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Organic amines are one of the most important nitrogen-containing compounds in the atmosphere, and their re-
actions with tropospheric ozone contribute significantly to the formation of secondary organic aerosols (SOA).
However, the chemical pathways of their reaction with atmospheric ozone are poorly understood. This study in-
vestigates the atmospheric ozonolysis mechanism of two typical organic amines—diethylamine and
triethylamine using experimental and theoretical methods. Intermediate results from GC–MS and PTR-TOF-MS
analysis confirm the formation of eight and eleven nitrogen- and oxygen-containing products during the
ozonolysis of diethylamine and triethylamine, respectively. N-ethylethanimine (56.5% in average) or acetalde-
hyde (64.9% in average) is formed as the dominant product from the ozonolysis of each organic amine.
Ozonolysis pathway results indicate that the conversion to N-ethylethanimine is the dominant pathway for
diethylamine ozonolysis. At the same time, triethylamine prefers the initial transformation to diethylamine
with the discharge of acetaldehyde and then converts to N-ethylethanimine. Higher SOA mass concentration is
obtained from the ozonolysis of triethylamine than diethylamine, probably because the former releases a larger
amount of intermediate products, especially acetaldehyde. Our results provide a deep insight into the atmo-
spheric processing of organic amines via ozonolysis and the implications of this mechanism for SOA formation.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Organic amines, emitted from both anthropogenic (animal feeding,
industrial combustion, composting process, etc.) and natural (biomass
burning, ocean, vegetation, etc.) sources (Filipy et al., 2006; Ge et al.,
2011; Liu et al., 2017; Yao et al., 2016; You et al., 2014), are important
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nitrogen-containing compounds in the atmospheric environment (Cape
et al., 2011; Perez et al., 2017). Although the atmospheric concentra-
tions of organic amines are relatively low, they still actively participate
in a series of atmospheric reactions due to their unique properties
such as strongly alkalinity, high vapor pressure and low molecular
weight (Ge et al., 2011) to produce low-volatility organic amine salts
(Qiu et al., 2011) and atmospheric organic nitrogen (Zahardis et al.,
2008). The products formed from the atmospheric processing of amines
contribute significantly to the formation of secondary organic aerosols
(SOA) (Angelino et al., 2001; Murphy et al., 2007). Therefore, exploring
the atmospheric transformation mechanisms of organic amines is criti-
cal to understand their role in regulating the oxidizing capacity of the at-
mosphere and prevent SOA formation from their oxidation products.

Oxidation by ozone (O3) contributes significantly to the atmospheric
transformation of organic amines if O3 levels are in the tens to hundreds
of ppb (Tuazon et al., 1994). Although several studies have investigated
the gas-phase ozonolysis kinetics of organic amines (Furuhama et al.,
2018; Gai et al., 2010; Tang et al., 2013), their ozonolysis pathways
and mechanisms have attracted limited attention. Borduas et al. re-
ported that formamide, isocyanic acid, and some cyclic amines were
the major ozonolysis products of monoethanolamine (Borduas et al.,
2013), without giving any insight into the corresponding reaction
mechanism. Tuazon et al. also reported the possible ozonolysis path-
ways of dimethylamine and trimethylamine (Tuazon et al., 1994). How-
ever, these pathways were deduced from inaccurate compounds
detected using FT-IR absorption spectroscopy. Although ozonolysis
pathways and degradation mechanisms of several organic amines in
the atmosphere (Zahardis et al., 2008) and water (Lim et al., 2019)
have been proposed recently, none of these studies quantified the inter-
mediate compounds. Several studies have reported the significant role
played by organic amines in promoting the growth and formation of
SOA (Zhang et al., 2019). However, the scientific relationship between
the ozonolysis mechanism of organic amines and SOA formation is
still unclear. Therefore, the actual ozonolysis pathway and transforma-
tion mechanism of gaseous organic amines need further exploration
to clearly demonstrate their atmospheric oxidation process and assess
their role in SOA formation and growth.

In the current work, the ozonolysis pathways and transformation
mechanisms of two typical organic amines—diethylamine (DEA) and
triethylamine (TEA) were investigated and compared via both experi-
mental and theoretical methods. The intermediate chemical species
were qualitatively and quantitatively analyzed using a gas
chromatography-mass spectrometer (GC–MS), proton transfer reaction
time-of-flight mass spectrometer (PTR-TOF-MS), and proton transfer
reaction-quadrupole mass spectrometer (PTR-QMS). Then, the concen-
tration of intermediates formed during the ozonolysis of DEA and TEA
were compared to reveal the differences in the dominant products. Fur-
thermore, by combining the intermediate identification datawith quan-
tum chemical calculations, the ozonolysis pathways and transformation
mechanisms of both organic amines were demonstrated to reveal the
dominant pathway. Finally, the implications of enhanced intermediates
fromDEA and TEA for the SOA formationwere also attempted and illus-
trated in detail.

2. Materials and methods

2.1. Ozonolysis of DEA and TEA

The ozonolysis experiments of diethylamine (DEA) and
triethylamine (TEA) were conducted in a 10 L Teflon reactor under
room temperature and pressure. In a typical experiment, 0.20 μL of
high purity (N 99.0%) DEA (or 0.25 μL of TEA) was introduced in the
clean Teflon reactor through a micro-syringe to achieve an initial con-
centration of 5.9 ppm (or 5.4 ppm for TEA) after 30min of volatilization.
O3, generated from the photolysis of dry air using a UV lamp (maximum
and minimum emission wavelength of 254 nm and 185 nm
respectively), was introduced into the reactor with dry air to reach an
initial concentration of about 10 ppm (monitored using an ozone mon-
itor (Model 106-L, 2B technologies, Inc)). Themeasured relative humid-
ity in the reactorwas under 5%. Finally, the ozonolysis of gaseous DEA or
TEA was accomplished under dark conditions.
2.2. Identification and quantification of intermediates

After 15min, the gaseous sample was concentrated by a solid-phase
microextraction (SPME) using a fibre coated with 65 μm
polydimethylsiloxane-divinylbenzene. Then, the fibre was inserted
into a gas chromatography-mass spectrometer (GC–MS, Agilent
7890B\\5977B) for the analysis of the products obtained after
ozonolysis. An HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm)
was used with GC oven temperature program: initially, 35 °C for 1
min, programmed to reach 150 °C at a rate of 5 °C min−1, then to 250
°C at a rate of 10 °Cmin−1, and then held for 3min. Themass spectrom-
eter conditions were set as follows: temperature of transfer line at 280
°C, ionizing energy of 70 eV, and a scan range of 30–350 me−1. Helium
was used as the carrier gas with a constant column flow rate of 1.5 mL
min−1. Carbonyl intermediates were identified via the SPME combined
with the derivatizationmethod. The SPME fibrewas pre-treatedwith O-
(2,3,4,5,6-pentafluorobenzyl) hydroxyamine hydrochloride (PFBHA)
before concentrating the gaseous sample from the reactor at 15 min.
Then, the derivatized intermediates were identified by GC–MS under
modified GC oven temperature program: initially temperature 35 °C
for 1 min, programmed to 120 °C at a rate of 4.5 °C min−1, then to 250
°C at a rate of 10 °C min−1, and held for 1 min.

The PTR-TOF-MS 1000 (Ionicon Analytik GmbH, Innsbruck, Austria)
was further applied to qualitatively confirm the intermediates identified
by GC–MS after 15min of ozonolysis. An in-depth description of the an-
alytical details of PTR-TOF-MS has been shown in the Supporting infor-
mation of our recently published work (Han et al., 2019). Based on the
data from PTR-TOF-MS, PTR-QMS 300 (Ionicon Analytik GmbH, Inns-
bruck, Austria), which uses the unique soft-chemical ionization tech-
nique to quantify organic compounds, was also used to measure the
concentrations of intermediate products. Briefly, organic species with
a proton affinity greater than water get protonated after reacting with
high purity hydronium (H3O+) ions. The organic ions are then sepa-
rated on the basis of theirm/z ration in theQMS anddetected by the sec-
ondary electron multiplier. The gaseous samples were separately
introduced into the PTR-QMS drift tube after a duration of 15, 30, 45,
and 60 min via 1 m long and heated (at 60 °C) silco-coated steel inlet
with 1/16″ inner diameter at a flow rate of 50 mL min−1. The parame-
ters of PTR-QMS were shown as follows: temperature and the pressure
of drift tube at 80 °C and 2.2 mbar, ion source flow at 6 sccm, and the
resulting E/N ratio at 135 Td (1 Td =10−17 V cm2). The scan range of
the PTR-QMS was from m/z 21 to 200 with a dwell time of 250 ms per
m/z. The mass spectrum was recorded every 45 s, and a test file was
formed each minute. The spectra mass data were analyzed using the
PTR-MS Viewer software.
2.3. Theoretical calculation of ozonolysis reactions

All quantum chemical calculationswere conducted using the Gauss-
ian 09 package software, as depicted in our recent works (Chen et al.,
2019; Wei et al., 2019). Based on the density functional theory, all the
reactants, intermediates, and products were geometrically optimized.
The hybrid density functional M06-2×/6-311G (d,p) method with the
level of M06-2×/6-311G (3df,3pd) was adopted (Ji et al., 2017; Wang
et al., 2015). Specifically, the dual-level method was indicated as X//Y,
where a single-point energy calculation at level X carried out for the ge-
ometry, optimized at a lower level Y, which is M06-2X//M06-2X.
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2.4. Evaluation of SOA formation during the ozonolysis of DEA and TEA

The concentration and the size distribution (from 2.5 nm to 1000
nm) of SOA during the ozonolysis reactions of DEA and TEA was moni-
tored using a scanning mobility particle sizer (SMPS, TSI Model 3938,
TSI, Shoreview, MN, USA) after a reaction time of 15 and 60 min. The
sample and the sheath gas flow rates were maintained at 0.3 and 3 L
min−1, respectively. The initial concentration of SOA in the reactor
was completely negligible. The amount of SOA formed from the
ozonolysis of DEA and TEA was corrected with a blank sample.

3. Results and discussion

3.1. Intermediates formed during the ozonolysis of DEA and TEA

Fig. 1 shows the total ion chromatograms of ozonolysis intermedi-
ates from DEA and TEA after a reaction time of 15 min. As shown in
Fig. 1a, a total of five peaks (No. 1–5) with retention times of 5.15,
6.24, 6.78, 7.79, and 10.05 min were observed, corresponding to five in-
termediates. After comparing their major fragmentswith the NIST data-
base (Table 1), the intermediates were identified as acetamide (Fig. 2a),
N-ethylformamide (Fig. 2b), N,N-diethylhydroxylamine (Fig. 2c), N-
ethylacetamide (Fig. 2d) and N-acetylacetamide (Fig. 2e), respectively.
The formation of these nitrogen- andoxygen-containing compounds re-
veals that the ozonolysis of DEA proceeds via the formation of amide
and amine products. Some of the products mentioned above have also
been observed during the ozonolysis of aqueous DEA in a previous
study (Lim et al., 2019). Besides, three peaks (No. 6, 7, and 7′) with re-
tention times of 12.16, 15.34, and 15.60 min were obtained from the
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Fig. 1. Total ion chromatograms of ozonolysis intermediates from DEA (a, b) and TEA (c,
total ion chromatograms of PFBHA-derivatized sample of DEA. The
peak No. 7 and 7′ display identical mass spectra, highlighting their iso-
meric nature. The mass spectra of these samples also indicate the pres-
ence of a dominant fragment ion at m/z = 181 (Fig. 2f and g).
Furthermore, after comparing the mass spectra with the NIST library
(Table 1), formaldehyde and acetaldehyde are identified as the other
two ozonolysis intermediates obtained from DEA. A previous study
has also suggested that the reaction of carbonyl groups with PFBHA re-
sults in derivatives with a strong fragment ion atm/z=181, which has
been used as a marker to identify compounds with carbonyl groups (Li
et al., 2019; Yu et al., 1998). In agreementwith our results, other studies
have also reported the presence of carbonyl intermediates during the
ozonolysis of other amines (Tuazon et al., 1994). As for TEA, besides
the five nitrogen- and oxygen-containing intermediates and two car-
bonyl products, another two new peaks, corresponding to N,N-
diethylformamide (Fig. 2h) and N,N-diethylacetamide (Fig. 2i), were
also observed after 15 min of the reaction (Fig. 1c and d). Thus, the
ozonolysis of both DEA and TEA results in chemically identical interme-
diate species, indicating that these two organic amines partially share
the same ozonolysis pathways.

PTR-TOF-MS was further used to qualitatively confirm these inter-
mediates online. As shown in Fig. 3a, a total of ten peaks (m/z of
31.018, 31.986, 33.026, 37.022, 45.030, 60.042, 72.083, 74.059, 88.062
and 102.069) were detected from the ozonolysis of DEA after 15 min
of reaction, corresponding to ten probable products. The m/z 31.986
corresponds to O2, which is released during the ionization process in
the ion-source chamber, and m/z 37.022 corresponds to the (2H2O)
H+ cluster. After analysis of their mass information through the TOF-
DAQsoftware, the chemical formulas of the remaining eight compounds
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Table 1
Name, formula, structure, retention time and main fragment of intermediates from DEA and TEA ozonolysis detected by GC–MS.

No. Name Formula Structure Retention Time (min) Main fragment (m/z)

1 Acetamide C2H5NO 5.15 59, 44, 32

2 N-ethylformamide C3H7NO 6.24 73, 58, 44, 30

3 N,N-diethylhydroxylamine C4H11NO 6.78 89, 74, 58, 46, 30

4 N-ethylacetamide C4H9NO 7.79 87, 72, 59, 43, 30

5 N-acetylacetamide C4H7NO2 10.05 101, 87, 72, 58, 43, 30

6 Formaldehyde-PFBHA C8H4F5NO 12.16 225, 195, 181, 161, 117, 99, 81, 58, 31

7, 7’ Acetaldehyde-PFBHA C9H6F5NO 15.34, 15.60 239, 209, 195, 181, 161, 117, 99, 81, 58, 30

8 N,N-diethylformamide C5H11NO 9.01 101, 86, 72, 58, 44, 30

9 N,N-diethylacetamide C6H13NO 10.94 115, 100, 86, 72, 58, 44, 30
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were identified as (CH2O)H+, (CH3OH)H+, (C2H4O)H+, (C2H5NO)H+,
(C4H9N)H+, (C3H7NO)H+, (C4H9NO)H+ and (C4H7NO2)H+ (see
Table 2). Using the combined results of PTR-TOF-MS and GC–MS (listed
in Table 1), compounds with the formula (CH2O)H+, (C2H4O)H+,
(C2H5NO)H+, (C3H7NO)H+, (C4H9NO)H+, and (C4H7NO2)H+ were
identified as formaldehyde, acetaldehyde, acetamide, N-
ethylformamide, N-ethylacetamide, and N-acetylacetamide, respec-
tively. However, (CH3OH)H+ and (C4H9N)H+ were only detected by
the PTR-TOF-MS as they were probably lost during the GC–MS pre-
treatment process due to their high polarity.

After analysis its molecular formula and weight, the compound
CH3OH is obviously identified as methanol. The compound C4H9N is
identified as N-ethylethanimine according to the reference (Erupe
et al., 2008). As for TEA, in addition to m/z 31.986 and 37.022, other
eleven peaks with m/z of 31.012, 33.031, 45.029, 60.041, 72.077,
74.059, 88.062, 90.091, 102.095, 102.058, and 116.107 were detected
by the PTR-TOF-MS, 15 min after the initiation of ozonolysis reaction
(Fig. 3b). These peaks correspond to compounds with the chemical for-
mulas of (CH2O)H+, (CH3OH)H+, (C2H4O)H+, (C2H5NO)H+, (C4H9N)
H+, (C3H7NO)H+, (C4H9NO)H+, (C4H11NO)H+, (C5H11NO)H+,
(C4H7NO2)H+, and (C6H13NO)H+ (see Table 3), which are identified
as formaldehyde, methanol, acetaldehyde, acetamide, N-
ethylethanimine, N-ethylformamide, N-ethylacetamide, N,N-
diethylhydroxylamine, N,N-diethylformamide, N-acetylacetamide, and
N,N-diethylacetamide, respectively.

Clearly, a total of eight and eleven intermediates were identified
from the ozonolysis of DEA and TEA, respectively. Fig. 4 and Tables 2-3
further show the concentrations of these intermediate species mea-
sured via the PTR-QMS as the reaction proceeded from 0 to 60 min
(Fig. 3c, d and S1-S3). No intermediates were detected before the start
of the reaction. The ozonolysis of DEA at 15, 30, 45, and 60 min of reac-
tion resulted in a total of 7997.63, 7480.40, 7239.33, and 7475.98 ppb of
gas-phase products (see Fig. 4a). The contribution of N-ethylethanimine
(average mixing ratio of 4265.70 ppb) to the total intermediate loading
was the highest, with an average share of 56.5%. The secondmajor inter-
mediate was acetaldehyde with an average concentration of 1557.47
ppb, accounting for 20.8% of the total loading. Together, both N-
ethylethanimine and acetaldehyde accounted for N76% of the total in-
termediates measured, indicating that these are the major species
formed during the DEA ozonolysis. Similarly, N-ethylethanimine and
acetaldehyde were also the top two highest concentrated products ob-
tained from the TEA ozonolysis (see Fig. 4b). Their average concentra-
tions were 2180.90 and 6606.35 ppb, accounting for 21.4% and 64.9%
of the total intermediates. Identical dominant products obtained from
the ozonolysis of DEA and TEA indicate that these amines undergo sim-
ilar transformation pathways. However, acetaldehyde is formed more
significantly in the TEA ozonolysis. Notably, this is thefirst study that re-
ports the dominant formation of acetaldehyde from the ozonolysis of an
organic amine. It is worth noting that acetaldehyde, a carbonyl com-
pound has a high SOA formation potential.

3.2. Ozonolysis pathways and mechanisms of DEA and TEA

Based on the identification andmeasurements of the chemical inter-
mediates together with quantum chemistry calculations, the ozonolysis
pathways of DEA and TEA are also proposed. As shown in Fig. 5, O3 ab-
stracts theH atom from the amine or themethyl group of DEA, resulting
in the formation of N,N-diethylhydroxylamine (pathway I) or 1-
(ethylamino)ethanol (pathway II). Theoretically calculated energies of
25.22 and 61.02 kcal mol−1 are released from the above two reactions,
suggesting an easy transformation of DEA to these two products. In
the next step, N,N-diethylhydroxylamine loses one H2O molecule to
form N-ethylethanimine releasing 106.47 kcal mol−1 of energy. A sig-
nificantly high amount of energy release suggests the rapid transforma-
tion of N,N-diethylhydroxylamine to N-ethylethanimine, leading to the
highest concentration of this intermediate from the DEA ozonolysis. On
the other hand, the H abstraction further happens from the 1-
(ethylamino)ethanol to successively form N-ethylacetamide and N-
acetylacetamide. More than 73.57 kcal mol−1 of energy is also released
from these two processes, manifesting spontaneous occurrence of the
above transformations. DEA can also be further attacked by O3 to form
N-methylethanamine (pathway III) or ethanamine (pathway IV) with
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Fig. 2.Mass spectra of acetamide (a), N-ethylformamide (b), N,N-diethylhydroxylamine (c), N-ethylacetamide (d),N-acetylacetamide (e), formaldehyde-PFBHA (f), acetaldehyde-PFBHA
(g), N,N-diethylformamide (h) and N,N-diethylacetamide (i) obtained at 15 min ozonolysis.
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the release of formaldehyde or acetaldehyde. The energy released from
these processes is estimated to be 35.03 and 48.99 kcal mol−1 from
above breaking processes, suggesting that O3 easily breaks C\\C and
N\\C bonds of DEA. O3 further abstracts the H atoms of these two or-
ganic amines to form alcohols (ethylaminomethanol and 1-
aminoethanol) initially and then amides (N-ethylformamide and acet-
amide). All these processes release a relatively large amount of energy
(△ErN53 kcal mol−1), verifying that the transformation of N-
methylethanamine (or ethanamine) to N-ethylformamide (or acet-
amide) is thermodynamically spontaneous.

As for TEA, the O3 directly abstracts an H atom from its methyl group
to form N,N-diethylacetamide after losing one molecule of H2O2 (path-
way V). Theoretical calculations reveal that a significant amount of en-
ergy was released in this reaction (△Er = −129.77 kcal mol−1),
indicating a thermodynamically favourable process. In another possibil-
ity, O3 attacks the C\\C bond of TEA to form N,N-diethylmethylamine
with the release of a molecule of formaldehyde and O2 (pathway VI).
The C\\C bond break releases 35.26 kcal mol−1 of energy, also indicat-
ing a spontaneous reaction. O3 further abstracts the H atom from the
methyl group of N,N-diethylmethylamine to successively form N,N-
diethylaminomethanol, and N,N-diethylformamide while releasing
57.95 and 74.35 kcal mol−1 of energy. The liberation of a vast amount
of energy again signals that the above reaction is thermodynamically
favourable. Furthermore, the occurrence of the N\\C bond break was
also observed for TEA. As shown in the Fig. 5, the breaking of the N\\C
bond by O3 attack leads to the formation of DEA and acetaldehyde, re-
leasing roughly 50.38 kcal mol−1 of energy (pathway VII).
Unfortunately, DEA could not be directly detected during TEA
ozonolysis in this study as it probably transformed into other intermedi-
ates. The likely transformation of TEA to DEA during the former's
ozonolysis indicates that the DEA ozonolysis pathway resembles that
of the TEA, explainingwhy the two form similar intermediates. The con-
version of TEA to DEA via ozonolysis has also been observed by others
(Lim et al., 2019), further agreeing with our result.

Additionally, the ratio of each pathway is compared to reveal the
dominant ozonolysis process of TEA and DEA. As shown in Fig. 6a, path-
wayV, VI, and VII of TEA ozonolysis generate 87.52, 133.69, and 2756.93
ppb of products (excluding carbonyl compounds), accounting for 2.9%,
4.5% and 92.6% of the total three pathways. The highest contribution
of pathway VII indicates that the N\\C bond break by O3 to form DEA
and its products is the major ozonolysis pathway of TEA in this study.
This result is in contradiction with that obtained from the aqueous
phase ozonolysis of TEA (Lim et al., 2019), suggesting a significant influ-
ence of environmental conditions on the preferential ozonolysis path-
ways adopted by organic amines. Further studies should investigate
the impact of varying environmental conditions such as relative humid-
ity on the primary ozonolysis mechanism adopted by organic amines
from the possible pathways. In addition to the formation of DEA, acetal-
dehyde is also discharged from pathway VII, leading to a dominant con-
tribution of acetaldehyde from TEA.

Furthermore, the percentages of pathway I, II, III, and IV for TEA are
investigated and compared. As shown in Fig. 6b, about 2181.58,
211.53, 190.80, and 173.01 ppb of products (excluding carbonyl com-
pounds) are formed from pathway I, II, III, and IV, accounting for
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Fig. 3. PTR-TOF-MS and PTR-QMS spectra of ozonolysis products from DEA (a, c) and TEA (b, d) at 15 min.

Table 2
M/z, formula, name and of ozonolysis products of DEA determined by PTR-TOF-MS and concentration detected by PTR-QMS.

m/z Formula Name Concentration (ppb)

15 min 30 min 45 min 60 min

m31.018 (CH2O)H+ Formaldehyde 294.46 290.23 284.03 285.43
m33.026 (CH3OH)H+ Methanol 776.13 737.42 734.86 744.25
m45.030 (C2H4O)H+ Acetaldehyde 1201.29 1394.47 1636.96 1997.15
m60.02 (C2H5NO)H+ Acetamide 326.59 330.26 319.42 321.99
m72.083 (C4H9N)H+ N-ethylethanimine 4992.54 4395.52 3918.91 3755.83
m74.059 (C3H7NO)H+ N-ethylformamide 208.79 165.83 175.37 191.75
m88.062 (C4H9NO)H+ N-ethylacetamide 102.04 91.89 93.40 99.97
m102.069 (C4H7NO2)H+ N-acetylacetamide 95.79 74.78 76.38 79.61

Total 7997.63 7480.4 7239.33 7475.98
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79.1%, 7.7%, 6.9%, and 6.3%, respectively. Clearly, the transformation of
DEA to N,N-diethylhydroxylamine, and then N-ethylethanimine is the
dominant ozonolysis pathway of TEA. This result also robustly verifies
the formation of N-ethylethanimine as the second most concentrated
Table 3
M/z, formula, name of ozonolysis products of TEA determined by PTR-TOF-MS and concentrati

m/z Formula Name

m31.012 (CH2O)H+ Formaldehyde
m33.031 (CH3OH)H+ Methanol
m45.029 (C2H4O)H+ Acetaldehyde
m60.041 (C2H5NO)H+ Acetamide
m72.077 (C4H9N)H+ N-ethylethanimine
m74.059 (C3H7NO)H+ N-ethylformamide
m88.062 (C4H9NO)H+ N-ethylacetamide
m90.091 (C4H11NO)H+ N,N-diethylhydroxylami
m102.095/m102.058 (C5H11NO)H+/(C4H7NO2)H+ N,N-diethylformamide/N
m116.107 (C6H13NO)H+ N,N-diethylacetamide

Total
intermediate during the ozonolysis of TEA. A similar phenomenon is
also observed during the DEA ozonolysis. Pathway I, II, III, and IV of
DEA ozonolysis results in the formation of 4265.70, 178.46, 185.43,
and 324.56 ppb of products (excluding carbonyl compounds),
on detected by PTR-QMS.

Concentration (ppb)

15 min 30 min 45 min 60 min

722.94 392.83 383.40 382.71
110.50 128.86 136.17 135.27
5659.25 6981.59 6883.31 6901.24
169.30 176.21 161.46 185.08
2026.59 2401.17 2238.58 2057.24
186.51 176.61 192.92 207.17
72.63 101.14 76.49 61.11

ne 2.47 0.01 0.23 0.04
-acetylacetamide 269.09 270.21 250.23 280.01

135.10 78.16 76.24 60.57
9354.38 10706.79 10399.03 10270.44
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accounting for 86.1%, 3.6%, 3.7%, and 6.6% of the total four pathways
(Fig. 6c). Based on the comparison of pathways, it can be said that the
ozonolysis of TEA prefers the initial formation of DEA through pathway
Fig. 5. Proposed ozonolysis pathways
VII with a significant discharge of acetaldehyde and then N-
ethylethanimine via pathway I. The dominant pathway I and pathway
II also lead to a significant formation of N-ethylethanimine and acetal-
dehyde from DEA. However, the different dominant products obtained
from the TEA and DEA ozonolysis may also lead to different SOA
formation.

3.3. Comparison of SOA formation from the ozonolysis of DEA and TEA

Several previous works have demonstrated the importance of
amines with regard to their potential to form SOA in the atmosphere
(De Haan et al., 2009; Duporte et al., 2017; Facchini et al., 2008;
Stropoli and Elrod, 2015). Therefore, the SOA formation is also moni-
tored and compared for the ozonolysis of DEA and TEA. Fig. 7 and
Table S1 show the number and mass concentration of the SOA mea-
sured during the ozonolysis of DEA and TEA, 15 and 60min after the ini-
tiation of the reaction, respectively. As can be seen for DEA, the total
number andmass concentrations of SOA obtained were 1.47 × 105 par-
ticles cm−3 and 82.15 μg m−3 at 15 min, which decreased to 1.17 × 105

particles cm−3 and65.07 μgm−3 at 60min (Fig. 7a and Table S1).Mean-
while, no shift in the peak size at 92 nm was observed at the end of 15
and 60 min (Fig. 7b). All these results suggest that the ozonolysis of
DEA results in the generation of SOA which show negligible growth
with extending reaction time.

Ozonolysis of TEA led to a higher SOA yield when compared to DEA.
Ozonolysis of TEA at 15 min resulted in SOA with a number density of
3.14 × 105 particles cm−3 in the size range of 14 to 710 nm. Increasing
the ozonolysis time to 60min decreases the total number concentration
to 2.00 × 105 particles cm−3 within the same size range. Additionally,
the peak size of SOA was found to increase from 108 to 119 nm with
an increase in reaction time from 15 to 60 min (Fig. 7c). These results
suggest that prolonging the ozonolysis time of TEA leads to the forma-
tion of larger SOA particles, resulting in a decrease in particle number
concentration. An increase in the dominant particle size from the
range of 90–120 nm at 15 min to the range of 120–160 nm at 60 min
was observed for TEA ozonolysis (Table S1). Meanwhile, the almost un-
changed total mass concentration of SOA from 286.09 to 285.92 μgm−3

firmly establishes the formation of large-sized SOA particles (Fig. 7d).
and mechanism of DEA and TEA.



Fig. 6. Percentage of products from different ozonolysis pathways of TEA (a, b) and DEA
(c).
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Furthermore, the formation of larger SOA during the TEA ozonolysis
process likely means that the secondary organic products
(e.g., acetaldehyde) undergo condensation, coagulation, and other sim-
ilar growth processes to form larger secondary particles. Previous stud-
ies have also observed identical particle growth phenomena from the
oxidation the of other organic species (Babar et al., 2017; Zhang et al.,
2015), consistent with our hypothesis. Although a few attempts have
been made to understand the exact growth mechanism of SOA from
TEA ozonolysis products, this field needs further investigation
(Murphy et al., 2007).

The different ozonolysis product concentration and composition of
DEA and TEAmay be responsible for the formation of SOAwith different
concentrations and particle sizes. According to the product results
(Fig. 4), the average concentration of products from TEA (10182.66
ppb) was 1.35 times higher than that from DEA (7548.33 ppb), which
may have enhanced the SOA formation. The increased formation of
SOA from a substantial loading of organics has been reported (Hui
et al., 2019; Wei et al., 2018; Wu et al., 2016; Zhang et al., 2017),
confirming our hypothesis. Furthermore, the major products obtained
from the ozonolysis of TEA and DEA are acetaldehyde (64.9%), and N-
ethylethanimine (56.5%), respectively. Therefore, these two dominant
products should contribute differently to SOA formation and growth
during the period of study. Carbonyl compounds such as acetaldehyde
are recognized as crucial SOA precursors in the atmosphere (Choi
et al., 2017; Huang et al., 2019; Sarkar et al., 2016; Zhou et al., 2019).
These compounds exhibit significant reactivity to form SOA. For exam-
ple, it is known that acetaldehyde facilitates the formation of imidazole,
especially in the presence of amines (Rodriguez et al., 2017). Imidazoles
formed via the reaction of carbonyl compounds with amines have been
expected to initiate SOA growth due to their potential to act as photo-
sensitizers (Felber et al., 2019). The large amount of acetaldehyde gen-
erated from the ozonolysis of TEA in this study readily reacts with TEA
or other amine intermediates to form imidazoles, which then form
SOA. Meanwhile, previousworks have also reported that amines gener-
ate significant aerosol mass in the presence of carbonyl compounds.
Carbonyl compounds irreversibly trap volatile amine compounds in
the aerosol phase, converting them into oligomers (De Haan et al.,
2009). Hence, during the TEA ozonolysis, excess acetaldehyde continu-
ously traps N-ethylethanimine or other nitrogen-containing products
on a small SOA, thus enabling its growth. However, such a phenomenon
cannot happen during the DEA ozonolysis process, probably due to the
relatively lowconcentration of acetaldehyde despite consisting of an ex-
ceedingly high percentage of nitrogen-containing intermediates. The
ability of carbonyl compounds to enable the formation of larger SOA
in the presence of organic amines needs further exploration.

4. Conclusions

The intermediates, pathways, and mechanisms of the ozonolysis of
atmospheric organic amines were systematically investigated in this
study. Intermediate results revealed the formation of a series of
nitrogen- and oxygen-containing products from both the DEA and TEA
ozonolysis processes. Acetaldehyde and N-ethylethanimine are the
dominant products formed in TEA and DEA ozonolysis, respectively.
Based on experimental data and theoretical calculations, it was found
that the ozonolysis of atmospheric TEA preferred the initial formation
of DEA and subsequently to N-ethylethanimine. Highly concentrated
formation of carbonyl intermediates from organic amines resulted in
the formation and growth of SOA particles. This is the first study to re-
port the dominant formation of acetaldehyde from the ozonolysis of or-
ganic amines. Our results provide a deep insight into the atmospheric
ozonolysis mechanism of organic amines and highlight their significant
contribution to SOA formation.

Declaration of competing interests

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

CRediT authorship contribution statement

Dan Tong: Formal analysis, Methodology, Writing - original draft.
Jiangyao Chen: Formal analysis, Methodology. Dandan Qin: Investiga-
tion. Yuemeng Ji: Data curation. Guiying Li: Validation. Taicheng An:
Conceptualization, Supervision.

Acknowledgements

This work was financially supported by Local Innovative and Re-
search Teams Project of Guangdong Pearl River Talents Program
(2017BT01Z032), National Natural Science Foundation of China
(41731279 and 21777032), National Key Research and Development



10 100 1000
0.0

2.5x105

5.0x105

7.5x105

1.0x106

(c)

N
um

be
r c

on
ce

nt
ra

tio
n 

(p
ar

tic
le

s 
cm

-3
)

Dp (nm)

 15 min
 60 min

10 100 1000
0.0

2.5x102

5.0x102

7.5x102

1.0x103 (d)

M
as

s 
co

nc
en

tr
at

io
n 

(μ
g 

m
-3
)

Dp (nm)

 15 min
 60 min

10 100 1000
0.0

1.0x102

2.0x102

3.0x102

(b)

M
as

s 
co

nc
en

tr
at

io
n 

(μ
g 

m
-3
)

Dp (nm)

 15 min
 60 min

10 100 1000
0.0

1.5x105

3.0x105

4.5x105

6.0x105

(a)

N
um

be
r c

on
ce

nt
ra

tio
n 

(p
ar

tic
le

s 
cm

-3
)

Dp (nm)

 15 min
 60 min

Fig. 7. Number and mass concentration of SOA from ozonolysis of DEA (a, b) and TEA (c, d).

9D. Tong et al. / Science of the Total Environment 737 (2020) 139830
Program of China (2019YFC0214402), Key-Area Research and Develop-
ment Program of Guangdong Province (2019B110206002) and The In-
novation Team Project of Guangdong Provincial Department of
Education, China (2017KCXTD012).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139830.

References

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-flightmass
spectrometry. Environ. Sci. Technol. 35 (15), 3130–3138.

Babar, Z.B., Park, J.-H., Lim, H.-J., 2017. Influence of NHon secondary organic aerosols from
the ozonolysis and photooxidation of α-pinene in a flow reactor. Atmos. Environ.
164, 71–84.

Borduas, N., Abbatt, J.P.D., Murphy, J.G., 2013. Gas phase oxidation of monoethanolamine
(MEA) with OH radical and ozone: kinetics, products, and particles. Environ. Sci.
Technol. 47 (12), 6377–6383.

Cape, J.N., Cornell, S.E., Jickells, T.D., Nemitz, E., 2011. Organic nitrogen in the atmo-
sphere — where does it come from? A review of sources and methods. Atmos. Res.
102 (1–2), 30–48.

Chen, J.Y., He, Z.G., Ji, Y.M., Li, G.Y., An, T.C., Choi, W.Y., 2019. OH radicals determined pho-
tocatalytic degradation mechanisms of gaseous styrene in TiO2 system under 254 nm
versus 185 nm irradiation: combined experimental and theoretical studies. Appl.
Catal. B-Environ. 257, 117912.

Choi, J., Choi, Y., Ahn, J., Park, J., Oh, J., Lee, G., Park, T., Park, G., Owen, J.S., Lee, T., 2017. Ob-
servation of secondary organic aerosol and new particle formation at a remote site in
Baengnyeong Island, Korea. Asian Journal of Atmos. Environ. 11 (4), 300–312.

De Haan, D.O., Tolbert, M.A., Jimenez, J.L., 2009. Atmospheric condensed-phase reactions
of glyoxal with methylamine. Geophys. Res. Lett. 36, L11819.

Duporte, 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 alpha-pinene in the pres-
ence of dimethylamine. Environ. Sci. Technol. 51 (10), 5602–5610.

Erupe, M.E., Price, D.J., Silva, P.J., Malloy, Q.G.J., Qi, L., Warren, B., Cocker Iii, D.R., 2008. Sec-
ondary organic aerosol formation from reaction of tertiary amines with nitrate radi-
cal. Atmos. Chem. Phys. Discuss. 2008, 16585–16608.
Facchini, M.C., Decesari, S., Rinaldi, M., Carbone, C., Finessi, E., Mircea, M., Fuzzi, S., Moretti,
F., Tagliavini, E., Ceburnis, D., O'Dowd, C.D., 2008. Important source of marine second-
ary organic aerosol from biogenic amines. Environ. Sci. Technol. 42 (24), 9116–9121.

Felber, T., Schaefer, T., Herrmann, H., 2019. OH-initiated oxidation of imidazoles in tropo-
spheric aqueous-phase chemistry. J. Phys. Chem. A 123 (8), 1505–1513.

Filipy, J., Rumburg, B., Mount, G., Westberg, H., Lamb, B., 2006. Identification and quanti-
fication of volatile organic compounds from a dairy. Atmos. Environ. 40 (8),
1480–1494.

Furuhama, A., Imamura, T., Maeda, S., Taketsugu, T., 2018. Theoretical study of initial re-
actions of amine (CH3)(n)NH(3-n) (n=1, 2, 3) with ozone. Chem. Phys. Lett. 692,
111–116.

Gai, Y.B., Ge, M.F., Wang, W.G., 2010. Rate constants for the gas phase reactions of ozone
with diethylamine and triethylamine. Acta Phys. -Chim. Sin. 26 (7), 1768–1772.

Ge, X., Wexler, A.S., Clegg, S.L., 2011. Atmospheric amines – part I. A review. Atmos. Envi-
ron. 45 (3), 524–546.

Han, C., Liu, R.R., Luo, H., Li, G.Y., Ma, S.T., Chen, J.Y., An, T.C., 2019. Pollution profiles of vol-
atile 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, X.F., Wang, C., Zhu, B., Lin, L.L., He, L.Y., 2019. Exploration of sources of OVOCs in
various atmospheres in southern China. Environ. Pollut. 249, 831–842.

Hui, L.R., Liu, X.G., Tan, Q.W., Feng, M., An, J.L., Qu, Y., Zhang, Y.H., Cheng, N.L., 2019. VOC
characteristics, sources and contributions to SOA formation during haze events in
Wuhan. Central China. Sci. Total Environ. 650, 2624–2639.

Ji, Y., Zhao, J., Terazono, H., Misawa, K., Levitt, N.P., Li, Y., Lin, Y., Peng, J., Wang, Y., Duan, L.,
Pan, B., Zhang, F., Feng, X., An, T., Marrero-Ortiz, W., Secrest, J., Zhang, A.L., Shibuya, K.,
Molina, M.J., Zhang, R., 2017. Reassessing the atmospheric oxidation mechanism of
toluene. Proc. Natl. Acad. Sci. U. S. A. 114 (31), 8169–8174.

Li, J., Chen, J.Y., Ji, Y.M., Wang, J.X., Li, G.Y., An, T.C., 2019. Solar light induced transforma-
tion mechanism of allyl alcohol to monocarbonyl and dicarbonyl compounds on dif-
ferent TiO2: a combined experimental and theoretical investigation. Chemosphere
232, 287–295.

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

Liu, F.X., Bi, X.H., Zhang, G.H., Peng, L., Lian, X.F., Lu, H.Y., Fu, Y.Z., Wang, X.M., Peng, P.A.,
Sheng, G.Y., 2017. Concentration, size distribution and dry deposition of amines in at-
mospheric particles of urban Guangzhou, China. Atmos. Environ. 171, 279–288.

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.

Perez, J.E., Kumar, M., Francisco, J.S., Sinha, A., 2017. Oxygenate-induced tuning of
aldehyde-amine reactivity and its atmospheric implications. J. Phys. Chem. A 121
(5), 1022–1031.

https://doi.org/10.1016/j.scitotenv.2020.139830
https://doi.org/10.1016/j.scitotenv.2020.139830
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0005
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0005
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0005
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0005
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0010
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0010
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0010
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0015
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0015
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0015
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0020
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0020
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0020
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0025
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0030
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0030
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0030
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0035
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0035
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0040
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0040
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0040
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0045
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0045
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0045
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0050
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0050
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0055
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0055
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0060
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0060
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0060
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0065
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0070
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0070
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0075
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0075
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0080
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0080
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0080
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0080
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0085
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0085
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0090
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0090
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0090
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0095
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0095
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0100
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0100
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0100
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0100
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0100
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0105
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0105
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0110
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0110
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0115
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0115
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0120
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0120
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0120


10 D. Tong et al. / Science of the Total Environment 737 (2020) 139830
Qiu, C., Wang, L., Lal, V., Khalizov, A.F., Zhang, R., 2011. Heterogeneous reactions of
alkylamines with ammonium sulfate and ammonium bisulfate. Environ. Sci. Technol.
45 (11), 4748–4755.

Rodriguez, A.A., de Loera, A., Powelson, M.H., Galloway, M.M., Haan, D.O., 2017. Formalde-
hyde and acetaldehyde increase aqueous-phase production of imidazoles in
methylglyoxal/amine mixtures: quantifying a secondary organic aerosol formation
mechanism. Environ. Sci. Technol. Lett. 4 (6), 234–239.

Sarkar, C., Sinha, V., Kumar, V., Rupakheti, M., Panday, A., Mahata, K.S., Rupakheti, D.,
Kathayat, B., Lawrence, M.G., 2016. Overview of VOC emissions and chemistry from
PTR-TOF-MS measurements during the SusKat-ABC campaign: high acetaldehyde,
isoprene and isocyanic acid in wintertime air of the Kathmandu Valley. Atmos.
Chem. Phys. 16 (6), 3979–4003.

Stropoli, S.J., Elrod, M.J., 2015. Assessing the potential for the reactions of epoxides with
amines on secondary organic aerosol particles. J. Phys. Chem. A 119 (40),
10181–10189.

Tang, X., Price, D., Praske, E., Lee, S.A., Shattuck, M.A., Purvis-Roberts, K., Silva, P.J., Asa-
Awuku, A., Cocker, D.R., 2013. NO3 radical, OH radical and O3-initiated secondary
aerosol formation from aliphatic amines. Atmos. Environ. 72, 105–112.

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. Interm. 20,
303–320.

Wang, H.H., Ji, Y.M., Chen, J.Y., Li, G.Y., An, T.C., 2015. Theoretical investigation on the ad-
sorption configuration and (OH)-O-center dot-initiated photocatalytic degradation
mechanism of typical atmospheric VOCs styrene onto (TiO2)(n) clusters. Sci. Rep. 5,
15059.

Wei, W., Li, Y., Wang, Y.T., Cheng, S.Y., Wang, L.T., 2018. Characteristics of VOCs during
haze and non-haze days in Beijing, China: concentration, chemical degradation and
regional transport impact. Atmos. Environ. 194, 134–145.

Wei, P., Qin, D., Chen, J., Li, Y., Wen, M., Ji, Y., Li, G., An, T., 2019. Photocatalytic ozonation
mechanism of gaseous n-hexane onMOx–TiO2–foam nickel composite (M= Cu, Mn,
Ag): unveiling the role of •OH and •O2−. Environ. Sci.: Nano 6 (3), 959–969.
Wu, R.R., Li, J., Hao, Y.F., Li, Y.Q., Zeng, L.M., Xie, S.D., 2016. Evolution process and sources
of ambient volatile organic compounds during a severe haze event in Beijing, China.
Sci. Total Environ. 560, 62–72.

Yao, L., Wang, M.Y., Wang, X.K., Liu, Y.J., Chen, H.F., Zheng, J., Nie, W., Ding, A.J., Geng, F.H.,
Wang, D.F., Chen, J.M., Worsnop, D.R., Wang, L., 2016. Detection of atmospheric gas-
eous amines and amides by a high-resolution time-of-flight chemical ionizationmass
spectrometer with protonated ethanol reagent ions. Atmos. Chem. Phys. 16 (22),
14527–14543.

You, Y., Kanawade, V.P., de Gouw, J.A., Guenther, A.B., Madronich, S., Sierra-Hernandez,
M.R., Lawler, M., Smith, J.N., Takahama, S., Ruggeri, G., Koss, A., Olson, K., Baumann,
K., Weber, R.J., Nenes, A., Guo, H., Edgerton, E.S., Porcelli, L., Brune, W.H., Goldstein,
A.H., Lee, S.H., 2014. Atmospheric amines and ammonia measured with a chemical
ionization mass spectrometer (CIMS). Atmos. Chem. Phys. 14 (22), 12181–12194.

Yu, J.Z., Flagan, R.C., Seinfeld, J.H., 1998. Identification of products containing -COOH, -OH,
and -C=O in atmospheric oxidation of hydrocarbons. Environ. Sci. Technol. 32 (16),
2357–2370.

Zahardis, J., Geddes, S., Petrucci, G.A., 2008. The ozonolysis of primary aliphatic amines in
fine particles. Atmos. Chem. Phys. 8 (5), 1181–1194.

Zhang, R., Wang, G., Guo, S., Zamora, M.L., Ying, Q., Lin, Y., Wang, W., Hu, M., Wang, Y.,
2015. Formation of urban fine particulate matter. Chem. Rev. 115 (10), 3803–3855.

Zhang, Z.J., Wang, H., Chen, D., Li, Q.Q., Thai, P., Gong, D.C., Li, Y., Zhang, C.L., Gu, Y.G., Zhou,
L., Morawska, L., Wang, B.G., 2017. Emission characteristics of volatile organic com-
pounds and their secondary organic aerosol formation potentials from a petroleum
refinery in Pearl River Delta, China. Sci. Total Environ. 584, 1162–1174.

Zhang, W.N., Ji, Y.M., Li, G.Y., Shi, Q.J., An, T.C., 2019. The heterogeneous reaction of
dimethylamine/ammonia with sulfuric acid to promote the growth of atmospheric
nanoparticles. Environ. Sci.-Nano 6 (9), 2767–2776.

Zhou, X., Li, Z.Q., Zhang, T.J., Wang, F., Wang, F.T., Tao, Y., Zhang, X., Wang, F.L., Huang, J.,
2019. Volatile organic compounds in a typical petrochemical industrialized valley
city of northwest China based on high-resolution PTR-MS measurements: character-
ization, sources and chemical effects. Sci. Total Environ. 671, 883–896.

http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0125
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0125
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0125
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0130
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0130
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0130
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0130
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0135
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0135
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0135
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0135
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0140
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0140
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0140
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0145
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0145
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0145
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0145
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0150
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0150
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0150
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0150
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0155
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0160
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0160
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0160
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0165
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0170
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0170
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0170
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0175
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0175
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0175
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0175
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0180
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0180
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0185
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0185
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0185
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0190
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0190
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0195
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0200
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0200
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0200
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0205
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0205
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0205
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0210
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0210
http://refhub.elsevier.com/S0048-9697(20)33350-7/rf0210

	Mechanism of atmospheric organic amines reacted with ozone and implications for the formation of secondary organic aerosols
	1. Introduction
	2. Materials and methods
	2.1. Ozonolysis of DEA and TEA
	2.2. Identification and quantification of intermediates
	2.3. Theoretical calculation of ozonolysis reactions
	2.4. Evaluation of SOA formation during the ozonolysis of DEA and TEA

	3. Results and discussion
	3.1. Intermediates formed during the ozonolysis of DEA and TEA
	3.2. Ozonolysis pathways and mechanisms of DEA and TEA
	3.3. Comparison of SOA formation from the ozonolysis of DEA and TEA

	4. Conclusions
	Declaration of competing interests
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A. Supplementary data
	References




