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A B S T R A C T

Gasoline emissions are the largest source of urban atmospheric VOCs, which are critical precursors of ozone (O3)
and secondary organic aerosol (SOA). Besides vehicle exhaust, emissions from gasoline evaporation also have a
potentially significant effect on SOA formation. However, there are still few studies on the relationship between
gasoline vapor composition and SOA formation, especially for gasoline in China. In this study, SOA formation
from three unburned gasoline vapors were investigated in a 30m3 indoor smog chamber. The experimental
results showed that with the increase of aromatic content (especially toluene and C2 benzenes) in gasoline from
23% to 50%, the SOA yield was significantly enhanced by a factor of 4.0–6.7. This phenomenon might be related
to the higher amounts of intermediate volatility organic compounds (IVOCs) and semi-volatile organic com-
pounds (SVOCs) formed, which promoted the gas-particle partitioning and SOA formation. Additionally, the
synergistic effects between precursors in the mixtures might also be a key factor, which could be supported by
the higher SOA yield accompanied by a higher ratio of toluene/benzene. Meanwhile, there were more oxyge-
nated organic aerosols (OOA) observed when using high-aromatic gasoline. This work will help in understanding
the effect of aromatic content or gasoline quality on the SOA formation from gasoline evaporation emissions, and
in providing the scientific basis for taking corresponding control measures to relieve haze events in China.
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1. Introduction

Volatile organic compounds (VOCs) play a crucial role in regional
air quality since they are important precursors of O3 and secondary
organic aerosol (SOA) (Huang et al., 2014; Liu et al., 2010), which are
associated with human health risks, climate change and visibility re-
duction (Davidson et al., 2005; Pöschl, 2005; Thalman et al., 2017).
Previous studies have shown that vehicular emissions were the largest
source of urban atmospheric VOCs. For example, vehicular emissions
contributed about 36–48% of VOCs in Beijing in 2014, 25% in Shanghai
from 2007 to 2010, 30–53% in the Pearl River Delta (PRD) in 2004,
respectively (Cai et al., 2010; Liu et al., 2008; Wu et al., 2016). As the
most widely used vehicle fuel, gasoline has a huge transportation en-
ergy consumption rate around the world, such as in China and the USA
(EIA, 2018; NBSC, 2017). Smog chamber experiments have extensively
proved that VOC precursors in gasoline exhaust could significantly
contribute to the SOA formation via the photo-oxidation processes oc-
curring under different experimental conditions (Gentner et al., 2012;
Gordon et al., 2014; Liu et al., 2015b; Nordin et al., 2013; Platt et al.,
2014; Zervas et al., 1999; Zhao et al., 2017). Moreover, results derived
from field observations also suggested that gasoline exhaust plays a
dominate role in SOA formation and that SOA concentrations would be
significantly reduced with a decrease in gasoline emissions on local and
global scales (Bahreini et al., 2012).

Vehicular emissions not only include the exhaust emitted from the
tailpipes of gasoline-powered vehicles, but also include the emissions
released from evaporation of gasoline (e.g. headspace emissions, re-
fueling, etc.) and liquid gasoline (e.g. leakage, hot soak, spillage, and
running loss, etc.) (Choi and Ehrman, 2004; Song et al., 2007; Watson
et al., 2001). It has been found that the contribution of evaporative
emissions to the total VOC emissions was up to 12% in Beijing, 4.6% in
Japan, ranked as the 6th-highest source, and even more than 30% for
other developed countries (Song et al., 2007; Van der Westhuisen et al.,
2004; Yamada, 2013). And with the implementation of tailpipe exhaust
emission control measures, the proportion of evaporation loss (un-
burned gasoline in particular) has shown an increasing trend (Liu et al.,
2015a). Meanwhile, evaporative emission inventory studies indicate
that vehicular evaporative emissions have become an increasingly im-
portant source of VOCs in China, with up to 124,000 tons released from
refueling processes in 2010 (Yang et al., 2015). Therefore, more at-
tention should be paid to this primary emissions source, and especially
its associated secondary formation of particulate matter (PM).

Aromatic hydrocarbons are a class of unsaturated chemical sub-
stances with at least one benzene ring, and they play a crucial role and
account for approximately 30% of gasoline fuels (Gentner et al., 2013).
Odum et al. (1997) have indicated that SOA formation from the photo-
oxidation of gasoline vapor almost completely depended on the aro-
matic hydrocarbons in it (Odum et al., 1997). Meanwhile, different
influences of unburned fuel composition (e.g. carbon number and mo-
lecular structure) on SOA formation potential have been investigated,
finding that with the increase of carbon-number and/or aromatic hy-
drocarbon contents in the unburned fuels, more SOA were formed
generally. As for the gasoline-related SOA formation, it was more sen-
sitive to the content of aromatic hydrocarbons (Jathar et al., 2013).
Similarly, previous studies have also shown that with the high content
of aromatics in gasoline fuel, more primary PM as well as aromatic
VOCs will be released in the gasoline exhaust (Karavalakis et al., 2015;
Wang et al., 2016; Zervas et al., 1999). In addition, Peng et al. (2017)
have expounded on the relationship between SOA production and ga-
soline exhaust composition as affected by the variable aromatic content
in different fuels (quality level: China phase V). They reported that with
the gasoline aromatic content elevated from 29% to 37%, there was a
marked enhancement of SOA production (up to 3–6 times) (Peng et al.,
2017). It should be noted that the quality of gasoline, such as the
content of sulfur and aromatic hydrocarbons, varied greatly among
different provinces (Karavalakis et al., 2015; Tang et al., 2015).

However, there have been few reports on SOA formation directly from
gasoline vapor or on the links between SOA potential and the aromatic
content, especially for gasoline in China.

In this study, experiments on SOA formation from the photo-oxi-
dation of unburned gasoline vapors were performed in a 30m3 indoor
smog chamber. We utilized three different gasoline fuels obtained from
different gas stations (e.g., from Hebei and Beijing), in the presence of
NOx, at levels comparable to ambient conditions, to investigate the
relationship between the SOA formation potential and the corre-
sponding gasoline vapor composition, especially regarding aromatics.
Finally, according to the results derived from this study, we also pro-
posed science-based suggestions to reduce the contribution of eva-
poration emissions from gasoline-related usage processes to ambient
SOA.

2. Materials and methods

2.1. Fuels

In this study, three gasoline samples (G1, G2 and G3) collected
(with the standard Method for manual sampling of petroleum liquids
(GB/T 4756-2015) as a guideline) from different gas stations, were
utilized to examine the effects of gasoline vapors on SOA formation.
They were all commercial phase China V gasoline with equivalent oc-
tane numbers of 97 (G1), 93 (G2), and 92 (G3), respectively. Their
characteristics are shown in Table 1, and the details of the compositions
are given in Table S1. G1 gasoline contained the highest aromatic
content (50.5%) among the samples, followed by G2 gasoline (39.6%),
and the aromatic content was the lowest (22.8%) for G3 gasoline. The
higher aromatic content in G1 is due to some VOCs (e.g., aldehydes,
ketones, alcohols ethers, and methyl tert-butyl ether (MTBE)) not being
taken into account. These VOCs are undetectable by GC-MS due to the
lack of standards or the separation capacity of the GC column. How-
ever, these species are unlikely to be SOA precursors in our experiments
because of their low molecular weight (carbon number≤ 6) and in the
absence of seed particles (Kroll et al., 2005; Zhao et al., 2017). These
gasoline samples were similar in olefin content and are commercially
available on the Chinese market, such as in Beijing and Hebei.

2.2. Experimental simulation

Experiments on SOA formation from gasoline vapors were carried
out in a 30m3 indoor smog chamber at the Research Center for Eco-
Environment Sciences, Chinese Academy of Sciences (RCEES-CAS). Fig.
S1 shows the schematic structure of the smog chamber (see Supple-
mentary Material). Briefly, the chamber is a cuboid reactor (4.0 m
(height)× 2.5m (width)× 3.0m (length)) with a surface-to-volume
ratio of 1.97m-1, lined with 125 μm-thick FEP100 film (DuPont™, US).
The chamber reactor is located in a temperature-controlled room, in
which the temperature (T) and relative humidity (RH) can be controlled
mechanically. In order to ensure sufficient mixing of the gas-phase
species, a three-wing stainless steel fan coated with Teflon was installed
at the bottom inside the reactor.

Meanwhile, the chamber was equipped with a series of gas- and
particle-phase monitoring instruments. NOx and O3 were measured
using a chemiluminescence NOx analyzer (Model 42i-TL, Thermo Fisher

Table 1
Parameters of the gasoline utilized in this study.

Specifications G1 G2 G3

Octane number 97 93 92
Aromatics (% v/v) 50.5 39.6 22.8
Olefin (% v/v) 7.9 7.3 12.1
Quality level China phase V China phase V China phase V
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Scientific) and a UV photometric O3 analyzer (Model 49i, Thermo
Fisher Scientific), respectively. VOCs contained in gasoline were mon-
itored with a gas chromatograph (7890B GC, Agilent, USA) equipped
with a DB-624 column (60m×0.25mm×1.40 μm, Agilent, USA) and
a mass spectrometry detector (5977A MS, Agilent, USA). In addition,
gas-phase hydrocarbons and their intermediate products were also
measured with a high-resolution time-of-flight proton transfer reaction
mass spectrometer (HR-ToF-PTRMS) (Ionicon Analytik GmbH). The
particle size distribution and number concentration were measured
using a scanning mobility particle sizer (SMPS, TSI, USA), which was
composed of a differential mobility analyzer (DMA, 3080 Classifier, TSI,
USA) coupled with a condensation particle counter (CPC, 3776, TSI,
USA). The mass concentration was calculated based on the volume
concentration with the typical SOA density of 1.4 g cm−3 (Ng et al.,
2007). Moreover, the mass concentration and chemical composition of
SOA were measured using a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS, Aerodyne Research Inc. USA). Due to wall
loss of particles and gaseous species on the Teflon film, the measured
aerosol concentration was corrected using the method mentioned in
Takekawa et al. (2003), and the gas concentrations were also corrected
after considering the loss rates of them (i.e., wall loss rates of NO2, NO,
O3 and VOCs were (1.67 ± 0.25)× 10−4, (1.32 ± 0.32)× 10−4,
(3.32 ± 0.21)× 10−4 and (2.20 ± 0.39)× 10−4 min−1, respec-
tively), which were derived from the additional separate experiments.
Finally, temperature (T) and relative humidity (RH) were monitored
real-time using a hydro-thermometer (Vaisala HMP110).

Prior to each experiment, the Teflon chamber was cleaned by pur-
ified and dry zero air for about 24 h at a flow rate of 100 Lmin−1 until
almost no NOx could be detected or the particle number concentration
was<10 cm−3. Before the experiments, a known volume of liquid
gasoline was carried by purified dry zero air through a heated Teflon
line system into the chamber. NO was subsequently carried by purified
dry zero air into the chamber. The concentrations were continuously
monitored at a measurement point in the reactor until they were stable,
ensuring that the components in the reactor were well mixed. The ex-
periment was then conducted for about 6 h with the UV lights on and
the fan turned off. All the experiments were carried out at a tempera-
ture of 25 ± 2 °C and dry conditions (RH < 10.0%). The detailed
experimental conditions are listed in Table S2.

3. Results

3.1. Simulation of SOA formation from different unburned gasoline vapors

Fig. 1 shows the time-resolved concentrations of gas- and particle-
phase species during a typical chamber experiment. In this experiment,
the initial VOCs/NOx ratio (ppbC/ppb) was 7.5, which was in the range
of 5.5–15 observed in the heavy haze events in China (An et al., 2016;
Zou et al., 2015). Moreover, within the first 20min after the UV lights
were turned on, almost all of NO was rapidly converted to NO2. At the
same time, O3 was gradually formed and its maximum concentration
was up to 350 ppb (Fig. 1a).

For the degradation of typical aromatic hydrocarbons such as ben-
zene and toluene (Fig. 1b), which were measured by HR-ToF-PTRMS
with a time resolution of 5min, there were different decay rates due to
the different reaction rates with OH radicals (Atkinson and Arey, 2003).
According to the evolution of the concentration ratios for benzene and
toluene, the OH exposure could be obtained to characterize the aerosol
formation from the photo-oxidation of gasoline vapors (de Gouw et al.,
2005). Meanwhile, the equivalent photo-oxidation aging times for the
experiments were also calculated under the assumption that the OH
concentration in the ambient air was 1.6×106 molecule cm−3 (Hu
et al., 2013; Peng et al., 2016).

In addition, we also applied positive matrix factor (PMF) analysis to
the HR-ToF-PTRMS data to separate the signals of gasoline vapor
components and the multi-generation products (Liu et al., 2014;

Paatero, 1997; Paatero and Tapper, 1994; Ulbrich et al., 2009). The
high resolution time series of VOCs concentrations determined by HR-
ToF-PTRMS were used as the inputs of the PMF analysis. The details of
PMF analysis and quality assurance have been described elsewhere (Liu
et al., 2014; Yan et al., 2016) and are given in the Supplementary
Material. We observed the obvious consumption of other components
(mainly alkenes and aromatic hydrocarbons) in the gasoline vapors
during the entire photochemical reaction, such as C4H8 (m/z=56),
C5H10 (m/z=70), C6H4(CH3)2 (m/z=106), C6H3(CH3)3 or
C6H4CH3C2H5 (m/z=120), and C6H4(C2H5)2 (m/z=134), as shown in
Fig. 2a and b (in green). This is consistent with a previous study that
indicated high alkene and aromatic hydrocarbon contents in the gaso-
line samples collected from the cities of northern China (Tang et al.,
2015). At the same time, the primary generation products, mainly
composed of aldehydes and ketones, were generated (seen in Fig. 2a
and c, in blue), such as (CH3)2CO or CH3CH2CHO or CHOCHO (m/
z=58), C3H7CHO or CH3COCHO (m/z=72), C4H9CHO (m/z=86),
C5H9CHO or HCO(CH)2CH2CHO or CH3CO(CH)2CHO (m/z=98),
C5H11CHO (m/z=100), C6H5CHO (m/z=106), and CH3C6H4CHO (m/
z=120). The contribution of these products rapidly grew until they
reached the maximum point, and then gradually decreased later. Many
researchers have also identified glyoxal (CHOCHO, m/z=58), me-
thylglyoxal (CH3COCHO, m/z=72), and benzaldehyde (C6H5CHO, m/
z=106) as the major primary ring-opening and ring-retaining products
from the OH-reaction of aromatic compounds, with various yields
(Atkinson et al., 1989; Baltaretu et al., 2009; Forstner et al., 1997; Gery
et al., 1985; Ji et al., 2017; Klotz et al., 1998; Seuwen and Warneck,
1996; Smith et al., 1998; Volkamer et al., 2001; Wu et al., 2014).
Moreover, as the reaction time went on, the contribution of the multi-
generation products gradually increased (Fig. 2a, d and e, in purple and

Fig. 1. Time series of NO, NO2, O3, particle diameter and corrected SOA (a),
typical VOCs and OH exposure (b) during a typical chamber experiment (ex-
periment G2-05).
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red), and their main components were aldehydes and acids (such as
HCOOH, CH3COOH, etc.), which were the products accompanying the
formation of low-volatility organic compounds (LVOCs) during the
ring-opening process (Forstner et al., 1997). These LVOCs had low
enough volatility to result in the formation of SOA through gas-particle
partitioning (Kroll and Seinfeld, 2008) and make a positive contribution
to new particulate formation (NPF) (Kulmala, 2003; Kulmala et al.,
2004; Wang et al., 2017). It worth noting that the intensities of m/z 92
and m/z 120 in Fig. 2d were stronger than that in Fig. 2c, which might
be contributed from the oxygenated products and were tentatively as-
signed to C6H4O (benzene oxide/oxepin) and C8H8O (tolualdehyde),
respectively (Jenkin et al., 2003; Obermeyer et al., 2009; Volkamer
et al., 2002). Meanwhile, according to the gas-phase chemical de-
gradation processes of a series of VOCs described by the Master Che-
mical Mechanism (MCM), these aldehydes and acids were accompanied
by the formation of high-molecular-weight multifunctional species
(Bloss et al., 2005a, 2005b; Jenkin et al., 2003), which also contribute
to the formation of SOA (Hallquist et al., 2009).

Therefore, the phenomenon of new particle formation was observed
after the UV lights were turned on, and the particle number con-
centration reached a maximum level within 1 h (Fig. 1a). With the
accumulation of secondary species on the newly formed particles, the
particle diameter gradually grew from 20 to 110 nm, large enough to
act as cloud condensation nuclei (CCN) (Lambe et al., 2011), which
have an adverse effect on radiative forcing. Meanwhile, as can be seen
from the compositions of aerosol particles derived from the HR-ToF-
AMS, SOA was the main component (Fig. S2) and played a significant
role in secondary particle formation from the photo-oxidation of ga-
soline vapors, and was similar to the composition of secondary aerosols
formed from gasoline exhausts (Peng et al., 2017). Considering that the
experiments in this study were conducted under dry conditions
(RH < 10%) and in the absence of seed particles, the contribution of
aqueous-phase and heterogeneous reactions to SOA formation could be
neglected (Zhang et al., 2015a, b). Therefore, the SOA formation oc-
curred mainly through the condensation of multi-generation products
oxidized via photochemical reactions of precursors (Jathar et al., 2014;
Jimenez et al., 2009; Robinson et al., 2007).

In addition, the NO+/NO2
+ ratio obtained by HR-ToF-AMS, often

used as a proxy for identification of ammonium and organic nitrates,

and organic nitrates, generally was higher than the NO+/NO2
+ ratio of

ammonium nitrate (Farmer et al., 2010; Rollins et al., 2009; Sato et al.,
2010). In this study, the NO+/NO2

+ ratios for all experiments were
6.27–6.87, which were obviously higher than the ratios for ammonium
nitrate (1.08–2.81) and close to those for organic nitrates (3.82–5.84)
derived from the photo-oxidation of aromatic hydrocarbons (Farmer
et al., 2010; Sato et al., 2010). Therefore, organic nitrates dominated
the formation of nitrate and played an important role in SOA (Chu
et al., 2016).

3.2. Impacts of fuel composition on SOA yield

SOA yields derived from different gasoline vapors are shown in
Fig. 3. Table S2 shows the experimental conditions, including the initial
concentration of VOCs, NOx, temperature (T), and relative humidity
(RH), etc. A semi-empirical model based on the gas-particle partitioning
of products is widely used to describe the relationship between SOA
yield and aerosol mass concentration (Mo) (Odum et al., 1996), which
can be described by the following equation (1):

∑=
+

Y M
α K

K M1 oi
o

i om,i

om,i (1)

where αi and Kom,i (m3 μg−1) are the mass-based gas-phase

Fig. 2. Evolution of gasoline vapors compositions and the multi-generation
products during the entire photochemical reaction (a); Mass spectra of typical
compositions in gasoline vapor, mainly alkenes and aromatic hydrocarbons (in
green) (b); Mass spectra of primary generation products (in blue) (c), secondary
generation products (in purple) (d), and tertiary generation products (in red)
(e). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 3. SOA yields derived from photochemical oxidation of gasoline vapors as
a function of SOA mass concentration (Mo) measured at 25 ± 2 °C and
RH < 10% (a), unit production of SOA in typical gasoline vapor experiments
(experiments G1-06, G2-05, and G3-05) as a function of photochemical oxi-
dation time (b).
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stoichiometric fraction and gas-particle partitioning coefficient, re-
spectively. Y is the SOA yield, and Mo is the formed aerosol mass
concentration.

In this study, a one-product model was employed to fit the experi-
mental data and could accurately reproduce the data (R2= 0.91), while
models with two or more products could not significantly improve the
fitting quality. The fitting parameters α determined by minimizing the
sum of the squares of the residuals showed a decreasing trend as the
aromatic content decreased (α=0.62, 0.55, and 0.07 for G1, G2, and
G3, respectively). This phenomenon indicated that decreasing the
aromatic content would be unfavorable for the formation of lower-vo-
latility products, and then reduce the SOA yield (Li et al., 2016a). This
is consistent with the understanding that aromatic hydrocarbons are
more easily oxidized to LVOCs than long-chain alkane.

As shown in Fig. 3a, the SOA yields were positively correlated with
the aromatic content in gasoline vapors. Higher aromatic content led to
significant enhancement of the SOA yields. According to the SOA yield
curve derived from the one-product model (Zhou et al., 2011), the SOA
yield acquired at the higher aromatic content (G1 gasoline, 50.5% v/v
and G2 gasoline, 39.6% v/v) was about 6.7 and 4.0 times of that for the
lower aromatic content (G3 gasoline, 22.8% v/v), respectively, as-
suming that the mass loading was 25 μgm−3, which was the average
PM1 mass concentration observed during a typical pollution process at a
regional receptor site (Peng et al., 2016). Recent studies (Krechmer
et al., 2016; Saleh et al., 2013; Trump et al., 2014; Ye et al., 2016;
Zhang et al., 2014, 2015a, b) have revealed that wall losses of IVOCs
and SVOCs were prone to a low bias in the effective SOA yield, which is
caused by the competition between uptake of organic vapors by sus-
pended particles and the chamber wall. This competition could be
evaluated by the timescales associated with gas-to-particle partitioning
(τg-p) and vapor-wall loss (τg-w) (Zhang et al., 2014). The under-
estimation of SOA yield could be approximately quantified by the ratio
of them (i.e., τg-p/τg-w). According to the methods described by Zhang
et al. (2014) (shown in Supplementary material), τg-w was estimated to
be in the range of 58–100min assuming an upper bound and a lower
bound of molecular mass of organic vapors (MW) (100–300 gmol−1).
Correspondingly, τg-p were comparable among all of these experiments.
For example, it was 105–182min for G1 gasoline vapor, 108–187min
for G2 gasoline vapor and 120–209min for G3 gasoline vapor. There-
fore, the SOA yield was underestimated by a factor of 1.82–2.09 for all
experiments due to the wall losses of IVOCs and SVOCs. Therefore, the
enhancement of SOA yields for different gasoline experiments were not
due to the biases caused by organic vapor wall losses.

From the perspective of aromatic species (i.e., benzene, toluene, C2
benzenes and C3 benzenes), the fractions of all aromatic species (except
for C3 benzenes) went up in a linear way with the SOA yields from
different gasoline (Fig. S3), which further indicated that the important
contribution of aromatic content to SOA yield. In addition, the SOA
yield curves derived from our study were higher than that in Odum
et al. (1997) (Fig. 3a), to some extent, indicating the lower quality of
gasoline in China compared with that in the USA (Tang et al., 2015).

Moreover, a similar enhancement role for the unit production of
SOA (i.e., normalized to the amount of gasoline) with the increase of
aromatic content was observed. As revealed in Fig. 3b, the maximum
value for SOA unit production (13.5 g-PM kg-fuel−1) was acquired from
the gasoline vapors with highest aromatic content (G1 gasoline, 50.5%
v/v), followed by G2 gasoline (39.6% v/v aromatic content) and G3
gasoline (22.8% v/v aromatic content). Meanwhile, for other experi-
ments with the same volume of introduced gasoline (e.g., 20 μL in G1-
02, G2-01, G3-01, and 60 μL in G1-04, G2-03, G3-03), the enhancement
role of aromatic for the unit production of SOA was also observed (Fig.
S4). Previous studies have indicated that the fuel composition, espe-
cially the aromatic content in gasoline, had a significant impact on SOA
production and primary particulate emissions from exhaust experi-
ments (Karavalakis et al., 2015; Odum et al., 1997; Peng et al., 2017;
Wang et al., 2016; Zervas et al., 1999). For example, Odum et al. (1997)

found that SOA production from high-aromatic-content fuels (32–48%
v/v) was significantly higher (up to 3-fold) than that from low-aro-
matic-content fuels (20–25.5% v/v), and suggested that aromatic con-
tent played a crucial role in SOA formation from photo-oxidation of
gasoline vapor (Odum et al., 1997). Previous studies have indicated
that there was a synergistic effect between precursors in mixtures (i.e.,
anthropogenic and biogenic) (Ahlberg et al., 2017; Hildebrandt et al.,
2011). Hildebrandt et al. (2011) found that under the coexistence of
biogenic and anthropogenic precursors (e.g., myrcene and m-xylene,
respectively), nucleation particles would readily form, and then lead to
generation of more particulate mass. Meanwhile, Ahlberg et al. (2017)
utilized isotope-labeled toluene and unlabeled α-pinene to generate
mixtures of SOA, and discovered that the presence of anthropogenic
SOA could promote the formation of biogenic SOA. Therefore, the
higher SOA production accompanying higher aromatic content in ga-
soline vapors might be due to the synergistic effects of these aromatic
hydrocarbons. Moreover, vehicle and engine experiments using dif-
ferent fuels conducted by Peng et al. (2017) showed that the SOA
production factors derived from fuel with higher aromatic content
(36.7% v/v) was 3 times that obtained using fuel with lower aromatic
content (28.5% v/v) (Peng et al., 2017).

We also found that a significant proportion (63.6–80.8%) of the
SOA was generated within the first 2 h during the photo-oxidation re-
actions (as shown in Fig. S5). This phenomenon indicated that the
homogeneous nucleation process, through gas-particle partitioning,
contributed a great proportion to the SOA formation (Odum et al.,
1996; Pankow, 1994), which was consistent with the inherent change
trend of primary and secondary generation products (which are largely
intermediate volatility organic compounds (IVOCs) and semi-volatile
organic compounds (SVOCs)) observed in Fig. 2c and d. Recent studies
have also proved that IVOCs and SVOCs were an important source of
SOA (Kroll et al., 2007; Robinson et al., 2007; Zhao et al., 2014, 2015,
2016). It could be speculated that there would be more IVOCs and
SVOCs partitioned into the particle phase for the G1 gasoline experi-
ments with the enhancement of aromatic hydrocarbon and SOA con-
centrations.

In addition, SOA production from photo-oxidation of VOC pre-
cursors in the gasoline vapors could be predicted by the following
equation (2) (Donahue et al., 2006):

∑= ×HC YΔSOA Δpredicted
i

i i
(2)

where ΔHCi and Yi are the degradation mass concentration of each VOC
precursor i and its corresponding SOA yield, respectively. Considering
the smaller contribution (∼4%) of alkenes and alkanes to SOA forma-
tion (Peng et al., 2017), the selected VOC precursors were mainly
benzene, toluene, C2 benzenes (i.e., o, m, p-xylene, and ethylbenzene),
and C3 benzenes (i.e., trimethylbenzene, ethyltoluene, and pro-
pylbenzene) (Gordon et al., 2014; Liu et al., 2015b; Platt et al., 2013).
In order to obtain a relatively believable production prediction, the
yield parameters for these precursors were selected according to the
VOCs/NOx ratio (Table S2), and the detailed parameters seen in Table
S3.

As revealed in Fig. 4, the fraction of estimated SOA concentration
ranged from 40% to 55% at the end of three typical smog chamber
experiments. The largest contributions to SOA formation were from C3
benzenes, except for the experiment using G1 gasoline (experiment G1-
06), which was consistent with the different percentage compositions in
gasoline (Table S1). Previous studies have also indicated that the C3
benzenes (i.e., C9 aromatics) contributed significantly to SOA forma-
tion from gasoline vehicle exhaust (Gordon et al., 2014; Nordin et al.,
2013; Peng et al., 2017; Platt et al., 2013). Additionally, it is worth
noting that with the increase of aromatic hydrocarbon contents, the
percentage of SOA formation explained by single-ring aromatic VOCs
showed a decreasing trend (for G3 this was ∼55%, G2 was ∼50%, and
G1 was ∼40%). This suggested that the SOA yield based on a single
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VOC precursor might be underestimated due to the synergistic effects in
mixtures of precursors (Ahlberg et al., 2017; Hildebrandt et al., 2011).
This synergistic effect probably exist when considering the change in
the relative distribution of different aromatic species among gasoline
samples. In our study, the higher SOA yield was accompanied by the
higher ratio of toluene and benzene (T/B) (for G1 this value was 13.0,
G2 and G3 were about 8.0) and ratio of C2 benzenes/benzene (C2eB/B)
(for G1 was 10.3, G2 and G3 were 5.6). Therefore, considering the
synergistic effects between these precursors (benzene, toluene, C2
benzenes, and C3 benzenes), which all have a larger proportion in G1
compared to the gasoline G2 and G3 (seen in Table S1), the estimated
SOA concentration fraction was lowest for G1. Apparently, the detailed
synergistic effect between different anthropogenic precursors (e.g.,
benzene, toluene and C2 benzenes) need to be further investigated
through more experimental studies. In addition, Odum et al. (1997)
have concluded that the total SOA production generated from the
photo-oxidation of gasoline vapor could mostly be determined by the
aromatic hydrocarbons of the fuels (the ratio of predicted SOA to actual
SOA was 71–131% with an average of 100 ± 16%) (Odum et al.,
1997). This might be due to the fact that some heavy aromatics (e.g.,
C4-benzenes, p-diethylbenzene) might present in the sample but not be
detected in our study, which have substantial SOA formation potentials
and thus would greatly contribute to the SOA formed from gasoline
vapors. Therefore, in order to accurately predict the SOA formation,
more related VOC precursors need to be detected.

3.3. Impacts of fuel composition on SOA composition

AMS data have been widely used to characterize the composition of
non-refractory organic aerosols (Chen et al., 2015; Chhabra et al., 2011;
Heald et al., 2010; Ng et al., 2010). The detected ion fragments have
been divided into five groups according to their carbon, hydrogen and
oxygen content (Nordin et al., 2013). As shown in Fig. 5, the prominent
m/z peaks in the SOA formation from gasoline vapors are m/z 44 and
m/z 43, and an analogous phenomenon was found in the SOA derived
from gasoline exhaust (Nordin et al., 2013; Platt et al., 2013). Mean-
while, the m/z 43 and 44 signals were mainly composed of C2H3O+ and
CO2

+ ions, respectively, for all gasoline vapor experiments (Fig. S6).
These two ions both represent the oxygenated organic aerosol (OOA),
and CO2

+ in particular is a main indicator of low-volatility OOA (LV-

OOA) which are generated from the decarboxylation of organic acids
(Ng et al., 2010). As demonstrated in Fig. 5, the fraction of CO2

+

showed an increasing trend (G3 15.2%, G2 18.0%, and G1 18.7%) with
the elevation of aromatic content in gasoline. Correspondingly, the
contribution fraction of elemental oxygen also showed an increasing
trend (G3 28.5%, G2 31.8%, and G1 32.6%) with the increase of aro-
matic content in gasoline (Fig. S6). Considering that the aromatic hy-
drocarbons are more reactive with OH radicals (Atkinson and Arey,
2003), our results illustrated that with increasing content of aromatics,
the gasoline vapor could be more prone to oxidize to form more LV-
OOA species, which have low enough volatility to favor gas-particle
partitioning into the particle phase, and thus be favorable to SOA for-
mation (Tröstl et al., 2016).

In addition, the O:C ratio can also be used to characterize the oxi-
dation state of organic aerosols (Chhabra et al., 2011). A van Krevelen
diagram showing the H:C and O:C ratios is illustrated in Fig. 6. As
shown in Fig. 6, the SOA derived from G1 gasoline vapor (highest

Fig. 4. Measured and estimated SOA concentration as a function of reaction
time in typical smog chamber experiments (a) G1-06, (b) G2-05, and (c) G3-05.
The lines and squares (colored black, red, and blue, respectively) represent the
corrected SOA concentrations in the corresponding chamber experiments. The
green, magenta, yellow, and olive areas represent the estimated SOA from the
photo-oxidation of benzene, toluene, C2 benzenes, and C3 benzenes, respec-
tively. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 5. Normalized mass spectra of the SOA compositions at the end of each
typical smog chamber experiment (a) G1-06, (b) G2-05, and (c) G3-05. The
detected ion fragments have been grouped into five families (i.e. Cx, CH, CHO,
CHO>1, and HO), therein Cx contains only carbon; CH contains only carbon
and hydrogen; CHO contains carbon, hydrogen and one oxygen, CHO>1
contains carbon, hydrogen and great than one oxygen, and HO contains only
oxygen and hydrogen.

Fig. 6. Van Krevelen diagram of SOA from unburned gasoline vapors. The
numbers labeling the dotted lines show the carbon oxidation state
(OSc= 2×O:C－H:C). The O:C and H:C data are obtained from the end of the
typical smog chamber experiments (experiments G1-06, G2-05, and G3-05).
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aromatic content, 50.5% v/v) had higher O:C (0.66 ± 0.03) and
carbon oxidation state (OSc= 2×O:C−H:C, −0.18 ± 0.03) com-
pared to the SOA from G3 gasoline vapor, with the lowest aromatic
content (22.8% v/v) (O:C=0.54 ± 0.07, OSc=−0.67 ± 0.07). This
was consistent with the observation that SOA generated from photo-
oxidation of G1 vapor had a higher fraction of LV-OOA, as mentioned
above (Fig. 5). Meanwhile, the value of the O:C ratio for SOA formed
from G1 and G2 was close to that from toluene and m-xylene (Chhabra
et al., 2010), which was consistent with the content of major aromatic
compounds in G1 and G2 (seen in Table S1). However, the value of the
O:C ratio for SOA generated from G3 was more similar to that from
1,3,5-trimethylbenzene (Sato et al., 2012), which was related to the
relatively high abundance of C3 benzenes in G3 (seen in Table S1). This
general trend of decreasing O:C and increasing H:C was also observed in
previous studies, which were focused on the role of methyl group
number on SOA formation from monocyclic aromatic hydrocarbons (Li
et al., 2016a, 2016b). Previous studies have reported that the semi-
volatile OOA (SV-OOA) and low-volatility OOA (LV-OOA) typically
have O:C ratios of 0.3–0.6 and 0.6–1.0, respectively (Jimenez et al.,
2009). Therefore, our results indicated that the SOA formed from G3
with lower aromatic content should be SV-OOA compounds, while SOA
generated from G1 with higher aromatic content should be related to
LV-OOA compounds, respectively.

4. Conclusions and implication

Our experimental results indicated that the aromatics in gasoline
vapor played a significant role in SOA formation. The SOA yield was
greatly enhanced (by a factor of 4.0–6.7) when high-aromatic-content
gasoline was employed. The possible reason was that higher aromatic
content could lead to more IVOC and SVOC formation, which could
significantly partition into the particle phase and then greatly con-
tribute to SOA yield. Apart from that, the synergistic effects between
VOC precursors might also be an important reason. Meanwhile, the SOA
composition derived from AMS showed that more oxygenated organic
aerosols (OOA) were formed and the oxidation state (OSc) was higher
when using high-aromatic gasoline.

Recently, China had implemented more stringent gasoline restric-
tion standards, especially on gasoline sulfur content, to meet the new
standard. In contrast, the aromatic content in gasoline has showed an
increasing trend. For instance, a previous study reported that the
average aromatic contents in commercial gasoline meeting the III, IV
and V standards in Beijing were 23.4, 28.5 and 36.3%, respectively
(Peng et al., 2017). Meanwhile, a recent study showed that the aromatic
content of gasoline in North China (41.6%) was 9.6% higher than that
in the USA (32.0%) (Tang et al., 2015). Additionally, there have been a
large quantity of vehicular VOC evaporative emissions due to refueling
and diurnal processes (124,000 ton in 2010) in China (Yang et al.,
2015). Therefore, more attention should be paid to the quality of ga-
soline (especially aromatics), considering its enhancement of SOA for-
mation derived from our study. Our findings provided a new perspec-
tive on controlling air pollution caused by vehicles. One measure that
could be taken is the implementation of on-board refueling vapor re-
covery (ORVR) on new vehicles and make this as widespread as pos-
sible, which could reduce 97.5% of evaporative VOCs, as proved by
Yang et al. (2015). Another more direct measure is to reduce the aro-
matic content in gasoline through optimizing oil refining techniques,
which have a great effect on the organics composition of gasoline (Tang
et al., 2015). For example, hydrofining techniques could significantly
convert unsaturated hydrocarbons (i.e. alkenes and aromatics) to sa-
turated alkanes. Unfortunately, the percentage of hydrofining techno-
logical processes employed is relatively lower in China (32.1%) com-
pared with that in North America (53.2%) and Western Europe (49.2%)
(Tang et al., 2015). Therefore, to improve the gasoline quality related to
SOA formation in China, a direct measure to improve the percentage of
hydrofining technological processes might be more acceptable and

economical than implementing ORVR. Simultaneously, the aromatic
content should be strictly considered in future gasoline evaluation
systems, which is not only suitable for China, but also for those coun-
tries and regions in the world with extremely high aromatic content in
gasoline.
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