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Abstract Inorganic seed particles have relatively large surface area, and play an important role
in the formation and aging of secondary organic aerosol (SOA). The effects of dry (NH4)2SO4

which is the most commonly found in urban atmosphere on the aged benzene SOA were
qualitatively studied utilizing aerosol laser time-of-flight mass spectrometer (ALTOFMS)
coupled with Fuzzy C-Means (FCM) clustering algorithm in this study. Experimental results
indicated that nitrophenol, oxocarboxylic acid, epoxide products are the predominant compo-
nents in the aged benzene SOA in the presence of low concentration (about 10 μg m−3) of dry
(NH4)2SO4. These aged products are the same as the previously obtained aged benzene SOA
without (NH4)2SO4 seed aerosol, indicating that low concentration of dry (NH4)2SO4 acts just as
the nucleation or condensation center of the SOA, and do not affect the chemical composition of
SOA. However, 1 H-imidazole, 1 H-imidazole-2-carbaldehyde, hydrated 1 H-imidazole-2-
carbaldehyde, 2,2′-biimidazole, hydrated N-glyoxal substituted 1 H-imidazole, N-glyoxal
substituted hydrated 1H-imidazole-2- carbaldehyde, hydratedmono glyoxal substituted hydrated
1 H-imidazole-2-carboxaldehyde, mono glyoxal substituted 2,2-biimidazole and hydrated
glyoxal dimer substituted imidazole which are formed from ammonium ion reaction with glyoxal
are the major particulate products in the aged benzene SOA in the presence of high concentration
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(about 100 μg m−3) of dry (NH4)2SO4. The retention of water on the dry (NH4)2SO4 particles
creates ammonium ion, which can promote the formation of high-molecular-weight (HMW)
products through multiphase reactions such as hydration and polymerization of aldehydes form
from OH-initiated oxidation of benzene.

Keywords Benzene . Secondary organic aerosol . Ammonium sulfate . Seed aerosol . Laser
desorption/ionization . Agingmechanism

1 Introduction

Secondary organic aerosol (SOA) particles formed from photooxidation of aromatic hydrocar-
bons emitted from motor vehicles can undergo continuous physical and chemical processing,
commonly called aging (Robinson et al. 2007; Rudich et al. 2007; Andreae 2009; Pillar et al.
2014). Aging processes comprise oxidation reactions of semivolatile precursors in the gas phase,
multiphase reactions (Robinson et al. 2007; Rudich et al. 2007; Andreae 2009), and reactions at
multiphase interfaces, e.g., aging of polyphenols in aromatic SOA can continue mediated by a
mechanism of ozonolysis at air–water interfaces. This pathway can contribute precursors to
aqueous SOA formation, converting aromatic hydrocarbons into polyfunctional species widely
found in tropospheric aerosols (Pillar et al. 2014). The aged SOA particles have greater
hygroscopicity, toxicity, and optical absorption ability (Ng et al. 2011; Tritscher et al. 2011;
Sareen et al. 2013), and are believed to affect climate (Lee et al. 2014), visibility (Baltensperger
2010; Singh and Dey 2012) and human health (Topinka et al. 2011; Sorooshian et al. 2012). The
aging process of aromatic SOA is currently a focus of research interest in the field of atmospheric
chemistry. Loza et al. (2012) have presented the formation and aging of SOA from the
photooxidation of m-xylene under low-NOx conditions (below 2 ppb detection of the instru-
ment) and in the presence of either neutral or acidic ammonium sulfate seed particles in
laboratory chambers, and observed the O/C ratio of the aged products increased continuously
starting after 5 h of irradiation until the 36 h termination. Sato et al. (2012) and Huang et al.
(2014) have identified the nitrophenol, oxocarboxylic acids and epoxide products of the aged
benzene SOA with liquid chromatography/time-of-flight mass spectrometry (LC/MS) and
aerosol laser time-of-flight mass spectrometer (ALTOFMS), respectively. Recently, The effects
of NH3 and NOx on the optical properties of aromatic aged SOAwere investigated by Updyke
et al. (2012) and Nakayama et al. (2013) using UV-Vis absorption spectra and cavity ring-down
spectroscopy (CRDS), respectively, and the light-absorbing ability of the aged SOAwas found to
enhance with increasing initial NH3 and NOx concentrations.

As is known to all, there are a variety of fine inorganic aerosol particles in the atmosphere.
These particles have relatively large surface area, can be used as seed aerosol (Jang et al. 2002;
Wang et al. 2011). However, most of these aging studies mention above were performed
without or with relatively low concentrations of inorganic seed aerosols. Ammonium sulfate
((NH4)2SO4), which formed by the reaction of ammonia with sulphuric acid is one of the most
common inorganic seed aerosols in the atmosphere (Robinson et al. 2013). Previous smog
chamber studies were focused on the effect of dry (NH4)2SO4 seed aerosol on the aromatic
SOAyield. Cocker et al. (2001) found that low mass concentration (about 0.2 ~ 40 μg m−3) of
dry (NH4)2SO4 seed aerosol had no significant effect on aromatic SOA formation. In contrast,
Lu et al. (2009), who have shown that SOA formation from photooxdation of m-xylene was
enhanced in the presence of highmass concentration (about 40 ~ 100μgm−3) of dry (NH4)2SO4
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seed aerosol. Their result implies that the dry (NH4)2SO4 seed aerosol has no (or nondetectable)
effect on SOA formation when its concentration is lower than a threshold (this threshold is
between 7 and 11 cm2 m−3), whereas the SOAyield increases above a concentration threshold.
Recently, Chhabra et al. (2010); Qi et al. (2010) and Loza et al. (2012) have measured the aged
m-xylene SOA in the presence of dry (NH4)2SO4 seed aerosol using an aerodyne high-
resolution aerosol mass spectrometer, and observed the O/C ratio of the aged products increased
corresponding to volatility decreased and hydrophilicity increased. Nevertheless, the detail
chemical compositions of the aged aromatic SOAwere not reported in these aging studies. Also,
previous aging studies were conducted with low concentrations of dry (NH4)2SO4 seed aerosol,
no investigations on the effects on the chemical composition of the aged aromatic SOA in the
presence of high mass concentration of (NH4)2SO4 seed aerosol are performed up to now.

With the rapid development of China’s economy, the extensive use of coal and oil, makes
urban atmosphere contains a high concentration of SO2 (Schreier et al. 2015). Meanwhile,
China is a large agricultural country, agricultural production and livestock breeding industry
emit lots of ammonia per year, resulting in high concentration of ammonium sulfate in urban
atmosphere (Tong and Xu 2012). For example, the annual average concentration of aerosol
particles in Beijing is about 100 μg m−3, and during haze days it may exceed 300 μg m−3, one-
third of which are inorganic ionic species (mainly SO4

2−, NO3
− and NH4

+) (He et al. 2001;
Wang et al. 2006). Our group has used scanning mobility particle sizer and ALTOFMS to
study the effects of inorganic seed aerosols on the growth and chemical composition of SOA
formed from OH-initiated oxidation of toluene. Our results revealed that inorganic seed
aerosols would promote growth rates of SOA formation at the start of the reaction and inhibits
its formation rate with prolonging the reaction time, while the products of SOA is affected
by inorganic seed aerosol through multiphase reaction (Huang et al. 2013a). Recently,
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. 2013b). And the
latest study demonstrate that FCM allowed a clear identification of eleven distinct chemical
particle classes in the aged benzene SOA, showing that the real-time ALTOFMS detection
approach coupled with the FCM data processing algorithm can make cluster analysis of
SOA successfully (Huang et al. 2014). Based on this, the effects of low (about 10 μg m−3)
and high (about 100 μg m−3) mass concentrations of dry (NH4)2SO4 seed aerosol on the
aged benzene SOA were qualitatively studied using ALTOFMS coupled with FCM algo-
rithm in this study. The chemical composition of the aged benzene SOA in the presence of dry
(NH4)2SO4 seed aerosol were obtained, and the possible reaction mechanisms leading to these
aged products were also discussed.

2 Experimental

2.1 Material

Benzene (>99 %) was bought from Sigma-Aldrich Chemistry 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. 2013a; Huang et al. 2014; Huang et al. 2015), and preserved in liquid
nitrogen until use.
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2.2 Generation of dry (NH4)2SO4 seed aerosols

As shown in Fig. 1, dry (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
atomize (TSI Inc. Model 3076), and subsequently passed through a diffusion dryer (TSI Inc.
Model 3062) (with exiting RH lower than 20%), an 85Kr charge neutralizer (TSI Inc.,Model 3077)
(excluding charges into neutral aerosol) before entering smog chamber. The generated dry
(NH4)2SO4 seed aerosol was 10,000–50,000 particles cm−3 with mean diameter of about
100 nm, and the concentration of the (NH4)2SO4 seed aerosol in the smog chamber is about 10
or 100 μg m−3 by controlling the flow rate of zero air.

2.3 Benzene SOA aging in the presence of dry (NH4)2SO4 seed aerosol

The formation and aging benzene SOA were performed using UV-irradiation of benzene/
CH3ONO /NO/air mixtures in a smog chamber, the overall system components have been
presented in detail previously (Huang et al. 2014; Huang et al. 2015). In all experiments, the
temperature and relative humidity (RH) in the smog chamber were measured continuously by
temperature and humidity sensor (Vaisala HMT333, Finland). The temperature and relative
humidity in chamber was maintained at about 25 ± 4 °C and 15 ± 2 %, respectively. After
flushing the smog chamber and obtaining the desired dry (NH4)2SO4 seed aerosol, benzene
was sampled by a micro liter injector and delivered to the chamber by sending air through a
small heated glass tube. NO and CH3ONO were expanded into the evacuated manifold to the
desired pressure through Teflon lines, and introduced into the smog chamber, mixed with the
pre-existing purified air and dry (NH4)2SO4 seed aerosol. The chamber was filled with the
purified air to 850 L full volume. The concentrations of benzene and methyl nitrate were
monitored by GC-FID (Agilent 7820 A, USA) and ultraviolet–visible spectroscopy of Chernin
cell system, respectively. Nitric oxide and nitrogen dioxide were measured by NO-NO2-NOx

analyzer (TEI model 42i). The mass concentration and mean diameter of seed aerosols were
measured by scanning mobility particle sizer (SMPS; TSI 3080 L DMA, TSI 3775 CPC). The
concentration of benzene, CH3ONO, NO and (NH4)2SO4 seed aerosol is 2.0 ppm, 20.0 ppm,
2.0 ppm, and about 10 (or 100) μg m−3, respectively. Then, 4 black lamps were turned on and
the photooxidation reaction was initiated. OH radicals are generated by the irradiation of
methyl nitrite with black lampswhosewavelength in range of 300–400 nm (Atkinson et al. 1981).
In each experiment, the OH concentration reached amaximum immediately after turning on black
lamps and then decreased with time, but the OH concentration maintained >0.5 × 106 molecules
cm−3 during irradiation, which is slightly less than the average global atmospheric concentration

Zero AirTSI 3074B Filter

TSI 3076 Atomizer TSI 3062 Dryer

TSI 3077 Neutralizers

P=2.5Bar

Salt Solution

P<2.5Bar

Mass Flow Mete

1.0L/min

Smog 

Chamber

R.H.<20%

Filter

Fig. 1 Schematic of the (NH4)2SO4 seed aerosol generating system
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of OH radicals of about 106 molecules cm−3 (Prinn et al. 2001). This indicates that particles and
vapors in the reaction chamber were continuously oxidized during irradiation (Huang et al. 2014;
Huang et al. 2015). After 24 h photooxidation, the aged benzene SOA particles are analyzed
continuously using the ALTOFMS connected directly to the chamber using a Teflon line. The
obtained aged particles were Fuzzy c-means algorithm (FCM) (Bezdek 1981) clustered based on
their individual mass spectrum as described in detail in our previous studies (Huang et al. 2013b;
Huang et al. 2014; Huang et al. 2015).

3 Results and discussion

The time series of the benzene and SOA mass concentrations (raw and corrected for wall-loss
correction) measured are shown in Fig. 2. A density of 1.23 g/cm3, calculated by comparing
the electronic mobility diameter from the SMPS and vacuum aerodynamic diameter from
ALFOFMS, was employed to estimate SOA mass concentrations (Huang et al. 2013a). For the
seeded experiments, SOA mass concentrations were obtained by subtracting the initial seed
aerosol mass concentrations. SOA mass is 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. 2013a). As shown in Fig. 2, less than 30 min after turning on blank lamps, a
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 h, where
no benzene was left in the chamber according to GC data. Before 6 h in our study, there were
plenty of benzene and OH radicals to generate much more SOA particles than they were lost,
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Fig. 2 The benzene and SOA mass concentrations (raw and corrected for wall–loss correction) measured as a
function of irradiation time in the presence of (a) no seed, (b) 10 μg m−3(NH4)2SO4 and (c) 100 μgm

−3 (NH4)2SO4

J Atmos Chem (2016) 73:329–344 333



where we observed the mass increase. While afterwards, there was not benzene available in
smog chamber, SOA aging processes occur, and the aged benzene SOA particles deposited
onto the chamber wall due to turbulence, Brownian diffusion and gravitational sedimentation
of particles (Bowman et al. 1997), causing the aerosol losses. The SOA mass concentration
profile in the presence of 10 μg m−3of dry (NH4)2SO4 seed aerosol is very similar to that the
unseeded experiment (the corrected maximum mass concentration of SOA is 80 μg m−3for
these two experiments) indicating that low concentration of dry (NH4)2SO4 seed aerosol does
not change the gas/particle partitioning and SOA formation. However, the presence of
100 μg m−3of dry (NH4)2SO4 seed aerosol increases the mass concentration of SOA.
According to Fig. 2(c), the corrected maximum mass concentration of SOA in the presence
of high concentration of dry (NH4)2SO4 seed aerosol is 120 μg m−3, higher than those
observed for the unseeded or low concentration seed aerosol experiments. The effects on
the chemical composition of the aged benzene SOA in the presence of dry (NH4)2SO4 seed
aerosol are discussed in the following sections.

3.1 The influence of low concentration of dry (NH4)2SO4 on the aged benzene SOA

As shown in our previous studies (Huang et al. 2007; Huang et al. 2013b; Huang et al. 2014),
the particle’s mass spectrum is only acquired from the one whose diameter has been measured
by ALTOFMS. 5 812 single particle mass spectra of the aged benzene SOA particles were
obtained in the presence of low mass concentration (about 10 μg m−3) of (NH4)2SO4 seed
aerosol. After setting the FCM initial clustering number (n) from 2 to 30, fuzzy degrees
parameter (m) to 2, the biggest cycles for 500, and the precision of the clustering to 0.1, the
Davies-Bouldin index displayed in Fig. 3(a) has the minimum value at n = 12, suggesting these
aged SOA particles can be clustered into 12 classes. Figure 4 exhibits the determined spectra
patterns as the cluster centers of these twelve classes. The spectra patterns are displayed in
analogy to real time-of-flight mass spectra of aromatic SOA particles obtained in our previous
study (Huang et al. 2007; Huang et al. 2013b) as positive ion Bsignals^, with the signal
intensities representing the vector components of the cluster center.

The mass spectrum of class 1 contains the only peak of m/z 18 (NH4
+), corresponding to

the (NH4)2SO4 particles (Huang et al. 2013a). The spectra patterns of the second to 12th class
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Fig. 3 The clustering number was evaluated using Daviese-Bouldin index for the aged benzene SOA particles in
the presence of (a) 10 μg m−3(NH4)2SO4 and (b) 100 μg m−3 (NH4)2SO4
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were consistent with the mass spectra of the aged products measured in our previous benzene
SOA aged experiment without (NH4)2SO4 seed aerosol (Huang et al. 2014). The molecular ion
peak, possible cleavage fragment peaks and speculated molecular structure of the aged
products were listed in Table 1. It can be seen from the Table 1 that nitrophenol, dinitrophenol,
nitrocatechol, dinitrocatechol, 6-oxo-2,4-hexadienoic acid, 2,4-hexadiendioic acid, 2,3-dihydroxy-
6-oxo-4-hexenoic acid, 2,3-epoxy-4-hexendioic acid, 2,3-epoxy-4,5-dihydroxy-hexanedioic acid

Fig. 4 Representative spectra patterns of the aged benzene SOA particles in the presence of 10 μg m−3 dry
(NH4)2SO4 determined by FCM
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and high-molecular-weight (HMW) components were also the predominant products in the aged
benzene SOA particles. Phenol, 6-oxo-2,4-hexadienal, and 2,3-epoxy- 6-oxo-4-hexenal are
observed to be the major products formed from OH-initiated oxidation of benzene (Martín-
Reviejo and Wirtz 2005; Borrása and Tortajada-Genarob 2012; Wang et al. 2013). These
products could condense on the existing (NH4)2SO4 seed aerosol to form SOA. As shown
by Sato et al. (2012) and Huang et al. (2014), benzene SOA aging proceeds through the
oxidation of the internal double bond of ring-opened products and oxocarboxylic acids and
epoxide products formation resulting from the OH-initiated oxidation of the carbonyl group.
Organic nitrogen-containing products formation from phenol is initiated by reactions with
OH radicals, and react with NO2 subsequently. These results are consistent with the findings
of Cocker et al. (2001) and Lu et al. (2009), suggesting that low concentration of dry
(NH4)2SO4 acts just as the nucleation or condensation center of the SOA, and do not affect
the chemical composition of SOA.

Table 1 Molecular structure of the speculated particulate products of the aged benzene SOA in the presence of
low concentration of dry (NH4)2SO4 seed aerosol

Cluster

Number

Observed

M+ ion 

Possible fragment ions (m/z) Speculated

structure

Ref. &

comment

2 139 122(C6H3NO2
+); 109(C6H5O2

+); 93(C6H5O+);

77 (C6H5
+); 65 (C5H5

+); 52 (C4H4
+);46 (NO2

+)

OH

NO2

Sato et al.(2012)

Huang et al.(2014)

3 155 138 (C6H4NO3
+); 122(C6H3NO2

+); 109 (C6H5O2
+);

92 (C6H4O+); 77 (C6H5
+); 65 (C5H5

+); 52 (C4H4
+); 

46 (NO2
+)

OH

OH

NO2

Sato et al.(2012)

Huang et al.(2014)

4 184 154 (C6H4NO4
+); 121 (C6H3NO2

+); 107 (C6H3O2
+);

92 (C6H4O+); 77 (C6H5
+); 52 (C4H4

+);46 (NO2
+);

OH

NO2

NO2

Sato et al.(2012)

Huang et al.(2014)

5 200 154 (C6H4NO4
+); 108 (C6H4O2

+); 91(C6H3O+)

77 (C6H5
+); 65 (C5H5

+); 52 (C4H4
+); 46 (NO2

+); 

39 (C3H3
+); 18 (H2O+)

OH

OH

NO2

O2N

Sato et al.(2012)

Huang et al.(2014)

6 126 82 (C5H6O+); 53 (C4H5
+); 44 (CO2

+); 39 (C3H3
+);

18 (H2O+)

HOOC
CHO Sato et al.(2012)

Huang et al.(2014)

7 142 125 (C6H5O3
+); 108 (C6H4O2

+); 54 (C4H6
+); 

44 (CO2
+)

HOOC
COOH Sato et al.(2012)

Huang et al.(2014)

8 160 143(C6O4H7
+); 131(C5O4H7

+); 116(C4O4H4
+); 

44(CO2
+)

HOOC
CHO

OH

OH

Sato et al.(2012)

Huang et al.(2014)

9 158 101 (C4H4O3
+); 87 (C3H3O3

+); 57 (C2HO2
+);

44 (CO2
+)

HOOC
COOH

O

Sato et al.(2012)

Huang et al.(2014)

10 192 158 (C6H6O5
+); 148(C5H8O5

+); 141(C6H5O4
+);

124 (C6H4O3
+); 105 (C3H5O4

+); 44 (CO2
+)

HOOC
CHO

O

OH

OH

Sato et al.(2012)

Huang et al.(2014)
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3.2 The influence of high concentration of dry (NH4)2SO4 on the aged benzene SOA

6 145 single particle mass spectra of the aged benzene SOA particles were obtained in the
presence of high mass concentration (about 100 μg m−3) of dry (NH4)2SO4 seed aerosol, and
17 classes displayed in Fig. 3(b) were obtained by FCM clustering analysis as described above.
From Fig. 5 it can be seen that the mass spectrum of these 17 clusters is different from that of
our previously obtained aged benzene SOA in the presence of low mass concentration of dry
(NH4)2SO4 seed aerosol, indicating that new aged products are formed. The first class was
attributed to (NH4)2SO4 particles, as its mass spectrum contains the only peak of m/z 18
(NH4

+) (Huang et al. 2013a). The spectra patterns of the second and third class were consistent
with the mass spectra of glyxoal and 6-oxo-2,4-hexadienal which were measured in our
previous photooxidation experiment of aromatic compounds (Huang et al. 2007; Huang
et al. 2013b), suggesting these two compounds existed in the aged benzene SOA particles.
The mass spectrum of 4th to 12th class have characteristic cleavage fragment peaks m/z 41
(C2H3N

+) and m/z 67 (C3H3N2
+), indicating that these clusters belong to the imidazole

compound (Yu et al. 2011; Kampf et al. 2012). Table 2 lists the molecular ion peak, possible
cleavage fragment peaks and speculated molecular structure of imidazole products.

The clustering results show that high mass concentration of dry (NH4)2SO4 seed aerosol
can promote the formation of imidazole compounds in the aged benzene SOA. According to
experimental results of Meyer et al. (2008), dry (NH4)2SO4 seed aerosol can form ammonium
ion (NH4

+) by absorbing water. Ammonium ion is a weak acid with dissociation constant Ka of
5.6 × 10−10 (pKa = 9.25), it is very difficult to be hydrolyzed to generate hydronium (NH4

+ +
H2O→NH3 +H3O

+). In fact, any hydronium available through this equilibrium should
actually come from H2SO4 or HNH4SO4 (Rincón et al. 2009; Rincón et al. 2010). 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 et al. 2012). Smog chamber studies have indicated that glyoxal is the major
aldehyde products formed from OH-initiated oxidation of benzene (Martín-Reviejo and Wirtz
2005; Borrása and Tortajada-Genarob 2012; Wang et al. 2013), the generated glyxoal could
condense on the existing dry (NH4)2SO4 seed aerosol. As shown in Fig. 6, ammonium ion acts
as in two ways: 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 be hydrolyzed by diol product (2) and
tetrol product (3) formation, respectively, as in the classical acid-catalyzed mechanism
(Nozière et al. 2009; Yu et al. 2011; Kampf et al. 2012).

Diimine (1) reacts with tetrol product (3) to produce (4) via the dehydration reaction of
hydrogen atom of amido of (1) and the OH of (3). (4) is unstable, the lone pair electrons of N
atom could nucleophilic attack the C atom, leading to the formation of (5) after dehydration.
(5) produces formic acid and 1 H-imidazole (I) (6) through electronic rearrangement and
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 1 H-imidazole (HGI) (7) and
hydrated glyoxal dimer substituted imidazole (HGGI) (8) after dehydration, respectively (Yu
et al. 2011; Kampf et al. 2012). In addition, (5) can also occur electron rearrangement shown in
Fig. 6 to form the hydrated 1 H-imidazole-2-carbaldehyde (HIC) (9). (9) can be dehydrated to
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generate 1 H-imidazole-2-carbaldehyde (IC) (10), or continue to react with (2) to form N-
glyoxal substituted hydrated 1 H-imidazole-2-carbaldehyde (GHIC) (11) after dehydration,
(11) further hydration to get hydrated mono glyoxal substituted hydrated 1 H-imidazole-2-
carboxaldehyde (HGHIC) (12) (Yu et al. 2011; Kampf et al. 2012). According to the theory of
Kampf et al. (2012), hydrated 1 H-imidazole-2-carbaldehyde (9) can also react with (5) to form

Fig. 5 Representative spectra patterns of the aged benzene SOA particles in the presence of 100 μg m−3 dry
(NH4)2SO4 determined by FCM
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2,2′-biimidazole (BI) (13) after dehydration, and BI further hydration with (2) to generate
mono glyoxal substituted 2,2′-biimidazole (GBI) (14) (Kampf et al. 2012).

As shown in Fig. 5, the mass spectra of class 13 to class 17 has many mass spectra peaks
among m/z 0–600, and the 17th class with maximum m/z up to 600, indicating that HMW
products are present in the aged benzene SOA particles in the presence of high concentration of
(NH4)2SO4 seed aerosol. As mentioned before, the retention of water on the (NH4)2SO4

particles creating ammonium ion, which can promote the formation of HMW products through
multiphase reactions such as hydration and polymerization of aldehydes form fromOH-initiated

Table 2 Molecular structure of the speculated particulate products of the aged benzene SOA in the presence of
high concentration of dry (NH4)2SO4 seed aerosol

Cluster

Number

Observed

M+ ion 

Possible fragment ions (m/z) Speculated

structure

Ref. &

comment

2 57 57(HCOCO+)
HC CH

OO Huang et al.(2013b)

3 110 81 (C5H5O+); 29 (HCO+) OHC
CHO Huang et al.(2007)

Huang et al.(2013b)

4 68 41(C2H3N+) ; 28(CH2N+)
N

N

H

Yu et al.(2011)

Kampf et al.(2012)

5 96 67(C3H3N2
+); 41(C2H3N+); 29 (HCO+)

N

N

H

O Yu et al.(2011)

Kampf et al.(2012)

6 114 78 (C4H2N2
+); 67(C3H3N2

+);41(C2H3N+); 

28(CH2N+); 18(H2O+)

N

N

H

OH

OH

Yu et al.(2011)

Kampf et al.(2012)

7 134 67(C3H3N2
+);41(C2H3N+)

N

N

H
N

H

N
Yu et al.(2011)

Kampf et al.(2012)

8 144 108(C5H4N2O+); 90(C5H2N2
+);77(C2H5O3

+); 

67(C3H3N2
+);41(C2NH3

+); 28(CNH2
+); 18(H2O+)

N

N

HO

OH

OH

Yu et al.(2011)

Kampf et al.(2012)

9 172 154(C6H6N2O3
+); 136(C6H4N2O2

+);105(C3H5O4
+);

67(C3H3N2
+); 41(C2NH3

+); 29(CHO+); 18(H2O+)

N

N

OH

O

OH

OH

Yu et al.(2011)

Kampf et al.(2012)

10 190 123(C3H7O5
+);67(C3H3N2

+);113(C4H5N2O2
+); 

77(C2H5O3
+); 41(C2NH3

+); 28(CH2N+); 18(H2O+)

N

N

OH

OH

OH

OH

HO

Yu et al.(2011)

Kampf et al.(2012)

11 192 163(C7H7N4O+); 133(C6H5N4
+); 

67(C3H3N2
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N

N

N

H

N

OH

O

Yu et al.(2011)

Kampf et al.(2012)
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+); 135(C4H7O5

+);117(C4H5O4
+);

67(C3H3N2
+);41(C2NH3

+)

N

N

O

O

OH

OH
HO

Yu et al.(2011)

Kampf et al.(2012)
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oxidation of benzene (Jang et al. 2002; Gross et al. 2006). As mentioned above, ammonium ion
acts as catalyst in the classical acid-catalyzed mechanism for the hydration of aldehydes.
Accordingly, in the pathway of this mechanism, aldehyde is protonated by the ammonium
ion, and the protonated aldehyde can undergo nucleophilic attack by H2O followed by loss of
H+ ion, giving the corresponding diol product, which can be hydrolyzed to form tetrol product
(Nozière et al. 2009). As shown in Fig. 7, the generated glyxoal could condense on the existing
(NH4)2SO4 seed aerosol, and be hydrated to form 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 five-membered 1,3-dioxalane rings 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). While (iv) has been observed in laboratory experiment
(Avzianova and Brooks 2013). The formed glyoxal trimer (iv) can continue to react with diol
products (i) to generate HMWproducts. Similarly, diol products (i) may react with tetrol product
(ii) to form (v) and (vi) after dehydration and cyclization. (vi) can continue to react with (i) to
generate HMW products. Similar to glyxoal, 6-oxo-2,4-hexadienal and 2,3-epoxy-6-oxo-4-
hexenal could be hydrated to form diol product (vii) and (viii), respectively. The cross-reacts of
(vii) and (viii) with (v) to produce (ix) and (x), respectively (Kalberer et al. 2004). (ix) and (x) can
continue to react with diol product (i) to generate various HMW products as outlined in Fig. 7.

3.3 Comparison with previous (NH4)2SO4 seed aerosol studies

Previous dry (NH4)2SO4 seed aerosol chamber studies were focused on the effect on aromatic
SOA formation. No enhancement in SOA formation due to the presence of low concentration
of dry (NH4)2SO4 seed aerosol was observed in experiments of Cocker et al. (2001). However,

Fig. 6 Proposed reaction mechanisms for the imidazole compounds formation in the aging of benzene SOA in
the presence of high concentration of (NH4)2SO4 seed aerosol
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Lu et al. (2009) recently found that m-xylene SOAyield was enhanced in the presence of high
concentration of (NH4)2SO4 seed aerosol. Lu et al. (2009) suggested that the thickness of
organic layer is playing an important role for SOA formation. With the same amount of SOA
generation, the seed surface concentration is approximately inversely proportional to the
thickness of organic layer. The thinner the organic layer is, the SOA formation enhancement
from the (NH4)2SO4 seed aerosol is more pronounced. It is worth noting that dry CaSO4 and
aqueous Ca(NO3)2 seed aerosols (neutral seed aerosols) do not have observable effect on m-
xylene SOA formation in experiments of Lu et al. (2009), whereas dry (NH4)2SO4 seed
aerosol increases m-xylene SOA yield, indicates that the unique ammonium ion may induce
and catalyze multiphase reactions. These are confirmed by Jang et al. (2002) and Cao and Jang
(2010), whose studies show acidic aerosol enhances SOA yields.

Based on the hypothesis above, the effects of the low and high concentration of dry
(NH4)2SO4 seed aerosol on the chemical composition of the aged benzene SOA can be
explained. The (NH4)2SO4 seed aerosol injected are dry crystalline, if they may form ammo-
nium ion depends on the water absorption of their surfaces. As proposed by Meyer et al.
(2008), dry crystalline (NH4)2SO4 seed aerosol can form ammonium ion (NH4

+) by absorbing
water. Thus, different from acidic aqueous seeds, the dry (NH4)2SO4 effect may just exist near
the outer surface of (NH4)2SO4 seed aerosol, and would be weakened by the increase of
organic material thickness. With the same amount of benzene SOA generation, low concen-
tration of (NH4)2SO4 seed aerosol surface covers a thick layer of organic compounds, which
causes (NH4)2SO4 seed aerosol can not generate ammonium ion. So, these (NH4)2SO4 seed
aerosols are just as the nucleation or condensation center of the SOA, and do not affect the
chemical composition of the aged SOA. However, high (NH4)2SO4 seed concentration enables a
thin organic layer, (NH4)2SO4 seed aerosol may produce ammonium ion under our experimental

Fig. 7 Proposed reaction mechanisms for HMW products formation in the aging of benzene SOA in the
presence of high concentration of dry (NH4)2SO4 seed aerosol
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conditions. Also, high (NH4)2SO4 concentration provides more reactive sites for multiphase
reactions. Thus, the (NH4)2SO4 seed aerosol induces the acid-catalyzed multiphase reactions,
such as hydration and polymerization of aldehydes form from OH-initiated oxidation of
benzene, and facilitates formation of imidazole compounds and HMW products as mentioned
above. Compared to the experiments of Lu et al. (2009), our work extended the photooxidation
time to 24 h, and the chemical compositions of the aged benzene SOA obtained by ALTOFMS
coupled with FCM clustering algorithm further strengthen the suggestion that the effect of dry
(NH4)2SO4 on aromatic SOA is found to be positively correlated with the concentration of
(NH4)2SO4, the aromatic SOA enhancement is achieved by multiphase reactions induced and
catalyzed by the ammonium ion of dry (NH4)2SO4 seed aerosol.

4 Conclusion and atmospheric implications

(NH4)2SO4 is the major inorganic aerosol species in urban atmosphere, which can play an
important role in aromatic SOA formation and aging. Our experimental results suggest that the
low concentration of dry (NH4)2SO4 acts just as the nucleation or condensation center of the
SOA, and do not affect the chemical composition of the aged benzene SOA. However, the high
concentration (about 100 μg m−3) of dry (NH4)2SO4 can promote the formation of imidazole
compounds and high-molecular-weight products in the aged benzene SOA. Although the
concentrations of benzene and NOx in our smog experiments are several orders of magnitude
higher than that in the ambient atmosphere, the effect of high concentrations of dry (NH4)2SO4

seed aerosol is still expected to be prevalent in the atmosphere since the atmospheric organic
aerosol mass loading is low, under which condition the incidence of dry (NH4)2SO4 effect
could be high. Studies (Yu et al. 2011; Kampf et al. 2012; Nakayama et al. 2013) have shown that
imidazole compounds and high-molecular-weight products can absorb solar radiation of
ultraviolet-visible effectively, resulting in the decreasing the visibility of air. The optical properties
of the aged aromatic SOA should be addressed in further experimental investigations.
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