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Abstract Nonpolar organic compounds (NPOCs) in
ambient particulate matter (PM) commonly include n-
alkanes, branched alkanes, hopanes and steranes, and
polycyclic aromatic hydrocarbons (PAHs). The recent
development of thermal desorption-gas chromatography/
mass spectrometry (TD-GC/MS) has greatly reduced time
and labor in their quantification by eliminating the
laborious solvent extraction and sample concentration
steps in the traditional approach that relies on solvent
extraction. The simplicity of the TD-GCMS methods has
afforded us concentration data of NPOCs in more than 90
aerosol samples in two aerosol field studies and 20
vehicular emissions-dominated source samples in Hong
Kong over the past few years. In this work, we examine
the interspecies relationships between select NPOCs and
their concentration ratios to elemental carbon (EC) among
the ambient samples and among the source samples. Our

analysis indicates that hopanes were mainly from vehic-
ular emissions and they were significantly oxidized in
ambient PM. The hopane/EC ratio in ambient samples
was on average less than half of the ratio in vehicular
emissions-dominated source samples. This highlights the
necessity in considering oxidation loss in applying
organic tracer data in source apportionment studies. Select
PAH/EC ratio–ratio plots reveal that PAHs had diverse
sources and vehicular emissions were unlikely a dominant
source for PAHs in Hong Kong. Biomass burning and
other regional sources likely dominated ambient PAHs in
Hong Kong.

Keywords Organic aerosols . Source apportionment .

Molecular tracers . Atmospheric oxidation . Carbonaceous
aerosol . Squalane

Introduction

Sources of ambient organic aerosols (OA) come from both
primary emissions and secondary formation in the atmosphere
from oxidation of various volatile organic compounds.
Identifying sources and quantifying their contributions is an
essential initial step of air quality management. Ambient
OA consists of numerous individual organic compounds
[1]. Some of them are unique to certain aerosol sources
and thereby can serve as tracers in source identification
and apportionment [2]. Advances in receptor modeling
have allowed source apportioning of organic aerosols
without the need to gain a full characterization of the OA
constituents [e.g., 3–5]. A number of nonpolar organic
compounds (NPOCs) are among the commonly used
tracers for primary OA sources.
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NPOCs in ambient particulate matter (PM) commonly
include n-alkanes, branched alkanes, hopanes and steranes
(saturated cyclic hydrocarbons), and polycyclic aromatic
hydrocarbons (PAHs). Hopanes and steranes, as part of
unburned lubricating oil, are good indicators for vehicular
emissions [2, 3, 6]; C29–C31 odd alkanes are produced
when leaves rub together in the wind, therefore serving as
tracers for vegetative detritus; and C29–C33 iso- and
anteisoalkanes are identified to be tracers for cigarette
smoke due to their presence as tobacco leaf wax [7–10].
Sources of PAHs are more diverse, with the ratio of some
PAH pairs serving as a qualitative indicator for the
dominance of a certain combustion sources [e.g., 11–14].

OA tracers have been traditionally analyzed using
solvent extraction (SE) of filter samples followed by sample
concentration and GC/MS (gas chromatography/mass spec-
trometric) analysis. The SE-GC/MS approach is labor
intensive, therefore expensive. This in turns limits the
number of samples that can be analyzed given limited
resources. This constrain implies larger uncertainties in
findings inferred from a spatially and temporally limited set
of measurements.

We have developed an in-injection port thermal
desorption–GC/MS (TD-GC/MS) analytical technique
for NPOCs that significantly reduces the analysis time
and the labor involved as a result of eliminating the
sample pretreatment step [15, 16]. In our approach, small
strips of aerosol-laden filter materials are packed into a
GC injector liner. The NPOC species are thermally
desorbed in the injection port and loaded onto the head
of a GC column for subsequent separation and detection.
Although the TD-GC/MS method could not entirely
replace the more traditional solvent extraction-based
method, the significant reduction in labor and in analysis
time makes it possible to quantify nonpolar OA tracers for
a larger number of samples for the same level of resources.
This opens up the possibility of better understanding the
atmospheric processing of the NPOC tracers and implica-
tions in their uses in source apportionment. Literature on

the advancements and applications of thermal desorption
in aerosol analysis has been summarized in two recent
review reports [17, 18].

The in-injection port TD-GCMS method was deployed
to quantify NPOCs in ~90 PM2.5 (PM of smaller than
2.5 μm in aerodynamic diameter) ambient samples and 20
vehicular emissions-dominated source samples collected in
Hong Kong. With this large NPOC data set, together with
measurements of elemental carbon and other major aerosol
constituents, we have examined interspecies relationships
and applied the ratio–ratio plot approach developed by
Robinson et al. [19, 20] to study the atmospheric processing
of NPOC tracers and the implications on source identifica-
tion and apportionment.

Experimental section

Samples

The collection details for the data sets of ambient and
vehicular emissions-dominated sources are summarized in
Table 1. All the ambient and tunnel PM samples were
collected on pre-baked quartz fiber filters using samplers
with a particle size cut of 2.5 μm in aerodynamic diameter.

The tunnel samples, nine of them, were collected in
Shing Mun (SM) tunnel by a research team at the Hong
Kong Polytechnic University. Details of the tunnel and
sample collection can be found in a study report available
from Hong Kong Environmental Protection Department
[21] and in the paper by Ho et al. [22]. The tunnel does not
have mechanical fresh air supply throughout their tubes.
The sampling equipment was located near the cross-
passageway of the tunnel. On average, approximately
47% of the total vehicles passing the tunnel during the
sample collection period were diesel-fueled, 43% were
gasoline-fueled, and the remaining were LPG vehicles.
Eleven samples were collected at two roadside locations of
heavy vehicular influence, Lok Ma Chau (LMC) and

Table 1 Description of PM2.5 samples used in this work

Sample set ID No. of
samples

Sampling locationa Sampling periods Sampling flow rate
and duration

Collection substrate

Tunnel samples 9 Shing Mun Tunnel 14 Jul.–6 Aug. 2003 55 Lmin−1 for 2 h 47 mm quartz fiber filters

Roadside samples 11 LMC and PU roadside 19–24 Jun. 2003 at PU site;
5–9 Jul. 2003 at LMC site

55 L min−1 for 3 h 47 mm quartz fiber filters

2006 summer samples 51 TC, TW, UST, YL 07 Jul.–01 Aug. 2006, once
every other day sampling

1130 L min−1 for 24 h 20×25 cm quartz fiber filters

2010 winter samples 40 MK (roadside),
TW, UST, YL

Nov. + Dec. 2010, once
every six days sampling

1130 L min−1 for 24 h 20×25 cm quartz fiber filters

a Sampling location abbreviations: LMC Lok Ma Chau, PU Hong Kong Polytechnic University, TC Tung Chung, TW Tsuen Wan, UST Hong
Kong University of Science and Technology, YL Yuen Long
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Polytechnic University (PU). The samplers were placed on
ground, with air intake point at ~1.3 m above ground. The
LMC roadside site is located at the entrance of the
boundary-crossing point where vehicles come from Main-
land China to Hong Kong. The PU roadside site is located
1 m to a main road leading to the heavily used Cross
Harbor Tunnel. PM collected at this site can represent
street-level slow traffic emission exhausts when vehicles
are idling and under slow traffic conditions.

Ambient PM2.5 samples collected in two ambient field
sampling campaigns were included in this work. The first
campaign was conducted at four sampling locations in
Hong Kong in the month of July 2006 with a sampling
schedule of one 24-h sample every other day. The sampling
sites include two locations in mixed residential and
commercial neighborhood (TC and YL, see Table 1 for
the full names of these two and other sampling sites), one
urban location (TW), and one suburban location (UST).
More details about this sampling campaign are given in our
previous paper [23]. These samples, a total of 51 of them,
are hereafter called 2006 summer samples. The second
campaign was conducted at four sites in the months of
November and December 2010 following a sampling
schedule of one 24-h sample every six days. The sampling
sites include the same three sites (TW, YL, and UST) used
in the 2006 summer campaign and one downtown curbside
location (MK). The MK site is located at the junction of
heavily traffic roads in a downtown area. These samples, a
total of 40 of them, are hereafter referred as 2010 winter
samples. The sampling equipment at MK was on top of a 3-
m high structure while at the other sites the samplers were
located on building rooftops with heights 17–25 m above
ground.

Chemical analysis

The NPOCs in the tunnel, roadside and ambient samples
were analyzed using the in-injection port TD-GCMS
method described in our previous papers [15, 16]. NPOCs
targeted for quantification include C18–C35 n-alkanes, C29–
C33 iso- and anteiso-alkanes, squalane, hopanes, PAHs of
three- to seven-rings. Single standards of C18–C20 alkanes
and squalane were from Aldrich; C21–C40 alkanes in a
mixture were from Fluka. National Institute of Standards
and Technology (NIST) SRM 2260A and SRM2266 were
used as calibration standards for target PAHs and hopanes.
The chromatograms of these target analytes are shown in
Fig. 1.

Different amounts of filter materials were used for
analysis in these samples as NPOC loading per square
centimeter of exposed filter were different. A filter cut of
1 cm2 was used for the tunnel and roadside samples while
3.0 and 2.0 cm2 of filter materials were used for the 2006

summer samples and the 2010 winter samples, respectively.
The analysis details have been described in our previous
papers [15, 16]. Briefly, portions of quartz fiber filter
samples were cut into smaller portions inserted into the TD
tube, which was custom-fabricated to be the same dimen-
sions as the Agilent 6890 GC (Santa Clara, CA, USA) split/
splitless injector liner. The temperature of the injector port
was lowered to 50 °C before analysis. The injector port
temperature was then raised to 275 °C for desorption in a
splitless mode while the GC oven temperature was kept at
30 °C. After the injector temperature reached 275 °C, the
GC analysis began. The GC oven program was initially
held at 30 °C for 2 min, increased to 120 °C at 10 °C min−1,
then to 310 °C at 8 °C min−1, and finally held at 310 °C for
20 min. An HP-5 ms capillary column (5% diphenyl/95%
dimethylsiloxane, 30 m×0.25 mm×0.25 μm, J&W Scien-
tific, Folsom, CA, USA) was used. The MS was operated in
scan mode from 50 to 650 amu. Identification was achieved
by comparing the mass spectra and retention times of the
chromatographic peaks with those of authentic standards.
Quantification was based on peak area ratios of select
fragment ions characteristic of individual NPOCs to those
of internal standards [16].

All the samples were also analyzed for organic carbon
(OC), EC and major ions. OC and EC were quantified
using a thermal/optical transmittance method and the
temperature protocol adopted was the Ace-Asia protocol
[24], a protocol similar to the more commonly known
NIOSH protocol [25, 26]. The major ions were quantified
using IC and the method was described in Yang et al. [27].

Results and discussion

Advantages of the TD-GC/MS method

In comparison with the traditionally used SE-GC/MS
approach, the TD-GC/MS has the prominent advantages
of no need for sample pretreatment and that the amount of
filter required for analysis is significantly reduced. Figure 2
shows the estimated amounts of filter material needed
corresponding to different levels of NPOC air concentra-
tions or loading per unit area (square centimeter) filter for
the two methods. It is estimated that the SE-GC/MS method
would require 45 times as much sampled filter materials as
that required by the TD-GC/MS method. The difference is
mainly due to that the sample utilization in the SE-GC/MS
approach typically does not exceed 7% (i.e., 1 μL out of a
final extract volume of 150 μL injected into the GC/MS).
In making the estimation, the target amount of analyte per
injection is set to be 1 ng/injection in the TD-GC/MS
method and 0.3 ng/injection in the SE-GC/MS method.
These values are approximately twice as much the reported
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limits of detection (LODs) for PAHs by the two methods [e.
g., 13, 16]. The LODs of PAHs are typically ~0.3 ng/
injection by the in-injection port TD-GC/MS method and
0.15–0.5 ng/injection by the SE-GC/MS method. Other
NPOCs often exists at concentrations one order of
magnitude higher than PAHs. Therefore, the ability to
detect PAHs sets the limit for the amount of filter materials
required. As shown by Fig. 2, if it is desired to quantify
PAHs present at the level of 0.1 ng m−3, approximately
2.5 cm2 of filter materials sampled for 24 h by a high-
volume sampler at 1.13 L m−3 are required for the TD-GC/
MS analysis. In comparison, 114 cm2 (approximately one-
quarter of the entire high-volume filter) are needed for the
SE-GC/MS analysis.

Figure 2 also offers a look-up diagram in determining
the approximate amount of filter materials required for the
TD-GC/MS and the SE-GC/MS methods.

Abundance of NPOCs in ambient and vehicular emissions-
dominated source samples

Table 2 is a statistical summary of abundance of the target
analytes in the urban atmosphere of Hong Kong and in the
vehicular emissions-impacted source samples, reporting
medians and ranges of the concentrations. It is noted that

the different samplers deployed in the ambient sampling
and source sampling resulted in different sampling face
velocities (2.7 and 4.6 L min−1 cm−2, respectively). Such a
difference could bias the measured concentrations of the
more volatile NPOCs by different degrees [28], adding to
the measurement uncertainty. This source of sampling
artifacts was recognized but no attempt was made to correct
the reported measurements by the different samplers, as a
quantitative relationship between this source of sampling
artifacts and face velocity has not been established.

In terms of median concentrations, C18–C33 n-alkanes
are in the ranges of 0.2–7.2 ng m−3 in the ambient sample
and 3.4–85 ng m−3 in the roadside samples, and 15–
119 ng m−3 in the tunnel samples, reflecting that vehicular
emissions are a significant source of particle-phase n-
alkanes. The four most abundant hopanes are 17α(H),
21β(H)-29-norhopane (abbreviated as norhopane), 17α(H),
21β(H)-30-hopane (abbreviated as hopane), 17α(H),
21β(H)-22S-homohopane, and 17α(H), 21β(H)-22R-
homohopane. Their median concentrations in the ambient
samples (0.14–0.32 ng m−3) are ~20 times lower than those
in the roadside samples, which are approximately five times
further lower than those in the tunnel samples. This order of
hopane abundance is consistent with vehicular emissions
being a known important source for hopanes. Sterane
concentrations were typically low (<0.1 ng m−3) or below
detection limits in ambient samples. For this reason, they
were not quantified in the 2006 summer samples and their
concentrations in other sample groups are not reported here.
The abundance of the 13 PAHs also has the concentration
gradient from ambient samples (0.10–0.61 ng m−3) to LMC
and PU roadside samples (1.2–5.1 ng m−3) to tunnel
samples (3.0–40 ng m−3); however, the concentration
gradient among urban, roadside, and tunnel environments
for the five- to seven-ring PAHs are not as stark as that
observed for hopanes. The concentrations of three- and
four-ring PAHs in the tunnel samples are significantly
elevated in comparison with the roadside and the ambient
samples. The concentrations of the five- to seven-ring
PAHs in the tunnel samples are more than two times those
in the roadside samples. An additional PAH compound,
triphenylene, was quantified in the 2010 winter samples. Its
concentration was in the range of 0.06–0.31 ng m−3, with a
mean concentration of 0.19 ng m−3. This PAH is highly
correlated to Chr (r2=0.95, n=40), possibly suggesting
common sources. Triphenylene was not included in the
calibration standard mixtures in analysis prior to 2010 and
consequently it was not quantified in other samples.

In the 2010 winter field campaign, a unique feature is
that one of the four sampling sites (i.e., MK) is a location
exposed to a significantly higher level of vehicle exhaust
and sampling at this site was concurrent with the other three
sites. This contrast in site characteristic provides conve-
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nience in qualitatively assessing the importance of vehic-
ular emissions to the ambient level of a given PM
constituent by examining spatial variation. Figure 3 shows
the spatial variation of hopanes, the sum of n-C29–C33 odd
alkanes, and a few PAHs, along with sulfate and EC. The
lack of spatial variation in sulfate concentrations conforms
its secondary formation nature (Fig. 3a) while the elevated
EC levels at MK over the other sites were consistent with
their site characteristics in respective to vehicular traffic
(Fig. 3b). Among the NPOCs, hopanes showed the same
spatial variation as EC did (Fig. 2c) while no concentration
gradients were observed for C29–C31 odd alkanes and
PAHs. These spatial variation patterns indicate that vehic-
ular emissions dominate the ambient concentrations of
hopanes but are not a major source to ambient C29–C31 odd
alkanes and PAHs. It is noted that PAH levels in the LMC
and PU roadside locations in 2003 were obviously higher
than the ambient PAH levels in 2006 summer and 2010
winter samples (Table 2), contrast to observations at MK

versus the other three ambient locations. This contrast could
possibly be explained by different proximity to road traffic
(3 m above ground at MK versus street-level at LMC and
PU), change in vehicular emission profiles between the
time of tunnel and LMC and PU roadside measurements
(i.e., 2003) and the time of measurements in MK (i.e.,
2010), and difference in vehicle composition and traffic
volume at the three roadside locations. The “inconsistency”
in the roadside PAH data also indicates that it is important
to have the same timing and sampling strategies for ambient
and source samples in planning future studies.

Source profiles of NPOCs in vehicular emissions

Vehicular emissions are invariably an important OA and
fine PM source in any urban environments. As vehicle fleet
composition and operation conditions vary from one city to
another, source profiles of locally representative vehicular
OA emissions are valuable in assessing contributions of
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vehicular emissions to ambient OA. For this reason, the
NPOC source profile derived from the nine tunnel samples
is compiled and shown in Table 3. We note that unresolved
complex mixture, consisting of hundreds branched and
cyclic alkanes that are not individually resolved by GC,
constitutes a significant fraction of carbon mass in the
vehicular emission OA. This source profile derived from
tunnel snapshot of Hong Kong’s vehicles also adds to the
database of vehicular emission source profiles.

Hopanes and evidence for their significant oxidation
in the ambient PM

The four most abundant hopanes are highly correlated in
the data sets (r2>0.8). Their relative abundance in either
tunnel samples, or roadside samples, or ambient samples
are similar. The proportion of norhopane: hopane : αβS-
homohopane : αβR-homohopane is 1.0:1.2:0.72:0.51 in the
tunnel samples, 1.0:1.4:0.82:0.58 in the roadside samples,
1:1.3:0.67:0.56 in the 2006 summer samples, and
1:1.1:0.66:0.54 in the 2010 winter samples. The homoho-
pane index [S/(S + R)] was 0.55 in the ambient data and
0.59 in the roadside and tunnel samples, in line with the
typical value (0.6) for petroleum [29], rather than for coal

smoke samples (0.05–0.35) [30]. The ratio of hopane to
αβR-homohopane was 2.1–2.3 in ambient samples, in line
with the typical ratio for gasoline- and diesel-powered
vehicle exhausts (2.2–2.9) [7]. In comparison, the typical
ratios were 0.1–2.6 for coal smokes [30]. In summary, the
relative proportions of hopane compounds and their spatial
variation strongly suggest vehicular emissions dominate the
ambient hopane levels. In the ambient samples, the sum of
the four hopanes was found to positively correlate with EC
(r2=0.66 in the combined 2006 summer and 2010 winter
data sets), further substantiating this suggestion.

An examination of the mass ratio between ∑4hopanes
and EC reveals that the ratio was 0.36 ng ∑4hopanes/μg EC
in the ambient samples, significantly lower than the ratio of
1.45±0.64 ng/μg derived from the samples collected in the
tunnel and the two roadside locations. He et al. [31]
reported a ∑4hopanes/EC ratio of 1.14 ng/μg for emissions
derived from a roadway tunnel in Guangzhou, a megacity
~100 km northwest to Hong Kong in the Pearl River Delta
Region, close to our tunnel observation. The lower ratios in
the ambient samples indicate faster loss of particle hopanes
than EC in the atmosphere after their emissions.

Robinson et al. [19, 20] developed a ratio–ratio plot
approach to visualize molecular tracer data in ambient data

Table 3 Vehicular emission source profile of nonpolar organic compounds derived from the tunnel samples (n=9)

Carbon μgC/μg PM2.5 Hopanes ng/μgC TC PAHs ng/μgC TC

TC 0.58±0.14 18α(H)-22,29,30-trisnorhopane (Ts) 0.12±0.05 Acenaphthylene 0.072±0.028

OC 0.16±0.03 17α(H)-22,29,30-trisnorhopane (Tm) 0.10±0.04 Acenapthene 0.009±0.004

EC 0.41±0.15 17α(H),21β(H)-30-norhopane (C29) 0.18±0.08 Fluorene 0.009±0.004

Alkanes ng/μgC TC 18α(H)-30-nor-neohopane (C29) 0.03±0.02 Phenanthrene 0.064±0.027

UCMa 69±24 17β(H),21α (H)-30-norhopane (C29) 0.06±0.03 Anthracene 0.019±0.001

Octadecane (n-C18) 0.09±0.05 17α(H), 21β(H)-30-hopane (C30) 0.22±0.11 Fluoranthene 0.073±0.031

Nonadecane (n-C19) 0.12±0.04 17α(H), 21α(H)-30-hopane (C30) 0.01±0.01 Pyrene 0.141±0.062

Eicosane (n-C20) 0.22±0.09 17β(H), 21α(H)-30-hopane (C30) 0.05±0.02 Benzo[a]anthracene 0.019±0.005

Heneicosane (n-C21) 0.35±0.12 17α(H), 21β(H)-22S-homohopane (C31) 0.13±0.07 Chrysene 0.038±0.022

Docosane (n-C22) 0.54±0.16 17α(H), 21β(H)-22R-homohopane (C31) 0.091±0.050 Benzo[b+k]fluoranthene 0.063±0.016

Tricosane (n-C23) 0.62±0.16 17α(H), 21β(H)-22S-bishomohopane (C32) 0.065±0.036 Benzo[a]fluoranthene 0.019±0.008

Tetracosane (n-C24) 0.62±0.19 17α(H), 21β(H)-22R-bishomohopane (C32) 0.041±0.024 Benzo[e]pyrene 0.048±0.011

Pentacosane (n-C25) 0.53±0.22 22S-trishomohopane (C33) 0.035±0.022 Benzo[a]pyrene 0.028±0.012

Hexacosane (n-C26) 0.27±0.14 22R-trishomohopane (C33) 0.019±0.012 Perylene 0.024±0.010

Heptacosane (n-C27) 0.17±0.09 22S-tretrahomohopane (C34) 0.014±0.009 Indeno[1,2,3-cd]pyrene 0.031±0.003

Octacosane (n-C28) 0.17±0.12 221-tetrashomohopane (C34) 0.009±0.006 Dibenzo[a,h]anthracene 0.032±0.008

Nonacosane (C-29) 0.16±0.12 22S-pentashomohopane(C35) 0.016±0.010 Benzo[ghi]perylene 0.059±0.013

Triacontane (n-C30) 0.17±0.09 22R-pentashomohopane(C35) 0.009±0.005 Coronene 0.054±0.011

Hentriacotane (n-C31) 0.18±0.11

Dotriacontane (n-C32) 0.17±0.12

Tritriactotane (n-C33) 0.22±0.15

Tetratriactoane (n-C34) 0.20±0.13

a Unresolved complex mixture
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and source profiles in one single plot. In the ratio–ratio
plots, two molecular tracers are normalized against a
common non-reactive aerosol species (e.g., EC). If there
is a single source dominating the ambient concentrations
of the molecular tracers, then photochemical decay will
cause the ambient data to be distributed along a line in
a ratio–ratio plot originating from the source profile
[20].

Figure 4 shows the ratio–ratio plot of hopane and
norhopane normalized by EC for the ambient, roadside
and tunnel samples, along with the ratios in published
emission source profiles of industrial coal combustion,
gasoline-powered and diesel-powered engines [32–36]. Of
the two vehicular sources, diesel-powered vehicles are
important sources of both EC and hopanes while gasoline-
powered vehicles are important sources of hopanes but
minor contributors to EC. Consequently, the ratios of
hopane to EC are significantly lower in diesel-powered
vehicles than gasoline-powered vehicles. The average
norhopane/EC and hopane/EC ratios in different sample
groups are (0.32, 0.42) in the tunnel samples, (0.35, 0.47)
in the LMC and PU roadside locations, (0.26, 0.20) in the
MK roadside location, (0.11, 0.15) in the 2010 winter
samples, and (0.09, 0.12) in the 2006 summer samples. As
seen from Fig. 4, the tunnel/roadside data and ambient data
appear to be distributed along a diagonal line that emanates
from the gasoline source profile point in the upper-right
corner toward the lower-left-hand corner of the plot. The
majority ambient data are distributed away from the tunnel/
roadside data and further towards the lower-left-hand
corner. More than two-thirds of the ambient data have
higher hopane/EC ratios than the diesel source profile. Such
a pattern in the ratio–ratio plot identifies gasoline-powered
engines as the dominant source for the hopane compounds

and also indicates their significant photochemical oxidation
in the ambient environment after their emissions. Substan-
tial oxidation of hopanes was also observed in the ambient
environment of Pittsburgh [37] and later demonstrated
through exposing aerosolized motor oil to hydroxyl radical
in smog chamber experiments [38, 39].

It is noted that there was no discernable difference in the
extent of hopane oxidation between the 2006 Summer
samples and the 2010 winter samples. This contrasts with
the higher extent of oxidation observed in Pittsburg in the
summer than in the winter [19]. In Hong Kong, the
summer–winter contrast in photooxidation activity is not
as stark due to its subtropical location. In addition, the high
relative humidity conditions (typically >70%) in the
summer inhibits the OH oxidation, as found in smog
chamber experiments [38, 39]. The combined result of the
above two factors may explain the lack of seasonality in the
condensed-phase hopane oxidation in Hong Kong.

Hopanes and EC are the key species for apportioning
gasoline and diesel emissions in the commonly used
chemical mass balance (CMB) model for source apportion-
ment. Zheng et al. [4] performed CMB analysis on a
molecular marker data set derived from PM2.5 samples
collected in Hong Kong in four sampling months represen-
tative of four seasons in an annual cycle from November
2000 to October 2001 in Hong Kong. The CMB analysis
apportions negligible contributions to ambient OA from
gasoline-powered vehicles at an urban site (TW) and a rural
site. Such an unexpected result indicates that CMB under-
estimated gasoline vehicle contributions, which is an
expected outcome of assuming hopanes are chemically
stable. This illustrates the importance of recognizing the
significant oxidation of hopanes in source apportionment
studies.
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PAHs

PAHs are the products of incomplete combustion from
various sources. Fossil fuel combustion, including diesel
and gasoline combustion in vehicles, industrial coal
combustion for power generation, and biomass burning
are expected to be significant combustion sources in our
study region.

Molecular diagnostic ratios have been commonly used to
infer PAH emission sources [e.g., 11–14]. Ambient ratios of
a certain pair of PAHs are compared with source ratios of
the same pair of PAHs. If the ambient ratio is close to the
ratio in a known source, then it is implied that this source
has a dominant influence on the ambient PAH levels. In this
PAH ratio approach, the PAH pairs typically have similar
molecular size (e.g., BaP and BeP, BghiP and IcdP, Flu and
Pyr, Phe and Ant, see Table 2 for the definitions of PAH
abbreviations). The use of ratio has the advantage of
canceling out variation of particle-phase concentration due
to temperature change (which strongly influences gas–

particle partitioning, especially for three- and four-ring
PAHs) and chemical degradation. However, source ratios
often rely on limited measurements. The ratios for different
combustion sources are not always sufficiently different.
For example, BghiP/IcdP ratio was 0.6–1.4 in industrial
coal burning emissions [36] and 0.8 in rice straw burning
emissions [40]. For this reason, we here use scatter plot and
ratio–ratio plots to identify dominating sources [20].

Among the quantified PAHs, five-ring and larger PAHs
are generally positively correlated in the ambient samples;
certain three- and four-ring PAHs (e.g., Phe, Ant, Flu, Pyr,
and Chr) also display positive correlations. As the three-
and four-ring PAHs have considerable presence in both gas
and aerosol phases and the gas–particle partition shifts as
ambient temperature changes, this complicates the compar-
ison of particle-phase PAHs between tunnel samples
collected in the summer and the ambient samples, which
were collected in both summer and winter. We therefore
focus the source analysis on the five-ring and larger PAHs
since the majority of these larger PAHs mainly reside in the
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particle-phase under typical ambient summer and winter
temperatures [41].

A scatter plot of BghiP versus IcdP in the ambient,
roadside and tunnel samples is displayed in Fig. 5a, with
ambient data distributed along one line and the tunnel/
roadside data forming a separate line. The strong correla-
tions between the two PAHs suggest a common set of
sources dominates their ambient concentrations. The sig-
nificant deviation of the ambient line (summer data slope,
1.0; winter data slope, 0.83) from the tunnel-derived
vehicular source profile (slope, 1.9) indicates that vehicles
were not the dominant source for the two PAHs in the
ambient environment of Hong Kong. The slope of the 2010
winter ambient line at the value of 0.83 is similar to the
BghiP/IcdP ratio (0.8) in rice straw burning emissions
obtained in open field burning in our region [40] and in
dilution chamber measurements of simulated rice straw
burning [42]. The 2006 summer ambient line slope (1.0) is
larger than the winter ambient ratio and rice straaw burning
source ratio, indicating that dominant sources of the two

PAHs are different in the two seasons. The BghiP/IcdP ratio
in industrial coal combustion was in the range of 0.6–1.4,
bracketing the ambient ratios.

The ratio–ratio plot of the two PAHs normalized by EC
is shown in Fig. 5b, along with emission ratios for average
industrial coal combustion [36], average gasoline and diesel
[24], rice straw and sugarcane leaf burning in this region
[40]. It appears that the domiance of either industrial coal
combustion or the common form of biomass burning in this
region, in combination of photochemical oxidation, could
explain the ambient data distribution in the ratio–ratio plot.

Similar analysis is performed on anothor two PAHs, BaP
and BeP, to examine their dominant sources (Fig. 6). Strong
correlations of BaP and BeP in the ambient samples exist
(r2>0.65; Fig. 6a). The summer data are more scattered.
The two PAHs form two separate lines among the ambient
summer and winter data, indicating their dominant sources
are season-dependent. The slope values of the ambient data
(winter, 2.5; summer, 1.5) are significantly higher than the
BaP/BeP ratio (0.66) derived from the tunnel samples, as
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well as the ratio range of 0.5–1.0 reported for industrial
coal combustion [36]. The winter ambient ratio was close
to, but slightly lower than the ratio (2.9) representing rice
straw burning emissions.

The ratio–ratio plot of BaP and BeP normalized by EC
(Fig. 6b) shows that the summer ambient data had lower
BaP/EC than the winter ambient data. BaP and BeP are
structural isomers but BaP is photochemically more
unstable than BeP. BaP has a half life of 5.3 h under strong
sunlight conditions, while BeP has a half life of 21.1 h
which is stable to photolysis [43, 44]. The lower BaP/EC in
summer ambient data may be partially due to photolytic
degradation of BaP. More than half of the roadside samples
had higher ratios of BaP and BeP to EC than the tunnel
samples, indicating even for roadside locations other
sources could dominate the cncentrations of BaP and BeP.
The ratio plot indicates that sources such as rice straw

burning and industrial coal combustion, in combination
with atmospheric oxidation, could explain the BaP and BeP
ambient data; however, this does not exclude some other
sources serving as the dominant source.

C29, C31, and C33 odd alkanes

C29–C33 odd alkanes are highly correlated (r2>0.85) in
both ambient and tunnel/roadside samples. The ratio–ratio
plot of n-C29 and n-C31 alkanes normalized by EC is shown
in Fig. 7a. Unlike the ratio–ratio plot of norhopane and
hopane (Fig. 4), the ambient data of n-C29 and n-C31

alkanes are distributed in the upper-right-hand corner above
the vehicular emissions source data, clearly indicating that
the odd alkanes are dominated by sources other than
vehicular emissions. This is consistent with our knowledge
that vegetative detritus, an OA source without accompa-

0.01

0.1

1

10

0.01 0.1 1 10
n-C29/EC (ng/μg)

n
-C

31
/E

C
 (

n
g

/μ
g

)

Tunnel_HK

Roadside_LMC

Roadside_PU

Roadside_MK

2010 Winter

2006 Summer

Winter Ambient 
Summer Ambient 

Tunnel + Roadside

0.01

0.1

1

10

0.01 0.1 1 10
n-C24/EC (ng/μg)

n
-C

23
/E

C
 (

n
g

/μ
g

)

Tunnel_HK

Roadside_LMC

Roadside_PU

Roadside_MK

2010 Winter

2006 Summer

Summer Ambient 

Winter Ambient 

Tunnel + Roadside

(a)

(b)

Fig. 7 a Ratio–ratio plot of
n-C31 and n-C29 alkanes
normalized by EC; b ratio–ratio
plot of n-C23 and n-C24

alkanes nomalized by EC

3136 J.Z. Yu et al.



nying EC, is the known main source of these high
molecular weight odd alkanes [8].

For comparison purposes, a ratio–ratio plot of n-C23 and
n-C24 alkanes normalized by EC is shown in Fig. 7b. These
two alkanes are known to be associated with fossil fuel use.
They are semi-volatile, consequently their particle-phase
concentrations are expected to be strongly dependent on
ambient temperature. We note that the tunnel data were
collected on summer days. Therefore, while the summer
ambient data could be compared with the tunnel data, the
winter ambient data would be biased towards higher ratio
values due to a shift of the gas–particle partitioning towards
the particle phase. In the ratio–ratio plot, the 2010 winter
ambient data are clustered together with the tunnel/roadside
data in the upper-right-hand corner of the plot while the
2006 summer ambient data are distributed in the lower-left-
hand corner on the same line formed by the winter ambient
data and the tunnel/roadside data. Two points could be
made from this figure. First, the ratio–ratio plot is
consistent with vehicular emissions being the dominant
source of n-C23 and n-C24 alkanes. Second, significant
atmospheric oxidation of the two alkanes is evident in the
summer ambient environment.

Squalane

Squalane has recently been used as a model hydrophobic
compound in the aerosol phase in the study of OH aging of
aerosols [e.g., 44–47]. Its ambient concentrations are rarely
reported in the literature. Its concentrations were found to
show a strong spatial gradient, highest at MK (downtown
roadside; average: 3.8 ng m−3) and significantly lower at
the other sampling locations (average, 0.7 ng m−3). Squa-
lane positively correlates with hopanes, n-C28, n-C30, n-C32

alkanes, iso- and anteiso-alkanes (r2>0.65) in the 2010
winter samples. Squalane is a natural hydrocarbon and
triterpene derived from a variety of plant and animal
sources. The major sources for aerosol squalane have yet
to be investigated and identified.

Conclusions

In-injection port thermal desorption GC/MS provides a
simple method in quantifying nonpolar organic compounds
in aerosol samples. Its simplicity and need for much smaller
amount of aerosol materials than the traditionally solvent
extraction GC/MS approach makes feasible the analysis of
NPOCs in greater numbers of aerosol samples. This results
in improved and more representative temporal and spatial
data coverage, which in turn reduce uncertainty in data
intepretation in relation of their sources and atmospheric
chemistry.

We have explored NPOC measurements in more than 90
ambient samples and 20 vehicular emissions-dominated
source samples collected in Hong Kong. The focus NPOCs
are those that serve as tracers for ambient OA sources.
Spatial variation pattern confirms hopanes to be primarily
from vehicular emissions. Their ratios to EC in the ambient
data in comparison with those in the tunnel and roadside
samples reveal that significant atmospheric oxidation after
their emissions had occurred in Hong Kong’s urban
atmosphere. The important implications of this finding is
that source contributions to gasoline vehicles would be
underestimated without consideration of the atmospheric
oxidation of hopane in tracer-based source apportionment.

Comparison of the ambient data and the tunnel/roadside
data also leads to the conclusion that the ambient concen-
trations of the larger PAHs, such as BaP, BeP, BghiP, IcdP,
are not dominated by vehicular emissions. Sources such as
rice straw burning and industrial coal combustions are more
likely the dominant sources for these PAHs in Hong Kong.
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