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A new advance in the pollution profile, transformation process,
and contribution to aerosol formation and aging
of atmospheric amines

Atmospheric amines contribute significantly to aerosol particles
formation through homogeneous and heterogeneous reactions. In
this review, we summarized a new advance of atmospheric amines
within last decade, including their pollution profiles, oxidation
mechanism, effects on the formation, growth and composition of
aerosol particles, and the ability to form brown carbon and enhance
hygroscopicity, activating cloud condensation nuclei. The tutorial
review provides new insights into the overall atmospheric circulation
and final fate of amines as well as their effects on atmospheric PM
formation and climate.
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A new advance in the pollution profile,
transformation process, and contribution to
aerosol formation and aging of atmospheric amines
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Amines, formed with the replacement of hydrogen atoms by NHz molecules of volatile organic compounds,
possess distinctive properties of alkalinity, volatility, water-solubility and oxidability and have attracted more
and more attention due to their significant contributions to atmospheric pollution during the past few
decades. To understand the environmental behaviors of amines in the atmospheric pollution process,
this review mainly summarizes a new advance in sources and sinks of amines and their effects on
atmospheric particulate matter (PM) formation and climate evolution within the last decade. First, the
pollution profiles and source identification of amines are summarized. Some newfound sources of
amines are correspondingly updated. Meanwhile, the current monitoring methods of amines are also
evaluated. Second, the atmospheric oxidation reaction mechanisms of amines with various active
radicals are discussed. Third, the combined data of field monitoring, laboratory experiments and
theoretical calculations verified that amines contribute significantly to aerosol particles, including
oxidation product condensation, direct dissolution, acid—base reactions and replacement reactions.
Besides, we discussed how amines affect the climate directly or indirectly by generating brown carbon in
PM, enhancing hygroscopicity and activating cloud condensation nuclei. All in all, the review provides
new insights into the overall atmospheric circulation and final fate of amines as well as their effects on
atmospheric aerosol particle formation and the climate.

Atmospheric amines are one special group of alkaline volatile organic compounds, contributing significantly to aerosol particle formation through homoge-

neous and heterogeneous reactions. Amine associated aerosol particles show a vast potential impact on PM2.5, climate and human health. In this review, we
summarized a new advance in atmospheric amines within the last decade, including their pollution profiles, source identification, monitoring methods,

oxidation reaction mechanism, effects on the formation, growth and composition of aerosol particles, and ability to form brown carbon and enhance hygro-
scopicity, activating cloud condensation nuclei. The tutorial review provides new insights into the overall atmospheric circulation and final fate of amines as well

as their effects on atmospheric PM formation and the climate.

1. Introduction

understood.* Volatile organic compounds (VOCs) are recog-
nized as an important group of air pollutants. The tropospheric

Exposure to air pollution has been considered the fifth largest
human health risk factor globally, behind poor nutrition, die-
tary risk, high blood pressure and tobacco.”> New World Health
Organization global air quality guidelines provide -clear
evidence of the damage that air pollution inflicts on human

health, at even lower -concentrations than previously
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atmosphere of the earth contains =100 000 types of VOCs.® The
emissions from plant, marine and biomass combustion can
globally produce a large number of natural VOCs. Anthropo-
genic activities such as industrial operations, vehicle emissions
and cooking are also the main sources of VOCs in and around
cities. These natural and anthropogenic VOCs may be oxidized
by atmospheric oxidants (such as "OH, Oz and NO;"),**° directly
distribute to the particle phase," undergo heterogeneous reac-
tions," or participate in new particle formation (NPF)."*"” The
transformation of atmospheric VOCs plays an important role in
the formation and growth of particulate matter (PM). PM can
not only absorb and scatter solar and thermal radiation, but
also act as cloud condensation nuclei (CCN) and ice nuclei,"”
directly or indirectly affecting the global climate system. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transformation of VOCs into PM undergoes complex reaction
pathways, leading to hundreds of organic compounds with
different physicochemical properties in PM. Without a full
understanding of the nature of VOCs, it is impossible to make
out how they will affect the climate or human health. Therefore,
more attention needs to be focused on the atmospheric chem-
istry mechanism of VOCs, especially certain specific VOCs such
as amines. Their accurate description helps us to understand
and quantify their impact on regional or global atmospheric
quality.

Amines are a special group of VOCs, showing unique alka-
line properties. They have always been detected from the
ambient atmospheric environment®?° via offline*>* and

2527 methods. The sources of these ambient amines are

online
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also investigated. In addition to traditional sources, numerous
new sources of amines have emerged. For example, with the
development of post-combustion CO, capture technology based
on amine solution absorption to achieve carbon neutralization,
the amines (e.g., mono, di-, tri-ethanolamine and piperazine
(PZ)) released from the capture process become an important
anthropogenic source of atmospheric amines.”*** Meanwhile,
alkyl amine surfactants can be used to capture ambient CO, and
be reversibly released under mild conditions.*® Amines have
also been frequently reported in urban areas recently, which are
closely related to human activities.'® An overview of the global
distribution of amines is really needed to illustrate a better
picture of their origins.
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The atmospheric oxidation chemistry of amines is another
very noteworthy research direction. Amines are easily oxidized
by atmospheric reactive oxygen species (e.g., "OH, O3, NO3", "Cl)
to aldehydes, amides, imines, nitrosamines and so on. Those
oxidation processes have been well studied in the labora-
tory,"*>** and it was found that the oxidation chemistry of
amines in the atmosphere mostly follows free radical chemistry.
In recent years, RO," formed by amines was found to be able to
carry out subsequent reactions through the autoxidation
process (ie., hydrogen transfer)**?¢ besides the bimolecular
reaction. In addition, amines contribute significantly to atmo-
spheric aerosol particles, especially secondary organic aerosols
(SOAs). First, amines can promote the nucleation process of
sulfuric acid (SA) or other organic acids.>'**” To date, many
studies have shown that amines are more effective than NH; in
promoting NPF,**! although the concentration of atmospheric
amines is estimated to be 2-3 orders of magnitude lower than
that of NH;. Significantly increased studies have focused on the
nucleation mechanism facilitated by amines. Positive conclu-
sions have been obtained from measured data,'**>** laboratory
experiments,®®*" and theoretical calculations.>** Therefore,
a general overview of how amines participate in NPF in
a complex atmospheric environment is needed. In addition to
the contribution of amines to NPF, their role in promoting
submicron aerosols as well as the browning process to produce
brown carbon (BrC) has also been reported.*** BrC is a kind of
nitrogenous organic matter that can show strong absorption of
solar radiation in a particular wavelength range,” and the
appearance of BrC greatly changes atmospheric visibility and
particle properties. However, it is not entirely clear how amines
facilitate the production of SOAs and BrC. Therefore, it is
important to summarize the updated knowledge of amines-BrC
and explore the next steps. In the meantime, aerosol particle
containing amines may enhance the hygroscopicity of particles
and assisted in the activation of CCN.***° Their impact on the
climate cannot be ignored and needs careful assessment.

There have also been a few reviews on atmospheric amines
from around a decade ago.**** These reviews mainly focused on
the traditional sources, atmospheric oxidation mechanisms
and reaction kinetics of amines based on cognition at that time.
As amines are recognized as an important atmosphere chem-
istry participator under the current circumstances, more and
more researchers pay attention to such a group of VOCs, the
amines. Tremendous new findings and deeper understandings
of the sources and sinks of atmospheric amines during the last
ten years have been summarized and reviewed in this paper.
First, this review demonstrates the advance in monitoring
methods, source apportionment and ambient pollution profiles
of amines. Then, the oxidation reactions of amines with various
atmospheric oxidants, including bimolecular reactions and
autoxidation pathways are also summarized. Finally, the
contributions of atmospheric amines to aerosol particles from
different periods are highlighted. All in all, this review mainly
aims to provide a detailed description of the atmospheric
chemistry mechanism of amines and a series of evidence for
their contributions to aerosol particles based on recent research
progress of 10 years.
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2. Pollution profiles and source
apportionment of atmospheric amines
2.1 Monitoring methods of atmospheric amines

Cape et al* summarized two approaches to measure atmo-
spheric organic nitrogen. One is determining the difference
between total and inorganic nitrogen which is described as
a “top-down” approach, and the other is the identification of the
individual components and measuring them separately which
was described as an alternative “bottom-up” approach. Their
discussion of the latter is macroscopic which required the sum
of each measured organic nitrogen compound, while our review
focuses more on atmospheric amine measurements. As shown
in Table 1, many advanced offline and online methods have
been developed to accurately monitor trace amines in the
atmosphere by improving sample collection,* pretreatment,*>>*
or detection methods.>**”°¢** Offline monitoring methods can
distinguish amines of different structures (i.e., isomers) and
mainly consist of ion chromatography (IC)***¢>% and gas
chromatography-mass spectrometry (GC-MS).>*** Chen et al.
recently reported a GC-MS method that simultaneously detects
several amines in both gas and particulate phases by optimizing
the derivation conditions.*® However, offline monitoring
methods often lack high time resolution due to preconcentra-
tion, derivatization and elution steps that may require hours.
Besides, oxidation, reduction, complexation, precipitation,
biochemistry and photochemistry processes may occur on the
analytes from the period of sampling to determination. Hence,
the final detection results show high inaccuracy. Although there
has been a continuous improvement in sample collection and
pre-treatment for offline monitoring methods, the undervalua-
tion of amines is inevitable. Until now, many amines could not
be detected because they were below the detection limits of
these methods.

To overcome the shortcomings of offline monitoring
methods, a few online mass spectrometry technologies have
been developed to measure atmospheric amines. These online
mass spectrometry technologies are always composed of
modules for sample lead-in, ion sources, analysis and detection.
Chemical ionization (CI) is the most common soft ionization
method which uses the molecular ion reaction to produce ions.
The ionized products obtained from a CI source are mainly
molecular ions with small fragments which make the analysis
simple. The atmospheric samples are first introduced into the
CI source and the ionization processes occur. Analyte molecules
with higher proton affinities than reagent ions are protonated
during ionization processes and then are detected as proton-
ated ions.”>***® H,0 is first used as a reagent ion in online mass
spectrometry technology to detect atmospheric amines. Sellegri
et al*® and Hanson et al.®® separately used proton transfer
reaction chemical ionization mass spectrometry (PTR-CIMS)
and ambient pressure proton transfer mass spectrometry
(AmPMS) to measure gas-phase amines. Both PTR-CIMS and
AmPMS utilize protonated H,O ions (H;0'(H,0),) as the ioni-
zation reagent, while a specific amine mass is identified by high
proton affinity and the atmospheric hydrate distributions of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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peak families formed by the tested amine and different
numbers of H,O molecules (generally 1-4). In a real atmo-
spheric environment, many organics show higher proton
affinity to H,O than amines and detection interference occurs.
Quite a few studies have been devoted to addressing this chal-
lenge. Recently, Pfeifer et al. described a new chemical ioniza-
tion atmospheric pressure interface time-of-flight mass
spectrometer (CI-APi-ToF) that used protonated H,O clusters for
the selective ionization of dimethylamine (DMA).® Besides, Yu
et al. selectively monitored the amines online by CIMS with
protonated ethanol and acetone ions.”® On the other hand,
Wang et al. presented an application of the Vocus proton
transfer reaction time of flight mass spectrometer (Vocus PTR-
ToF-MS) to monitor gaseous DMA sensitively by adjusting the
setting and using a permeation tube calibration method.”

To achieve online detection of low concentrations of amines,
Sipila et al. presented a CIMS method using bisulphate as the
reagent ion and the method was capable of detecting DMA with
concentrations even down to the level of parts per quadrillion by
volume (ppqv).*® In addition to DMA, Simon et al. demonstrated
a nitrate CIMS method using the NO;™ :(HNOs),_,-(DMA)
cluster ion signal to simultaneously measure other substances
relevant to NPF (such as SA and extremely low-volatility organic
compounds).” However, though these online mass spectrom-
etry methods possess a low detection limit and high time
resolution, they cannot accurately distinguish the isomers of
amines (e.g., DMA and ethylamine (EA) both belong to C2-
amines).

Both offline and online detection methods toward amines
have their own advantages, disadvantages and scope of appli-
cation. The former can provide high selectivity for the detection
of atmospheric amines, but is limited by time resolution, while
the latter has high time resolution and low detection limit, but
can't distinguish isomers of amines in most cases. Two
different groups of researchers (Kieloaho et al.*® and Sipild
et al.®) used offline and online methods to conduct the field
measurement of ambient amines in a boreal forest at the
SMEAR II station in Hyytiald, southern Finland, respectively. In
2011, Kieloaho et al. reported the concentrations of five alkyl-
amines (EA, DMA, propylamine (PA), trimethylamine (TMA) and
diethylamine (DEA)) wusing a high-performance liquid
chromatography-electrospray ionization ion trap mass spec-
trometer. The highest concentrations of EA + DMA (157 + 20
parts per trillion by volume (pptv)), PA + TMA (102 + 61 pptv)
and DEA (15.5 + 0.5 pptv) were obtained. The detection limit of
this offline method was 0.2 pptv and the isomers of EA and DMA
as well as PA and TMA could not be distinguished with this
method. Two years later, Sipila et al. developed an instrument
(bisulphate-cluster-based atmospheric pressure chemical ioni-
zation mass spectrometer (APCI-MS)) to detect ambient amines
online in the same place. They reported that the upper
concentration of EA + DMA was merely ~0.15 pptv. That is,
although this method showed a much lower detection limit to
EA + DMA (even down to 0.07 pptv) and higher time resolution
than the above offline method, it could not distinguish the
isomers of EA from DMA, yet. Thus, the future development of
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both offline and online methods must receive more attention to
promote their ability of isomer discrimination.

2.2 Temporal and spatial distribution characteristics of
atmospheric amines

Generally, the types and concentrations of atmospheric amines
vary greatly along with seasons,"* day and night,>>*”* or
locations, and are related to source emission intensity, removal
rates, atmospheric temperature and gas-particle
transformation.

A number of studies have found that the total concentration
of amines shows a typical temporal distribution characteristic
with a general seasonal trend as follows: summer > autumn >
spring > winter. The use of fertilizers and increasing tempera-
tures are mainly responsible for the high amine concentration
in the summer. In addition, seasonal variations have otherness
amongst different amines on a more nuanced scale. Zhou et al.
found that the seasonal variation of DMA was winter > autumn >
summer > spring, while the level of TMA + DEA and triethyl-
amine (TEA) was the highest in the winter and the lowest in the
summer.®”” Chen et al. also suggested that amine-containing
particles are more abundant in the winter than in the
summer.®® However, Kieloaho et al. reached different conclu-
sions that DEA showed summer maxima, while EA + DMA (C2-
amines) and TMA + PA (C3-amines) displayed autumn maxima
in the forests of southern Finland.?® Furthermore, Liu et al. re-
ported that there existed a seasonal variation in various amines
led by different origins of air masses using the backward
trajectory analyses at Nanling Mountains, southern China,
which was strongly affected by long-distance transport from
marine and continental air masses." Inversely, Choi et al.
proposed a small seasonal difference in the total amine
concentration in PM in Seoul.*

Atmospheric amines vary not only from season to season,
but also from day to day. For example, Hanson et al. found that
the highest concentration of TEA in the late afternoon was eight
times the lowest concentration in the morning.*® This tremen-
dous disparity may be related to emission sources (soil and
vegetation) and temperature.”> Other meteorological condi-
tions, such as humidity and wind direction, also affect the
ambient concentration of amines. For instance, a peak
concentration was observed for just TMA in the late afternoon
in the forests of southern Finland,*® while C3-amines and Cé6-
amines showed peak concentrations in the afternoon of the
day in the urban air of Atlanta.”® Moreover, Wang et al. found
that DMA displayed strong diurnal variation in Wangdu city,
China.?” In contrast, Du et al. reported that the concentration of
amines appeared to be independent of whether they were
collected during the day or night.*®

In addition to their temporal distribution characteristics, the
spatial distribution characteristics of atmospheric amines also
deserve our attention. It is generally believed that rural areas
may be more important for amine emissions than urban
areas, because amines are produced from agricultural activity
and livestock operations.”***”>7® VandenBoer et al. reported 1-
10 pptv of methyl and ethyl amines in rural Canada.” Besides,
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Liu et al. found that MA and DMA were the dominant amines
both in gas and PM, 5 in the Nanling Mountains, China."* In
recent years, more and more literature has reported the detec-
tion of amines in urban areas.****** In 2016, Huang et al.
demonstrated and quantified the presence of atmospheric
aliphatic amines in Shanghai city for the first time,”” and Yao
et al. detected hundreds of C2-amines in Shanghai city in the
same year.®* Subsequently, Feng et al. reported that methyl-
amine (MA) and DMA were the most abundant amines in the
urban area of Shanghai city.”® In another city, Dong et al. found
that the total concentrations of carcinogenic heterocyclic
aromatic amines were most abundant at commercial sites and
the least at residential sites in Beijing City.” In Seoul city of
South Korea, Choi et al. measured five atmospheric amines and
found that these amines could contribute to the formation of
nitrosamines rather than nitramines.*® Amines have also been
linked with fog events in urban cities. Liu et al. monitored TMA
and TMA-N-oxide (TMAO) in dust as well as haze samples
together of Beijing city.”* Zhang et al. observed the significantly
enhanced effect of TMA in atmospheric submicron particles
(especially particles larger than 0.5 mm) during fog events,
while more ammonium appeared on clear days in the urban
areas of Guangzhou city.”” However, Liu et al. found that MA,
DMA and dibutylamine (DBA) were the dominant fractions in
fine particles in the urban areas of Guangzhou city.>* Recently,
Feng et al. observed four times higher amine concentrations in
burst periods than in nonburst periods, and the ratio of ethyl-
amines (EAs, sum of DEA and TEA) to methyl-amines (MAs,
sum of MA, DMA and TMA) in burst periods was 5 times higher
than that in nonburst periods in Wangdu County, Hebei
Province.®

Besides rural and urban areas, the spatial distribution
characteristics of atmospheric amines in coastal and forest
areas are also worth mentioning. Gibb et al. showed that MAs
accounted for up to one-fifth of the total measured gaseous
alkaline matter and 12% of the total measured aerosol alkaline
matter (submicron) in the northwest Arabian Sea.*® Amines are
unstable nitrogenous species and their concentration in surface
seawater may be mainly influenced by the structural activity and
seasonal regulation of the microbial cycle.**®* For example,
rapid consumption of MAs by microorganisms may delay their
release into the atmosphere.®” Pinxteren et al presented
measurements of MA, DMA and DEA in the sea surface micro-
layer, bulk seawater, gas, and the submicron particulate aerosol
phase at the Cape Verde Atmospheric Observatory.®> They sug-
gested that the amine abundance in the gas-phase reflected
biological processes in seawater, while particulate amines did
not show such a direct response. Amine emissions also vary in
different coastal areas. The concentration of aerosol amines in
Shanghai was lower than that of Huaniao Island,* while it was
approximately 4-fold higher than that on an isolated coast of
Chongming Island.”®

Similar to coastal areas, forest areas also show different
pollution characteristics of atmospheric amines. Sintermann
et al. presented that terrestrial vegetation during flowering
could release amines and most likely prevailed during spring.®*
Gentner et al. also found that the concentration of indole can
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reach 1-3 ppb in ambient air during a springtime flowering
event.*> Besides, amines from non-flowering plants, fungi and
decomposing organic matter also exhibited a wider amplitude
during the year, with a probability to intensify towards the
autumn. In addition, the change in vegetation composition may
introduce, enrich or deplete amine-emitting species. Biomass
burning (BB) is another important amine source in forest areas
and showed temperature dependency, which showed a higher
mass fraction in the evening with cooler temperatures and
a lower mass fraction in the afternoon with warmer tempera-
tures for aerosol-phase amines, but an opposite trend for gas-
phase amines.*®*® Temperature dependency implies reversible
processes of evaporation of amines from soil surfaces in
daytime and deposition to soil surfaces at night time. It is also
found that the concentrations of primary amines from micron
and submicron particles are 2 orders of magnitude higher than
those from the gas-phase. These results indicate that gas-
particle conversion is one of the major processes that control
ambient amines at forest sites. Furthermore, the nature of aged
BB particles is different from that of newly formed BB particles.
Place et al. also compared aged BB particle samples collected in
St. John's, Canada and newly formed BB particle samples in the
Lower Fraser Valley in British Columbia, and found them to
have different amine emissions characteristics.*

In summary, atmospheric amines show obvious and
different temporal and spatial distribution characteristics with
increasing anthropogenic emissions. Seasonal differences are
more likely related to environmental factors such as tempera-
ture and meteorology, while strong diurnal variations are more
easily caused by human activities. Besides, a number of field
observations confirm that human activities such as animal
husbandry in rural areas and daily human life in densely
populated urban areas lead to the emission of atmospheric
amines. In addition to anthropogenic sources, natural sources
such as the ocean and forest also show distinct spatial distri-
bution characteristics. To further understand the temporal and
spatial distribution of atmospheric amines in the atmospheric
environment, source apportionment is necessary.

2.3 Source apportionment of atmospheric amines

Although various atmospheric amines have been detected by
advanced offline and online methods, how to recognize their
source apportionment has become a hot topic in the area of
atmospheric chemistry. In general, atmospheric amines are
from anthropogenic and natural sources.*®** Ge et al.*® and
Cape et al.** have summarized many atmospheric amine sour-
ces discovered at that time, while our work is more likely to
summarize newly discovered amine sources in the past decade.

In nature, the biodegradation of proteins, amino acids, or
other nitrogen-containing compounds in oceans, forests, etc., is
an important source of amines.***74#:% Marine organisms are
always considered both sources and sinks of amines.*® For
example, TMA may be directly released from tissues or through
decomposition during marine excretion or decay, and may also
be consumed by some microorganisms as carbon and nitrogen
sources and for energy metabolism.**>* Another example is
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that TMAO is an osmotic regulatory compound for marine
organisms,” meanwhile, it is also an important precursor for
MA.** Besides, it has been found that the accumulation of
amines in marine fine particles is positively correlated with
algal blooms.*” Therefore, amine emissions over the ocean are
thought to be primarily biologically driven. In addition to the
ocean, the forest is also an important natural source of
amines.” Kieloaho et al. found that autumnal monoterpene
emissions from the forest floor and litterfall maxima coincided
with the elevated or peaked concentration of amines.* The
authors also proposed that similar to monoterpene concentra-
tions in the forest air, amine concentrations seemed to be
linked with vegetation, soil activity and litterfall, rather than
with other trace gases in the atmosphere. BB is another
important amine source from the forest. In a southeastern US
forest, You et al. detected pptv-level amines which mostly came
from BB.*® Besides, Kollner et al. found that TMA released from
BB sources may transport over a long-range distance and
further affect other areas’ atmospheric environment.** In
general, amine emissions in coastal areas are related to bio-
logical drivers, while emissions in the forest are related to
vegetation species, fluorescence and BB.

In recent decades, human activities have gradually increased
as a more important amine source than natural activity. Du
et al. confirmed that the main source of atmospheric amines in
Chongming Island was anthropogenic sources such as indus-
trial and biomass emissions, followed by marine sources
including sea salt and marine biogenic sources.* Similarly, You
et al. reported higher concentrations of amines at polluted sites
of coal-burning power plants and agricultural activities than at
rural forested sites.> Hence, agricultural and industrial activi-
ties significantly contribute to atmospheric amines. As early as
the 1990s, Schade et al. proposed that animal husbandry was
one of the main sources of MAs.” Studies showed that TMA
accounted for 3/4 of MA emissions from animal husbandry and
the concentrations of TMA in fishing industrial areas were far in
excess of industrial limits.”® Afterward, it was believed that
amines were from animals' exhalation on cattle farms,** and
Sun et al. found that TMA was an important substrate in the
gastrointestinal tract of ruminants.* In addition to agricultural
activities, amines are also emitted from industrial activities.
Zheng et al. detected small molecule amines in Nanjing city,
China, and deduced that these amines were mainly emitted
from nearby steel mills and petrochemical refinery facilities.*®
Moreover, Michalski et al. found that amines can be discharged
from the food industry such as factories of wine, beer, cheeses,
meat, fermented products, fish and other seafood.®” Besides,
due to the intensified greenhouse effect, amines have been used
as a solvent to capture CO,, increasing the industrial emission
of amines,?** especially monoethanolamine (MEA)* and
PZ.°® Recent studies even pointed out that the use of herbicides
with amines in their formulations could lead to non-negligible
atmospheric amine emissions.”” Besides the sources mentioned
above, human activities of daily living are also non-neglected
anthropogenic sources of amines. For example, trans-
portation®*”® and cooking®*”® are both recognized as release
sources of amines. Motor vehicle emission is one of the
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important mobile sources.®®*”*? Feng et al. observed that the
widely used ethanol gasoline vehicles in Hebei Province, China
can primarily emit EAs.*® Yang et al. further compared the
amine emission strengths of different power sources, and found
that the total emission strength of diesel trucks was the greatest
followed by those of gasoline cars and natural gas cars.”®
Besides, a high level of alkylamines was found in the exhaust
ducts of buildings in Shanghai, China.***” Furthermore,
anthropogenic and natural sources always emit amines together
with other inorganic pollutants, causing complex pollution in
the atmospheric environment.* Therefore, future work should
be conducted not only by continuing the source apportionment
of amines, but also by assessing the impact of synergistic
emissions of amines and other gaseous pollutants.

3. Oxidation kinetics and mechanisms
of atmospheric amines
3.1 Reaction kinetics

Free radical reactions are triggered when gaseous amines are
attacked by atmospheric oxidants (e.g., "OH, NO;", O, "Cl and
other radicals), and amines are initially converted to low volatile
organic products which may condense into SOAs. The most
studied kinetics of amines are their reactions with "OH or Oj,
while the data on the reaction rates of amines with NO;" and "Cl
are still scarce. In Table 2, we summarize the reaction rate
coefficients of common atmospheric amines with oxidants and
the corresponding measurement methods which mainly
include the absolute rate method®'*® and relative rate
method.'”"'** The reaction rate constants of alkylamines with
"OH (10" "'-10""° em® molecule " s™") are found to be much
higher than that with O; (1072'~10""” cm® molecule ' s7*).2 In
daytime, the reaction of amines with "OH is the most important
sink of amines due to very fast reaction rates. O; may play a non-
negligible role in the degradation of amines at night or in areas
with serious Oz pollution, while NO;" is also an important
oxidant of the night time oxidation of amines.'* *Cl is normally
generated through the multiphase reaction of sea salt. But in
recent years, the precursors CINO, and Cl, have also been
detected in inland areas. However, the relative reaction data are
still insufficient, although it is generally believed that the
reaction rate of "Cl with amines is fast enough to be comparable
with that of "OH. Recently, Onel et al. reported that the absolute
rate coefficient of “OH + MEA was obtained as (7.61 & 0.76) X
10~"" ¢cm® molecule ™" s at room temperature, and decreased
by about 40% at 510 K.*>'** Soon afterwards, Onel et al. pre-
sented the first determination of the rate coefficient of ‘OH +
PZ, which had a negative temperature dependence and was
parametrized as (2.37 4 0.03) x 107 (T/298)"176+0-08) ¢py3
~! x 1% MEA and PZ are both widely used solvents
in post-combustion carbon dioxide capture technology, while
the reaction rate coefficient of ‘OH + PZ is more than 3 times
that of "OH + MEA. Such studies on the temperature depen-
dence of the reaction of atmospheric oxidants with amines can
provide more information on the reaction mechanism of
amines, especially for combustion related amine emissions.

molecule ™' s

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00167e

View Article Online

Atmospheres

Environmental Science

Tutorial Review

20T SoTwreuAp aAne[RY 10T X (88'T F 98°0T) HO. VAL
Zuropowr sonaun|
pue suone[noTes Anstweys wnjuenb jo uoneurquod y 01-0T X 6'C D.
Zuropowr sonaun|
et pue suone[noTes Anstweys wnjuenb jo uoneurquod y 10T X 6°L HO. J[opur
4 Zuropowr sonoUR| pue POYIaW [edIWAYD winjuenb y 01 0T X LT D. auluy
Z01 SOTWRUAp 2ATIR[Y 10T X (PS'T F 26'8) HO. SueAYIRdWIAYPILDIA-N ‘N
sururejddoadostAyrowrq
20T SoTwreuAp aAne[Y 10T X (SL'T F 6£°6) HO. ‘N ‘N
70T SoTWRUAD 2ATIR[OY 10T X (8£'T F L6°0T) HO. surweddordifpowia-N ‘N
20T SOIWRUAD 2A1B[OY _OT X (L¥'T F L£L) HO. SUIRIAIRAPIWIA-N ‘N
SIT JUBISUOD d)k1 I9PI0-)SIY OPNasd 10T X (T0°T F 0T'8) £0
20T SOIWRUAD 2A1B[OY 10T X (7T F 9¢°2) HO. vada
701 SOTWRUAD 2A1IR[Y 11-0T X (£T°0 F 98°0) HO. QUTWE [AWER-1I9T,
201 SOTWRUAD 2ALR[OY 10T X (20T F 80°S) HO. surweAdorddyrowia-z ‘v
(vama)
ﬁvHoom DE_8N~OEN£..~2%£H®E_Q
61T 90U90S310N[} PIONPUL-ISSE] -00€~) (¢1°0 F ¥¥°0) — (862/1),_0T X (ST°0 F $8°9) HO. NN
(>100s (VAININ)
611 90Ud2$210N[} PAdNPUL-19SE] -00€~) (220 F 6£°0) — (862/1),,_0T X (S9°0 F 15°8) HO. SUIWR[OURIAYIDIN-N
STT Zuropowr sonouUR| pue PoylowW [edrwayd wnjuenb y 01-0T X LT 0. ourueuayIg
(uonenbs (31009
00T JUBISUOD 3B ISPIO-PUOIIS) POYISW Jel IN[0SqR-SIN-d.Ld -862) (01°0 F 1£°0) — (86T/L);,_0T X (ST'0 F €£°S) £0
1 %A! anbruyoay 9ousdsaionyj adueuosal sisAjojoyd ysepj 19seT 00T X (§5°0 F 89°¢) D.
Y01 90U90S3I0N[} PAONPUI-ISSET (o1862) (°N),,_0T x (8%°0 F 8£°S) HO. VIALL
(31009-862) (o1-0180°0)— (862/L);;_0T x (80°0 F ¥5°2)
(o1862) (°N + %O ‘d0),,_0T X (8T°0 F S£'T)
¥0T 92U2IS3ION[} PIONPUI-ISSET (1862) (°N),,_0T X (€T°0 F 05°T) HO. va
%A1 anbruyoa) 29ousdsazonyy soueuosar sisAjojoyd ysepj 19se7 00T X (85°0 F 68°¢) D.
(31009-86%) (g1-g55,:0)— (86T/L);;_0T x (S€0 F 6€'9)
(31862) (°N + %O ‘d0),;_0T X (¥£°0 F S£'9)
(31862) (°N + %0),;_0T x (020 F 08°S)
F0T 90UDISION[J PIINPUI-IISET (1862) (°N),,_0T X (€9°0 F £T'9) HO. VINa
1441 anbruyoay 9ousdsaionyj aoueuosal sisAjojoyd ysepy 19se] 01_0T X (¥%°0 F 06°7) 0.
(31009-867) (410 0¢70)— (86C/L);; 0T X (€50°0 F 688°T)
(1862) (°N + %0 ‘d0);_0T x (¥1°0 F €8°T)
(o1862) (°N + “0);,_0T x (IT°0 F 88'T)
$0T 90UIS3ION[J PIdNPU-IaSET (o186¢) (°N),,_0T x (IT°0 F £6°T) HO. VIN
Zuropowr sonaun|
€Tl pue suone[noTes Anstweays wnjuenb jo uoneurquod y (3I867) 4, 0T X L'} D.
poyIau el AN[0S]E) (31005-862) (°N) (g0-00,1)— (86C/L)g;_0T X (€070 F ££T)
S0T uonenuaye HO, SULIOITUOW 9OUIISIION]] PAONPUI-IISET (31867) (°N) ;0T x (82°0 F 8£'C) HO. Zd
10T poyrauwr a3e1 anjosqe SIN-Id.Ld g1-0T X (50°0 F 60°1) ‘0
10T poyIow 9381 dANR[AI SIN-U.Ld (1€ F $62),;_0T x (9%°0 F ¢0°L)
(poyrow ayex anjosqe) (MOTS-96%) (11-76.:0)— (§62/1);_0T x (¥T°0 F €£2)
66 uonenuaye HO, SULIOITUOW 9OUIISIION]] PAONPUI-IISET (eanyeradway xoopur),, 0T X (9270 F 19°2) HO. VAN
PEX| POYIOIN (;_S ;_S[Md3[0W WD) JUIDYI0D 33BI UOHIEI YL, juade 3urZIpxQ sad£y surry

SIUBPIXO JUDISHIP YYM SBUILUE JO JUSIOLJS0D )k UOIDeaJ DY) UO 2Jnjesdi] g dlqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INd 60:2€:L 920Z/ET/E UO papeojumoq ‘€20z Areniged TO U0 paus!and ‘301 ss900y Ledo

Environ. Sci.. Atmos., 2023, 3, 444-473 | 453

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00167e

Open Access Article. Published on 01 February 2023. Downloaded on 3/13/2026 7:32:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

It is difficult to generalize the reaction kinetics of heteroge-
neous reactions of atmospheric amines compared with those of
homogeneous reactions. The kinetics of heterogeneous reac-
tions cover a wide range, from promoting the formation of
clusters of NPF precursors'*>'*” to contributing to the formation
of BrC.'**'* However, there is no denying that the addition of
a small amount of atmospheric amines can increase the rates of
these reactions by orders of magnitude. The complexity of
heterogeneous reactions and the particularity of each case make
it difficult to simply classify their kinetics. In contrast, it is more
meaningful to find out the contribution of heterogeneous
mechanisms of amines to SOAs at different stages first, and
then discuss the kinetics with sufficient data.

3.2 Oxidation mechanisms

3.2.1 The initial step of oxidation reaction mechanisms.
Since 1978, many atmospheric scientists have simulated the
oxidation behaviours of typical atmospheric amines and their
potential effects in the atmosphere using smog chamber-mass
spectrometry systems, including photodegradation of amines
triggered by OH,?>3¥10L11013 - reactions induced by
NO;*,»33103110.114 or dark reactions induced by O;.13*3%101110,115

In general, the atmospheric reaction of amines with "OH
follows free radical chemistry. The reactions are initiated by
attacking amines to form C-center radicals (derived from C-H
abstraction) or N-center radicals (derived from N-H abstrac-
tion). For tertiary amines, the initiation reaction can only
abstract C-H to form C-center radicals, while primary and
secondary amines can also form N-center radicals because they
have N-H bonds (Fig. 1)."*®* MEA contains a hydroxyl group,
which also follows radical chemistry and produces imine NH=
CHCH,OH, isocyanate HNCO and other products through
cleavage or condensation reactions.'***'”'** The branching
ratios r,c.y and ryn.y for ‘OH reacting with amines vary
according to the types and numbers of substituents.'**** For
example, Onel et al. suggested that the branching ratio of an N-
center radical was about 0.09, which was much smaller than
that of C-center radical formation in the reaction of ‘OH + PZ.'*®
Ren et al. further confirmed that abstraction of ‘OH + PZ
predominantly occurs from C-H sites by theoretical kinetics
investigation.” It is difficult to detect short-life intermediates
such as transition states intermediates, distinguish the

R1'HZC\N ~Ry(or H)
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interactions between molecules (e.g., molecular clusters), and
reveal the microscopic mechanism of atmospheric trans-
formation of amines. Hence, we need theoretical studies to
investigate the initial steps of atmospheric oxidation of amines.
Borduas et al. studied the gas-phase reaction of the simplest
reduction of organic nitrogen such as MA using ab initio
calculations, and found that ‘OH extraction of N-H was
competitive, but the potential energy of C-H extraction was the
lowest and most likely to occur.’* However, Xue et al. found that
'OH addition was the dominant pathway for the reaction of "OH
with indole which is a polyfunctional heterocyclic secondary
amine."”

Amines are also attacked by Os;. Gai et al. believed that
amines might react with O; through the electrophilic reaction
mechanism."® Tuazon et al. considered that amine ozonation
could be attributed to a mechanism for forming energy-rich
amine oxides in the initial step, and subsequently proceeded
with an intramolecular hydrogen transfer to produce a hydroxyl
group which broke to produce C-center radicals or N-center
radicals.’ The authors also found that CH; group breaking
was an important route because it was not easy for amine oxides
to transfer hydrogen atoms within themselves, producing
CH;3NO, ultimately. Some people have different opinions
(Fig. 2). Furuhama et al. found that the rapid rate constant of
the reaction between TMA and O; could be explained by the
circular transition state generated in the initial stage of the
reaction, which supported that the H-abstraction with diradical
O; from amines was the initial step, rather than the formation
of energy-rich amine oxides.’* Recently, Tong et al. reported
a series of products containing nitrogen and oxygen from the
decomposition processes of DEA and TEA ozonation.' Accord-
ing to their experimental data and thermodynamic calculations,

R1
R2\ | N

N—A~ or | I
Ry + O O
3
Fig. 2 Possible initial steps in the reaction of amines with Os.

R1'H2C\N/R2(or H)

*NO. | |
, ; -~ NO NO.
R1 HZC\ mNOA hv 2
N ————3 N-center radicals +NO,
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- 4 +0, . »
HNO; —*> HO, + RN=CH,
. 4 ) 00
RiH.CL ~ReOrH) o _ +0, O . e )
| ———— C-center radicals —=> Ry HC\N/RZ(or H) / 0, + R -O+Ry -O T Ry "CHO + R, -CHO
Ra(or H) | R -00 HO,
RaorH) | 4+  ——= O, +R, -OH + Ry -CHO
Ry -00° S

0, + R, -0-0-Ry

Fig. 1 Reaction pathways of atmosphere amines attacked by "OH/NOs’".
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Fig.3 Proposed ozonolysis pathways and mechanism of DEA and TEA
by Tong et al. in ref. 1.

DEA was first formed in the decomposition of TEA by O3, fol-
lowed by the formation of N-ethylamine, which partly
confirmed why products of tertiary amine included secondary
amine products (Fig. 3).

The NO;" reaction with amines mainly represents the night
time chemistry of atmospheric amines."™ The initial step and
products of the reactions are similar to those of “OH and amine
reactions.’” Notably, NO;* snatching hydrogen from amines
produces nitric acid (HNOj;), which will promote acid-base
reactions and produce aminium nitrate.**

The reaction of "Cl with amines has gradually attracted the
attention of researchers in recent years. There are some exper-
imental and computational studies exploring its initial
steps.!22125127-129 Iy 2003, Rudi¢ et al first revealed that
hydrogen-abstraction occurred with roughly equal probability
from both the carbon and nitrogen sites of MA in the reaction of
"Cl with MA through isotope experiments.”” Szlics et al. also
found that the hydrogen-abstraction of carbon and nitrogen
sites of MA was exothermic low-barrier, but the substitution
reactions were endothermic high-barrier using an accurate
composite ab initio approach."” Nevertheless, Nicovich et al.
predicted theoretically that the reactions of ‘Cl with MA and
DMA proceeded predominantly by hydrogen-abstraction from
nitrogen sites, which was unlike the situation of 'OH reac-
tions.** Furthermore, Xie et al. and Ma et al. suggested that the
reaction of "Cl with MEA or PZ exclusively produced N-center
radicals.”***®* Meanwhile, Ma et al. first proposed that the
charge transfer mechanism was the main reason for the favor-
able formation of N-center radicals in the reactions of "Cl with
amines.”” For unsaturated amines, they may also undergo
addition reactions via a "Cl addition.**"** For example, Xie et al.
considered that both ethenamine+'Cl and aniline+'Cl reactions
mainly produced delocalized radicals with the radical center on
the C-site and N-site via a 'Cl addition and the hydrogen-
abstraction from the nitrogen site, respectively.'*® Besides, the
reaction of ethenamine+'Cl first showed that the products of
hydrogen-abstraction from the N-site could be favorably formed
via addition intermediates in addition to the direct H-
abstraction pathway. Recently, Xue et al. also found that both
‘Cl addition and hydrogen-abstraction from N-sites were
feasible for the reaction of indole with "Cl, while ‘OH addition
was the dominant pathway in the case of the "OH reaction."
Obviously, the reaction of 'Cl with amines is quite different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from that of "OH. Hence, to assess the fate of atmospheric
amines more accurately, it is necessary to consider both the
atmospheric concentrations of ‘Cl and 'OH and their initial
reaction steps with atmospheric amines.

The atmospheric reactions of amines mentioned above
involve common atmospheric oxidants. But in the actual
atmosphere, diverse intermediate free radicals formed by other
VOCs also exist. Under certain pollution conditions, amines
may also react with stabilized Criegee intermediates (sCIs)
which are formed by the reaction of unsaturated carbon-carbon
double bonds of olefins with 03.3**3°13% Earlier researchers have
found that ozonation of olefins enhances the formation of both
NPF and SOAs in the presence of amines. Berndt et al. observed
the SA-independent process of particle formation in the case of
a-pinene and limonene ozonolysis in the presence of trace
amines.* Duporte et al. also observed an increase in NPF and
SOA formation when o-pinene was oxidized by O; in the pres-
ence of DMA.™° But they didn't reveal the reaction mechanisms
of sCIs and amines. Recently, theoretical calculations have been
used to discover the sCl-amine reaction mechanism. Kumar
et al. elucidated that DMA acted as an agent to initiate oligo-
merization of Criegee intermediates by reacting with an initial
one to form a peroxide functionality, which further reacted with
Criegee intermediates and formed high molecular weight olig-
omers."” This may account for an appreciable fraction of
aerosol particles in California's central valley, New York City,
and Paris areas. Compared to that for NH;, the rate constants
for Criegee-amine would increase with the methyl substitution
of NH; derivatives increasing."*>*** But Chhantyal-Pun et al.
suggested that Criegee-amine reactions were not fast enough to
compete with ‘OH-initiated removal of NH; and CH;NH, from
the Earth's troposphere unless the rates were significantly
enhanced by complexation with water molecules."* Ma et al.
also investigated the synergistic effect of NH, and OH groups on
the Criegee reaction in the presence of MEA, and found the
reaction of sCIs with NH, groups of MEA molecules was prior to
that with OH groups.'' Besides, they demonstrated that sCls
reacted with NH, groups of MEA molecules directly mediated by
water molecules, resulting in additional products at the gas-
liquid interface. The reaction of sCIs with MEA might assist in
sCI removal in a dry environment, due to its higher rate than
Criegee hydration. At present, there are not many studies on
sCI-amine chemistries, especially there is a lack of experimental
data, which requires further research on the reaction under
different conditions. More studies of amines and other impor-
tant atmospheric intermediate free radicals are needed in the
future to supplement what is currently missing.

3.2.2 Bimolecular reactions and autooxidation pathways.
The N-center radicals and C-center radicals generated in the
initial step of amine oxidation may be followed by bimolecular
reactions or autooxidation reactions. But these two radicals will
undergo different subsequent reactions. For N-center radicals,
they appear to only undergo bimolecular reactions with NO, to
form carcinogens, nitramines or nitrosamines (Fig. 1).
However, the role of O, in the above reaction under low NO,
concentrations is controversial. Lindley et al. considered that
(CH3),N" would produce nitramine and nitrosamine with NO,
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rapidly even at a low concentration of NO, and high concen-
tration of O,, and the reaction rate constant with (CH3),N" of the
former was 107 times higher than that of the latter.** But, Alam
et al. found that although the rate constant of CH;NH" + O, was
much lower than that of CH;NH' + NO, under tropospheric
conditions, the reaction path of CH;NH" + O, was the dominant
process in the atmospheric oxidation process with NO,
concentration lower than 100 parts per billion (ppb).**” Nor-
mally, nitrosamines will be rapidly photolyzed; hence many
previous experimental studies did not focus on the fate of
nitrosamines. But in recent years, researchers have found that
the stability of nitrosamines produced by different precursors is
not completely consistent. Many smog chambers and other
laboratory studies have proved that secondary and tertiary
amines react with NO, and NO to produce nitramines or
nitrosamines, while primary amines only convert to nitr-
amines."® From the condensed phase chemistry, the secondary
amines easily form stable nitrosamines, while the nitrosamines
in primary fatty amines are very unstable.*®® The standard
aqueous nitrification of primary amines results in deamination;
therefore it is generally assumed that primary fatty amines do
not form nitrosamines in the gas-phase.”® In fact, primary
amines can also form nitrosamines in the atmosphere, but they
are rapidly isomerized."*"*'* Tang et al. found that the
nitrosamines formed by MA (CH3;NHNO) and EA (CH;3;CH,-
NHNO) might undergo isomerization (CH,NHNOH and CHj;-
CHNHNOH, respectively) and subsequent reactions with O, to
form the corresponding imines (CH,=NH and CH;CH=NH,
respectively).”*>'*® However, da Silva considers that CH;N=
NOH isomers are the major reaction products of nitrosamines
formed by MA, from which water is further eliminated to form
diazomethane (CH,NN).*** Similarly, Tan et al. studied the "OH
reaction with tert-butylamine in the presence of NO,, and found
that the formed nitrosamines isomerized into corresponding
(CH3);CN=NOH."* All in all, the nitrosamines formed by
primary amine oxidation are not rapidly photolyzed, but
transformed into other structures. Besides, PZ is a six-
membered ring that has two amine groups, whose potential
to form nitrosamines is also discussed in different studies. Onel
et al. considered that the branching ratio of an N-center radical
is merely about 0.09 in the reaction of "OH + PZ, which repre-
sents an upper limit for carcinogenic compound production.'®
However, Ma et al. found that the nitrosamine yield of 'Cl + PZ is
higher than that of MEA when [NO] is <5 ppb by quantum
chemical methods and kinetics modelling."* They considered
that the N-center radicals formed by PZ are more favorable to
react with NO than the N-center radicals formed by MEA,
indicating that the yield of N-center radicals cannot directly be
used as a metric for the yield of the corresponding carcinogenic
nitrosamine. Their group further found that the delocalized
character of N-center radicals formed by indole is the reason
why they wouldn't further form nitrosamine.'** It is evident that
the potential, efficiency and stability of N-center radical forming
nitrosamines are highly dependent on the structure and the
functional groups of parent amines.

As shown in Fig. 1, the C-center radicals will further react
with O, to form a peroxy radical (RO,’). Rissanen et al. found
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that the reaction rates of the CH,NH, radical and CH;CHNH,
radical with O, were at about 10~ ** cm?® molecule ! s7%.12 RO,"
formed by tertiary amines will lead to “OH recycling, while this
is not the case for primary and secondary amines."*>*** RO,"
further undergoes bimolecular reactions with NO, "OH, or other
RO," to form RO".**'* As shown in Fig. 1, two RO, reactions
follow three possible mechanisms and form products including
amides, alcohol-amines, peroxides, RO’ and so on.** O, may
take the hydrogen from RO’ to form HO," and amide. In addi-
tion to this, RO’ may also break the N-C or ‘OC-C bond to form
an aldehyde and N-center radical or amide and alkyl radical.**
Price et al. observed that oligomers were generated only in the
oxidation reaction of TMA, indicating that the functional
groups and molecular structure of aldehydes (aldehyde-amide
formed by TMA) played an important role in the formation of
oligomers, which were produced by peroxy radical chemistry,
while ketone functional groups (ketone-amide formed by
amines whose branched chain has more than two carbons)
showed an inhibitory effect.*® The authors subsequently studied
the temperature effect and confirmed the formation mecha-
nism of TMA oligomers in aerosols.'*” In addition, they found
that RO," + HO," reactions also occurred at low temperature
besides the RO," + RO," reaction which produced oligomers.
This indicates that multiple bimolecular reactions may exist
simultaneously in the atmospheric environment.

In recent years, it has been found that RO," formed by VOCs
also undergoes autoxidation reactions (hydrogen transfer)*?
besides bimolecular reactions and the branching ratios of these
reactions can reach very high values. But the current research
on autoxidation is limited to theoretical calculations, and
measured and experimental data are lacking. This is because
real-time monitoring of RO," is very difficult, due to its very
short lifetime. However, the contribution of such reactions
cannot be ruled out, because in certain environments the
products produced by them generally have a high O/C ratio and
are sufficiently low in volatility to form SOAs with incalculable
effects. During the last few years, there were some theoretical
calculations made on the oxidation of amines.***® Current
studies have shown that the autoxidation of amines is achieved
through the intramolecular 1,5-hydrogen transfer of N-
containing RO," (Fig. 4). Moller et al. studied the oxidation
rate of amines with 'OH to reveal the branching ratio of this
path.** They found that the main oxidation reaction product of
TMA was double hydrogen peroxide amide (produced by TMA
undergoing a thrice intramolecular 1, 5-H shift). In addition to
hydroperoxamide products, autoxidation pathways also lead to
the atmospheric circulation of "OH as shown in Fig. 4. This is
consistent with our previous discussion that only tertiary
amines can undergo '‘OH recycling. Ma et al. demonstrated
that N could promote the occurrence of the H-transfer reaction,
which was the initial step of the autoxidation mechanism.*
What is noteworthy is that the aforementioned autoxidation
pathway of amines is closely related to the structure of amines.
The yield of hydroperoxamide may be reduced for secondary
amines, such as DMA and DEA, due to competition from HO,"
loss reactions.** Besides, the pathway of dissociation and frag-
mentation will compete with the autoxidation pathway in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Autoxidation processes of atmosphere amines.

TEA reaction system which is also a tertiary amine as well as
TMA.** This may result from the long branch chain of TEA.
Moreover, high concentrations of NO also inhibits the autoox-
idation of N-containing RO,".** Although the autooxidation
pathway of amines is restrictive and has potential competition,
it has certain significance in explaining the fate of amines in the
atmosphere. For example, Berndt et al. extended the study of
Moller et al.** on TMA autooxidation by comparing it with the
results of four terpenes and three aromatics which were
considered important reaction systems in the atmosphere, and
revealed that the "OH + TMA reaction was a very efficient
atmospheric autooxidation system.*® Hence, more attention
needs to be given to the autoxidation pathways of amines in the
future.

The secondary oxidation of amines and products should also
be considered. Malloy et al. proposed that primary fatty amines
and their carbonyl-containing oxidation products (amides)
could generate imines through a mechanism like the Schiff-
base reaction.'® Specifically, the parent amine N attacks the
carbonyl carbon of the product amide and finally produces
imines (Fig. 5). Besides, when Tuazon et al. studied the oxida-
tion experiment of DMA and Oj, they found that the
consumption of amine/O; > 1 in an experiment with excess
amine, indicating that DMA has other loss pathways.'* They
found DMA and formaldehyde in a consumption ratio of 2: 1
through the reaction of amine-aldehyde condensation. Zhu
et al. also found that a quick Schiff-base reaction would happen
between primary amines and formaldehyde in emission moni-
toring instruments on the suction line, while secondary amines
and tertiary amines didn't react with formaldehyde.*** Beyond

(@ 129 N Nk
R2/ \NH2 — R1/+\[/ 2 1/ \‘\cl:/ 2
R R
R1\ 2 2
NH, -ox,l
-2
&
+
R/N\\CI:/NHZ - 1/N\\C/NHQ
|
R2 R2

Fig. 5 Primary amines form imines through the Schiff base reaction
mechanism.

© 2023 The Author(s). Published by the Royal Society of Chemistry

this, Louie et al. found that single molecule water was sufficient
to catalyse MA/DMA/NH; and formaldehyde to generate meth-
anolamine using theoretical calculations, and the DMA + CH,O
+ H,O0 reaction pathway was considered a particularly important
factor causing atmospheric DMA loss under low sunlight
conditions with low "OH concentrations."*®

In conclusion, the homogeneous oxidation reaction mecha-
nisms of amines with various atmospheric oxidants have been
widely investigated. The discovery of the new mechanism
heavily relied on the development of advanced detection means
or theoretical calculation methods. Moreover, the incomplete
matching theory and measured results also imply that there is
still a lot of research space for the reaction mechanism of
atmospheric amines. In addition, current studies have not paid
enough attention to the interaction mechanism between parent
amines and their products, which may have different contri-
butions to the formation and growth of SOAs. More attention
should be paid to this direction in the future.

4. Contribution of atmospheric
amines to aerosols

In general, the contribution of atmospheric amines to aerosols
includes the process from formation to aging. In other words,
amines not only participate in NPF, but also contribute to
subsequent submicron aerosols including condensation of the
oxidation products of amines, direct dissolution, acid-base
reactions and replacement reactions. In addition, amines are
important precursors of BrC (a special kind of SOA). Further-
more, aminium salts in aerosols can enhance the hygroscopic
capacity and increase CCN activity. Considering that the
homogeneous and heterogeneous contributions of atmospheric
amines to aerosols are complicated and multifaceted, we
attempt to review them categorically.

4.1 Atmospheric amines associated with NPF

NPF involves a two-step process, nucleation-the formation of
a critical nucleus, followed by growth to a larger size which
should at least be detected.'”® The formation of a critical
nucleus is entropy-limited, and the Gibbs free energy barrier
needs to be overcome before the spontaneous transition to
a new stage. At the critical nucleus, the change of Gibbs free
energy reaches the maximum, which reflects the nucleation and
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growth process of aerosols on the side. Besides, nanoparticles
have a strong Kelvin effect, i.e., a highly increased equilibrium
vapor pressure above the surface, which is another major
constraint in NPF. Particle formation can be initialized by
forming clusters of acid-base molecules with strong non-
covalent bonds. NPF usually requires higher concentrations of
SA.*17151 However, under practical conditions, the combina-
tion of SA and H,0O cannot form strongly bound clusters.
Additional stable vapor molecules are essential for NPF, espe-
cially for highly alkaline substances such as NH; and
amines.'*?*3%8+1517134 Quantum chemical studies have also pre-
dicted that clusters containing only SA and H,O can't grow and
must be stabilized by NH3, amines, or organic vapors.'*®*11557157
Otherwise, the high NPF rates measured in the boundary layer
cannot be explained. Quantum chemical calculations have
shown that the limiting steps for acid-base NPF depend largely
on the formation of the smallest (acid); ,(base); , clusters, as
they provide the basis for further cluster growth.*>**°

In field measurements, amines have been observed to
participate in SA-induced NPF. In urban and remote forest NPF
events, aminium ions are commonly detected on fine particles
ranging from a few nm to a dozen nm, accounting for up to half
of the positive ions detected.'””** For example, the days of NPF
measured in Finland peaked with the peak of the total alkyl-
amine concentration in the autumn.*® Besides, the NPF rates
were related to nucleation of SA-DMA-H,0, including SA dimers
and SA-DMA clusters in Shanghai.'*” Meanwhile, the field
measurements on dairy farms discovered that high nucleation
rates were associated with significant SA dimer concentrations,
whereas they were inversely correlated with NH; and amine
concentrations in the gas-phase which might be effectively
consumed in nucleation clusters.*” In addition to alkylamines,
alkanol amines may also be important for NPF. MEA can
hydrate more easily than alkylamines. It has been reported that
MEA-dominated prenucleation clusters near MEA emission
sources were at least 3 orders of magnitude higher than TMA
and DMA concentrations, indicating that alkanol amines may
play an important role in atmospheric nucleation in high
humidity environments.***

Although the concentration of atmospheric amines may be
2-3 orders of magnitude lower than that of NHj;, the difference
in free energy between amine-containing and NHj-containing
clusters complexing with SA/HSO, is sufficient to overcome
this mass balance effect, indicating that amines may be more
important than NH; in neutral/ion-induced SA/HSO, -water
nucleation.'”® Within the peak concentration range of atmo-
spheric NH;, NH; has a measurable promotion effect on
nucleation rates, which can increase the number of particles by
1-2 orders of magnitude under relatively dry conditions.
However, tert-butylamine, whose concentration is one order of
magnitude lower than that of NH3, can increase the number of
particles by 2 orders of magnitude under the same conditions.*®
Similarly, even a few pptv of DMA can increase the NPF rates by
several orders of magnitude compared to NH;."” Though DMA
is one of the strongest enhancing agents for SA-base NPF
confirmed by ambient observations and experiments, Ma et al.
found that the enhancing potential of PZ was greater than that
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of DMA and MEA."* Considering the differences in efficiency of
the various pathways for the removal of different amines in the
atmosphere (e.g., oxidative decomposition, formation of carci-
nogenic nitramines or nitrosamines and participation in NPF),
we should take each practical situation into account to assess
the environmental impact and risk of amines. The importance
of amines and NH; in NPF depends on the stability of amines
and NH; to SA clusters and the abundance of amines and NH;
in the atmosphere. For example, Li et al. found that a binary SA-
DMA nucleation system dominated near industrial sources with
high DMA concentrations, while high NH; concentrations could
significantly affect cluster formation in the near agricultural
field."® Besides, NPF events observed in a highly polluted suburb
of the North China Plain of Beijing were found to have a high
NPF rate, in which 68% is associated with SA-DMA-H,0, while
the remaining 32% of NPF events are thought to be attributed to
SA-NH;.* In addition to the monitoring data, laboratory studies
have shown that amines can enhance SA-H,O nucleation in the
atmosphere more efficiently than NH;.**** Ortega et al. found
that clusters formed by DMA and SA were more stable than
those by NH;."*® The higher alkalinity,*'** the combining
capacity with a neutral or charged cluster,*******° the assisted
ability of SA nucleation under water-free conditions or in the
presence of several H,O molecules®”*** and an abundance of
functional groups®*'** are the reasons why most amines are
more effective than NH; in SA nucleation. Furthermore, we are
curious about the effect of SA concentration. Zhang et al
computed that it was easier for DMA to approach the air-
nanoparticle interface than NH; to form DMA-SA clusters, and
the efficiency in promoting aerosol growth was independent of
the concentration of gaseous SA.** They further discovered that
MAs were involved in two types of heterogeneous reactions in
aqueous particles with different SA concentrations.” Amines
were neutralized by H;0" to form aminium salts within a few
picoseconds at high SA concentrations, while they mainly pro-
ceeded by hydrolysis reactions to produce ionic pairs of ami-
nium and OH ™ at low SA concentrations. In summary, amines
can interact with SA at an air-particle interface to promote the
formation of aerosol particles (Fig. 6). Amines also appear to
facilitate SA-nucleation more readily than less volatile oxidation
products. For example, Berndt et al. studied the effects of
amines or organic oxidation products on the nucleation system
of SA-H,0, and found that NPF caused by SA-amine interaction
was much more effective than that caused by SA-organic
oxidation products.*

Although amines have a strong effect on NPF, the actual
atmospheric reactions tend to be more complex. Therefore, the
synergistic effect of mixed amines with other atmospheric
compounds should be considered to understand and predict
their importance in different atmospheric environments. For
example, since the concentration of NHj; is usually higher than
that of amines in the atmospheric environment, NH; replace-
ment by amines is one of the important reaction pathways in
the formation of SA clusters.” Elm et al. proposed that the
presence of two kinds of bases increased the likelihood of
forming larger clusters due to an increase in the concentration
of available vapors.”® Glasoe et al. reported that NPF was
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Fig. 6 Methylamines participate in two types of reactions at low and
high SA concentrations.?

significantly affected by the synergistic interaction between NH;
and amines.’®® However, their stability does not explain this
phenomenon. For instance, Temelso et al. found that a mixed
base system was not more stable than a system containing only
alkylamines.'® Recently, Myllys et al. found evidence of the
synergy with NH; to form more clusters than intermolecular
interaction of the amines, and NH; could be a bridging agent in
SA-amine clusters by studying the Gibbs free energy of SA-
amine-NH; clusters.'®® They also proved that NH; was usually
easier than DMA to protonate and ammonium ions were located
in the center of the cluster structure, thus forming strong
intermolecular interactions with surrounding molecules and
ions. Besides, Li et al. calculated that SA-DMA clusters tended to
form core-shell structures, in which DMA was located in the
outer layer due to steric hindrances of the two alkyl groups,
while NH; could pass through the gap between clusters rela-
tively freely and optimize interaction sites with SA.*> Further-
more, Shen et al. found that the formation of initial clusters was
dominated by the alkalinity of amines, but with the increase of
clusters, steric hindrance played an increasingly significant
role.*” The results suggested that NPF potential couldn't just be
determined by the strength of the base. Substituting a portion
of a relatively strong base in the atmosphere with a weaker base
might enhance NPF due to base synergy rather than reduce it.
Therefore, different amines have different primary and
secondary roles at different stages of nucleation, and several
amines and NH; with different alkalinities and structures will
synergistically enhance acid-driven NPF.

In addition to promoting the nucleation of SA, amines have
also been reported to enhance the nucleation of other acids in
the atmosphere.’”**”"'"* For example, Ning et al. found that DMA
could structurally stabilize iodic acid (IA, a critical driver for
marine NPF) via hydrogen and halogen bonds, and enhance the
formation rate of IA clusters by five orders of magnitude.'”*
Besides, there were several studies suggesting the potentially
important roles of NH; and amines in the nucleation system
containing nitric acid recently.””>® The potentiality of
enhancing the nucleation of amines into atmospheric acids is
related to the hydrogen bond capacity (number of hydrogen
bonds) of amines and acids and the alkalinity and steric
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hindrance of amines. There are different primary and secondary
relationships and mechanisms under different conditions and
systems.

4.2 Condensation of the oxidation products of amines to
SOAs

The low volatility products generated by the oxidation of amines
will condense onto submicron aerosols. The specific mecha-
nisms have been discussed in detail in Section 3. It was found
that the oxidation of amines yielded amides and imides,"*""*
which would condense onto SOAs and then might be photo-
lyzed or oxidized to HCN, etc.'’* Recently, Tong et al. reported
the importance of aldehydes in promoting SOA formation and
growth from the reaction of amine products." Besides, Silva
et al. considered that NO;" reacting with TMA could explain why
the midnight peak of fine particles associated with amines.'**
Moreover, tertiary amines were easier to form a mass of non-
saline SOAs than other amines."® The acid-base reaction was
the main way of reaction of NO;* with BA and DEA, while TMA
tended to form non-salt SOAs under dry conditions.* Further-
more, Price et al. found that only TMA would generate oligo-
mers through peroxy free radicals.*® This might be part of the
explanation for why TMA formed more non-salt SOAs than other
amines. Besides, amines also affect submicron aerosols in other
different ways. First, the reactions of amines with dicarbonyl
aldehydes contribute to the formation of BrC (a part of SOAs)
and such reactions will be discussed in detail in the next
section. Second, amines have an effect on other atmospheric
reactions and climates. For example, Duporte et al. confirmed
that the presence of DMA enhanced the nucleation of a-pinene
ozonation and the formation of SOAs."** The photooxidation
process of amines induced by ‘OH also changes the surface
structure of existing visible particles in the atmosphere, such as
soot particles.'”®

4.3 Other reactions and secondary aerosols

On account of possessing the inherent characteristics of high
alkalinity and polarity, the fate of atmospheric amines goes far
beyond being oxidized or facilitating NPF. Yu et al. suggested
that aerosol uptake with an uptake coefficient of 0.03 reduced
the lifetime of MAs by ~30% over oceans and much more over
the major continents, resulting in the shortened lifetime of
amines compared to merely oxidation reactions.’”® In some
circumstances, due to lower concentrations of atmospheric
oxidants, relatively weak photochemistry and more complex
sources and meteorology, other factors besides oxidizing
capacity play more important roles in affecting the uptake of
amines by aerosol particles.®” Many atmospheric observations
have detected the presence of amines in aerosols. Youn et al.
found that DMA is the most abundant amine in aerosols and
cloud water in semi-arid (Tucson, Arizona) and marine (Nucle-
ation on the central coast of California) areas,'”” while Lidbury
et al. found that the DMA-derived SOA is among the most
abundant SOAs detected in marine fine particles over the North
and tropical Atlantic Oceans.’* Besides, Huang et al. reported
that DMA and DEA are the dominant alkylamines in
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atmospheric aerosol particles collected in Tung Chung, Hong
Kong."”® In addition, Liu et al. observed MAs and MA-N-oxides in
aerosol samples from Beijing,” while Feng et al. detected eight
amines in urban samples of Shanghai.”® Recently, Du et al.
conducted a field observation and found four amines in the
aerosols of the Yangtze River Delta, China.*® Notably, the gas-
particle transformation always results in amines distributing
in the particle phase. The concentrations of MA, EA, and aniline
in PM all over the world are estimated at about several to dozens
of ng m~>. Field observation®®'’*'® and laboratory simula-
tion"*"* indicate that secondary amines are more easily
detected in atmospheric PM samples. This is either because
they tend to accumulate in the sample size range, or they are
chemically stabler than the salts formed by primary and tertiary
amines, or favored thermodynamic equilibrium of secondary
aminium salts in less acidic aqueous droplets.'>**7%181.182
Besides, dialkylamines are less prone to oxidation than tri-
alkylamines."*>**" In conclusion, competitive mechanisms of
gas-particle distribution and oxidative degradation may favour
the selective accumulation of dialkylaminium salts in environ-
mental aerosol samples relative to homologous species. Some
studies also found that TMA is one of the important precursors
of DMA in particles, which may also partly account for the
phenomenon mentioned above.”*'*

Atmospheric amines can be incorporated into aerosol
particles through direct dissolution, the homogeneous or
heterogeneous reaction with acidic substances or the displace-
ment reaction with NH;. The gas-particle transformation of
amines is complicated because a solid phase and at least three
types of liquid phases should be considered for unprotonated
amines (free-base is represented as Am) and/or aminium salts
(protonated Am is represented as AmH) in atmospheric parti-
cles.’®*'® Three types of liquid phases are considered individ-
ually or simultaneously possible for absorptive uptake of
atmospheric amines, including a mostly water phase, a mostly
(by mass) organic phase that has at least some polarity (e.g.,
predominantly a secondary organic aerosol, which may contain
significant water on a mole fraction basis), and a mostly organic
phase that is less polar (e.g., predominantly a primary organic
aerosol, containing little water).'***** The simplest is that gas-
phase amines may be physically adsorbed onto PM.***
However, other processes may be more important than physical
adsorption. For example, Chen et al. found that cyclohexyl-
amine is more likely to enter the condensed phase by direct
dissolution, while DBA is more likely to enter the particle phase
by reacting with acid gas.** Hence, they suggested that the
absorption process in the aqueous phase plays a more impor-
tant role in the gas-particle transformation of amines than
physical adsorption.

4.3.1 Direct dissolution. Direct dissolution is a way for gas-
phase amines to participate in the growth of secondary aerosols.
Liu et al. found that about 7.4% of gaseous amines are
distributed into the particle phase, and direct dissolution is the
key step of gas-particle distribution in high relative humidity
(RH)." High RH would enhance the gas-particle transformation
of amines, which promotes gas-phase amine dissolution in the
aqueous phase of PM."™®% Zhou et al. observed the
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enhancement of gas-phase TMA to particles by cloud and fog
processing in both field and laboratory simulations.*” Further-
more, aerosol aminiums have a peak at 0.56-1.0 um (referred to
as droplet mode) and a peak at 0.18-0.32 pm (referred to as
condensation mode). Yu et al. also considered that DMA and
TMA in PM exhibit an accumulation mode with a median mass
aerodynamic diameter of 0.7 + 0.1 um, which is referred to as
droplet mode associated with cloud processing.*®* Nielsen et al.
suggested that just protonation would greatly change the
degradation pattern of dissolved amines compared to pure gas-
phase systems.'® In addition to being dissolved in the aqueous
phase, many studies suggested that amines exist in an unpro-
tonated state in the liquid organic phase.®®”>'3%1%¢ Xije et al.
considered that particulate DMA and TMA in the <0.2 pm size
range overwhelmingly existed in the liquid organic phase as
unprotonated TMA and DMA, but those in the >0.2 pm size
range mainly exist in the aqueous (or solid) phase.'®® Chen et al.
also found that the mixing state of amine-containing particles is
favorable for the uptake of amines via different pathways
including absorptive uptake on organic aerosols.®® Besides, Gao
et al. inferred that the observed TMA in PM in marine atmo-
spheres is probably overwhelmed by primary sea spray organic
aerosols and existed mainly in either the organic phase or
mixed phase."®® However, more thermodynamic parameters in
the liquid organic phase as well as the information of major
organic compounds at the molecular level are required for
examining the analysis comprehensively.

4.3.2 Acid-base reaction. The acid-base reaction of amines
with acidic substances will promote the absorption of amines in
PM. Ge et al. believed that gaseous amines might condense onto
particles after reacting with acidic substances under low RH
conditions.*>** Smog chamber simulation experiments have
shown that the reaction of amines with nitric acid could
produce granular aminium nitrate and finally achieved the
distribution balance between the gas-phase and particle-
phase."'*"* Zhang et al. found that nitrates and sulphates have
a stronger correlation with TMA during fogging, while NH;
dominates on sunny days in Guangzhou.*” Pratt et al. proposed
that amines are closely related to nitrates and sulphates in
summer and less so in autumn in the United States.'® Fran-
ziska et al. also demonstrated that TMA might take part in
neutralizing acidic aerosols along with ammonia, which would
be enhanced in the vicinity of clouds and fog through dissolu-
tion of TMA in droplets and subsequent acid-base reactions.®**
Chen et al. also found that the reaction between Am and
aqueous-phase acid in the water phase likely promotes water
absorption.® Youn et al. observed that the DMA : NH," molar
ratios in aerosols have peaks between 0.18 and 1.0 pm, sug-
gesting that DMA competes better with NH; in those sizes in
terms of reactive uptake by particles."”” The competitive uptake
of DMA against NH; on acidic aerosols generally follows ther-
modynamic equilibria and appears to be sensitive to DMA : NH;
molar ratios.” Chen et al. found that the molar ratio of DMAH"
to (DMA + DMAH") is about 0.31 with a corresponding DMA :
NH; ratio of about 1.8 x 103, about 0.80 with a corresponding
DMA : NH; ratio of about 1.3 x 1072, and about 0.56 in the
remaining cases.”” Atmospheric amines will be more effective in
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neutralizing acidic substances in a smaller size range. For
example, Yu et al. first found that there is a peak of DMA" and
TMA" in the particle size range of 0.01-0.1 pm, implying that the
two ions likely play an important role in neutralizing acidic
species in smaller particles."® Besides, Xie et al. proposed
a weaker neutralization potential of DMA and TMA for acidic
species against NH," in larger size particles at 0.8 4 0.2 pm.*°
Normally, amines also have a preference for different acidic
substances. For instance, Youn et al. observed that the DMA
concentration in PM is proportional to the sulfate concentra-
tion, while not significantly correlating with the nitrate
concentration.””” However, Liu et al. proposed that amines
(mainly DMA) are mostly likely in the form of aminium nitrate
while NH; is found mostly likely in the form of ammonia
sulfate.™ Chen et al. suggested that the higher measured
partition fraction of DBA than the predicted value is likely due
to the reaction with gaseous HCL®* Besides inorganic acids,
Fairhurst et al. studied the reactions of amines with a series of
solid diacids.*®*** They found that butylaminium salts formed
from evaporation of aqueous solutions of n-BA with C3, C5 and
C7 diacids are viscous liquids, suggesting that ionic liquids
form on the surface during the reactions of gas-phase amines
with odd carbon diacids.™® It is possible that ionic liquids may
be formed via reactions of amines with the acidic components
of semi-solid SOAs, which should be noticed. However, Erupe
et al. found that aminium salts are formed from acid-base
interactions and amine-N-oxides are formed by direct oxidation
by O; which only accounted for minor amounts of particulate
amines (1.5%)."° This suggests that a large proportion of
particulate amines have other sources.

4.3.3 Replacement reaction. Alkylamines can react with
ammonium sulphates (AS) as an ammonia replacement reac-
tion, while ammonium bisulphates can also undergo acid-base
reactions with amines.*>**%*> However, as the particle size
grows, the corresponding surface to volume ratio decreases and
the time required to achieve complete conversion of ammo-
nium salts to aminium salts becomes excessively long.
Complete exchange of NH; in ammonium bisulfate and
ammonium nitrate clusters (sub-3 nm) by amines is expected to
occur within several seconds to minutes in the ambient atmo-
sphere,™* while exchange of NH; of ammonium nitrate in 20—
500 nm particles is measurable within a few hours.'** Besides
the effect of particle size, the aerosol phase state also affects the
occurrence of the displacement reaction.’>*** The exchange
rates of aqueous particles are generally higher than those of
their corresponding solid counterparts. For example, Chan et al.
found that the heterogeneous uptake of about 40 ppm TEA by
multiple aqueous ammonium salts leads to an increase in the
particle mass of over 90%. at 50 or 75% RH, while crystalline
solid particles of (NH,),SO, and (NH,),C,0, experienced small
mass increases of <5%, both of which are attributed to the
hindered mass transfer of TEA in crystalline solids."*> However,
TEA reacted with an amorphous solid NH,NO; particle at <3%
RH as effectively as if it were in an aqueous NH,NO; droplet
(50% RH). The exchange of NHz/amine vapors in the particle
phase is reversible when the salt particles are in an aqueous
state at elevated RH. Overall, the phase states of ammonium
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and aminium salt particles crucially determine the replacement
reaction rates and final product properties and identities.*®

All in all, atmospheric amines contribute to formed aerosols
via abundant ways. They may directly participate in the forma-
tion of aerosols through dissolving in PM, undergoing acid-
base reactions with acidic substances in PM, or displacing NH;
in PM. In addition, atmospheric amines also contribute to SOAs
indirectly. A portion of the oxidation products of amines with
low volatility will condense onto the PM. Amines may merely
make aerosols grow and become larger, or may even change the
internal structure of aerosols. The latter could change the light-
absorbing capacity, viscosity and hygroscopicity of PM, and
then affect the climate.

4.4 Contribution of amines to BrC formation

BrC is a part of atmospheric particles that absorbs light like
black carbon (BC). Different from BC, BrC is a kind of organic
matter that can show strong absorption of solar radiation in the
blue visible and near-ultraviolet regions (between 200 and 550
nm), and its absorption in the ultraviolet band increases with
the shortening of wavelength.*” Many reactions of amines with
dicarbonyl aldehydes were reported in atmospheric multiphase
or aqueous phase systems, finding that the presence of amines
accelerated the browning process in the aqueous-phase or
aerosol-phase (Fig. 7). The formation rates of BrC from
heterogeneous reactions of amines with dicarbonyl aldehydes
are several orders of magnitude faster than those in bulk solu-
tion.'*®'* The reactions of amines with dicarbonyl aldehydes
are even more effective than the replacement reaction of amines
and ammonium salts. For example, De Haan et al. suggested
that gas-phase MA was more effective when reacting with
aqueous-phase methylglyoxal than ammonium salts.'®®
Ammonium salts are important N-containing substances and
have a potential contribution to the formation of BrC. For
example, De Haan et al. observed the formation of BrC when
methylglyoxal was exposed to aerosols containing amines or AS
before and after cloud processing.'”® But amines may be more
effective than ammonium salts in promoting BrC formation.
For example, Powelson et al. suggested that amines were more
effective than AS to form BrC via reactions with small carbonyl
compounds on a per mole basis generally.*® Besides, increased
BrC formation on both ammonium sulphate and methyl-
ammonium sulphate seed particles was observed in the pres-
ence of methylglyoxal and MA, regardless of wet or dry
particles.'*®

Many studies have shown how amines and dicarbonyl alde-
hydes form BrC. De Haan et al. found that glyoxal would irre-
versibly trap volatile amines in the aerosol-phase and then
converted them into oligomers.** Furthermore, they explored
the effect of MA on aerosols containing methylglyoxal, and the
results showed that reactive absorption of MA into clouds and
aqueous aerosols might affect the optical and physical proper-
ties of SOAs by converting existing oligomers into surface-active,
light-absorbing nitrogen-containing oligomers and hygroscopic
cationic imidazoles, even if the size of the SOA remains
constant.”® Besides, the structure of aldehydes will affect the

Environ. Sci.. Atmos., 2023, 3, 444-473 | 461


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00167e

Open Access Article. Published on 01 February 2023. Downloaded on 3/13/2026 7:32:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

Cloud
processing \

o RiQ R
SN e ¥

Several minute: t least a few days

Bulk solution
containing
aldehydes+amines

Fig. 7 The patterns of the formation of brown carbon between
amines and aldehydes.

efficiency of BrC formation. Marrero-Ortiz et al. found that the
single scattering albedo for methylglyoxal-amine mixtures was
smaller than that of glyoxal-amine mixtures and increased with
the methyl substitution of amines. Their conclusion suggested
that BrC formed from the particle-phase reaction of methyl-
glyoxal with MA was the most likely to contribute to atmo-
spheric warming because its nucleophilic addition reactions
were most efficient (facilitating nucleophilic attack through
electrostatic attraction between carbonyl and amine groups,
forming N-heterocyclic rings).'” In addition, BrC formation
may be promoted in the presence of other carbonyl compounds.
For example, Rodriguez et al. found a significantly increased
yield of imidazole products (precursor of BrC) in the amine +
methylglyoxal reaction in the presence of formaldehyde and
acetaldehyde in cloud droplets.**® However, the BrC formation
of aldehyde-amine-ammonium sulfate browning reactions is
found to be at least 10 times lower than that of wood burning
because its mass absorption coefficient is lower than that of
wood burning and only responsible for <10% of light
absorption.*®

In summary, amines can promote BrC formation both in the
gas-phase and aerosol-phase, especially during cloud process-
ing. The heterogeneous reactions of amines and dicarbonyl
aldehydes yield BrC much more quickly than their bulk solu-
tion. There is still much research space in this area because
there are various circumstances which can form BrC in
a complex atmospheric environment.

4.5 Influence of amines on the hygroscopicity/CCN activity
of aerosols

The interaction with water vapors often plays an important role
in the growth of atmospheric nanoparticles. Hence, hygro-
scopicity is an important parameter for ultrafine particles.
Recently, Corral et al. observed DMA in cloud water over the
northwest Atlantic, implying that DMA might enhance the
hygroscopicity of particles and assisted the activation of CCN.**
Alkylaminium sulfates (AASs) are highly hygroscopic and
absorb water even at low RH.**'?>?°° Many studies characterized
the hygroscopic growth factor (HGF) of alkylamine salts by
using a humidifier tandem differential mobility analyzer
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(HTDMA).***¢%182201 The HGF is defined as the ratio Dy, zu/Dp,0,
where Dj, ry; and Dj, o represent the mobility diameters at higher
RH values and of dry particles, respectively. The hygroscopic
growth of aminium sulfate particles is distinct from that of AS
whose deliquescence only occurs at RH greater than 79%.%*'%>
Qiu et al. found that aerosols of all AASs including mono-
methylaminium sulfate (MMAS), dimethyaminium sulfate
(DMAS), trimethylaminium sulfate (TMAS), diethylaminium
sulfate (DEAS) and triethylaminium sulfate (TEAS) exhibit
a monotonic increase in size when exposed to increasing RH (in
the range of 10-90%) without a clear deliquescence point or the
deliquescence point is much lower than that of AS, suggesting
that AASs can readily absorb water even at low RH to lead to
aerosol volume and mass increases.'® Furthermore, even
a small mass fraction of AASs such as MMAS and DMAS can
considerably lower the deliquescence point and enhance water
adsorption on AS particles, which may as a result of the
replacement reaction of alkylamines with AS aerosols lead to
a transition from the crystalline to an amorphorous phase and
an improved water uptake, considerably enhancing their direct
and indirect climate forcing.'® Therewith, Clegg et al. converted
the HGF determined by Qiu et al.*® to a moles of water per mole
of solute basis and obtained the relationships between the
concentration and equilibrium RH (water activity) for solutions
of the five AASs.>* Chu et al. also defined water-to-solute molar
ratios (WSRs) and the hygroscopicity was expressed as the WSR
as a function of RH;"° however, the WSRs of MMAS, DMAS and
TMAS particles they obtained through the Raman spectra are
significantly higher than those of Clegg et al.**> Chu et al. sug-
gested that the parameter D, defined by Clegg et al. at RH
~12% would underestimate the WSRs. Besides, Chu et al. found
that AASs are more hygroscopic than their corresponding
ammonium counterparts within <3-90% RH, and the deli-
quescence points of MMAS and monoethylaminium sulfate
(MEAS) were 37-43% and 12-17%, respectively, while DMAS
and TMAS exhibit a continuous hygroscopic trend without
either efflorescence or deliquescence. During the drying process
(RH 90-<3%), the amines of MMAS, MEAS and monoethanol-
amine sulfate at an aminium/sulfate (A/S) molar ratio of 2.0
would not evaporate and the particles are stable, whereas the
amines of DMAS and TMAS would evaporate at similar molar
ratios, resulting in 1.9-1.5 and 1.7-1.0, respectively."****
However, Tian et al. found that monoethanolamine sulfate is
less hygroscopic than MEAS, AS, and ammonium bisulfate.”*
They also calculated the uptake coefficients of MEA, which are
estimated to be (3.23 & 0.64)x107> and (9.89 + 2.62)x10~* at
40% and 70% RH, respectively, and the negative correlation of
the uptake coefficients of MEA and RH is likely due to the
increased mass accommodation and Henry's law solubility at
lower RH.”® Besides, Sauerwein et al. suggested that the
number of methyl or ethyl groups in the aminium ion might
have a stronger lowering effect on water activity than the alkyl
chain length in concentrated solutions.>*® Besides the effect of
the structure of amines on the hygroscopic capacity of aminium
salts, the potential impact of acids cannot be ignored. Lavi
et al’s measurements of the volatility of alkylaminium carbox-
ylate salts show high thermal stability from organic acid-amine
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reactions, with measured vapor pressures of alkylaminium
monocarboxylate salts of ~107° Pa and alkylaminium dicar-
boxylate salts of ~10~° Pa.>* They measured the hygroscopicity
of nucleation mode alkylaminium carboxylate (10-15 nm) and
accumulation mode (100 nm) particles, and found that these
salts have no deliquescence point. Besides, the measured HGFs
of 10-15 nm particles at 90% RH are 1.49 + 0.07 and 1.61 £+ 0.21
for acetate and propionate salts, respectively, which are
comparable to the HGF of 10 nm AS particles (1.49), while the
HGFs of 100 nm of these salts are higher (1.83 £ 0.09 and 1.77 +
0.13, respectively) than that of AS (1.58).>°* Furthermore,
Gomez-Hernandez et al. found that the deliquescence point is
apparent for several alkylaminium dicarboxylates but not for
alkylaminium monocarboxylates which were dependent on
their molecular functionality.*” The HGF at 90% RH is in the
range of 1.3 to 1.8 for alkylaminium monocarboxylates and 1.1
to 2.2 for alkylaminium dicarboxylates, depending on the
molecular functionality (i.e., the carboxylic or OH functional
group in organic acids and methyl substitution in alkyl-
amines).” Besides, the measured hygroscopicity of alkylami-
nium carboxylates increases with a decreasing acid to base
ratio. Recently, Liu et al. incorporated surface tension into the
conventional Kohler model, and found that the critical super-
saturation follows a consistent order of AS > MMAS > DMAS >
TMAS over 10 nm and MMAS > DMAS > AS > TMAS for ultra-
small particles with ~3 nm.*** According to their results, the
value of AS is higher at large size and contributes more to CCN
activity, but MMAS and DMAS would show higher hygroscopic
capacity in primary nanoparticles. Clearly, the potential hydrate
formation, unknown phase-state, and particle-shape effect
represent fundamental limitations in measurements of the
hygroscopic growth and CCN activity of alkylaminium aerosols.

Conventionally, Kohler theory is employed to predict the
critical supersaturation of aerosols, a threshold above which
particle growth by water vapor uptake and formation of a stable
cloud droplet become thermodynamically favorable.?** Organic
salt formation from the reactive uptake of amines increases the
effective van't Hoff factor of the solute, thereby decreasing the
water vapor saturation required for a particle to develop into
a CCN.'**?**® Gomez-Hernandez et al. found that the activation
diameters of alkylaminium carboxylates range from 74 to
219 nm at a supersaturation value of 0.19%, suggesting that
alkylaminium carboxylates can readily form cloud droplets
under atmospherically relevant conditions.*

All in all, hygroscopicity affects the optical (i.e., scattering
and absorption) properties of aerosols, which impact not only
visibility and air quality but also direct radiative forcing, and the
CCN activation efficiency of aerosols is related to cloud micro-
physics and precipitation efficiency as well as to the indirect
radiative forcing in climate projections, which is highly uncer-
tain. Alkylaminium salts may play an important role in both
hygroscopicity and CCN activation, and aerosol particle con-
taining alkylaminium salts have significant impacts on the
climate by direct interactions with solar radiation and indirect
contributions to cloud formation.
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5. Future perspectives

The review mainly summarizes the environmental concentra-
tions, source analysis and pollution profiles of atmospheric
amines. But due to the unique characteristics of amines of low
concentrations, strong reactivity, regional distribution, viscosity
and alkalinity, some new advanced monitoring methods and
instruments have yet to be demonstrated. According to amine
emission at a specific location, we suggest that multiple detec-
tion methods can be used simultaneously for long-term,
continuous monitoring. In addition, various atmospheric
amines may have different sinks in each specific atmospheric
environment, and then produce different atmospheric effects
due to the formation of various transformation products from
the homogeneous and heterogeneous reactions of amines with
various reactive species in the atmosphere. Therefore, it is
necessary to comprehensively evaluate the temporal and spatial
distribution characteristics of atmospheric amines, which
requires more measured data. In particular, the indoor source
of amines generated by human daily life is worthy of attention
which has been overlooked. If amines are taken into account,
indoor pollution may need to be reconsidered. For example,
squalene is a kind of ozone-active substance in human skin
lipids and has been a hot research area for indoor pollution in
recent years.**”*>*® When the effects of indoor amines are
considered in these studies, there may be surprising results.
Besides, most studies on the migration and transformation of
atmospheric amines only consider the concentration of
oxidants, types of temperature, and air humidity at present. But
the migration and transformation in actual meteorological
environments have not been thought about too much yet, which
also should be taken into account in the subsequent work.
Then, the various atmospheric oxidation reactions of amines
in the atmosphere are introduced. We mainly summarize the
kinetics and mechanisms of the homogeneous reactions of
amines with different oxidants in the atmosphere. We should
take temperature into account when studying dynamics
because partial amines are discharged from industrial
processes or biomass combustion. Besides, the oxidation of
amines by some other intermediate free radicals shouldn't be
ignored, and sCIs are the classic example."**** However, the
reactions of amines with sCIs or other intermediate radicals
and the autoxidation mechanisms of amines still need more
monitoring data and simulation experiments to be confirmed.
In addition to radicals, more attention also should be paid to
the secondary oxidation mechanism of parent amines and their
degradation products in the future which is often ignored and
underestimated. Specifically, some small molecule aldehydes
are not only the important products of amine oxidation, but
also the main products of olefin and benzene oxidation in the
atmosphere, which have the potential for aldehyde-amine
reactions. After the initial step, radicals formed by amine
oxidation are consumed by bimolecular reactions or autoox-
idation pathways. The structure of amines affects their atmo-
spheric transformation pathways as well as the branching ratios
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of each pathway. Therefore, we expect more studies comparing
the structural effects of amines in the future.

The contributions of amines to aerosol particles were also
summarized from various homogeneous and heterogeneous
reactions, and the focus domains include NPF, the growth of
submicron aerosols including oxidation product condensation,
direct dissolution, acid-base reactions and replacement reac-
tions, the formation of BrC, and the ability to enhance hygro-
scopicity and activate CCN. First, SA is found to be a very
important precursor to NPF, and the existence of atmospheric
amines was also found to promote this process. Future studies
should focus on the synergistic effects of multiple amines or
NH; on NPF and the promoting effects of amines on the
nucleation of other organic acids. In addition to facilitating
NPF, amines also have a non-negligible contribution to
submicron aerosols. Amines can enter aerosol particles directly
or indirectly through direct dissolution, acid-base reactions, or
replacement reactions. In addition, the low volatile oxidation
products from amine oxidation also facilitate the growth of
SOAs or change the structure of SOAs. Besides, the contribution
of amines to SOAs in the presence of inorganic gases should
also be properly considered. Although it has been known that
amines have a non-negligible contribution to the generation
and growth of SOAs, how specific amines or their products
contribute to the processes has not been studied in detail. For
another, BrC is a kind of special SOA which is light-absorbing.
Amines may contribute to the browning process of glyoxal or
methylglyoxal in heterogeneous or aqueous phases, especially
in cloud processing. The rates are much faster than in their bulk
solution. RH and the pH value influence these processes
significantly and future studies should pay more attention to
the influence of these factors on the formation of BrC. Besides,
future work also should comprehensively estimate BrC caused
by amines-aldehydes or biomass combustion and the light
absorption of different BrC, so as to identify the contribution of
amines to this aspect. The effects of amines in aerosol particles
on the climate do more than promote the formation of BrC.
Alkylaminium salts may play an important role in both hygro-
scopicity and CCN activation, and aerosol particle containing
alkylaminium salts have significant impacts on the climate by
direct interactions with solar radiation and indirect contribu-
tions to cloud formation. The composition of PM in the atmo-
sphere is complex, and it is necessary to study the CCN
activation capacity of alkylaminium salts in more complex or
real situations in the future.

All in all, given their environmental behaviour in the atmo-
sphere, amines may also have negative effects on human health
during their life cycle.”®*** To fully understand the effects of
amines and their degradation intermediates on human health,
future studies should consider different exposure pathways,
such as skin, ingestion, and inhalation. On the other hand, the
acute and chronic effects of amines on the human body also
need to be considered in the near future.
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