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• C2–C4 alkenes shared 11–20% in mixing ratios but 38–64% OFPs by NMHCs.
• Vehicle exhausts contributed most to ethylene (32–49%) and propene (35–41%).
• LPG contributed most to butenes (38–65%) and largely to propene (23–36%).
• Reducing alkene contents in LPG would benefit regional surface ozone control.
⁎ Corresponding author. Tel.: +86 20 85290180; fax: +
E-mail address: wangxm@gig.ac.cn (X. Wang).

http://dx.doi.org/10.1016/j.scitotenv.2014.09.024
0048-9697/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 June 2014
Received in revised form 22 August 2014
Accepted 9 September 2014
Available online 26 September 2014

Editor: P. Kassomenos

Keywords:
Alkenes
Ozone
OH reactivity
Source apportioning
LPG
The Pearl River Delta region
Surface ozone is becoming an increasing concern in China's megacities such as the urban centers located in the
highly industrialized and densely populated Pearl River Delta (PRD) region, where previous studies suggested
that ozone production is sensitive to VOC emissions with alkenes being important precursors. However, little
was known about sources of alkenes. Here we present our monitoring of ambient volatile organic compounds
at four representative urban, suburban and rural sites in the PRD region during November–December 2009,
which experienced frequent ozone episodes. C2–C4 alkenes, whose total mixing ratios were 11–20% of non-
methane hydrocarbons (NMHCs) quantified, accounted for 38–64% of ozone formation potentials (OFPs) and
30–50%of the total hydroxyl radical (OH) reactivity byNMHCs. Ethylenewas themost abundant alkene, account-
ing for 8–15% in total mixing ratios of NMHCs and contributed 25–46% of OFPs. Correlations between C2–C4

alkenes and typical source tracers suggested that ethylenemight be largely related to vehicle exhausts and indus-
try activities, while propene and butenes weremuchmore LPG-related. Positive Matrix Factorization (PMF) con-
firmed that vehicle exhaust and liquefied petroleumgas (LPG)were twomajor sources that altogether accounted
for 52–62%, 58–77%, 73–83%, 68–79% and 73–84% for ethylene, propene, 1-butene, trans-2-butene and cis-2-
butene, respectively. Vehicle exhausts alone contributed 32–49% ethylene and 35–41% propene. Industry activi-
ties contributed 13–23% ethylene and 7–20%propene. LPG instead contributed themost to butenes (38–65%) and
substantially to propene (23–36%). Extensive tests confirmed high fractions of propene and butenes in LPG then
used in Guangzhou and in LPG combustion plumes; therefore, limiting alkene contents in LPG would benefit
regional ozone control.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Tropospheric ozone is formed from the photochemical reactions of
volatile organic compounds (VOCs) and nitrogen oxide (NOx) in the
presence of sunlight (Haagen-smit and Fox, 1956; Finlayson-Pitts,
2010). As a key trace constituent in the troposphere, ozone plays a
vital role in controlling the chemical composition of the troposphere
(Logan, 1985). Ozone is also a greenhouse gas that directly contributes
86 20 85290706.
to global warming and influences the radiative balance of the upper tro-
posphere and lower stratosphere (IPCC, 2007). Ozone near the ground
is a hazardous air pollutant that not only has adverse health effects
(Lippmann, 1989; Beckett, 1991), but also impacts heavily on crop
yields and plant growth (Lippmann, 1989; Chameides et al., 1994;
Wang et al., 2007a,b). Combating surface ozone has long been a formi-
dable task since heavy photochemical smog occurred in Los Angeles in
the 1940s. While there are still nonattainment areas for ozone in devel-
oped countries like the USA (Hakami et al., 2006), in the developing
world ozone pollution is becoming an air quality issue of increasing con-
cern, particularly in megacities and their downwind regions (Beig and
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Singh, 2007; Kulkarni et al., 2010; Lal et al., 2012). In south China's Pearl
River Delta region, for example, observed ambient ozone levels fre-
quently exceeded the guideline level of 200 µg/m3 or 102 ppbv (1-h av-
erage; GB 3095-2012) (Wang et al., 2003; Lam et al., 2005; Zheng et al.,
2010), and even background ozone levels have increased steadily in re-
cent years (Chan et al., 2003; Wang et al., 2009).

Developing ozone control strategies is very difficult since ozone does
not respond in a proportional manner to reductions in the precursor
emissions (Finlayson-Pitts and Pitts, 1999). Understanding the complex
nonlinear O3-VOC-NOx chemistry, which is a prerequisite for formulat-
ing control strategies (Dodge, 1977; Finlayson-Pitts and Pitts, 1993), is
usually simplified to display in the form of 2-dimensional isopleths
such as the Empirical Kinetic Modeling Approach (EKMA) model
(Martinez et al., 1983). Although the VOC-limited region is found in
highly polluted urban areas while the NOx-control is typical of down-
wind suburban and rural areas (Finlayson-Pitts and Pitts, 1993), the di-
agnostics of ozone production regime is not always obvious. A recent
study by Liu et al. (2012), with a comprehensive photochemical model-
ing analysis based on measurements in Beijing, demonstrated that
ozone production might be in a transition regime where it is sensitive
to both VOC and NOx emissions. As for the PRD region, previous studies
revealed that ground-level ozone production was sensitive to VOC
emissions (Zhang et al., 2007; Shao et al., 2009; Cheng et al., 2010),
and aromatic hydrocarbons (AHs) and alkenes were the critical VOC
groups contributing to ozone formation (Tang et al., 2007; Zhang
et al., 2007; Cheng et al., 2010; Y.L. Zhang et al., 2012). Therefore reduc-
tion of AHs and alkenes is vital for ozone pollution control in the region
and knowing their sources is the first step toward this reduction.
Sources of AHs in the PRD regionswere previously explored by applying
receptor models with monitoring data, such as PCA/APCS method by
Guo et al. (2006), chemical mass balance (CMB) technique by Liu et al.
(2008a), and the Positive Matrix Factorization (PMF) method by
Zhang et al. (2013a). By tightening the control of oil-based solvents in
the region, emission of AHs from the industry sector should decrease
AH levels in the region; alkenes, another important group of ozone
Fig. 1. Sampling sites in the PRD region, China. GEMC: Guangzhou EnvironmentalMonitoring Ce
South China Normal University (upwind rural); and WQS: Wanqingsha town (downwind rura
precursors, would be instead becoming more distinctive in the forma-
tion of ozone. Yet sources of alkenes in this region have been rarely in-
vestigated, partly because they are even more reactive than AHs and
therefore apportioning their sources based on monitoring data is more
challenging.

In the present study, ambient air samples were collected during No-
vember to December in 2009 at representative urban, suburban, and
rural sites in the PRD region. The objectives were to obtain extensive
data to re-assess the role of alkenes amongVOCs to form ozone, to iden-
tify major sources of alkenes by typical source tracers and to explore
source contributions by using a PMF receptor model.
2. Field sampling and lab works

2.1. Site description and field sampling

Four sampling sites were selected for this campaign and their geo-
graphical locations are shown in Fig. 1. These four sites are all air quality
monitoring stations established by the local government environmental
monitoring center. Their details are listed in Table 1.

Previous studies on the seasonal variations of ozone in the PRD re-
gion revealed that higher levels typically occurred in October, Novem-
ber and December (Wang et al., 2009). In the present study we
collected ambient air samples during November–December, 2009,
using pre-evacuated 2-l electro-polished stainless steel canisters. The
maximum 1-h ozone concentration values during the sampling period
frequently exceeded the guideline level of 200 μg/m3, particularly
downwind the urban centers. For example, in November 2009 themax-
imum 1-h ozone concentrations reached as high as 202 μg/m3 at GEMC
and 407 μg/m3 at WQS. Samples were collected only on sunny/cloudy
days not on rainy days. During field sampling a flow restrictor (Part
No. 39-RS-3, Entech Instruments Inc., CA, USA) was adopted to allow
each canister to be filled in about 60 min. During this campaign, alto-
gether 233 air samples were collected including 67 samples from
nter (urban); HEMC:Higher EducationMega Center (suburban); ZC: Zengcheng College of
l).



Table 1
Description of sampling sites.

Sampling sites Type Location Sampling
height

Surrounding

Guangzhou Environmental
Monitoring Center (GEMC)

Urban 23.13°N, 113.27°E 23 m In the center of Guangzhou city with intensive residential buildings and
business offices; highly influenced by traffic-related and residential emission sources.

Guangzhou Higher Education
Mega Center (HEMC)

Suburban 23.04°N, 113.37°E 20 m In an island in the middle of the Pearl River in the southern part of Panyu district;
about 17 km to the southeast of urban Guangzhou and 40 km to the northwest of
Dongguan. The island hosts ten universities without agricultural or industrial activities.

Zengcheng College of South
China Normal University (ZC)

Rural/upwind 23.31°N, 113.56°E 15 m In the northeast of urban Guangzhou; surrounded by farmlands; upwind of urban
Guangzhou during our sampling period.

Wanqingsha (WQS) Rural/downwind 22.71°N, 113.55°E 15 m In a small town in the center of the PRD region; surrounded by farmlands with very
few textile and clothing workshops in the neighborhood; 50 km to the southeast of
Guangzhou urban center, 40 km to the southwest of Dongguan; downwind
Dongguan and/or Guangzhou during our sampling period.
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GEMC, 51 samples from HEMC, 41 samples from ZC and 74 samples
from WQS.

2.2. Lab analysis

Air samples were analyzed using a Model 7100 Preconcentrator
(Entech Instruments Inc., California, USA) coupled with an Agilent
5973N gas chromatography-mass selective detector/flame ionization
detector (GC-MSD/FID, Agilent Technologies, USA). Detailed cryogeni-
cally concentration steps are described elsewhere (Zhang et al.,
2013a). Briefly, VOCs inside the canisters were initially concentrated
using liquid-nitrogen cryogenic trap at −160 °C. The trapped VOCs
were then transferred by pure helium to a secondary trap at −40 °C
with Tenax-TA as adsorbent. The majority of H2O and CO2 were re-
moved during these two steps. The secondary trap was then heated to
get VOCs transferred by helium to a third cryo-focus trap at −170 °C.
After the focusing step, the trap was rapidly heated and the VOCs were
transferred to the GC-MSD/FID system. The mixture was firstly separat-
ed by a HP-1 capillary column (60m× 0.32mm× 1.0 μm, Agilent Tech-
nologies, USA) with helium as carrier gas, and then split into two: one is
to a PLOT-Q column (30 m × 0.32 mm × 2.0 μm, Agilent Technologies,
USA) followed by FID detection; another is to a 65 cm × 0.10 mm I.D.
stainless steel line followed byMSDdetection. TheGC oven temperature
was programmed to be initially at−50 °C, holding for 3min; increasing
to 10 °C at 15 °C min−1, then to 120 °C at 5 °C min−1, and then to
250 °C at 10 °Cmin−1 and holding for 10min. TheMSDwas used in se-
lected ion monitoring (SIM) mode and the ionization method was elec-
tron impacting (EI).

2.3. Quality control and quality assurance

Before sampling, all canisters were flushed at least five times by re-
peatedly filling and evacuating humidified zero air. In order to check if
there was any contamination in the canisters, all canisters were evacu-
ated after the cleansing procedures, re-filled with pure nitrogen, stored
in the laboratory for at least 24 h, and then analyzed the same way as
field samples to make sure that all the target VOC compounds were
not present.

Target compounds were identified based on their retention times
and mass spectra, and quantified by external calibration method. C4–
C10 hydrocarbons were determined based on MSD signals, while C2

and C3 hydrocarbonswere determined based on FID signals. The calibra-
tion standards were prepared by dynamically diluting the 100 ppbv
Photochemical Assessment Monitoring Stations (PAMS) standard mix-
ture and TO-14 standard mixture (39 compounds) from Spectra Gases
Inc., NJ, USA to 0.5, 1, 5, 15 and 30 ppbv. The calibration curveswere ob-
tained by running the five diluted standards plus humidified zero air the
same way as the field samples. The analytical system was challenged
daily with a one-point (typically 1 ppbv) calibration before running
air samples. If the response was beyond +/−10% of the initial
calibration curve, recalibration was performed. The method detection
limits (MDLs) for each aromatic hydrocarbon were presented in
Table 2. The measurement accuracy and precision for C2–C4 alkenes
are within 5% and 3%, respectively.

2.4. Source apportionment with Positive Matrix Factorization (PMF)

USEPA PMF 3.0 model (http://www.epa.gov/heasd/products/pmf/
pmf.html) was applied to explore the sources of observed NMHCs in
the present study. The detailed method description can be found else-
where (Paatero and Tapper, 1994; Paatero, 1997). The approaches for
replacing and developing uncertainty values for missing and below-
detection-limit data were drawn from previous work (Poirot et al.,
2001; Hopke et al., 2003). Briefly, data values below the method detec-
tion limit (MDL) were substituted with MDL/2; missing data values
were substituted with median concentrations (Brown et al., 2007). Un-
certainties were treated the same way as Polissar et al. (1998) and Reff
et al. (2007). If the concentration is less thanor equal to theMDLprovid-
ed, the uncertainty is calculated using the following equation, Unc= 5 /
6 ×MDL; if the concentration is greater than the MDL provided, the cal-
culation is Unc = [(Error Fraction × mixing ratios)2 + (MDL)2]1/2.
Most species had all concentration levels above the MDLs. Only four
species (n-heptane, 1-pentene, 2-methyl-1-butene, o-ethyltoluene)
had concentration levels below MDL at a few samples but the percent-
ages of this kind of samples were all less than 5%. The number of factors
in the PMFmodel was chosen based on the result from PCA/APCSmodel
(Anderson et al., 2001).

3. Results and discussion

3.1. Mixing ratios and compositions of alkenes

In group compositions, total mixing ratios of alkenes ranked second
after alkanes at GEMC, HEMC and ZC (Fig. 2), and shared fractions of
11.2%, 17.7%, and 22.0% in NMHCs, respectively. At WQS, however, al-
kenes became the third group after alkanes (49.1%) and aromatics
(28.3%), contributing 12.3% in total mixing ratios of NMHCs. Since C2–
C4 alkenes shared 91–94% of total alkenes in this study, here we focus
only on C2–C4 alkenes. Table 2 lists the average mixing ratios and their
95% confidence intervals (95% C.I.) for the major alkenes observed at
the four sites. Their method detection limits (MDL), maximum incre-
mental reactivity (MIR) and ozone formation potentials (OFPs), rate
constants with OH (KOH) and lifetimeswere also showed in Table 2. Ob-
viously, C2–C4 alkenes are highly reactivewith very short lifetimes (2.2–
16.3 h). Themixing ratios of C2–C4 alkenes at GEMC, HEMC, ZC andWQS
totaled 8.3 ± 1.1, 7.7 ± 1.4, 5.1 ± 1.0, and 5.0 ± 0.5 ppbv, accounting
for 10.5%, 16.4%, 20.0%, and 11.2% of the total NMHCs, respectively. Eth-
ylenewas themost abundant alkenes at all four sampling sites, 8–15%of
total mixing ratios of NMHCs. Mixing ratios of ethylene at urban GEMC
(5.7 ± 0.7 ppb) were significantly higher (p b 0.01) than those at
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Table 2
Mixing ratios (ppb) and 95% confidence intervals (95% C.I.) of major alkenes, as well as their percentages in NMHCs and OFPs (ppb).

Sampling sites Ethylene Propylene 1-Butene trans-2-Butene cis-2-Butene Total C2–C4 alkenes

MDL 41 31 17 13 11
MIRa 7.4 9.4 8.9 10.0 10.0
KOH × 1012 (cm3 molecule−1 s−1)b 8.5 26.3 31.4 64.0 56.4
Lifetime (h)c 16.3 5.3 4.4 2.2 2.5

GEMC (n = 69) Mean mixing ratios ± 95% C.I. (ppb) 5.7 ± 0.7 1.5 ± 0.3 0.5 ± 0.05 0.3 ± 0.03 0.2 ± 0.02 8.3
Mixing ratios percentage (%) 7.3 1.9 0.7 0.3 0.3 10.5
OFP ± 95% C.I. (ppb) 46.9 ± 6.9 16.1 ± 3.0 4.8 ± 0.5 3.3 ± 0.4 3.3 ± 0.4 74.4
OFP percentage (%) 29.9 10.3 3.0 2.1 2.1 47.4

HEMC (n = 52) Mean mixing ratios ± 95% C.I. (ppb) 5.0 ± 0.8 1.5 ± 0.4 0.6 ± 0.08 0.3 ± 0.05 0.3 ± 0.04 7.7
Mixing ratios percentage (%) 10.7 3.2 1.3 0.7 0.6 16.4
OFP ± 95% C.I. (ppb) 43.6 ± 7.2 16.9 ± 4.5 5.8 ± 0.8 4.2 ± 0.8 4.2 ± 0.6 74.7
OFP percentage (%) 33.4 13.0 4.4 3.3 3.2 57.3

ZC (n = 41) Mean mixing ratios ± 95% C.I. (ppb) 4.0 ± 0.7 0.7 ± 0.2 0.2 ± 0.05 0.1 ± 0.03 0.1 ± 0.03 5.1
Mixing ratios percentage (%) 15.3 2.7 0.9 0.6 0.4 20.0
OFP ± 95% C.I. (ppb) 34.5 ± 6.1 7.8 ± 1.8 2.3 ± 0.5 2.2 ± 0.5 1.7 ± 0.4 48.5
OFP percentage (%) 45.5 10.2 3.0 3.0 2.2 63.9

WQS (n = 74) Mean mixing ratios ± 95% C.I. (ppb) 3.6 ± 0.3 0.6 ± 0.08 0.4 ± 0.03 0.2 ± 0.02 0.2 ± 0.02 5.0
Mixing ratios percentage (%) 8.1 1.4 0.8 0.5 0.4 11.2
OFP ± 95% C.I. (ppb) 31.6 ± 2.9 7.0 ± 1.0 3.5 ± 0.3 3.3 ± 0.3 2.7 ± 0.2 48.1
OFP percentage (%) 24.8 5.5 2.7 2.6 2.2 37.7

a MIR values from Carter (2009).
b Rate constants with OH (KOH) of VOCs from Atkinson et al. (1997) and Atkinson and Arey (2003).
c The alkenes lifetimes are based on OH rate constants from Atkinson and Arey (2003) and assume a 12-h daytime average OH concentration of 2 × 106 molecule cm−3 (Hofzumahaus

et al., 2009).
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upwind rural ZC (3.9 ± 0.7) or downwind rural WQS (3.6 ± 0.3 ppb),
but had no significant difference when compared to those at suburban
HEMC site (5.0± 0.8 ppb). Propylene ranked second among all alkenes.
GEMC (1.5 ± 0.3 ppb) and HEMC (1.5 ± 0.4 ppb) sites all showed sig-
nificantly higher levels of propylene (p b 0.01) than that at WQS
(0.6 ± 0.1 ppb) or ZC (0.7 ± 0.2 ppb). Butenes (including 1-butene,
trans-2-butene, and cis-2-butene) had much lower mixing ratios, less
than 3% of the total NMHCs.
3.2. OH reactivity and ozone formation potentials (OFPs)

Hydroxyl radical (OH) is the dominant oxidant in the troposphere
that controls the chemical lifetimes of many important trace gases
(Levy, 1971; Ehhalt et al., 1998). Also OH is involved in the oxidation
of VOCs that leads to the formation of tropospheric ozone and secondary
organic aerosol (SOA) (Brasseur et al., 2003), and thus amongnumerous
OH sinks VOCs are the most significant. OH reactivity, calculated as the
product of the rate constant with OH and the mixing ratio, is widely
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Fig. 2. Group compositions (mixing ratios) in percentages for NMHCs as well as their
shares in OFPs and OH reactivity.
used as an estimate of the potential to consume OH for a single VOC
(Kleinman et al., 2000, 2005; Lou et al., 2010):

VOCR ¼
X

Ki VOC½ �i ð1Þ

where ki is the rate constant for reaction of OHwith VOCi. Reaction rate
constants are fromAtkinson et al. (1997) andAtkinson andArey (2003).
The anthropogenic VOCs observed in this study had total OH reactivity
from 1.2 s−1 to 23.1 s−1, with averages of 8.7 ± 0.8, 7.0 ± 1.1, 3.8 ±
0.6 and 7.0 ± 0.8 s−1 at GEMC, HEMC, ZC and WQS, respectively.
Since reactive species like formaldehydewere not included in our calcu-
lation, these values were lower than thosemeasured by laser flash pho-
tolysis and laser-induced fluorescence (LP-LIF) technique in the PRD
region (10–120 s−1; Lou et al., 2010) and Beijing (10–30 s−1; Lu et al.,
2013) in 2006, or that of 30 s−1 measured using a laser-induced
pump and probe technique in urban Tokyo (Yoshino et al., 2012). The
C2–C4 alkenes were found to be the VOC group that consume a larger
portion of OH than the others (Fig. 2); they accounted for 38%, 48%,
50%, and 30% of the total OH reactivity by anthropogenic NMHCs at
GEMC, HEMC, ZC andWQS, respectively. Only at WQS did aromatic hy-
drocarbons have higher OH reactivity (2.4 s−1) than the C2–C4 alkenes
(2.1 s−1). Specifically, ethylene and propylene were the top two VOCs
in OH reactivity at GEMC, HEMC and ZC; they altogether contributed
over 25% of the OH reactivity by VOCs at the three sites. At WQS, how-
ever, OH reactivity of ethylene (0.8± 0.1 s−1) ranked second to toluene
(0.9 ± 0.1 s−1), probably due to the heavy influence of solvents' emis-
sions from upwind industrial areas and/or the faster decay of alkenes
than aromatic hydrocarbons during their transport.

OFPs of C2–C4 alkenes and other NMHCs, calculated as the product of
the average mixing ratios and the maximum incremental reactivity co-
efficient (MIR) of each compound (Carter, 2009), are also listed in
Table 2. The total OFPs of NMHCs were 157 ± 20, 130 ± 20, 76 ± 12
and 127± 13 ppb at GEMC, HEMC, ZC andWQS, respectively. Ethylene
ranked No. 1 by OFP and was shared 29.9%, 33.4%, 45.5% and 24.8% of
total OFPs at GEMC, HEMC, ZC andWQS, respectively. Propylene ranked
second at all sites except at WQS, where toluene had a larger portion
(19.8%) than propylene (5.5%). As mentioned above, WQS is a site that
might be influenced by the industrial emission of aromatic hydrocar-
bons in upwind Dongguan, an industrial city in the PRD region
(Barletta et al., 2008; Chan et al., 2006; Y.L. Zhang et al., 2012).
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As showed in Fig. 2, C2–C4 alkenes shared only 11%–20% in mixing
ratios of NMHCs, but accounted for 47.4%, 57.3% and 63.9% of OFPs at
GEMC, HEMC and ZC, respectively; and only at WQS site did aromatic
hydrocarbons (39.0%) have comparable contribution as C2–C4 alkenes
(37.7%). It is worth noting that larger contribution of C2–C4 alkenes to
ozone formation, particularly ethylene, has long been a problem in
Asian cities (Barletta et al., 2002; So andWang, 2004; Tang et al., 2007).
3.3. Source implication by the relationships with typical tracers

Table 3 lists the correlation coefficients of C2–C4 alkenes with typical
tracers of various emission sources, including acetylene, propane, n-
butane, i-pentane, benzene and toluene. Acetylene is a typical tracer of
combustion sources (Barletta et al., 2005; Tang et al., 2009). Propane,
n-butane, and i-butane are major components of LPG leakage or com-
bustion (Blake and Rowland, 1995; Barletta et al., 2002). Gasoline evap-
oration would contribute substantially to ambient i-pentane (Zhang
et al., 2013b). Benzene, as a carcinogenic compound forbidden to be
used in industry, was mainly from automobile exhausts in urban area
(Zhao et al., 2004; Barletta et al., 2008; Tang et al., 2008) and mainly
from biomass burning in rural areas (Holzinger et al., 2001). Toluene
was widely used as solvents in painting, coating, printing and cleaning
processes in the highly industrialized PRD region (Chan et al., 2006;
Y.L. Zhang et al., 2012)while vehicle exhaust is also an important source
for toluene in urban areas (Barletta et al., 2008).

Both ethylene and propene showed significant correlations with
acetylene at all four sites (Table 3), suggesting that they might have
combustion-related sources. A weak correlation between ethylene and
i-pentane even at the urban site GEMC (Table 3) indicatesminor contri-
bution of ethylene from gasoline evaporation. Significant correlations
between ethylene and benzene at GEMC, HEMC and WQS (r2 = 0.25–
0.55, p b 0.001) suggest contribution of ethylene from vehicle exhausts,
and similarly, correlations between ethylene and toluene at HEMC, ZC
and WQS (r2 = 0.27–0.61, p b 0.001) could be explained by emission
of ethylene from industry activities. As HEMC lies about 10 km down-
wind the Guangzhou Petrochemical Co., which had an annual ethylene
production of about 200,000 tons, ethylene at HEMC showedmuch bet-
ter correlations with toluene largely due to input from petrochemical
industry.

Propene showed better correlation with acetylene at GEMC and
WQS than at HEMC and ZC (Table 3), indicating sources other than
Table 3
Correlations between C2–C4 alkenes and typical tracers of emission sources.

Sites Species Acetylene Propane n-Buta

r2 p r2 p r2

GEMC Ethylene 0.62 b0.001 0.59 b0.001 0.38
Propene 0.64 b0.001 0.64 b0.001 0.49
1-Butene 0.17 b0.01 0.14 b0.01 0.41
Trans-2-butene 0.24 b0.001 0.12 b0.05 0.49
Cis-2-butene 0.16 b0.01 0.10 b0.05 0.44

HEMC Ethylene 0.69 b0.001 0.58 b0.001 0.11
Propene 0.36 b0.001 0.40 b0.001 0.10
1-Butene n.a.a N0.05 0.18 b0.01 0.81
Trans-2-butene 0.10 b0.05 0.40 b0.001 0.76
Cis-2-butene 0.06 N0.05 0.30 b0.001 0.90

ZC Ethylene 0.74 b0.001 0.16 b0.05 n.a.
Propene 0.36 b0.001 0.35 b0.001 0.01
1-Butene n.a. N0.05 0.34 b0.001 0.98
Trans-2-butene n.a. N0.05 0.36 b0.001 0.98
Cis-2-butene n.a. N0.05 0.36 b0.001 0.98

WQS Ethylene 0.74 b0.001 0.35 b0.001 n.a.
Propene 0.59 b0.001 0.42 b0.001 n.a.
1-Butene n.a. N0.05 n.a. b0.05 0.53
Trans-2-butene n.a. N0.05 n.a. N0.05 0.40
Cis-2-butene n.a. N0.05 n.a. b0.05 0.79

a n.a.: Correlation coefficients less than 0.1.
combustion at HEMC and ZC. Significant correlations between propene
and propane at all sites, particularly at urban site GEMC, suggest contri-
bution from LPG combustion or leakage. Propene is awidely used chem-
ical feedstock to produce polypropylene plastics, and it also showed
significant correlation with toluene at HEMC, ZC and WQS largely due
to contribution from industry activities.

Butenes, including 1-butene, trans-2-butene and cis-2-butene, in-
stead showed relatively weak correlations (r2 b 0.1, p N 0.05) with acet-
ylene particularly at ZC and WQS, indicating that butenes might have
important sources other than combustion. However, both 1-butene
and trans-2-butene had much better correlations with n-butane
(r2 = 0.53–0.98, p b 0.001) and i-butane (r2 = 0.40–0.98, p b 0.001),
which are mainly related to LPG leakage. Correlations of 1-butene,
trans-2-butene and cis-2-butene with i-pentane (r2 = 0.56–0.58,
p b 0.01) at ZC site (Table 3) are indicative of input of gasoline evapora-
tion, and only slight correlations of butenes with benzene (r2 = 0.26,
p b 0.01) were observed at ZC.
3.4. Source attribution by PMF

As alkenes are highly reactivewhen compared to AHs, source appor-
tioning of alkenes based on their ambient levels from field campaigns is
still a formidable task as compositions of alkenesmay change drastically
due to chemical aging during transport from emission sources to recep-
tor sites. Although Shao et al. (2009) attempted to restore initial ratios
to indicate sources of VOCs, there still existed large uncertainties since
an individual VOC species in ambient air may vary greatly in where
and when it was emitted to the atmosphere. Some paired VOCs, like
trans-2-butene/cis-2-butene and m,p-xylenes/ethylbenzene, share
common sources but have different atmospheric lifetimes, so their
slopes are frequently used as indicators of chemical aging (Liu et al.,
2009; Yuan et al., 2012; Y.J. Zhang et al., 2012). Moreover, the ratios of
trans-2-butene to cis-2-butene from different emission sources are
within a narrow range: they are 1.13–1.37 from gasoline evaporation
(Zhang et al., 2013b), 1.2–1.45 from gasoline vehicle exhaust (Liu
et al., 2008b; Guo et al., 2011), 1.46 from biofuel burning and 0.8 from
agriculture residue burning (Andreae and Merlet, 2001), and 1.88
from pine combustion (Schauer et al., 2001). The scatter plots of
trans-2-butene against cis-2-butene at the four sites (Fig. 3a) reveal
quite similar slopes, which were 1.01, 1.16, 0.88 and 1.32, respectively,
at GEMC, HEMC, WQS and ZC. It is worth noting that trans-2-butene
ne i-Pentane Benzene Toluene

p r2 p r2 p r2 p

b0.001 0.17 b0.01 0.25 b0.001 0.16 b0.05
b0.001 0.23 b0.01 0.19 b0.01 0.21 b0.01
b0.001 0.14 b0.05 n.a. N0.05 0.12 b0.05
b0.001 0.14 b0.05 0.12 b0.05 0.19 b0.01
b0.001 0.10 b0.05 n.a. N0.05 0.14 b0.05
b0.05 0.14 b0.01 0.34 b0.001 0.61 b0.001
b0.05 0.35 b0.01 0.25 b0.001 0.41 b0.001
b0.001 0.17 b0.01 0.15 b0.01 n.a. N0.05
b0.001 0.30 b0.001 0.28 b0.001 0.18 b0.05
b0.001 0.20 b0.001 0.26 b0.001 0.11 b0.05
N0.05 n.a. N0.05 0.05 N0.05 0.27 b0.001
N0.05 0.10 b0.05 0.18 b0.01 0.66 b0.001
b0.001 0.58 b0.001 0.26 b0.001 0.10 N0.05
b0.001 0.56 b0.001 0.26 b0.001 0.10 b0.05
b0.001 0.56 b0.001 0.26 b0.001 0.10 N0.05
N0.05 n.a. b0.05 0.55 b0.001 0.31 b0.001
N0.05 0.25 b0.001 0.61 b0.001 0.26 b0.001
b0.001 n.a. N0.05 n.a. N0.05 n.a. N0.05
b0.001 n.a. N0.05 n.a. N0.05 n.a. N0.05
b0.001 n.a. N0.05 n.a. N0.05 n.a. N0.05
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Fig. 3. Scatter plots of (a) trans-2-butene versus cis-2-butene; and (b)m,p-xylenes versus
ethylbenzene at GEMC, HEMC, ZC andWQS.
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to cis-2-butene at upwind ZC showed not only best correlation but also
the highest slope (1.32) that fell right in the middle of vehicle exhausts
(1.2–1.45; Liu et al., 2008b; Guo et al., 2011), suggesting relatively fresh
input of vehicle exhausts. Also the slopes of m,p-xylenes against ethyl-
benzene (Fig. 3b) varied from 0.51 to 0.64. These similar slopes might
reflect that there was not big difference in the degree of aging for the
reactive VOCs among the four sites. The 26 most abundant NMHCs, in-
cluding alkanes, alkenes, AHs, methyl tert-butyl ether (MTBE), trichlo-
roethylene (TrCE), and tetrachloroethylene (TeCE) were selected for
the PMF modeling. Five anthropogenic emission sources, namely vehi-
cle exhausts, LPG, industrial processes losses, oil evaporation and bio-
mass burning were resolved and typical factor profiles are shown in
Fig. 4. The source of industrial process losses is characterized by a signif-
icant amount of AHs, n-hexane, TrCE and TeCE which are major compo-
nents in various solvents commonly used in manufacturing industries,
such as n-hexane in electronics industry particularly in the PRD region
(Chan et al., 2006). LPG related emissions were identified by a domi-
nance of propane, i-butane, n-butane and ethane,which are typical trac-
er of LPG-related emission (Barletta et al., 2008). Vehicle exhaust is
identified by a significant presence of acetylene, C4–C6 alkanes and aro-
matics (Yuan et al., 2009). Furthermore, MTBE, a gasoline additive and
unambiguous indicator for gasoline vehicle exhaust emissions (Chang
et al., 2003), also contributed most in this factor. Biomass burning was
also judged to be rich in acetylene, ethylene, and C3–C4 alkenes
(Andreae and Merlet, 2001). Oil evaporation is characterized by the
abundance of i-pentane and C5–C6 alkanes (Na et al., 2004; Zhang
et al., 2013b).
Specific contributions of different sources to ethylene, propene, 1-
butene, trans-2-butene, and cis-2-butene based on PMF at the four
sites are presented in Fig. 5. Vehicle exhaust and LPG are two major
sources and they altogether accounted for 52–62%, 58–77%, 73–83%,
68–79%, and 73–84% of ethylene, propene, 1-butene, trans-2-butene
and cis-2-butene, respectively. On average vehicle exhausts alone con-
tributed 39%, 32%, 49% and 41% for ethylene, and 41%, 36%, 35% and
35% for propene at GEMC, HEMC, ZC andWQS, respectively. LPG related
sources ranked the second with a share of 21% to ethylene at GEMC;
however, industry processes losses ranked the second with shares of
23% and 22% to ethylene respectively at HEMC and WQS, a little bit
higher than shares of 21% and 20% by LPG. Meanwhile at the upwind
rural site ZC, biomass burning contributes (21%) to ethylene and indus-
try process lossesmade up of ethylene emissions (15%). Oil evaporation
contributed (17%) to ethylene at GEMC, significantly more than at other
sites (2%–9%).

For propene, LPG was an important contributor accounting for 36%,
26%, 23% and 31% at GEMC, HEMC, ZC and WQS, respectively. Biomass
burning at HEMC (19%) and to industrial process losses at ZC (20%) at
WQS (19%) impacted propylene. LPG contributed most to 1-butene at
all sites ranging from 40–65%, followed by vehicle exhausts with shares
of 33%, 19%, 19% and 35% at GEMC, HEMC, ZC andWQS, respectively. In-
dustrial processes losses, biomass burning, and oil evaporation altogeth-
er accounted 27%, 17%, 21% and 24% of 1-butene at GEMC, HEMC, ZC and
WQS, respectively. Trans-2-butene and cis-2-butene showed very simi-
lar patterns in their sources (Fig. 5). The same as 1-butene, LPG related
sources were the No. 1 contributor to trans-2-butene and cis-2-butene;
it contributed 55%, 60%, 38% and 45% of trans-2-butene, and 56%, 62%,
40% and 49% of cis-2-butene, respectively, at GEMC, HEMC, ZC and
WQS. Vehicle exhaust accounted for 19–33% of trans-2-butene and
20–36% of cis-2-butene. Contributions from industrial process losses
were the least with percentages of 0.3–6% and 2–4% for trans-2-
butene and cis-2-butene, respectively. Biomass burning and oil evapo-
ration together accounted for 16–29% and 12–24% of trans-2-butene
and cis-2-butene, respectively.

It is worth noting that LPG contributed substantially to the major al-
kenes, particularly propene and butenes. A main reason is that unlike
LPG that has propane and butanes as dominant components (Blake
and Rowland, 1995), LPG used in the PRD in 2009 was quite rich in
light alkenes. Fig. 6 is a typical chromatography of the C3–C4 hydrocar-
bons of pipelined gas and its combustion products from a cooking
stove. The high percentages of propenes and butenes in the LPG are
great concern for their contribution to ozone formation if leaked, or
emitted from incomplete combustion. Using this kind of alkene-rich
LPG, probably oil cracking gaswithout further refining, would not influ-
ence its heating calorific value but is apparently not environmentally
friendly for the ozone formation potentials. Therefore, LPG should be
further refined to reduce its contents of alkenes before used as pipeline
gas or it should be replaced by cleaner LNG, such as what is happening
in Guangzhou. In fact, Guangdong province, of which Guangzhou is
the capital city, accounted for more than 40% LPG consumption of the
whole country in 2011. LPG used in Guangzhou for household pipelined
gas was completely replaced by LNG before the 2010 Asian Games
(Guangzhou; November 12–27, 2010). Furthermore, as announced by
the Guangzhou government in 2012, the ~9000 buses and ~16,000
taxi powered by LPG in the public transport sector were planned to be
gradually replaced by LNG-powered ones in the coming decade.

4. Conclusions

Monitoring of ambient VOCs at representative urban, suburban and
rural sites during November–December 2009 in the PRD region re-
vealed that C2–C4 light alkeneswere predominant ozone formation pre-
cursors. C2–C4 alkenes were 10–20% in totalmixing ratios of NMHCs but
accounted for 46%, 58% and 65% of OFPs by NMHCs at GEMC, HEMC and
ZC, respectively. At the WQS site, AHs contributed a slightly larger



Fig. 4. Factor profiles resolved by PMF.
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percentage (39%) in OFPs than C2–C4 alkenes (38%). Similarly, 38%, 48%,
50%, and 30% of the total OH reactivity byNMHCswere attributed to C2–
C4 alkenes. Ethylene, as the most abundant alkene, made up 7–15% in
Fig. 6. C3–C4 hydrocarbons in (a) LPG then as pipeline gas and (b) plumes above domestic cook
the GC column after injecting samples without dilution.
total mixing ratios of NMHCs and contributed 30%, 33%, 46% and 25%
of OFPs at GEMC, HEMC, ZC and WQS, respectively. As surface ozone
pollution is an increasing concern in the PRD region and ozone
ing stoves using LPG. Chromatogram (a) had poor peak separation due to heavy loads into
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production in the region was previously found sensitive to VOC emis-
sions, our study suggests that reactive C2–C4 alkenes are significant
ozone precursors that need to be reduced in this region.

Correlations between C2–C4 alkenes and typical tracers of emission
sources suggested that ethylene might be largely related to vehicle ex-
hausts and industry activities, while propene and butenes were much
more impacted by LPG leakage or combustion. Further source appor-
tioning with the PMF confirmed that vehicle exhausts and LPG were
two major sources that altogether accounted for 52–62%, 58–77%, 73–
83%, 68–79% and 73–84% for ethylene, propene, 1-butene, trans-2-
butene, and cis-2-butene, respectively. Vehicle exhaust as the No. 1 con-
tributor to ethylene and propene contributed 39%, 32%, 49% and 41% of
ethylene, and 41%, 36% 35% and 35% of propene, respectively at GEMC,
HEMC, ZC and WQS. LPG was the No. 1 contributor to butenes and
also contributed substantially (23–36%) to propene. We conducted ex-
tensive analysis of VOCs in LPG used in 2009 as pipeline gas in Guang-
zhou, as well as VOCs from domestic cooking stoves using LPG. The
results confirmed that fractions of propene and butenes are present at
high concentrations in the pipeline gas so that its leakage or incomplete
combustion would contribute to ambient alkenes as ozone precursors.
Thus, limiting the content of alkenes in LPG would benefit the control
of ozone pollution in the region.
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