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Aging of secondary organic aerosol (SOA) particles formed from OH– initiated oxidation of
ethylbenzene in the presence of high mass (100–300 μg/m3) concentrations of (NH4)2SO4 seed
aerosol was investigated in a home-made smog chamber in this study. The chemical
composition of aged ethylbenzene SOA particles was measured using an aerosol laser
time-of-flight mass spectrometer (ALTOFMS) coupled with a Fuzzy C-Means (FCM) clustering
algorithm. Experimental results showed that nitrophenol, ethyl-nitrophenol, 2,4-dinitrophe-
nol, methyl glyoxylic acid, 5-ethyl-6-oxo-2,4-hexadienoic acid, 2-ethyl-2,4-hexadiendioic acid,
2,3-dihydroxy-5-ethyl-6-oxo-4-hexenoic acid, 1H-imidazole, hydrated N-glyoxal substituted
1H-imidazole, hydrated glyoxal dimer substituted imidazole, 1H-imidazole-2-carbaldehyde,
N-glyoxal substituted hydrated 1H-imidazole-2-carbaldehyde and high-molecular-weight
(HMW) components were the predominant products in the aged particles. Compared to the
previous aromatic SOA aging studies, imidazole compounds, which can absorb solar radiation
effectively, were newly detected in aged ethylbenzene SOA in the presence of high
concentrations of (NH4)2SO4 seed aerosol. These findings provide new information for
discussing aromatic SOA aging mechanisms.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Ethylbenzene and other aromatic hydrocarbons that are
released into the atmosphere by human activities, such as
motor vehicle exhaust and evaporation of solvents, are
important volatile organic compounds in urban air (Correa
et al., 2012; Lan and Minh, 2013; Bolden et al., 2015). Besides its
fm.ac.cn (Weijun Zhang)
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toxicity to humans, conversion of ethylbenzene in the
atmosphere can play a significant role in the formation of
secondary organic aerosol (SOA) (Sato et al., 2010; Ziemann
and Atkinson, 2012; Schnitzler et al., 2014). Aromatic SOA
particles have lifetimes of about 1 week (Balkanski et al., 1993;
Rudich et al., 2007), during which they can undergo continu-
ous reaction with reactive species, nitrogen oxides and other
.
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chemical substances, commonly called aging (Robinson et al.,
2007; Rudich et al., 2007; Andreae, 2009). The chemical
composition, volatility, hygroscopicity, toxicity, and optical
properties change with SOA aging (Ng et al., 2011; Tritscher
et al., 2011; Sareen et al., 2013). Aromatic SOA aging has
attracted great attention because of the impacts of aged SOA
on air visibility (Baltensperger, 2010; Singh and Dey, 2012),
formation of clouds, climate change (Lee et al., 2014), and
human health (Topinka et al., 2011; Sorooshian et al., 2012).

Over the past few years, studies on the effects of environ-
mental factors on the optical properties of aged SOA and the
identification of the aged products have been of particular
interest (Updyke et al., 2012; Loza et al., 2012; Nakayama et al.,
2013; Huang et al., 2014). The effects of ammonia and nitrogen
oxides on the optical properties of aromatic aged SOA were
investigated by Updyke et al. (2012) and Nakayama et al. (2013)
using UV–Vis absorption spectra and cavity ring-down spec-
troscopy (CRDS), respectively, and the light-absorbing ability
of the aged SOA was found to be enhanced with increasing
initial NH3 and NOx concentrations. Recently, Loza et al. (2012)
conducted a 36 hr m-xylene SOA aging chamber experiment,
and observed that the O/C ratio of aged products gradually
increased with the extension of time. Subsequently, Sato et al.
(2012) and Huang et al. (2014) identified the nitrophenol,
oxocarboxylic acid and epoxide products of aged benzene SOA
with liquid chromatography/time-of-flight mass spectrome-
try (LC/MS) and aerosol laser time-of-flight mass spectrometer
(ALTOFMS), respectively.

It is well-known that aromatic SOA formation and aging are
related to preexisting particles, and inorganic seed aerosol
having relatively large surface area is one type of preexisting
particle (Wang et al., 2011). However, the aromatic SOA aging
experiments described above were carried out in the absence of
inorganic seed aerosol. Ammonium sulfate ((NH4)2SO4), which
is formed by the reaction of ammonia with sulfuric acid, is one
of themost common inorganic seed aerosols in the atmosphere
(Robinson et al., 2013). With the rapid development of China's
economy, the extensive use of the fossil fuel coal results in
urban atmospheres containing a high concentration of SO2

(Schreier et al., 2015). Meanwhile, China is a large agricultural
country, and agricultural production and the livestock breeding
industry emit large amounts of ammonia per year, resulting in
high concentrations of ammonium sulfate in the urban atmo-
sphere (Tong and Xu, 2012). For example, the annual average
concentration of aerosol particles in Beijing is about 100 μg/m3,
and during haze days it may exceed 300 μg/m3, one-third of
which are inorganic ionic species (mainly SO4

2−, NO3
− and NH4

+)
(He et al., 2001;Wang et al., 2006). To the best of our knowledge,
no investigations on the effects on the chemical composition of
the aged aromatic SOA in the presence of high mass concen-
trations of (NH4)2SO4 seed aerosol have been performed up to
now.

Our group has used a vacuum ultraviolet photoionization
mass spectrometer and aerosol time-of-flight mass spec-
trometer to measure the gas and particle phase products
formed from photooxidation of ethylbenzene in real-time,
and ethylphenol, methylglyoxal, phenol, benzaldehyde, and
2-ethylfuranewere detected in both the gas and particle phases
(Huang et al., 2010). Recently, the Fuzzy C-Means (FCM)
algorithm has been developed by our group to classify the
mass spectra of large numbers of particles obtained by
ALTOFMS (Huang et al., 2013). The latest study demonstrated
that FCM allowed a clear identification of twelve distinct
chemical particle classes in aged 1,3,5-trimethylbenzene SOA,
showing that the real-time ALTOFMS detection approach
coupled with the FCM data processing algorithm can success-
fully carry out the cluster analysis of SOA (Huang et al., 2015).
Based on this, we focus on the chemical characterization
of particulate products that are formed upon formation of
ethylbenzene SOA and subsequent aging through OH-initiated
reactions in the presence of highmass (100–300 μg/m3) concen-
trations of (NH4)2SO4 seed aerosol using ALTOFMS coupledwith
the FCM algorithm in this study. The particulate products of
the aged ethylbenzene SOA were obtained, and the possible
reaction mechanisms leading to these aged products were also
discussed.
1. Experimental method

1.1. Material

Ethylbenzene (>99%) was bought from Sigma-Aldrich Chem-
istry Corporation, Germany. Sodium nitrite (>99%), methanol
(>99%) and ammonium sulfate (>99%) were obtained from
The Third Reagent Factory of Tianjin. Nitric oxide (99.9%) was
provided by Nanjing Special Gas Factory. Methyl nitrite was
prepared and purified by the method provided in our previous
studies (Huang et al., 2013, 2014, 2015), and preserved in liquid
nitrogen until use.

1.2. Generation of (NH4)2SO4 seed aerosols

(NH4)2SO4 seed aerosol was generated by aspirating 0.001 mol/L
salt solution (0.066 g (NH4)2SO4 dissolved in 500 mL deionized
water) through a constant output atomizer (TSI Inc. Model
3076), and subsequently passed through a diffusion dryer (TSI
Inc.Model 3062) (with exitingRH lower than20%) and85Kr charge
neutralizer (TSI Inc., Model 3077) (removing charges to give
neutral aerosol) before entering the smog chamber. The gener-
ated (NH4)2SO4 seed aerosol was 10,000–50,000 particles/cm3

with mean diameter of about 100 nm, and the concentration of
the (NH4)2SO4 seed aerosol in the smog chamberwas established
at about 100, 200, and 300 μg/m3, respectively, by controlling the
flow rate of zero air (Huang et al., 2013).

1.3. Smog chamber experiment on ethylbenzene SOA aging

Aging of ethylbenzene SOAwas performedusingUV-irradiation
of ethylbenzene/CH3ONO/NO/air mixtures in the absence and
presence of 100, 200 and 300 μg/m3 of dry (NH4)2SO4 seedaerosol
in an 850 L sealed collapsible polyethylene smog chamber
(Huang et al., 2012, 2013, 2014). In all experiments, the
temperature and relative humidity in the smog chamber were
measured continuously by a temperature and humidity sensor
(Vaisala HMT333, Finland). The temperature and relative
humidity in the chamber was maintained at about 25 ± 4°C
and 15 ± 2%, respectively. After flushing the smog chamber and
obtaining the desired (NH4)2SO4 seed aerosol concentration,
ethylbenzene, NO and CH3ONO were introduced into the smog
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chamber, then the chamber was filled with the purified air to
full volume. The concentration of ethylbenzene, CH3ONO, and
NO was 2.0, 20.0, and 2.0 ppm, respectively. Then, 4 UV lamps
were turned on and the photooxidation reaction was initiated.
OH radicals were generated by the irradiation of CH3ONO with
UV lamps with wavelength in range of 300–400 nm (Atkinson
et al., 1981). In each experiment, the OH concentration reached
a maximum immediately after turning on the UV lamps and
then decreased with time, but the OH concentration main-
tained a level > 5 × 105 molecules/cm3 after 24 hr photooxida-
tion, indicating that the particles and vapors in the reaction
chamber were continuously oxidized during irradiation (Huang
et al., 2014, 2015). To achieve longer OH exposure times with all
instrument sampling, the concentrations of ethylbenzene, NOx,
O3 and the volume concentration and mobility size distribu-
tions of SOA particles were measured by a GC–FID (Agilent
7820A, USA), NO–NO2–NOx analyzer (TEImodel 42i), O3 analyzer
(TEI model 49i) and scanning mobility particle sizer (SMPS; TSI
3080L DMA, TSI 3775 CPC) every 30 min, respectively. After a
period of photooxidation, the aged ethylbenzene SOA particles
were analyzed continuously using the ALTOFMS connected
directly to the chamber using a Teflon line. Then, the obtained
aged particles were Fuzzy C-Means algorithm (FCM) (Bezdek,
1981) clustered based on their individual mass spectra as
described in detail in our previous studies (Huang et al., 2013,
2014, 2015).
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Fig. 1 – Ethylbenzene, NOx, O3 and SOAmass concentrations (corr
in the presence of (a) no seed, (b) 100 μg/m3(NH4)2SO4, (c) 200 μg
organic aerosol.
2. Results and discussion

2.1. Formation and aging of ethylbenzene SOA particles

The time series of the ethylbenzene, NOx, O3 and SOA mass
concentrations (corrected for wall-loss correction) measured
are shown in Fig. 1. A density of 1.23 g/cm3, calculated by
comparing the electronic mobility diameter from the SMPS
and vacuum aerodynamic diameter from ALTOFMS, was
employed to estimate SOA mass concentrations (Huang
et al., 2015). For the seeded experiments, SOA mass concen-
trations were obtained by subtracting the initial seed aerosol
mass concentrations. SOA mass was corrected for wall loss
assuming a first-order loss rate calculated by fitting the
particle number concentration decay at the end of each
experiment (Huang et al., 2015). As shown in Fig. 1, less than
30 min after turning on the UV lamps, monomodal SOA
formation could be detected using a SMPS measurement.
This aerosol grew in number of particles and mass for the
first 30 min and then reached a maximum at 6 hr, when no
ethylbenzene was left in the chamber according to GC data.
Before 6 hr in these experiments, when there were sufficient
ethylbenzene and OH radicals to generate many more SOA
particles than were lost, we observed the mass increase.
Afterwards, however, there was no ethylbenzene available in
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Fig. 2 – Clustering number evaluated using the
Davies–Bouldin index for the aged ethylbenzene SOA
particles in the presence of 100 μg/m3 (NH4)2SO4 seed aerosol
after 24 hr photooxidation. SOA: secondary organic aerosol.
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the smog chamber, SOA aging processes occurred, and the
aged ethylbenzene SOA particles deposited onto the chamber
wall due to turbulence, Brownian diffusion and gravitational
sedimentation of particles (Bowman et al., 1997), causing
aerosol losses.

According to Fig. 1, the change of NOx and O3 concentration
with time, as well as ethylbenzene consumption, was nearly
the same throughout these four experiments. However, the
corrected maximum mass concentration of SOA in the
presence of 100, 200 and 300 μg/m3 of (NH4)2SO4 seed aerosol
was 105, 136 and 154 μg/m3, respectively, higher than that
observed for the unseeded experiment of 80 μg/m3, indicating
that the presence of high concentrations of (NH4)2SO4 seed
aerosol has no obvious effect on O3 formation, but it does
enhance ethylbenzene SOA generation. These results are
consistent with the findings reported by Lu et al. (2009), that
m-xylene SOA yield was enhanced in the presence of high
concentrations of (NH4)2SO4 seed aerosol. The effects on
the chemical composition of the aged ethylbenzene SOA in
the presence of (NH4)2SO4 seed aerosol are discussed in the
following sections.

2.2. Classification of the spectra of aged ethylbenzene SOA
particles

As shown inour previous studies (Huanget al., 2012, 2013, 2014),
a mass spectrum is only acquired for particles whose diameter
has beenmeasured by ALTOFMS. The obtainedmass spectra of
single particles are described as 300-dimensional data vectors,
using the ion masses as dimensions and the ion signal peak
areas as values. The data vectors of all particles measured are
written into a classification matrix. The data for each spectrum
is stored as one row in thismatrix. Basically, the FCM algorithm
calculates a fuzzy partition matrix to group some of the data
points into k clusters, and the membership coefficients uik of
each particle i to each class center k are determined. The class
centers and membership coefficients provide for a detailed
characterization of all the measured particles. Each class
center can be represented as a “mean” mass spectra pattern.
This provides for the characterization of the mean chemical
composition of the particle class. FCM computes the Davies–
Bouldin index to evaluate the optimum cluster number among
different partitions. Small values of Davies–Bouldin correspond
to clusters that are compact, and whose centers are far away
from each other. Consequently, the number of clusters that
minimizes Davies–Bouldin is taken as the optimal number of
clusters (Huang et al., 2013, 2014).

About 6500 pieces of single particlemass spectra of the aged
ethylbenzene SOA particles in the presence of 100 μg/m3

(NH4)2SO4 seed aerosol at different photooxidation times were
obtained. After setting the FCM initial clustering number (n)
from 2 to 30, the fuzzy degree parameter (m) to 2, themaximum
number of cycles to 500, and the precision of the clustering to
0.1, the obtained mass spectra were processed with the FCM
algorithm to extract out potential aerosol. Figs. 2 and S1 in
Appendix A. Supplementary data show the Davies–Bouldin
index for the ethylbenzene SOA particles in the presence of
100 μg/m3 (NH4)2SO4 seed aerosol at different photooxidation
times. For 24 hr photooxidation, 6518 pieces of single particle
mass spectra of the aged ethylbenzene SOA particles were
obtained, and the Davies–Bouldin index displayed in Fig. 2 has
the minimum value at n = 18, suggesting that these aged SOA
particles can be clustered into 18 classes. Figs. 3 and S2–S6 in
Appendix A. Supplementary data exhibit the spectra patterns
determined for the cluster centers at different photooxidation
times. The spectral patterns are displayed in analogy to real
time-of-flight mass spectra of aromatic SOA particles obtained
in our previous studies (Huang et al., 2007, 2012, 2013) as
positive ion “signals”, with the signal intensities representing
the vector components of the cluster center.

2.3. Chemical composition andmechanism of aged ethylbenzene
SOA particles

The mass spectrum of class 1 at different photooxidation
times contains only the peak of m/z 18, which is usually
representative of ammonium (NH4

+) (Kane and Johnston, 2001;
Garland et al., 2005) or water ion (Alfarra et al., 2006). In order
to verify whether the m/z 18 is derived from the gas phase
water molecules of the purified air, the chamber was filled
with purified air to full volume, and the relative humidity in
the smog chamber was 16%. Then, the purified air in the smog
chamber was analyzed continuously using the ALTOFMS
connected directly to the chamber using a Teflon line. How-
ever, no mass spectrumwas obtained by ALTOFMS, indicating
that m/z 18 may be derived from ammonium ion. To further
confirm this inference, (NH4)2SO4 particles were generated as
described in the experimental methods, and measured by
ALTOFMS. The laser desorption/ionization (LDI) mass spec-
trum of the average of 100 single (NH4)2SO4 particles is shown
in Fig. 4, which is different from those obtained by Garland
et al. (2005) and Kane and Johnston (2001). The mass spectrum
of (NH4)2SO4 particles measured by Garland et al. (2005) is
dominated by fragments at m/z 17 and 16 under ionization,
and the ratio of mass 17 to 16 is close to 1.1. However, the LDI
mass spectrum of (NH4)2SO4 particles measured by Kane and
Johnston (2001) was quite complicated. Besides the peaks of
m/z 18, 17, and 16, m/z 12, 24, 30, 32, and 48 were observed.
Also, the intensity ofm/z 18 was larger thanm/z 17 andm/z 16,
respectively.



Fig. 3 – Representative spectral patterns of the aged ethylbenzene SOA particles in the presence of (NH4)2SO4 seed aerosol after
24 hr photooxidation determined by FCM. SOA: secondary organic aerosol; FCM: Fuzzy C-Means.
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It is worth noting that the mass spectra of (NH4)2SO4

particles mentioned above were obtained with different
ionization sources. The mass spectrum of (NH4)2SO4 particles
was detected by Garland et al. (2005) with aerosol mass
spectrometry, and the (NH4)2SO4 vapor plume was ionized
using a 70 eV electron impact (EI) ionization source. Kane
and Johnston (2001) used laser ablation aerosol mass spec-
trometry to measure the mass spectrum of (NH4)2SO4 parti-
cles, and an ArF excimer laser at 193 nm with a 8 nsec, 2.5 mJ
pulse was utilized for ablation and ionization of the particles.
The laser was focused with a 20 cm lens to give a fluence
of 2.0 × 104 J/m2 in the mass spectrometer source region.
ALTOFMS is similar to laser ablation aerosol mass spectrom-
etry, but the ionization source is the pulsed excimer KrF laser
at 248 nm having a pulse length 2.5 nsec and an average
power density of 103 J/m2 (Huang et al., 2007), whose energy is
much less than that of the ArF excimer laser. The KrF excimer
laser may not be able to cause the cleavage of ammonium or
sulfate ion, thus, only m/z 18 was found in the LDI mass
spectrum of (NH4)2SO4 particles in this study. Hence, the
intense signal at m/z 18 is representative of ammonium
ion, and the mass spectrum of class 1 contains only the peak
of m/z 18, corresponding to the (NH4)2SO4 particles.

According to themain fragments of each class and possible
reaction pathways of ethylbenzene with OH radicals, the
speculated molecular structures of the oxidation products are
shown in Figs. 3 and S2–S6 in Appendix A. Supplementary
data. It can be seen that the spectral patterns for the cluster
centers at 2, 6, 12, 18, 22 and 24 hr photooxidation are
different from each other, indicating that the chemical
compositions of ethylbenzene SOA were modified continually
upon aging. For the 2 hr photooxidation, phenol, benzaldehyde,
ethylphenol, and benzoic acid are the major components in
the ethylbenzene SOA. As mentioned above, the mass con-
centration of SOA reached a maximum at 6 hr, and the first-
generation products of glyoxal, glyoxylic acid, phenol,
ethylglyoxylic acid, benzaldehyde, benzoic acid, ethylphenol,
5-ethyl-6-oxo-2,4-hexadienal, and ethyl-nitrophenol, which
were previously observed by Forstner et al. (1997) and our
previous ethylbenzene photooxidation experiment (Huang
et al., 2010); while afterwards, SOA aging processes occur, and
new aged products are formed at 12, 18, 22 and 24 hr
photooxidation. However, after 22 hr photooxidation, in addi-
tion to high-molecular-weight (HMW) products, the other aged
components remain unchanged. The chemical composition
and formation mechanism of the aged products after 24 hr
photooxidation are discussed as follows.

The characteristic cleavage fragment peak m/z 46 (NO2
+),

benzene ion peak m/z 77 (C6H5
+), and benzene fragment ion

peaks at m/z 65 (C5H5
+), 52 (C4H4

+) and 39 (C3H3
+) were found in

the mass spectrum of the second to fourth class as displayed
in Fig. 3, so were tentatively identified as aromatic nitrogen-
containing organic compounds (Silva and Prather, 2002;
Alfarra et al., 2006; Huang et al., 2014, 2015). In addition to
our previously detected ethyl-nitrophenol, o-nitrophenol (or
p-nitrophenol) and 2,4-dinitro phenol were newly found in the
presence of 100 μg/m3 (NH4)2SO4 seed aerosol. The formation
of the photooxidation products of phenolic compounds, such
as 2-ethyl phenol and phenol, have been previously reported
in a number of ethylbenzene chamber studies (Yu et al., 1997;
Forstner et al., 1997; Huang et al., 2010). According to the
theory of Henry and Donahue (2012), SOA aging includes
OH-radical oxidation of the photooxidation products. As
shown in Fig. 5, OH can react with 2-ethylphenol and phenol
to abstract an H-atom from the hydroxyl group to form
2-ethyl-phenoxy radical and phenoxy radical, respectively. As
proposed by Forstner et al. (1997), these two phenoxy radicals
can then react with NO2 to form a variety of nitro phenolic
compounds. The positions of the alkoxy radical determine
where NO2 adds to the ring. OR groups on an aromatic ring are
ortho- and para- directing, with OR more strongly activating.
Hence, NO2 adds ortho and para to the oxygen in the phenoxy
radical. This step leads to the formation of o-nitro-phenol,
p-nitro-phenol, 2-ethyl-4-nitro-phenol and 2-ethyl-6-nitro-
phenol, respectively. Also shown in Fig. 5 are further reactions
of o-nitro-phenol (or p-nitro-phenol) with OH and NO2 to
yield 2,4-dinitrophenol, another species detected in the aged
ethylbenzene SOA.

The fifth to eighth classes contain the characteristic
cleavage fragment peak of m/z 44 (CO2

+), demonstrating that
these clusters contain carboxylic acids (Alfarra et al., 2006;
Huang et al., 2014, 2015). Carbonyl compounds such as
methylglyoxal and 2-ethyl-6-oxo-2,4-hexadienal, which are
produced as ring-opened products from the reaction of
ethylbenzene with OH radicals, have been measured in the
gas and particle phase products of previous ethylbenzene
chamber experiments (Yu et al., 1997; Forstner et al., 1997;
Huang et al., 2010). The experimental results of Sato et al.
(2012) indicate that SOA aging proceeds through the oxidation
of the internal double bond of ring-opened products and
carboxylic acid formation resulting from the oxidation of the
carbonyl group. As shown in Fig. 6, OH abstracts a hydrogen
atom from the carbonyl group, and oxygen adds to the radical.
This peroxy radical can react with HO2 (or RO2) to formmethyl
glyoxylic acid and 5-ethyl-6-oxo-2,4-hexadienoic acid, respec-
tively. The latter may further react with OH radical, O2 and
HO2 (or RO2) to generate 2-ethyl-2,4-hexadiendioic acid, or
may undergo the OH radical oxidation shown in Fig. 6 to
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produce 2,3-dihydroxy-5-ethyl-6-oxo-4-hexenoic acid and to
propagate the aging reaction (Forstner et al., 1997; Sato et al.,
2012).

The mass spectra of the 9th to 13th classes have the
characteristic cleavage fragment peaks m/z 41 (C2H3N+) and m/z
67 (C3H3N2

+), indicating that these clusters belong to the
imidazole compounds (Yu et al., 2011; Kampf et al., 2012).
The clustering results show that high mass concentrations
of (NH4)2SO4 seed aerosol can promote the formation of
imidazole compounds in aged ethylbenzene SOA. According to
the experimental results of Meyer et al. (2009), (NH4)2SO4 seed
aerosol can form ammonium ion (NH4

+) by absorbing water
from its outer organic layer coating. Ammonium is a weak
acid with dissociation constant Ka of 5.6 × 10−10 (pKa = 9.25),
it is very difficult to hydrolyze to generate hydronium (NH4

++
H2O→NH3+H3O+) (Rincón et al., 2009). However, ammonium
ion was found to react with α-dicarbonyl compounds, such as
glyoxal and methyl glyoxal to form imidazole products in
previous experiments (Nozière et al., 2009; Yu et al., 2011; Kampf
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Fig. 6 – Proposed aging mechanism leading to
et al., 2012). Previous studies have indicated that glyoxal is the
major aldehyde product formed from OH-initiated oxidation of
ethylbenzene (Yu et al., 1997; Forstner et al., 1997; Huang et al.,
2010), and the generated glyoxal could condense on existing
(NH4)2SO4 seed aerosols. As shown in Fig. 7, ammonium ion acts
as in two ways i.e., by acting as a Bronsted acid (i.e., releasing
protons) or forming covalent nitrogen species such as
imminium intermediates (Nozière et al., 2009; Yu et al., 2011;
Kampf et al., 2012). Accordingly, in the latter pathway of this
mechanism, glyoxal is protonated by the ammonium ion, and
the protonated glyoxal can undergo nucleophilic attack by
ammonia followed by loss of water and H+ ion, giving the
diimine (1). In the other pathway, glyoxal is protonated by the
ammonium ion and subsequently hydrolyzed by diol product
(2) and tetrol product (3) formation, respectively (Nozière et al.,
2009; Yu et al., 2011; Kampf et al., 2012).

Diimine (1) reactswith tetrol product (3) toproduce (4) via the
dehydration reaction of the hydrogen atom of the amido of (1)
and the OH of (3). Product (4) is unstable, so that the lone pair
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Fig. 7 – Proposed reaction mechanisms for imidazole compound formation in the aging of ethylbenzene SOA in the presence of
high concentrations of (NH4)2SO4 seed aerosol. SOA: secondary organic aerosol.
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electrons of the N atom could act as a nucleophile to attack
the C atom, leading to the formation of (5) after dehydration.
Product (5) produces formic acid and 1H-imidazole (I) (6)
through electronic rearrangement and a fracture dehydration
reaction (Yu et al., 2011; Kampf et al., 2012). The formed (6) can
continue to react with (3) to generate hydrated N-glyoxal-
substituted 1H-imidazole (HGI) (7) after dehydration (Yu et al.,
2011; Kampf et al., 2012). In addition, (5) can also undergo
electron rearrangement as shown in Fig. 7 to form the hydrated
1H-imidazole-2-carbaldehyde (HIC) (8). Product (8) can be
dehydrated to generate 1H-imidazole-2-carbaldehyde (IC) (9),
or continue to react with (2) to form the N-glyoxal substituted
hydrated 1H-imidazole-2-carbaldehyde (GHIC) (10) after dehy-
dration (Yu et al., 2011; Kampf et al., 2012).

As displayed in Fig. 3, the mass spectra of class 14 to class
18 have many mass spectral peaks in the range of m/z 0–600,
and the 18th class displays maximum m/z up to 600,
indicating that high-molecular-weight (HMW) products are
present in the aged ethylbenzene SOA particles in the
presence of high mass concentrations of (NH4)2SO4 seed
aerosol. As mentioned before, the retention of water on the
(NH4)2SO4 particles creates ammonium ion, which can pro-
mote the formation of HMW products through heterogeneous
reactions such as hydration and polymerization of aldehydes
from OH-initiated oxidation of ethylbenzene (Jang et al., 2002;
Gross et al., 2006). As shown in Fig. 8, the generated glyoxal
could condense on existing (NH4)2SO4 seed aerosol, and be
hydrated to form a diol product (i) and tetrol product (ii). Two
diol products (i) can react through nucleophilic attack of an
OH group on the reactive carbonyl of the neighboring
molecule to produce a five-membered 1,3-dioxalane ring
product (iii), which can then react with a third diol product
(i), forming the stable glyoxal trimer (which contains two
dioxolane rings) (iv) (Kua et al., 2008). The formed glyoxal
trimer (iv) can continue to react with diol products (i) to
generate HMW products. Similarly, diol products (i) may react
with tetrol product (ii) to form (v) and (vi) after dehydration
and cyclization, respectively. Product (vi) can continue to
react with (i) to generate HMW products. Similar to glyoxal,
2-ethyl-6-oxo-2,4-hexadienal and benzaldehyde could be
hydrated to form diol products (vii) and (viii), respectively.
The cross-reactions of (vii) and (viii) with (v) produce (ix) and
(x), respectively (Kalberer et al., 2004). Products (ix) and (x) can
continue to react with diol product (i) to generate various
HMW products as outlined in Fig. 8.

To test whether and how the high concentrations of
(NH4)2SO4 seed aerosol affect the chemical composition of
the aged SOA, the aging of ethylbenzene SOA in the absence
and presence of 100, 200 and 300 μg/m3 of (NH4)2SO4 seed
aerosol was performed. About 6500 pieces of single particle
mass spectra of the aged ethylbenzene SOA particles for each
experiment were obtained and processed with the FCM
algorithm as described above. The Davies–Bouldin index and
the determined spectral patterns as the cluster centers for
the aged ethylbenzene SOA particles in the presence of
different concentrations of (NH4)2SO4 seed aerosol after 24 hr
photooxidation are shown in Figs. S7–S10 in Appendix A.
Supplementary data. The FCM clustering results show that
imidazole compounds and HMW products were detected in
the aged ethylbenzene SOA particles in the presence of high
concentrations of (NH4)2SO4 seed aerosol, indicating that high
concentrations of dry (NH4)2SO4 seed aerosol can promote the
formation of imidazole compounds and HMW products in the
aged ethylbenzene SOA. Especially for HMW products, m/z
increases gradually with increasing concentrations of
(NH4)2SO4 seed aerosol. HMW products with maximum m/z



Fig. 8 – Proposed reaction mechanisms for high-molecular-weight product formation in the aging of ethylbenzene SOA in the
presence of high concentrations of (NH4)2SO4 seed aerosol. SOA: secondary organic aerosol.
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up to 630 were measured in the aged ethylbenzene SOA
particles in the presence of 300 μg/m3 (NH4)2SO4 seed aerosol.

As proposed by Lu et al. (2009), the thickness of the organic
layer coating plays an important role in SOA formation. With
the same amount of SOA generation, the seed surface con-
centration is approximately inversely proportional to the
thickness of the organic layer. With the same amount of
ethylbenzene SOA generation, a high concentration of
(NH4)2SO4 seed aerosol enables a thin organic layer. (NH4)2SO4

seed aerosol may produce ammonium ion by absorbing water
from its outer organic layer coating. Also, a high concentration
of (NH4)2SO4 aerosol provides more reactive sites for heteroge-
neous reactions. Thus, the (NH4)2SO4 seed aerosol induces the
ammonium-catalyzed heterogeneous reactions, such as hydra-
tion and polymerization of aldehydes from OH-initiated oxida-
tion of ethylbenzene, and facilitates formation of HMW
products as mentioned above, and the thinner the organic
layer is, the more pronounced the HMW product formation
enhancement by the (NH4)2SO4 seed aerosol is.

2.4. Comparison with previous aromatic SOA aging studies

Sato et al. (2012) and Huang et al. (2014) have used LC–MS and
ALTOFMS to measure the particulate products of aged benzene
SOA in the absence of inorganic seed aerosol. Nitrogenated
organic compounds and oxocarboxylic acids are observed as
major aging products. Compared to the experiments of Sato et
al. (2012) and Huang et al. (2014), our work characterized aged
ethylbenzene SOA in the presence of high concentrations of
(NH4)2SO4 seed aerosol in real-time. The chemical composition
of the aged ethylbenzene SOA obtained by ALTOFMS coupled
with the FCM clustering algorithm suggested that in addition to
nitrogenated organic compounds and oxocarboxylic acids,
imidazole compounds and HMW products are also predomi-
nant products in the aged particles. Although the concentra-
tions of ethylbenzene and NOx in our smog experiments are
several orders of magnitude higher than that in the ambient
atmosphere, the effect of high concentrations of (NH4)2SO4 seed
aerosol is still expected to be important in the atmosphere since
the atmospheric organic aerosol mass loading is low, under
which condition the incidence of the (NH4)2SO4 effect could be
high. Studies (Yu et al., 2011; Kampf et al., 2012; Nakayamaet al.,
2013) have shown that imidazole compounds and HMW
products can absorb solar radiation in the ultraviolet–visible
effectively, resulting in a decrease in air visibility. These
findings provide new information for discussing aromatic SOA
aging mechanisms.
3. Conclusions

A laboratory studywas carried out to investigate the particulate
products of aged ethylbenzene SOA particles in the presence of
high mass (100–300 μg/m3) concentrations of (NH4)2SO4 seed
aerosol using the aerosol laser time-of-flight mass spectrome-
ter detection approach coupled with the Fuzzy C-Means data
processing algorithm in real-time. This on-line detection
method gives rise to detailed chemical information about
the detected single particles and the particle classes deter-
mined. Aromatic nitrogen-containing organic compounds,
oxocarboxylic acids, imidazole compounds and
high-molecular-weight compounds were measured as the
major components in the aged SOA particles. The newly
detected imidazole compounds can absorb solar radiation
effectively. The optical properties of the aged aromatic SOA
should be addressed in further experimental investigations.
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