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Abstract

The ammonium sulfate ((NH4)2SO4) seed aerosols commonly found in the Chinese urban atmosphere 
could affect the formation and aging of secondary organic aerosols (SOA). Aging of aromatic SOA is 
performed using UV-irradiation of 1,3,5-trimethylbenzene (135-TMB)/CH3ONO/NO/air mixtures with high 
concentrations (~100 μg/m3) of (NH4)2SO4 seeds in the laboratory chamber in this study. The particulate 
products of SOA were measured using an aerosol laser time-of-flight mass spectrometer (ALTOFMS) 
in real-time, and fuzzy c-means (FCM) was applied to the mass spectra organic species for clusters. 
Experimental results indicated that methylglyxoal, 2-methyl-4-oxo-2-pentenal, 4-methyl-1H-imidazole, 
4-methyl-imidazole-2-acetaldehyde, and other imidazole derivative compounds are the principal products 
in the aged particles. Imidazole compounds that can absorb solar radiation effectively were newly detected 
in the aged 135-TMB SOA with high concentrations of (NH4)2SO4 seed aerosols. These would provide new 
information for discussing the 135-TMB SOA aging mechanism.
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Introduction

Plants are important natural resources for human 
beings. They can reduce carbon dioxide in the atmosphere 
via photosynthesis [1-3]. The growth of plants is affected by 
serious environmental pollution. The effects of water stress 
[4], drought stress [5], and some hormone applications [6-
7] on germination and morphological characteristics of 
endangered plant species have been carried out by some 
researchers. Also, genetic improvement has been used to 
increase the variety and availability of plants [8]. However, 
plants can also emit isoprene, pinene, and other volatile 
organic compounds that are responsible for biogenic 
secondary organic aerosol (SOA) through photochemical 
reaction in the atmosphere [9]. Compared to biogenic 
SOA, anthropogenic SOA is formed from photooxidation 
of 1,3,5-trimethylbenzene (135-TMB) and other aromatic 
hydrocarbons emitted from human activities, such as 
motor vehicle exhaust and evaporation of solvents [10]. 

SOA can undergo continuous physical and chemical 
processing, commonly called aging [11, 12]. The chemical 
composition, volatility, and other properties change as 
SOA ages [13-14]. SOA aging has attracted great attention 
because of the impact of aged SOA on the visibility of 
air [15], the formation of clouds, climate change [16], 
and human health [17]. In recent years, aromatic SOA 
aging studies have focused on identifying the aged 
products [18-20]. Chemical composition of the aged SOA 
particles was often studied by using offline techniques. 
The aged particles were usually collected using filters or 
an impactor plate and samples were prepared by way of 
chemical extracts. Molecular composition of aging SOA 
particles could be analyzed by a gas chromatograph-mass 
spectrometer (GC-MS) or liquid chromatograph-mass 
spectrometer (LC-MS). Sato et al. [20] have measured 
the chemical structure of the aged benzene and 135-TMB 
SOA with LC-MS, and dialdehydes, caroboxylic acids, 
ketoaldehydes, ketocarboxylic acids, and oxo-carboxylic 
acids were detected. However, the offline measurements 
are time-consuming with low sampling resolution and 
tend to lead to sampling artifacts [21].

An aerosol laser time-of-flight mass spectrometer 
(ALTOFMS) is notable for its capability to simultaneously 
determine both the size and chemical composition of 
individual particles in real-time [22]. Unlike conventional 
aerosol instruments, during the ALTOFMS continuous 
operation, thousands of mass spectra are obtained per 
experiment. Manual analysis of mass spectra is not an 
efficient procedure. Therefore, various statistical methods 
have been applied to classify the mass spectra of individual 
particles according to their chemical composition [23]. One 
of the most useful methods is the fuzzy c-means (FCM) 
algorithm [24], which is an efficient way of intelligently 
finding clusters in data sets with large numbers of 
variables. Recently, FCM has been exploited to classify 
the mass spectra of particles achieved by ALTOFMS [25]. 
This technique has been successfully applied to study the 
aged 135-TMB SOA, allowing for a clear identification 
of 12 classes, indicating that ALTOFMS coupled with the 

FCM can successfully conduct cluster analysis of SOA 
[26].  

It is known that aromatic SOA formation and aging are 
related to preexisting particles [27]. Ammonium sulfate 
((NH4)2SO4), which is formed by the reaction of NH3 with 
H2SO4, is one of the most common inorganic seed aerosols 
in an urban atmosphere [28]. Previous (NH4)2SO4 seed 
studies emphasize the effect on SOA mass yields in the 
smog chamber. Wyche et al. [29] found that (NH4)2SO4 
seeds with low concentrations (0.2~40 μg m-3) had no 
detectable influence on mass yields of aromatic SOA. By 
contrast, mass yields of m-xylene SOA were clearly raised 
with high concentrations (40~100 μg m-3) of (NH4)2SO4 
seeds [30]. However, the detailed chemical compositions 
of aromatic SOA were not considered in these studies. Also, 
previous aromatic SOA aging experiments were carried 
out with or without low inorganic seeds. The influence of 
high seeds on the aged aromatic SOA composition has not  
been investigated at present. So, the chemical compo-
sitions of the aged 135-TMB SOA with high concentrations 
(~100 μg m-3) of (NH4)2SO4 seed aerosols were measured 
online using ALTOFMS coupled with FCM, and the 
reaction mechanisms of the aged products were also 
reported.

Material and Methods

Aerosol Laser Time-Of-Flight Mass Spectrometer 
(ALTOFMS)

A home-built ALTOFMS [25, 26] was used to analyze 
the size and chemical composition of the aged 135-TMB 
SOA particles. As shown in Fig. 1, ALTOFMS is composed 
of an inlet system with aerodynamic lens, a sizing system 
for particle detection and velocity/size determination, a 
chemical component analyzing system, and an FCM data 
processing system. Similar to commercial aerosol time-
of-flight mass spectrometers (TSI 3800-100), the transmit 
particles of ALTOFMS is in the range of from 200 to  

Fig. 1. Schematic diagram of the aerosol laser time-of-flight 
mass spectrometer (ALTOFMS). 
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3,000 nm, and mass range of 1-800 amu with full 
width at half maximum (FWHM) of 500. In the FCM 
data processing system, the particle mass spectra were 
calibrated using software that was compiled in Visual C++. 
Each revised spectrum is then converted to a normalized 
300-point vector, with each point representing one mass 
unit. The data vectors of all particles measured are written 
into a classification matrix. Each spectrum’s data was 
stored as one row in this matrix. Then the individual 
particles were clustered using the FCM as described in 
detail in our previous studies [25, 26].

135-TMB SOA Aging in the Presence 
of (NH4)2SO4 Seed Aerosols

(NH4)2SO4 seeds were produced by aspirating 
0.001 mol/L of salt solution through a constant output 
atomizer (TSI Inc. Model 3076, USA), and subsequently 
passed through a diffusion dryer (TSI Inc. Model 3062, 
USA) and an 85Kr charge neutralizer (TSI Inc., Model 
3054, USA) before entering the chamber [25]. The average 
diameter and concentration of the (NH4)2SO4 seeds in 
chamber was about 100 nm and 100 μg/m3, respectively.

Aging of 135-TMB SOA is performed using UV-
irradiation of 135-TMB/CH3ONO/NO/air mixtures in 
the absence and presence of ~100 μg m-3 of (NH4)2SO4 
seeds in an 850 L smog chamber [25, 26]. After flushing 
the smog chamber and obtaining the desired (NH4)2SO4 
seeds, 135-TMB, NO, and CH3ONO were introduced 
into the smog chamber, and then the chamber was filled 
with the purified air to full volume. The concentrations of  
135-TMB, CH3ONO, and NO are 2.0 ppm, 20.0 ppm, and 
2.0 ppm, respectively. GC-FID (Agilent 7820A, USA), an 
NO-NO2-NOx analyzer (TEI model 42i), an O3 analyzer 
(TEI model 49i), and scanning mobility particle sizer (TSI 
3080L DMA, TSI 3775 CPC) were used to measure the 
concentrations of 135-TMB, NOx, O3, and the volume 
concentration and mobility size distributions of SOA 
particles, respectively. To achieve longer OH exposure 
times, measurements with all instruments were made 
every 30 min. 

The average concentration of OH radicals formed 
from UV-irradiation of CH3ONO [31] got to maximum 

immediately after turning on four black lamps and  
then decreased with time for each experiment. However, 
the average concentration of OH radicals in chamber  
kept > 1×107 molecules cm-3 during photooxidation, 
indicating that the particles and vapors were continuously 
oxidized during irradiation [26]. After 24 hours of 
photooxidation, the aged 135-TMB SOA particles were 
continuously analyzed using the ALTOFMS in real-time 
and the produced mass spectra of the aged particles were 
clustered by FCM [25, 26].

Results and Discussion

The time series of the 135-TMB, NOx, O3, and SOA 
concentrations that were corrected for wall loss [32] 
are displayed in Fig. 2. The changes of NOx, 135-TMB, 
and O3 concentrations are nearly the same in these two 
experiments, indicating that the presence of high seeds 
has no obvious influence on O3 formation, showing a very 
good agreement with the findings reported by Lu et al. 
[30]. The corrected maximum SOA mass concentration 
with (NH4)2SO4 seeds is 150 μg m-3, higher than that in 
the unseeded experiment and showing that high 

Fig. 2. The 135-TMB, NOx, O3, and corrected SOA concentrations at different times with a) no seed and b) 100 μg m-3 (NH4)2SO4 seeds. 

Fig. 3.  The clustering number of the Davies-Bouldin index for 
the aged 135-TMB SOA particles with (NH4)2SO4 seeds. 
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concentrations of (NH4)2SO4 seeds enhance SOA 
formation. It also can be seen from Fig. 2 that the SOA 
mass concentration reached the maximum at about 6 
hours, and afterward SOA aging occurred for another 18 
hours. After 24-hour photooxidation, the SOA particles 
in the smog chamber are the aged SOA particles. The 
constituents of the aged 135-TMB SOA with (NH4)2SO4 
seeds are discussed in the following sections.

The Aged Products of 135-TMB SOA 
with (NH4)2SO4 Seeds

After setting the FCM initial parameters as mentioned in 
our previous studies [25-26], 6,564 pieces of mass spectra 

of the aged 135-TMB SOA particles with (NH4)2SO4 
seeds were processed to extract out clusters. As shown in  
Fig. 3, the Davies-Bouldin index has the minimum at  
n = 10, indicating that these mass spectra of the aged 
particles can be clustered into 10 classes. The mass spectra 
of these 10 clusters are different from those observed in 
our previously aged 135-TMB SOA study without seed 
aerosol [26], indicating that new particulate products 
were formed. The first class I has the only peak of  
m/z 18, which is representative of ammonium ion (NH4

+) 
[32, 33]. The patterns of classes II and III resemble the mass 
spectra of methylglyxoal and 2-methyl-4-oxo-2-pentenal, 
which were detected in our previous photooxidation 
experiment of 135-TMB [26]. Thus, these two compounds 

Fig. 4.  Spectra patterns of the aged 135-TMB SOA particles with (NH4)2SO4 seeds as determined by FCM. 
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were identified accordingly. Classes IV to X have specific 
fragment peaks at m/z 41 (C2H3N

+) and m/z 67 (C3H3N2
+), 

and we tentatively identified these clusters to be imidazole 
compounds [34-36]. The speculated molecular structures 
of these imidazole products are exhibited in Fig. 4. These 
seven chemical clusters are different from the major 
components in a similar 135-TMB SOA aging study 
conducted previously but without seeds, where aromatic 
organic acid, organic nitrogen-containing products, 
oxocarboxylic acid, and high-molecular-weight (HMW) 
compounds were measured [26].  

The reaction mechanisms of 
the aged products

The clustering results show that (NH4)2SO4 seeds can 
promote the formation of imidazole compounds in the 
aged 135-TMB SOA. As proposed by Meyer et al. [37], 
(NH4)2SO4 seeds can produce NH4

+ ion by absorbing 
water vapor, and the reaction of NH4

+ with methylglyoxal 
produces imidazole products [34-36]. The generated  
gas-phase methylglyoxal can condense on existing 
(NH4)2SO4 seeds. As shown in Fig. 5, similar to glyoxal, 
methylglyoxal is protonated by the NH4

+ and a subsequent 
attack by NH3 to form diimine (1). Also, the protonated 
methylglyoxal can hydrolysis to generate diol (2) and 

tetrol products (3). (1) can react with (3) to produce 
intermediate compound (4) after dehydration. (4) is 
unstable due to N atom attack to the C atom leads to the 
formation of compound (5), which generates HCOOH and 
4-methyl-1H-imidazole (6) via electronic rearrangement 
and fracture dehydration reaction. (6) can continue to react 
with (3) to form hydrated N-methylglyoxal substituted 
4-methyl-imidazole (7), and hydrated methylglyoxal dimer 
substituted 4-methyl-imidazole (8) after dehydration, 
respectively. In addition, electron rearrangement can 
occur in compound (5) as shown in Fig. 5 to form the 
hydrated 4-methyl-imidazole-2-acetaldehyde (9). (9) 
can be dehydrated to generate 4-methyl-imidazole-
2-acetaldehyde (10), or continue to react with (2) to 
form N-methylglyoxal substituted hydrated 4-methyl-
imidazole-2-acetaldehyde (11) after dehydration, (11) 
further hydration to produce mono methyl glyoxal 
substituted hydrated 4-methyl-imidazole-2-acetaldehyde 
(12) [34-36].

Comparison with Previous Inorganic 
Seeds Studies

Lu et al. [30] recently found that m-xylene SOA yield 
was enhanced with high concentrations of (NH4)2SO4 
seeds. They suggested that the thickness of the organic 

Fig. 5. The proposed reaction mechanisms of imidazole product generation via ammonium ion reactions with methylglyoxal. 
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layer plays an important role in SOA formation. With 
the same amount of SOA generation, the seed surface 
concentration is approximately inversely proportional 
to the thickness of the organic layer. The thinner the 
organic layer, the more pronounced the SOA formation 
enhancement from the (NH4)2SO4 seeds. Compared to the 
published inorganic seeds smog chamber experiments, 
our work characterized the aged 135-TMB SOA by 
high concentrations of (NH4)2SO4 seeds in real-time. 
The detailed chemical composition of the aged 135-
TMB SOA obtained by ALTOFMS coupled with FCM 
suggested that imidazole compounds are newly detected 
as the major aging products in the aged particles with high 
concentrations of (NH4)2SO4 seeds. Based on the hypothesis 
of Lu et al. [30], the effects of the high concentration of 
(NH4)2SO4 seeds on the chemical constituent of the aged 
135-TMB SOA can be explicated. With the same amount 
of 135-TMB SOA generation, higher (NH4)2SO4 seed 
aerosol concentration enables a thinner organic layer. 
Also, high (NH4)2SO4 seed aerosol concentration provides 
more reactive sites for heterogeneous reactions [27, 38]. 
Thus, high concentrations of (NH4)2SO4 seeds induce the 
heterogeneous reactions, and facilitate the formation of 
imidazole compounds as mentioned above. These would 
provide new information for discussing the 135-TMB 
SOA aging mechanism.

Conclusions

The SOA formation and aging are related to the 
inorganic seed aerosols whose surface area can play an 
important role in the adsorption and catalytic reactions. 
Our experimental results indicated that imidazole  
products are the main components in the aged 135-TMB 
SOA with ~ 100 μg/m3 of (NH4)2SO4 seeds, which are 
commonly found in Chinese urban atmosphere. Studies 
have shown that imidazole compounds can absorb  
solar radiation efficiently, resulting in the decrease of 
air visibility [18, 35-36]. The optical parameters of 
aged aromatic SOA should be considered in further 
investigations.
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