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• Inter-inhibited decay rates of AHs and
OAs was confirmed in the mixed system.

• Increased yield of main products from
AHs and OAs by inter-inhibited decay
rates

• Formaldehyde was a bridged product
connecting ozonolysis pathways of AHs
and OAs.

• Ozonolysis of AHs to benzaldehyde deter-
mined the SOA particle number concen-
tration.

• OAs ozonolysis toN,N-dimethylformamide
synergistic enhanced SOA yield.
and Equipment Engineering, Institute of Environmental Hea
E-mail address: chenjiangyao@gdut.edu.cn (J. Chen).

http://dx.doi.org/10.1016/j.scitotenv.2022.156872
Received 23 April 2022; Received in revised form 12
Available online 22 June 2022
0048-9697/© 2022 Elsevier B.V. All rights reserved.
A B S T R A C T
A R T I C L E I N F O
Editor: Pingqing Fu

Keywords:
Aromatic hydrocarbons
Organic amines
Bridged ozonolysis
Shared intermediate
Secondary organic aerosol
Ozonolysis of aromatic hydrocarbons (AHs) or organic amines (OAs) occurs via different transformation processes,
with varying rate constants and contributions to secondary organic aerosol (SOA) formation. However, to date no
data is available on the ozonolysis of mixtures of AHs and OAs. This study investigated the kinetics, products and
SOA yield from ozonolysis of mixture of trimethylamine with styrene, toluene or m-xylene. In the mixed system, the
decay rates of styrene and trimethylaminewere (1.32±0.26)×10−4 s−1 and (0.80±0.02)×10−4 s−1, decreasing
up to 36.5 % and 54.4 % compared with their respective individual systems. This inter-inhibition of decay rates in-
creased the yield of main products from styrene (i.e. benzaldehyde) by 23.5% and trimethylamine (i.e. nitromethane)
by 346.4 %. Ozonolysis of styrene or trimethylamine produced formaldehyde, which acted as a bridged product
connecting the ozonolysis pathways of these two substrates, altering the yields of all products. Ozonolysis of styrene
to benzaldehyde determined the increase of SOA particle number concentration (from9.5×105 to 1.9×106 particles
cm−3), while trimethylamine ozonolysis to N, N-dimethylformamide contributed to synergistic-effect-enhanced SOA
yield (from (64.3± 3.5)% to (68.1± 4.8)%). The findings provide a novel insight into the kinetics andmechanism of
ozonolysis, as well as the resulting SOA formation from mixtures of AHs and OAs, helping to comprehensively under-
stand the transformation and fate of organics in real atmospheric environments.
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1. Introduction

Aromatic hydrocarbons (AHs) and organic amines (OAs) are important
anthropogenic atmospheric pollutants. Their ambient concentrations are
about ppb-level (Qiu & Zhang, 2013; Han et al., 2019). The main sources
of AHs are gasoline vehicle exhaust emissions and the use of solvents
(Singh et al., 1985; Huang et al., 2011). After being released into the atmo-
sphere, AHs are vulnerable to attack by oxidants, generating low volatility
and semi-volatile organic compounds (Ge et al., 2011a; Fuselli et al., 1982;
Schade and Crutzen, 1995), with 20%–30%of volatile organic compounds
in the urban atmosphere originating from AHs (Chen et al., 2020; Lin et al.,
2021). Similarly, OAs are emitted into the atmosphere from a variety of
anthropogenic sources (Ge et al., 2011b; Bhat and Gogate, 2021), including
industry, combustion, agriculture and vehicular emissions (Fuselli et al.,
1982; Schade and Crutzen, 1995; Pierson and Brachaczek, 1983). OAs are
an important group of nitrogen-containing organics, which have a unique
capacity to neutralize acids and are actively involved in a series of atmo-
spheric reactions producing low volatility organic amine salts and organic
nitrogen (Ge et al., 2011a; Tong et al., 2020). The reaction of AHs or OAs
with atmospheric oxidants causes secondary pollution, posing a threat to
both environmental and human health (Chang et al., 2021). Therefore,
understanding the process of transformation of AHs and OAs is critical to
efficiently prevent the occurrence of secondary pollution and reduce the
negative effects caused by the generated reaction products.

The ozonolysis of OAs has been studied in various environmental
media. Lim et al. investigated the kinetics and reaction mechanisms of
ozone with ethylamine, diethylamine or triethylamine in water, reporting
that the reaction rate constant ranged from 9.3 × 104 to 2.2 × 106 M−1

s−1, with a high yield of nitroethane (Lim et al., 2019). Tuazon et al.
proposed the absolute rate constants of the gas-phase reactions of methyl-
amine, dimethylamine, trimethylamine, 2-(dimethylamino)ethanol and
tetramethylhydrazine with ozone, as well as the major reaction products
(Tuazon et al., 1994). Ge et al. identified seven ozonolysis products of
trimethylamine on inorganic salts, showing that the trimethylamine oxida-
tionmechanism in the particle phase was similar to that of gas phase condi-
tions (Ge et al., 2016). It was recently confirmed that the ozonolysis of
diethylamine or triethylamine resulted in high levels of secondary organic
aerosol (SOA) production (Tong et al., 2020). In comparison, a limited
amount of attention has been paid to the ozonolysis of AHs such as toluene
and xylene, due to their significantly slower reaction rates compared to
OAs. Although some AHs (e.g., styrene) exhibit ozonolysis reaction rate
constants relatively close to those of OAs, their ozonolysis products and
reaction mechanisms remain unclear, with the contributions of AHs and
OAs to SOA formation requiring systematic investigation (Coleman and
Ault, 2010; Tuazon et al., 1993).

In addition, the currently available studies have focused on the
ozonolysis of single AH or OA compounds (Bloss et al., 2005; Pereira
et al., 2015; Qi et al., 2020; Huang et al., 2017; Wang et al., 2020; Banu
et al., 2018; Murphy et al., 2007), despite their co-existence in real atmo-
spheric environments. Recently, Duporte et al. studied the ozonolysis of
α-pinene in the presence of dimethylamine, observing reactions between
dimethylamine and the ozonolysis products of α-pinene, resulting in
enhanced levels of SOA formation (Duporté et al., 2017; Duporté et al.,
2016). Although only product characterization data has been provided,
the results of these studies indicate that in comparison with AH or OA
individually, the ozonolysis of AH/OA mixtures may initiate a diverse
range of reactions that influence the reaction mechanism, kinetics and
products, as well as affecting SOA production. However, despite the gaps
in scientific knowledge on the transformation and fate of AHs and OAs in
real atmospheric environments, no relevant research has been reported
on this issue to date.

In the present study, the ozonolysis reaction kinetics, mechanism and
SOA formation from mixtures of AHs (toluene, m-xylene and styrene) and
OAs (trimethylamine) were systematically studied. Toluene, m-xylene and
styrene were selected as model AHs as they accounted for a majority of
atmospheric AHs (Banu et al., 2018; Li et al., 2014; Zhang et al., 2019;
2

Zhao et al., 2005), while trimethylamine was selected as the most common
and abundantOA in the atmosphere (Ge et al., 2011a). During the ozonolysis
reaction, on-line characterization of the selected AHs, OAs and their prod-
ucts was performed using proton transfer reaction-time-of-flight mass spec-
trometry (PTR-ToF-MS). The effect of ozonolysis of individual AHs and
OAs or mixtures of both were evaluated based on their decay rate, interme-
diate products, SOA particle number, mass concentrations and yield.
Measurements were performed using a scanning mobility particle sizer
(SMPS) at designated intervals, with the corresponding SOA yields com-
pared to establish the synergistic effect andmechanismof particle formation.

2. Materials and methods

2.1. Ozonolysis of AHs and OAs

A total of 19 experiments (E1 to E7e) were conducted in a 10 L Teflon
reactor fixed in a stainless-steel box (Table S1). In a typical experiment,
20 ppm of styrene and 20 ppm of trimethylamine standard gas were simul-
taneously injected into the reactor through a gas distribution system using
high-purity N2 for dilution at atmospheric pressure (Fig. S1), resulting in
initial concentrations of 800 ppb styrene and 800 ppb trimethylamine. A
custom-made ozone generator was used for the photolysis of dry air and
the production of O3 (Tong et al., 2020), which was then introduced into
the reactor to achieve an initial O3 concentration of approx. 1350 ppb
and trigger the ozonolysis reaction. The wall loss of organics and particles
occurred within an acceptable range based on a comparison of the results
of this studywith previously reported results (Luo et al., 2020).More exper-
imental information was given in the Supporting Information (SI).

2.2. On-line analysis of substrates and products

The real-time measurement of AHs, OAs and their ozonolysis products
was performed using a PTR-ToF-MS 1000 (Ionicon Analytik Inc., Austria),
with this technique having been widely used for the on-line investigation
of atmospheric pollution profiles and volatile organic compound oxidation
reactions (Han et al., 2019; Tong et al., 2020; Luo et al., 2021), due to its
high sensitivity and low detection limit. Protonated water (H3O+) was se-
lected as the reagent ion and mass spectrometric data was collected every
5 s. Gaseous compounds with a higher proton affinity than H2Owere quan-
titatively and qualitativelymeasured (Yuan et al., 2017; Graus et al., 2010).
PTR-MS Viewer was used to analyze the substrates and oxidation products
with m/z ranging from 18 to 240. The instrument was calibrated prior to
each measurement and the concentration of organics was corrected using
a blank sample. A detailed description of the PTR-ToF-MS technique and
the product yield calculation method were given in SI. During the reaction,
the concentrations of NOx and O3 were monitored using a NOx analyzer
(Model 42i, Thermo Scientific Inc., USA) and an ozone monitor (Model
106-L, 2B technologies Inc., USA), respectively.

2.3. SOA detection

The concentration and size distribution of SOA were measured using a
SMPS (TSI, 3938, USA). The sheath and aerosol sampling flows were 3.0
and 0.30 L min−1, respectively. The measured SOA diameter range was
13.8 to 723.4 nm, with a scan time of 180 s. The SOA content was deter-
mined after 20, 40 and 60 min of reaction, with the formulas used to calcu-
late the SOA yield and the relative contribution (RC) of individual SOA
species to the total SOA yield shown in the SI (Zhang et al., 2019; Borrás
and Tortajada-Genaro, 2012; Odum et al., 1996).

3. Results and discussion

3.1. Ozonolysis kinetics of AHs and OAs

Fig. S2 depicted the linear variation of ln(C/C0) as a function of time
during the ozonolysis of toluene, m-xylene or styrene at initial concentration
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of 800 ppb, with the slope representing the rate of decay, while the greater
absolute value of the slope indicated the greater decay rate. The decay rates
of toluene, m-xylene and styrene were calculated to be (0.12 ± 0.03) ×
10−4, (0.11± 0.04)× 10−4 and (2.08± 0.15)× 10−4 s−1, respectively,
showing that styrene displayed the fastest ozonolysis rate. When 200 ppb
trimethylamine was mixed, the decay rates of toluene, m-xylene and
styrene changed to (0.09 ± 0.02) × 10−4, (0.18 ± 0.09) × 10−4 and
(1.67 ± 0.19) × 10−4 s−1, respectively. The presence of trimethylamine
induced a slight effect on the decay rates of toluene and m-xylene, while
significantly decreasing the decay rate of styrene. Furthermore, styrene
exhibited a greater reduction in concentration than the other two AHs in
the mixed systems (Figs. S3 and S4). The decay rate of 200 ppb
trimethylamine was (2.14 ± 0.49) × 10−4 s−1, decreasing to (1.26 ±
0.03)×10−4, (1.85±0.05)×10−4 or (1.11±0.14)×10−4 s−1 during
ozonolysis in the presence of toluene, m-xylene or styrene, respectively. The
presence of AHs (toluene, m-xylene and styrene) inhibited the ozonolysis
rate of trimethylamine, with styrene showing the highest level of inhibition.

For toluene and m-xylene, previous studies have reported that their
reaction rate constants with O3 were (1.5–120) × 10−22 and (6–50) ×
10−22 cm3 molecule−1 s−1, respectively (Lee and Wexler, 2013; Atkinson
and Carter, 1984). The ozonolysis of these two AHs were not considered
to be important in atmospheric transformation, as their reaction rate
constantswere below 10−20 cm3molecule−1 s−1. Consistentwith previous
results, relatively slow and stable ozonolysis decay rates were obtained in
the present study for both toluene and m-xylene with or without the
absence of trimethylamine. However, the ozonolysis decay rate of
trimethylamine alone was higher than that when it mixed with toluene or
m-xylene (Fig. S5). Therefore, although the ozonolysis decay rates of
some AHs which were not significant overall in the atmospheric environ-
ment, their effect on the ozonolysis decay rates of other organic compounds
(e.g., OAs) should not be ignored.

The styrene and trimethylamine decay rates in the mixed system were
further investigated. The ozonolysis of 50 to 800 ppb trimethylamine
decreased its decay rate from (2.36 ± 0.24) × 10−4 to (1.34 ± 0.03) ×
10−4 s−1 (Fig. 1). In contrast, the ozonolysis of a mixture of 50 ppb
trimethylamine and 800 ppb styrene increased the trimethylamine decay
rate to (2.90 ± 0.23) × 10−4 s−1, but the decay rate of styrene almost
unchanged ((2.06 ± 0.30) × 10−4 s−1). The presence of low concentra-
tion of trimethylamine did not influence the kinetics of styrene ozonolysis
when styrenewas at high concentration, while styrene significantly acceler-
ated the ozonation of trimethylamine. Increasing the concentration of
trimethylamine to 100 ppb in the mixed system led to the decay rates of
trimethylamine ((1.89 ± 0.35) × 10−4 s−1) and styrene ((2.14 ± 0.36)
× 10−4 s−1) being similar to their corresponding individual systems.
However, in the mixed system the trimethylamine decay rate significantly
decreased to (1.11 ± 0.14) × 10−4 and (0.65 ± 0.15) × 10−4 s−1 with
0/05
S T TS
 1

00
/0

TS
 2

00
/0

TS
 4

00
/0

TS
 8

00
/0

TS
 5

0/
80

0

TS
 1

00
/8

00

0.5

1.0

1.5

2.0

2.5

3.0

3.5
TMA (

etar
yace

D
(×

10
-4
 s

-1
)

TMA (Single)
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increasing trimethylamine concentrations to 200 and 800 ppb (Figs. 1
and S6). Similarly, the decay rates of styrene decreased to (1.67 ±
0.19)× 10−4 and (1.32±0.26)× 10−4 s−1 under the same reaction con-
ditions (Fig. 1). In themixed system, the decay rates of both trimethylamine
and styrene were significantly lower than their corresponding individual
decay rates during ozonolysis, indicating inter-inhibition of ozonolysis
between trimethylamine and styrene in the mixed system.

Overall, inter-inhibition of ozonolysis of AHs and OAs mixture
occurred, resulting in a decrease in their decay rate. Comparatively, AHs
induced a higher level of inhibition of the OAs decay rate, with styrene
exerting the greatest inhibitory effect. Moreover, with increasing concen-
trations of OAs in the reaction mixture, the decay rate of OAs exhibited a
trend of increasing initially and then decreasing, while AHs remained
unchanged initially and then decreased. This inter-inhibition of the decay
rates of AHs and OAs might affect the formation of products and therefore
product formation was further studied during the ozonolysis of AHs and
OAs in both individual and mixed systems.

3.2. Yield of gaseous product from the ozonolysis of AHs and OAs

No gaseous products were detected during the ozonolysis of toluene or
m-xylene, irrespective of the presence or absence of trimethylamine
(Figs. S7 and S8), probably due to the low concentration intermedi-
ates being below the PTR-ToF-MS detection limit. The ozonolysis of
trimethylamine, individually or in amixture with toluene or m-xylene, gen-
erated six common gaseous products, including m31 (formaldehyde), m44
(N-methyl methanimine), m46 (dimethylamine), m62 (nitromethane),
m74 (N, N-dimethylformamide) and m88 (N-formyl-N-methyl formamide)
(Table S2 and Fig. S9). Furthermore, these common products were present
at a similar relative abundance (concentration percentage) in both the indi-
vidual and mixed systems (Fig. S4). Overall, these results indicated that the
presence of toluene or m-xylene did not significantly influence gaseous
product formation from trimethylamine, although toluene or m-xylene
actually reduced the decay rate of trimethylamine.

Gaseous product formation from the ozonolysis of styrene in the pres-
ence or absence of trimethylaminewas investigated. A total of nine products
from styrene ozonolysis were detected, including m31 (formaldehyde),
m47 (formic acid), m63 (performic acid), m79 (benzene), m95 (phenol),
m107 (benzaldehyde), m123 (benzoic acid), m121 (phenylacetaldehyde
or acetophenone) andm153 (hydroxymethylbenzoate or [hydroxy (phenyl)
methyl] formate) (Fig. S10). Therefore, formaldehyde was a common inter-
mediate produced during the ozonolysis of styrene or trimethylamine. In
addition, the ozonolysis of a mixture of styrene and trimethylamine gener-
ated fourteen gaseous intermediates, which included all the intermediates
formed during the ozonolysis of styrene or trimethylamine individually.
Thus, together with the decay rate data, these findings suggested that the
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inter-inhibition of ozonolysis between styrene and trimethylamine did not
alter their intermediate product composition.

Figs. 2 and S11 showed the gaseous product concentration distribu-
tions for all reactions. Within 60 min, the two highest concentration
products were m74 (N, N-dimethylformamide, 182.0 ± 6.6 ppb)
and m31 (formaldehyde, 170.5 ± 2.6 ppb) during the ozonolysis
of trimethylamine individually, or m107 (benzaldehyde, 601.8 ±
25.2 ppb) and m31 (formaldehyde, 207.8 ± 6.3 ppb) during the
ozonolysis of styrene individually. The concentrations of m107 (benzal-
dehyde, ranging from 552.7 ± 18.2 to 694.9 ± 10.3 ppb) and m31
(formaldehyde, ranging from 210.9 ± 7.6 to 274.5 ± 5.1 ppb) were
the highest overall during the ozonolysis of mixtures of styrene and
trimethylamine. In addition, m62 (nitromethane) exhibited obvious
concentration enhancement (from 15.9 ± 1.1 to 107.9 ± 3.2 ppb)
with increasing trimethylamine concentrations from 50 to 800 ppb.
Therefore, the above four intermediates (m31, m62, m74 and m107)
were selected as representatives to further study the variations in yield
and reaction time (Figs. 2 and S12–S14).

As mentioned above, the ozonolysis of both trimethylamine and styrene
produced m31 (formaldehyde). As shown in Fig. 2, the yield of formalde-
hyde from the mixed reaction system ((46.4 ± 2.9)%–(68.1 ± 3.9)%) was
found to be slightly higher than that of the styrene-only system ((45.4 ±
3.2)%–(58.5 ± 4.0)%), while being lower than the trimethylamine-only
system ((46.0 ± 3.6)%–(92.8 ± 12.1)%) in the selected reaction period.
In addition, the concentration of formaldehyde in the mixed system was
far lower than its sum concentration in the two individual systems. Overall,
these results indicated the occurrence of competitive ozonolysis between
trimethylamine and styrene in the mixed system, resulting in the inhibition
of formaldehyde formation.

Inhibition was also observed for the remaining reaction products,
except m62 (nitromethane) (Figs. 2 and S11). Both the concentration and
yield of m62 in the mixed system ((7.6 ± 0.7)–(107.9 ± 3.2) ppb
and (73.0 ± 15.1)%–(160.5 ± 7.4)%) were much higher than in the
trimethylamine-only system ((2.9 ± 0.6)–(62.2 ± 3.0) ppb and (20.7 ±
2.1)%–(58.9 ± 12.7)%). The presence of styrene significantly promoted
the conversion of trimethylamine to the m62 product. Moreover, the
Fig. 2. (a) Ozonolysis product concentration distribution of styrene and
trimethylamine in single or mixed system at 60 min. (b) Ozonolysis yields of m31,
m62, m74 and m107 in different systems.
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yield of m62 decreased with increasing trimethylamine concentrations in
both the trimethylamine-only and mixed systems, suggesting that the
m62 formation pathway was negatively influenced by high concentrations
of trimethylamine.

Within 20 min of the reaction, the yield of m74 (N, N-
dimethylformamide) decreased from (132.9 ± 3.6)% to (95.4 ±
6.5)% with increasing the trimethylamine concentrations from 50
to 800 ppb. However, the m74 yield increased from (64.0 ± 3.1)%
to (70.7 ± 3.2)% after 40 min of reaction and from (49.3 ± 2.5)% to
(61.3± 1.9)% after 60 min. At the beginning of the ozonolysis reaction,
trimethylamine produced a high proportion of m74, followed by its
further conversion to other products, such as m88, with this conversion
promoted by higher trimethylamine concentrations. However, with ex-
tended reaction time, the accumulation of products and the complete
conversion of m74 were inhibited to a certain extent, leading to an
increase in the yield of m74. In the mixed system, the yield of m74
continuously increased in accordance with increasing trimethylamine
concentrations. However, the obtained yields were consistently lower
than the trimethylamine-only system. These results indicated that
both the production and further conversion of m74 was inhibited in
the presence of styrene.

Conversely, the average yield of m107 (benzaldehyde) in the mixed
system ((210.4 ± 13.9)% at 20 min, (168.4 ± 8.7)% at 40 min and
(149.6 ± 7.8)% at 60 min) was found to be higher than in the styrene-
only system ((184.9 ± 14.7)% at 20 min, (147.3 ± 11.7)% at 40 min
and (131.5 ± 11.3)% at 60 min) (Fig. 2). A higher yield of m107 was
obtained at higher trimethylamine concentrations in the mixed system,
suggesting that trimethylamine enhanced the production of m107 from
the ozonolysis of styrene.

Tuazon et al. previously reported that formaldehyde was the highest
yield product from the ozonolysis of gaseous trimethylamine (Tuazon
et al., 1994), partially supporting the results of the present study. They
also proposed (CH3)2NCHO and CH3N_CH2 as two further major prod-
ucts, which corresponded to the products m74 and m44 in the present
study. Moreover, an unidentified product containing a C_O group was
also found by Tuazon et al., with this compound confirmed as m88 in the
present study, a further conversion product of m74. Lim et al. studied the
aqueous phase ozonation of aliphatic amines and found that N\\O bond
containing products were dominant, while dealkylation products only
accounted for a very small proportion (Lim et al., 2019). In contrast,
C_O bond containing products (e.g., m74 and m31) and dealkylation
products (e.g., m44 and m46) significantly contributed to the total yield
of gaseous products in the present study. The products m31, m44 and
m74 were also identified as the main intermediates during the ozonolysis
of trimethylamine on inorganic salts (Ge et al., 2016), which was in agree-
ment with the present data.

The major ozonolysis products of styrene have been reported as formal-
dehyde and benzaldehyde (Tuazon et al., 1993), strongly supporting the
results of the present study. Benzene (m79) and phenol (m95) were also
found to be products of styrene in this study (Fig. S10). Unfortunately, little
attention has been paid to these two aromatic products in previous studies
on styrene ozonation. In the present study, it was deduced that these two
compounds might be directly converted from the biradical of C6H5ĊHOO·
during styrene ozonolysis. Tuazon et al. reported the mechanism of
ozonolysis of 2-vinylpyridine, a compound with a similar molecular struc-
ture to styrene, confirming transformation of the biradical of C5H4NĊHOO·
to pyridine (Tuazon et al., 1993), which partially supported the above
hypothesis. However, further investigationwas needed to reliably establish
the mechanism of benzene and phenol formation from styrene ozonolysis.

To date, all the available ozonolysis studies have focused on either
trimethylamine or styrene, while information on the ozonolysis products
from mixed reaction systems was seriously lacking. In comparison with
the single-reactant systems, the yield of the gaseous products from mixed
systems exhibited significant differences in the present study. For instance,
the production of m31 (formaldehyde), a shared ozonolysis product of
trimethylamine and styrene, was significantly inhibited in the mixed
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system as compared to the corresponding individual reactant system.
Furthermore, the presence of styrene promoted the transformation of
trimethylamine to m62 (nitromethane), while suppressing the yield of
m74 (N, N-dimethylformamide). In addition, the ozonolysis of styrene to
its main product m107 (benzaldehyde) was gradually promoted with
increasing trimethylamine concentrations. These findings highlighted the
need for further attention to be paid to the ozonolysis of mixtures of AHs
and OAs, in order to provide a clearer understanding of the complexities
of organic compound transformation in the atmospheric environment.

3.3. Styrene and trimethylamine ozonolysis pathways

Based on above product information, Fig. 3 showed the ozonolysis path-
ways of styrene and trimethylamine in both individual and mixed reactant
systems. The decomposition of trimethylamine occurred via three main
pathways. In pathway (a), the N\\C bond of trimethylamine was broken
by O3 to produce m46 (dimethylamine) and m31 (formaldehyde), while
O3 also attacked the N atom of trimethylamine to form amine oxide.
Amine oxide sequentially underwent internal H atom transfer, loss of OH
radical and oxidation by O2 to form (CH3)2NCH2O radical. In pathway
(b), the (CH3)2NCH2O radical was separately converted to m31 (formalde-
hyde), m44 (N-methyl methanimine), m74 (N, N-dimethylformamide) and
m88 (N-formyl-N-methyl formamide). In pathway (c), amine oxide lost a
CH3 group and generated (CH3)2NO radical, which reacted with O3 to
produce m62 (nitromethane).

The ozonolysis of styrene occurred via three steps: the addition of O3

onto the C_C double bond formed primary ozonide (POZ) compounds
(step (I)), POZ compounds were decomposed into carbonyl compounds
and Criegee intermediates (CIs) (step (II)), CIs and carbonyl compounds
recombined to form secondary ozonide (SOZ) compounds (step (III))
(Sato et al., 2010). It should be noted that the CIs generated in the second
Fig. 3. Ozonolysis pathways of mixed styrene and trimethylamine. (The detected produ
color was obtained from 800 ppb trimethylamine system, 800 ppb styrene system and t

5

step were further converted to a series of oxidation products (e.g., m107
(benzaldehyde) and m123 (benzoic acid)) via the stabilization of CIs,
ester channels and O-elimination. However, these conversion pathways
have previously received little research attention. In addition, two small
molecular acids (e.g., m47 (formic acid) and m63 (performic acid)) were
obtained either from epoxide ring opening or the reaction of CIs with car-
bonyl compounds. No products were found to be generated from the direct
opening of benzene rings in this study, indicating that O3 preferentially
attacked side chains rather than styrene benzene rings.

O3 was found to attack the N\\C bond of trimethylamine to form
dealkylated amine and carbonyl compounds. The ozonolysis of triethylamine
to diethylamine and acetaldehyde has been reported previously by Tong
et al. (Tong et al., 2020), which was partially consistent with the results of
the present study. Several studies have also suggested that the ozonolysis of
amines was the initial step in the formation of amine N-oxide (Lim et al.,
2019; Tuazon et al., 1994; Ge et al., 2016; Murphy et al., 2007), further
supporting the conclusions of the present study. However, it has been
proposed that CH3 loss was more likely to occur during the ozonolysis of
trimethylamine (Slagle et al., 1979). Further comparison of the yields of
each product revealed that the main trimethylamine ozonolysis pathway in
the individual system was the formation of m74 (N, N-dimethylformamide)
through H atom transfer (Fig. 3). Lim et al. reported that the main pathway
of ozonation decomposition of organic amines was the transfer of oxygen
atoms to nitrogen-oxygen compounds (Lim et al., 2019), which partially
supported the results of the present study.

Generally, the styrene ozonolysis mechanism was similar to that of
alkenes (Ma et al., 2008; Chuong et al., 2004; Zhang et al., 2018). In
brief, POZ was formed by the addition of O3 onto the double bond of
styrene, with decomposition of the POZ producing aldehydes and CIs,
both of which then combined to form SOZ and stable products (Coleman
and Ault, 2010). However, the available studies provide only brief reports
cts were circled by the dashed boxes. The yield data marked as red, blue and green
heir mixed system at 60 min.)
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of the styrene ozonolysis mechanism, without describing detailed reaction
pathways due to a lack of comprehensive product analysis (Banu et al.,
2018; Díaz-de-Mera et al., 2017). Only one previous study has reported
the major products generated from styrene ozonolysis (Tuazon et al.,
1993). Therefore, the present results exhibited a relatively comprehensive
styrene ozonolysis mechanism, providing valuable information that supple-
mented the previous gaps in knowledge.

The product yields from trimethylamine and styrene were assessed in
terms of their ozonolysis pathways, with the product yield data obtained
at 60 min taking as an example (Fig. 3). Ozonolysis product results
confirmed that m31 (formaldehyde) was a commonly shared product of
trimethylamine and styrene. The yield of formaldehyde from the ozonolysis
of a mixture of trimethylamine and styrene ((53.8 ± 2.4)%) was
higher than that of the styrene-only system ((45.4 ± 3.2)%), but was
lower than that of the trimethylamine-only system ((57.4 ± 2.3)%).
When trimethylamine and styrene co-existed, the initial dealkylation of
trimethylamine and the decomposition of (CH3)2NCH2O radical to form
formaldehyde (pathway (a)) were suppressed, while the decomposition of
POZ from styrene to formaldehyde (step (II)) was promoted. The enhanced
yield of m107 (benzaldehyde) ((131.5 ± 11.3)% to (161.5 ± 3.0)%) and
m44 (N-methyl methanimine) ((51.9 ± 0.7)% to (54.7 ± 9.3)%) in the
mixed trimethylamine and styrene system verified this conclusion. This
was the first study to report the bridging role of carbonyls during the
ozonolysis of mixed AHs and OAs, with formaldehyde functioning as a
bridge product, connecting the ozonolysis of trimethylamine and styrene.
This bridging effect led to variation in the yield of products in mixed
system, compared to the respective individual systems, such as m62 (nitro-
methane) increasing from (20.9±0.7)% to (73.0±15.1)%,m95 (phenol)
decreasing from (9.0 ± 0.4)% to (6.1 ± 0.1)% and m123 (benzoic acid)
decreasing from (17.2 ± 0.7)% to (11.6 ± 1.3)%.

The bridged-ozonolysis of trimethylamine and styrene mixtures was
hereby confirmed for the first time through the detection of their shared
product formaldehyde, resulting in varied yields of all products as com-
pared to their individual systems. Moreover, it was found that the yields
of all detected products gradually decreased with increasing reaction
times from 20 to 60 min, probably due to the further conversion of these
products to SOA.

3.4. SOA yield from the ozonolysis of AHs and OAs

As shown in Fig. 4a and supplementarymaterials Fig. S15 and Table S3,
the ozonolysis of 800 ppb styrene or 800 ppb trimethylamine for 20 min
produced 9.5 × 105 or 5.7 × 104 particles cm−3 of SOA, respectively.
SOA production from the ozonolysis of styrene was one order of magnitude
higher than from trimethylamine ozonolysis. After ozonolysis of the mixed
styrene (800 ppb) and trimethylamine (800 ppb) system for 20 min, SOA
production was significantly enhanced to 1.9 × 106 particles cm−3. This
value was almost 2-fold greater than the sum of SOA produced from the
Fig. 4. SOA production from ozonolysis of styrene and trimethylamine in single or mixe
(M0) as a function of reacted substrate (ΔVOCs), (c) relative contribution of representat
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ozonolysis of styrene or trimethylamine individually (1.0 × 106 particles
cm−3), indicating that the mixed system exhibited a synergistic-effect-
enhanced level of SOA production. With extended reaction time, the syner-
gistic promotion of SOA production between styrene and trimethylamine
was still observed, although the effect became consistently weaker
(Figs. S16, S17 and Table S3). In comparison, styrene provided a dominant
contribution to the synergistic-effect-enhanced particle number concentra-
tion of SOA during the study period.

Anglada et al. proposed that the reaction between O3 and alkenes gen-
erated a large amount of SOA (Anglada et al., 2011), partially supporting
the results of the present study. Previous studies have also confirmed the
non-negligible contribution of amines to SOA formation (Duporté et al.,
2017; Yu et al., 2012; Almeida et al., 2013; Creamean et al., 2011).
Moreover, the production of carbonyl compounds (e.g., formaldehyde,
formic acid and benzaldehyde) from the ozonolysis of styrenemight trigger
the reaction of these carbonyls with trimethylamine or its products, further
promoting the generation of SOA in the mixed-reactant system. The en-
hanced formation of SOA from the reaction between carbonyl compounds
and amines has been confirmed in several previous studies (Chang et al.,
2021; De Haan et al., 2009; Xu and Zhang, 2013), supporting the results
of the present study. Unfortunately, no aldehyde-amine condensation prod-
ucts were identified in this study, probably due to their occurrence at low
concentrations below the minimum detection limit.

Fig. 4a and Table S4 showed that the average median diameter of SOA
particles generated from the ozonolysis of 800 ppb styrene, 800 ppb
trimethylamine and a mixture of both at 20 min were 51.4, 121.9 and
79.1 nm, respectively. Decreasing the concentration of trimethylamine in
themixed system from 800 to 50 ppb reduced the averagemedian diameter
of SOA particles from 79.1 to 68.5 nm at this time. Moreover, the average
median diameter of SOA particles generated from the mixed system was
further enlarged to 88.2–101.8 nm with a prolonged reaction time of
60 min (Figs. S16 and S17). Analysis of SOA particle size data found that
the ozonolysis of styrene individually or a mixture of styrene and
trimethylamine occurred in Aitken Kernel mode (30 < Dp < 110 nm)
(Creamean et al., 2011; Ziemba et al., 2010; Birmili et al., 2001), while
the ozonolysis of 800 ppb trimethylamine occurred in accumulation
mode (Dp > 110 nm). Moreover, the presence of trimethylamine efficiently
increased the particle size of SOA generated by the mixed system. Combin-
ing these results with product data revealed that the variations inm74 yield
and SOA size were positively correlated in the mixed system, indicating
that m74 was amain contributor to the enlarged size of SOA. After combin-
ing these results with particle number concentration and SOA size data, it
was concluded that in the mixed system the ozonolysis of styrene deter-
mined the quantity of SOA generated, while trimethylamine ozonolysis
mainly contributed to the enlargement of SOA particle sizes.

Consistent with the results of SOA particle number concentration, the
mass concentration (M0) of SOA in the mixed system also increased
compared to the respective individual systems (Fig. S18 and Table S5).
d system at 20 min (a) particle number and size distribution, (b) mass concentration
ive products to SOA yield.
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For example, ozonolysis of 800 ppb styrene or 800 ppb trimethylamine
for 20 min produced 99.8 or 122.9 μg m−3 SOA, respectively. After
ozonolysis of the mixed 800 ppb styrene and 800 ppb trimethylamine
system for 20 min, the production of SOA was significantly enhanced to
808.6 μg m−3, exhibiting an almost four-fold increase compared to the
sum of SOA generated from the ozonolysis of styrene or trimethylamine
individually, further verifying the synergistic-effect-enhanced SOA produc-
tion in the mixed system. Similar enhancements were also observed at 40
and 60 min.

Furthermore, theM0 and reacted substrates (ΔVOCs, sum of styrene and
trimethylamine) were plotted as the Y and X axis, respectively, with the
slopes indicating the average yield of SOA (Figs. 4b, S16 and S17). The
ozonolysis of 800 ppb styrene, 800 ppb trimethylamine or a mixture of
both resulted in SOA yield of (10.5 ± 1.1)%, (64.3 ± 3.5)% or (68.1 ±
4.8)% after 20 min of reaction. The SOA yields from the 800 ppb
trimethylamine and mixed systems were similar, suggesting a dominant
contribution of trimethylamine to the total SOA yield in the mixed system.
A gradual increase in the SOA yield from (32.1 ± 3.0)% to (68.1 ± 4.8)%
in the mixed systemwith increased trimethylamine concentrations from 50
to 800 ppb further confirmed this conclusion. After prolonging the reaction
time to 60 min, the SOA yields from the ozonolysis of trimethylamine indi-
vidually or combined with styrene significantly decreased, while the yield
from the ozonolysis of styrene-only remained stable (Fig. S19). At 60 min,
the ozonolysis of trimethylamine individually still generated higher SOA
yields than styrene. A rapid yield of SOA occurred in the initial stage of
ozonolysis of trimethylamine, with the yield then decreasing and reaching
equilibrium. In contrast, a stable but relatively low yield of SOA was
obtained in the styrene-only system.

The relative contribution (RC) of individual products to the SOA yield
in different systems was also investigated. The products m31, m62, m74
and m107 were selected as representative products (Fig. 4c). In the
trimethylamine-only system, after 20 min of reaction m74 (0.20 ± 0.01)
exhibited the highest RC to SOA yield, followed by m31 (0.16 ± 0.01)
and m62 (0.06 ± 0.01). However, m31 was found to have a greater RC
to SOA yield than m74 and m62 during ozonolysis of the mixed 50 ppb
trimethylamine and 800 ppb styrene system. Moreover, the increased
concentration of trimethylamine in the mixed system resulted in a further
enhancement of the RC of m31, m62 and m74 to the total SOA yield. In
comparison, the RC of m107 to the SOA yield was the highest among all
detected products in the mixed system, ranging from (0.18 ± 0.02) to
(0.28 ± 0.01) after 20 min (Figs. 4c and S20–S22).

As discussed in Section 3.3, m107was themost dominant product in the
mixed system, resulting in the highest contribution to SOA yield. A previous
study also proposed that alkylaminium carboxylates promoted the genera-
tion of SOA (Angelino et al., 2001), partially supporting high RC of m74 to
SOA yield. Moreover, the products m31, m74 and m107 all possessed the
same C_O group, while m62 consisted of N\\O and N_O groups, with a
relatively lower RC to SOA yield than the products m31, m74 and m107.
Therefore, it might be concluded that carbonyl products were major con-
tributors to SOA production in this study. Notably, since trimethylamine
contained N element, it was possible to convert trimethylamine to NOx,
which then participated in SOA formation. As shown in Fig. S23, the
highest concentration of NOx was about 6 ppb, which was far lower than
real atmospheric environments (Cheng et al., 2016). Therefore, the contri-
bution of NOx to SOA was excluded from this study.

During the ozonolysis of AHs and OAs mixtures, it was confirmed that
formaldehydewas a shared intermediatewhich played a significant bridging
role in their decay rate, product yield and SOA contribution (Fig. S24).
Unfortunately, this phenomenon has rarely been reported in the literature.
This novel finding implied that previous studies on the atmospheric
ozonolysis of organics did not account for the interactions between products,
resulting in an incorrect estimation of their consumption and contribution to
SOA formation in real atmospheric environments. Notably, this study only
focused on the bridged-ozonolysis mechanism between AHs and OAs,
while the reaction mechanism for the ozonolysis of other groups of VOCs
required further investigation.
7

4. Conclusions

This study investigated the decay rate, product formation and SOA yield
from the ozonolysis of individual system or mixture of AHs and OAs. The
results showed that the inter-inhibition of ozonolysis of AHs and OAs in
mixed system resulted in a decrease in their decay rates. The bridged-
ozonolysis of AHs and OAs mixtures was hereby confirmed for the first
time through the detection of their shared product—formaldehyde, result-
ing in varied yields of all products and the synergistic-effect-enhanced SOA
production as compared to their individual systems. The findings elucidate
the influence of the mixed system of organics reaction on kinetics, products
and SOA formation, and provide a deep insight to understand and reap-
praise the consumption and contribution to SOA formation of organics in
real atmospheric environment.

CRediT authorship contribution statement

Wanying Li: Methodology, Formal analysis. Jiangyao Chen: Methodol-
ogy, Formal analysis, Writing-original draft, Conceptualization, Supervision.
Qinhao Lin: Methodology, Data curation. Taicheng An: Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgments

This work was financially supported by National Key Research and
Development Program of China (2019YFC0214402), National Natural
Science Foundation of China (42177354, 21777032), Local Innovative
and Research Teams Project of Guangdong Pearl River Talents Program
(2017BT01Z032), and Key-Area Research and Development Program of
Guangdong Province (2019B110206002).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.156872.

References

Almeida, J., Schobesberger, S., Kurten, A., Ortega, I.K., Kupiainen-Maatta, O., Praplan, A.P.,
Adamov, A., Amorim, A., Bianchi, F., Breitenlechner, M., David, A., Dommen, J.,
Donahue, N.M., Downard, A., Dunne, E., Duplissy, J., Ehrhart, S., Flagan, R.C.,
Franchin, A., Guida, R., Hakala, J., Hansel, A., Heinritzi, M., Henschel, H., Jokinen, T.,
Junninen, H., Kajos, M., Kangasluoma, J., Keskinen, H., Kupc, A., Kurten, T., Kvashin,
A.N., Laaksonen, A., Lehtipalo, K., Leiminger, M., Leppa, J., Loukonen, V., Makhmutov,
V., Mathot, S., McGrath, M.J., Nieminen, T., Olenius, T., Onnela, A., Petaja, T.,
Riccobono, F., Riipinen, I., Rissanen, M., Rondo, L., Ruuskanen, T., Santos, F.D.,
Sarnela, N., Schallhart, S., Schnitzhofer, R., Seinfeld, J.H., Simon, M., Sipila, M.,
Stozhkov, Y., Stratmann, F., Tome, A., Trostl, J., Tsagkogeorgas, G., Vaattovaara, P.,
Viisanen, Y., Virtanen, A., Vrtala, A., Wagner, P.E., Weingartner, E., Wex, H.,
Williamson, C., Wimmer, D., Ye, P., Yli-Juuti, T., Carslaw, K.S., Kulmala, M., Curtius, J.,
Baltensperger, U., Worsnop, D.R., Vehkamaki, H., Kirkby, J., 2013. Molecular under-
standing of sulphuric acid-amine particle nucleation in the atmosphere. Nature 502,
359–363.

Angelino, S., Suess, D.T., Prather, K.A., 2001. Formation of aerosol particles from reactions of
secondary and tertiary alkylamines: characterization by aerosol time-of-flight mass spec-
trometry. Environ. Sci. Technol. 35 (15), 3130–3138.

Anglada, J.M., González, J., Torrent-Sucarrat, M., 2011. Effects of the substituents on the
reactivity of carbonyl oxides. A theoretical study on the reaction of substituted carbonyl
oxides with water. Phys. Chem. Chem. Phys. 13 (28), 13034–13045.

Atkinson, R., Carter, W.P.L., 1984. Kinetics and mechanisms of the gas-phase reactions of ozone
with organic compounds under atmospheric conditions. Chem. Rev. 84 (5), 437–470.

Banu, T., Sen, K., Das, A.K., 2018. Atmospheric fate of criegee intermediate formed during
ozonolysis of styrene in the presence of H2O andNH3: the crucial role of stereochemistry.
J. Phys. Chem. A 122 (42), 8377–8389.

Bhat, A.P., Gogate, P.R., 2021. Degradation of nitrogen-containing hazardous compounds
using advanced oxidation processes: a review on aliphatic and aromatic amines, dyes,
and pesticides. J. Hazard. Mater. 403, 123657.

https://doi.org/10.1016/j.scitotenv.2022.156872
https://doi.org/10.1016/j.scitotenv.2022.156872
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058001647
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058001647
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058001647
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058030606
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058030606
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058030606
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057564334
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057564334
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057564334
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057339967
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057339967
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057448196
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057448196
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057448196
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057295932
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057295932
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057295932


W. Li et al. Science of the Total Environment 843 (2022) 156872
Birmili, W., Wiedensohler, A., Heintzenberg, J., Lehmann, K., 2001. Atmospheric particle
number size distribution in Central Europe: statistical relations to air masses and meteo-
rology. J. Geophys. Res.-Atmos. 106 (D23), 32005–32018.

Bloss, C., Wagner, V., Bonzanini, A., Jenkin, M.E., Wirtz, K., Martin-Reviejo, M., Pilling, M.J.,
2005. Evaluation of detailed aromatic mechanisms (MCMv3 and MCMv3.1) against envi-
ronmental chamber data. Atmos. Chem. Phys. 5 (3), 623–639.

Borrás, E., Tortajada-Genaro, L.A., 2012. Secondary organic aerosol formation from the
photo-oxidation of benzene. Atmos. Environ. 47, 154–163.

Chang, Y., Gao, Y., Lu, Y., Qiao, L., Kuang, Y., Cheng, K., Wu, Y., Lou, S., Jing, S., Wang, H.,
Huang, C., 2021. Discovery of a potent source of gaseous amines in urban China. Environ.
Sci. Technol. Lett. 8 (9), 725–731.

Chen, J., Yi, J., Ji, Y., Zhao, B., Ji, Y., Li, G., An, T., 2020. Enhanced H-abstraction contribution
for oxidation of xylenes via mineral particles: implications for particulate matter forma-
tion and human health. Environ. Res. 186, 109568.

Cheng, Y., Zheng, G., Wei, C., Mu, Q., Zheng, B., Wang, Z., Gao, M., Zhang, Q., He, K.,
Carmichael, G., Pöschl, U., Su, H., 2016. Reactive nitrogen chemistry in aerosol water
as a source of sulfate during haze events in China. Sci. Adv. 2 (12), e1601530.

Chuong, B., Zhang, J., Donahue, N.M., 2004. Cycloalkene ozonolysis: collisionally mediated
mechanistic branching. J. Am. Chem. Soc. 126 (39), 12363–12373.

Coleman, B.E., Ault, B.S., 2010. Investigation of the thermal and photochemical reactions of
ozone with 2,3-Dimethyl-2-butene. J. Phys. Chem. A 114 (48), 12667–12674.

Creamean, J.M., Ault, A.P., Ten Hoeve, J.E., Jacobson, M.Z., Roberts, G.C., Prather, K.A.,
2011. Measurements of aerosol chemistry during new particle formation events at a
remote rural mountain site. Environ. Sci. Technol. 45 (19), 8208–8216.

De Haan, D.O., Tolbert, M.A., Jimenez, J., 2009. L., atmospheric condensed-phase reactions of
glyoxal with methylamine. Geophys. Res. Lett. 36 (11).

Díaz-de-Mera, Y., Aranda, A., Martínez, E., Rodríguez, A.A., Rodríguez, D., Rodríguez, A.,
2017. Formation of secondary aerosols from the ozonolysis of styrene: effect of SO2
and H2O. Atmos. Environ. 171, 25–31.

Duporté, G., Parshintsev, J., Barreira, L.M.F., Hartonen, K., Kulmala, M., Riekkola, M.-L.,
2016. Nitrogen-containing low volatile compounds from pinonaldehyde-dimethylamine
reaction in the atmosphere: a laboratory and field study. Environ. Sci. Technol. 50 (9),
4693–4700.

Duporté, G., Riva, M., Parshintsev, J., Heikkinen, E., Barreira, L.M.F., Myllys, N., Heikkinen,
L., Hartonen, K., Kulmala, M., Ehn, M., Riekkola, M.-L., 2017. Chemical characterization
of gas- and particle-phase products from the ozonolysis of α-pinene in the presence of
dimethylamine. Environ. Sci. Technol. 51 (10), 5602–5610.

Fuselli, S., Benedetti, G., Mastrangeli, R., 1982. Determination of methylamines in air using
activated charcoal traps and gas chromatographic analysis with an alkali flame detector
(AFD). Atmos. Environ. 16 (12), 2943–2946 (1967).

Ge, X., Wexler, A.S., Clegg, S.L., 2011. Atmospheric amines – Part I. A review. Atmos. Environ.
45 (3), 524–546.

Ge, X., Wexler, A.S., Clegg, S.L., 2011. Atmospheric amines – part II. Thermodynamic proper-
ties and gas/particle partitioning. Atmos. Environ. 45 (3), 561–577.

Ge, Y., Liu, Y., Chu, B., He, H., Chen, T., Wang, S., Wei, W., Cheng, S., 2016. Ozonolysis of
trimethylamine exchanged with typical ammonium salts in the particle phase. Environ.
Sci. Technol. 50 (20), 11076–11084.

Graus, M., Muller, M., Hansel, A., 2010. High resolution PTR-TOF: quantification and formula
confirmation of VOC in real time. J. Am. Soc. Mass Spectrom. 21 (6), 1037–1044.

Han, C., Liu, R., Luo, H., Li, G., Ma, S., Chen, J., An, T., 2019. Pollution profiles of volatile
organic compounds from different urban functional areas in Guangzhou China based
on GC/MS and PTR-TOF-MS: atmospheric environmental implications. Atmos. Environ.
214, 116843.

Huang, M., Wang, Z., Hao, L., Zhang, W., 2011. Theoretical investigation on the mechanism
and kinetics of OH radical with m-xylene. Comput. Theor. Chem. 965 (2), 285–290.

Huang, M., Hao, L., Cai, S., Gu, X., Zhang, W., Hu, C., Wang, Z., Fang, L., Zhang, W., 2017.
Effects of inorganic seed aerosols on the particulate products of aged 1,3,5-
trimethylbenzene secondary organic aerosol. Atmos. Environ. 152, 490–502.

Lee, D., Wexler, A.S., 2013. Atmospheric amines – part III: photochemistry and toxicity.
Atmos. Environ. 71, 95–103.

Li, K., Wang, W., Ge, M., Li, J., Wang, D., 2014. Optical properties of secondary organic
aerosols generated by photooxidation of aromatic hydrocarbons. Sci. Rep. 4 (1), 4922.

Lim, S., McArdell, C.S., von Gunten, U., 2019. Reactions of aliphatic amines with ozone: kinet-
ics and mechanisms. Water Res. 157, 514–528.

Lin, N., Kwarteng, L., Godwin, C., Warner, S., Robins, T., Arko-Mensah, J., Fobil, J.N.,
Batterman, S., 2021. Airborne volatile organic compounds at an e-waste site in Ghana:
source apportionment, exposure and health risks. J. Hazard. Mater. 419, 126353.
8

Luo, H., Li, G., Chen, J., Wang, Y., An, T., 2020. Reactor characterization and primary
application of a state of art dual-reactor chamber in the investigation of atmospheric
photochemical processes. J. Environ. Sci. 98, 161–168.

Luo, H., Chen, J., Li, G., An, T., 2021. Formation kinetics and mechanism of ozone and second-
ary organic aerosols from photochemical oxidation of different aromatic hydrocarbons:
dependence of NOx and organic substituent. Atmos. Chem. Phys. 21, 7567–7578.

Ma, Y., Russell, A.T., Marston, G., 2008. Mechanisms for the formation of secondary organic
aerosol components from the gas-phase ozonolysis of α-pinene. Phys. Chem. Chem. Phys.
10 (29), 4294–4312.

Murphy, S.M., Sorooshian, A., Kroll, J.H., Ng, N.L., Chhabra, P., Tong, C., Surratt, J.D.,
Knipping, E., Flagan, R.C., Seinfeld, J.H., 2007. Secondary aerosol formation from atmo-
spheric reactions of aliphatic amines. Atmos. Chem. Phys. 7 (9), 2313–2337.

Odum, J.R., Hoffmann, T., Bowman, F., Collins, D., Flagan, R.C., Seinfeld, J.H., 1996. Gas/
Particle partitioning and secondary organic aerosol yields. Environ. Sci. Technol. 30
(8), 2580.

Pereira, K.L., Hamilton, J.F., Rickard, A.R., Bloss, W.J., Alam, M.S., Camredon, M., Ward,
M.W., Wyche, K.P., Muñoz, A., Vera, T., Vázquez, M., Borrás, E., Ródenas, M., 2015.
Insights into the formation and evolution of individual compounds in the particulate
phase during aromatic photo-oxidation. Environ. Sci. Technol. 49 (22), 13168–13178.

Pierson, W.R., Brachaczek, W.W., 1983. Emissions of ammonia and amines from vehicles on
the road. Environ. Sci. Technol. 17 (12), 757–760.

Qi, X., Zhu, S., Zhu, C., Hu, J., Lou, S., Xu, L., Dong, J., Cheng, P., 2020. Smog chamber study
of the effects of NOx and NH3 on the formation of secondary organic aerosols and optical
properties from photo-oxidation of toluene. Sci. Total Environ. 727, 138632.

Qiu, C., Zhang, R., 2013. Multiphase chemistry of atmospheric amines. Phys. Chem. Chem.
Phys. 15 (16), 5738–5752.

Sato, K., Takami, A., Isozaki, T., Hikida, T., Shimono, A., Imamura, T., 2010. Mass spectromet-
ric study of secondary organic aerosol formed from the photo-oxidation of aromatic
hydrocarbons. Atmos. Environ. 44 (8), 1080–1087.

Schade, G.W., Crutzen, P.J., 1995. Emission of aliphatic amines from animal husbandry and
their reactions: potential source of N2O and HCN. J. Atmo. Chem. 22 (3), 319–346.

Singh, H.B., Salas, L.J., Cantrell, B.K., Redmond, R.M., 1985. Distribution of aromatic hydro-
carbons in the ambient air. Atmos. Environ. 19 (11), 1911–1919.

Slagle, I.R., Dudich, J.F., Gutman, D., 1979. Identification of reactive routes in the reactions of
oxygen atoms with methylamine, dimethylamine, trimethylamine, ethylamine, diethyl-
amine, and triethylamine. J. Phys. Chem. 83 (24), 3065–3070.

Tong, D., Chen, J., Qin, D., Ji, Y., Li, G., An, T., 2020. Mechanism of atmospheric organic
amines reacted with ozone and implications for the formation of secondary organic aero-
sols. Sci. Total Environ. 737, 139830.

Tuazon, E.C., Arey, J., Atkinson, R., Aschmann, S.M., 1993. Gas-phase reactions of 2-
vinylpyridine and styrene with hydroxyl and NO3 radicals and ozone. Environ. Sci.
Technol. 27 (9), 1832–1841.

Tuazon, E.C., Atkinson, R., Aschmann, S.M., Arey, J., 1994. Kinetics and products of the gas-
phase reactions of O3 with amines and related compounds. Res. Chem. Intermed. 20 (3),
303–320.

Wang, R., Huang, Y., Cao, G., 2020. Heterogeneous oxidation of isoprene SOA and toluene
SOA tracers by ozone. Chemosphere 249, 126258.

Xu, W., Zhang, R., 2013. A theoretical study of hydrated molecular clusters of amines and
dicarboxylic acids. J. Chem. Phys. 139 (6), 064312.

Yu, H., McGraw, R., Lee, S.-H., 2012. Effects of amines on formation of sub-3 nm particles and
their subsequent growth. Geophys. Res. Lett. 39 (2), L02807.

Yuan, B., Koss, A.R., Warneke, C., Coggon, M., Sekimoto, K., de Gouw, J.A., 2017. Proton-
transfer-reaction mass spectrometry: applications in atmospheric sciences. Chem. Rev.
117 (21), 13187–13229.

Zhang, Q., Lin, X., Gai, Y., Ma, Q., Zhao, W., Fang, B., Long, B., Zhang, W., 2018. Kinetic and
mechanistic study on gas phase reactions of ozone with a series of cis-3-hexenyl esters.
RSC Adv. 8 (8), 4230–4238.

Zhang, P., Huang, J., Shu, J., Yang, B., 2019. Comparison of secondary organic aerosol (SOA)
formation during o-, m-, and p-xylene photooxidation. Environ. Pollut. 245, 20–28.

Zhao, J., Zhang, R., Misawa, K., Shibuya, K., 2005. Experimental product study of the OH-
initiated oxidation of m-xylene. J. Photochem. Photobiol., A 176 (1), 199–207.

Ziemba, L.D., Dibb, J.E., Griffin, R.J., Huey, L.G., Beckman, P., 2010. Observations of particle
growth at a remote, Arctic site. Atmos. Environ. 44 (13), 1649–1657.

http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058022110
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058022110
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058022110
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057360031
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057360031
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057514251
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057514251
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210055439318
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210055439318
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057267102
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057267102
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057267102
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057219921
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057219921
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057541608
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057541608
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057346488
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057346488
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058010115
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210058010115
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057015873
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057015873
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057556568
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057556568
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057468833
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057468833
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057468833
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057460982
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057460982
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057460982
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032394197
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032394197
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032394197
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032254974
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032254974
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057288081
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057288081
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057324702
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057324702
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057324702
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057507691
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057507691
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057260533
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057260533
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057260533
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057260533
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032075200
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032075200
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057384558
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057384558
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057331773
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057331773
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056096289
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056096289
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057315776
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057315776
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057275180
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057275180
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057482287
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057482287
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057482287
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057490325
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057490325
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057490325
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057534322
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057534322
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057534322
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057454231
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057454231
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056463179
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056463179
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056463179
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057369024
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057369024
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057303344
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057303344
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057377134
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057377134
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057377134
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057232511
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057232511
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057520887
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057520887
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057520887
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032412227
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032412227
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032050722
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210032050722
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057527347
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057527347
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057527347
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057310343
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057310343
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057310343
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057353862
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057353862
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057353862
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210055587473
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210055587473
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210055587473
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057441297
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057441297
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057070480
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057070480
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056551263
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056551263
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057497978
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057497978
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057497978
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057548877
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057548877
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057548877
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057475588
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057475588
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056394384
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210056394384
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057166836
http://refhub.elsevier.com/S0048-9697(22)03969-9/rf202206210057166836

	Bridged-�ozonolysis of mixed aromatic hydrocarbons and organic amines: Inter-�inhibited decay rate, altered product yield a...
	1. Introduction
	2. Materials and methods
	2.1. Ozonolysis of AHs and OAs
	2.2. On-line analysis of substrates and products
	2.3. SOA detection

	3. Results and discussion
	3.1. Ozonolysis kinetics of AHs and OAs
	3.2. Yield of gaseous product from the ozonolysis of AHs and OAs
	3.3. Styrene and trimethylamine ozonolysis pathways
	3.4. SOA yield from the ozonolysis of AHs and OAs

	4. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




