum
residue. Therefore, PC2 was considered to be associated with
sources from diesel and petroleum residue. PC3 was dominated by
OCsec and C26eC27 with moderate loadings by EC and C32eC33 n-
alkanes. OCsec is formed through atmospheric oxidation of volatile
organic compounds and gas-to-particle conversion processes. EC
mainly originated from anthropogenic activities and C26eC33 n-
alkanes were derived from higher plant wax. Thus, it is reasonable
to infer that PC3 reflects a mixed source including anthropogenic
fossil-fuel incomplete combustion and natural biogenic activity.

Based on the PCA analysis, the carbonaceous pollutants
including OCpri, OCsec, EC and 20 n-alkanes were best explained by
PC1 that was indicative of biogenic source and gasoline vehicle
emission, and they also could be originated from diesel emission
and petroleum residue.

3.5. Relative abundance of hopanes and source implication

Fig. 4 shows the distribution diagrams of hopane abundances
relative to 18a(H)-22,29,30-trisnorneohopane (Ts: where Ts ¼ 1)



Fig. 3. Seasonal correlations between n-alkanes and OCpri.

Table 3
Varimax rotated factor loading matrix of OCpri, OCsec, EC and n-alkanes in PM2.5.

PC1 PC2 PC3

OCpri 0.383 0.747 0.384
OCsec 0.152 e 0.921
EC 0.278 0.624 0.615
C14H30 0.049 e 0.023
C15H32 0.258 0.061 0.344
C16H34 0.785 0.140 e

C17H36 0.615 0.610 e

C18H38 0.387 0.871 0.013
C19H40 0.187 0.937 0.186
C20H42 0.037 0.959 0.185
C21H44 0.064 0.958 0.197
C22H46 0.119 0.937 0.243
C23H48 0.377 0.831 0.279
C24H50 0.613 0.581 0.210
C25H52 0.851 0.347 0.015
C26H54 0.037 0.386 0.906
C27H56 0.106 0.341 0.915
C28H58 0.923 0.166 0.144
C29H60 0.870 0.096 0.158
C30H62 0.923 0.083 0.191
C31H64 0.910 0.043 0.292
C32H66 0.807 0.130 0.499
C33H68 0.762 e 0.498
explained variance % 51.8 18.0 11.2

Middle and high values of the factor loading are boldfaced.

Fig. 4. Distribution diagrams of relative hopane abundances. (Ts:18a(H)-22,29,30-
trisnorneohopane; Tm:17a(H)-22,29,30-trisnorhopane; C29ab:17a(H),21b(H)-norho-
pane; C29ba:17b(H),21a(H)-norhopane; C30ab:17a(H),21b(H)-hopane; C30ba:17b(-
H),21a(H)-hopane; C31S:22S-17a(H),21b(H)-homohopane; C31R:22R-17a(H),21b(H)-
homohopane; C32S:22S-17a(H),21b(H)-bishomohopane; C32R:22R-17a(H),21b(H)-
bishomohopane).
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measured in each season. The seasonal distribution patterns of
hopanes were all quite similar except in winter. When split
seasonally, the most abundant compound in winter was 17a(H),
21b(H)-norhopane (C29ab), followed by 17a(H), 21b(H)-hopane
(C30ab); while the other three seasons were dominated by C30ab
with C29ab ranked second. C29ab is a tracer for motor vehicle
exhaust (Schauer et al., 2002), providing evidence for a promi-
nent contribution from this source in winter. The 18a(H)-
22,29,30-trisnorneohopane/17a(H)-22,29,30-trisnorhopane ratio,
abbreviated as Ts/Tm, ranged from 0.88 in winter to 0.95 in fall,
with an annual average of 0.92. A Ts/Tm of 1.0 indicates a reduced
impact from the combustion of less thermally mature fossil-fuels,
such as biomass burning and coal combustion (Feng et al., 2005).
The S/S þ R, (the ratio of S- and R-isomers of 17a(H), 21b(H)-
homohopane (C31S and C31R)), has been previously used to
differentiate between coal burning and vehicle exhaust sources.
In this study, the S/S þ R ratio was in the range from 0.56 to 0.62,
with a yearly average of 0.59 (Fig. 4), indicating a major contri-
bution from traffic emissions (Fraser et al., 1998). Previous winter
and summer data from 2002 to 2003, Feng et al. (2006) showed
an S/S þ R ratio in PM2.5 in Shanghai of approximately 0.6, rather
close to our results. Further study, both on the temporal and
spatial scales and source contribution to aerosol-bound hopanes
in Shanghai are needed. Detailed quantitative measurement for
specific hopanes should prove to be an interesting and useful
tracer.
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4. Conclusions

An obvious seasonal variation in the concentrations and
composition of carbonaceous pollutants was observed in PM2.5 in
urban Shanghai. The seasonal patterns for OC and EC were highest
in winter and lowest in summer, similar to those previously re-
ported by other researchers. On comparison with these earlier
datasets, concentrations of OC and EC in 2011e2012 have declined
over the past decade although the rate of decline has slowed over
the latter five years. The ratio of SOC/OC remained higher in warm
seasons (fall and summer) with respect to cold seasons (spring and
winter), probably due to seasonal changes in emission sources and
the corresponding prevailing meteorology. More n-alkanes had a
common source with OCpri in fall and winter than in spring and
summer; while PCA revealed a mixture of sources including
anthropogenic incomplete fossil-fuel combustion, petroleum res-
idue and natural biogenic activity for the OC, EC and n-alkanes.
Motor vehicle exhaust was a prominent contributor to the hopanes,
especially in winter.
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