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Abstract. Amines and aminiums play an important role in particle formation, liquid-phase reactions, and cli-
mate change and have attracted considerable attention over the years. Here, we investigated the concentrations
and compositions of aminiums in PM» 5 in 11 Chinese cities during the winter, focusing on the characteristics of
aminiums during the polluted days and the key factors influencing aminium outbreak. Monomethylaminium was
the dominant aminium species in most cities, except Taiyuan and Guangzhou, followed by dimethylaminium.
Diethylaminium dominated the total aminiums in Taiyuan and Guangzhou. Thus, the main amine sources in
Taiyuan and Guangzhou were significantly different from those in other cities. The concentrations of the total
aminiums (TAs) in most cities increased significantly during the polluted days, while relatively weak aminium
outbreaks during the polluted days occurred in Xi’an and Beijing. Additionally, the concentrations of TAs in
Xi’an and Beijing were insignificantly correlated with those of PMj 5 and the major acidic aerosol components,
while the opposite pattern was observed in nine other cities. Thus, acid—base chemistry was significantly asso-
ciated with the formation of aminiums in PM> 5 in all cities, except Xi’an and Beijing. Based on the sensitivity
analysis of the aminiums : ammonium ratio to ammonium changes, as well as excluding the effects of relative
humidity and atmospheric oxidation, we proposed the possibility of the competitive uptake of ammonia ver-
sus amines on acidic aerosols or the displacement of aminiums by ammonia in Xi’an and Beijing (constraining
aminium outbreaks). Overall, this study deepens the understanding of the spatiotemporal differences in aminium
characteristic and formation in China. However, the uptake of amines on particles to form aminiums and the
relevant influencing factors require further mechanistic research.
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1 Introduction

Low-molecular-weight amines are ubiquitous and impor-
tant in the gaseous and particulate phases (Nielsen et al.,
2012; Ge et al., 2011a; Berta et al., 2023). More than 150
amines have been identified in the atmosphere (Ge et al.,
2011a). The most abundant and frequently reported amines
in field observations are typically C1-C6 alkylamines, in-
cluding dimethylamine, monomethylamine, trimethylamine,
diethylamine, ethylamine, 1-propanamine, and 1-butanamine
(X.-Y. Yang et al., 2023; Liu et al., 2023). Amines can par-
ticipate in various chemical and physical processes in the at-
mosphere, promoting the formation and growth of new parti-
cles and contributing to the production of secondary organic
aerosols (Yao et al., 2018; Tong et al., 2020; Mgller et al.,
2020). Amines are thus considered to have a direct or indirect
impact on air quality (Li et al., 2019; Tao et al., 2016; Shen et
al., 2023). Air pollution (e.g., haze) caused by high levels of
atmospheric fine particles (PM> s5) has received considerable
attention in China over the past decade due to rapid industri-
alization and urbanization (F. Liu et al., 2022; Z. Liu et al.,
2022). Evidently, controlling the emission strength of amine
sources and understanding the transformation of atmospheric
amines can effectively reduce air pollution in cities.

The main sources of atmospheric amines during the air
pollution period in cities in China are typically fossil fuel
combustion and biomass burning rather than agricultural
emissions (Feng et al., 2022; Z. Liu et al., 2022; Wang et al.,
2022; Shen et al., 2017; Ho et al., 2016; Chang et al., 2022).
Owing to the water solubility and alkalinity of amines, low-
molecular-weight amines in PM5 5 during the air pollution
period are mainly present in the form of amine salts (i.e.,
aminiums) via the gas-to-particle partitioning of gaseous
amines and subsequent acid—base chemistry (Zhang et al.,
2021; C. Liu et al., 2022; Ge et al., 2011a; Xie et al., 2018).
It should be noted that organic amines (e.g., dimethylamine
and trimethylamine) in nanoparticles (< 200 nm) may also
be largely present in the organic phase (Xie et al., 2018). In
addition, oxidative degradation of higher-molecular-weight
amines and displacement reactions are also the potential for-
mation pathways of aminiums in PMj 5 (Tao et al., 2021;
Qiu and Zhang, 2013; Tong et al., 2020). Although pre-
vious observational studies have investigated the composi-
tions, concentrations, sources, and formation processes of
low-molecular-weight aminiums in the particle phase in ur-
ban areas of Shanghai (Liu et al., 2023), Guangzhou (Shu et
al., 2023), Qingdao (Z. Liu et al., 2022), and Xuzhou (X.-
Y. Yang et al., 2023) in China, there has been relatively lit-
tle focus on the association between PM; 5 and amine out-
breaks. A recent study conducted in Wangdu County, Hebei
province, China, has suggested that amines exhibited out-
break characteristics during the haze episode (Feng et al.,
2022). Climate and air pollution conditions can vary greatly
from city to city, due to the vastness of China. However, it
is poorly understood how the characteristics and formation
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processes of low-molecular-weight aminiums in PMj 5 vary
between clean and polluted days in different cities in China,
which may hinder the further assessment of the environmen-
tal impacts of amines with regional differences.

In winter in China, air pollution episodes are more fre-
quent compared to other seasons. Thus, we present the mea-
surements of aminiums in PMj 5 collected from 11 different
Chinese cities during the winter (2017-2018). The aims of
this study are (1) to investigate the spatial differences in the
compositions and concentrations of aminiums in PM3 5, with
a focus on the difference between them on clean days and
polluted days, and (2) to understand the key factors control-
ling the formation of aminiums in PM 5 in different cities.

2 Materials and methods

2.1 Site description and sample collection

A total of 11 urban sites were selected for aerosol sample
collection, including the Beijing (BJ; 40.04°N, 116.41°E),
Taiyuan (TY; 37.80°N, 112.58°E), Xi’an (XA; 34.25°N,
108.98°E), Lanzhou (LZ; 36.11°N, 103.73°E), Haerbin
(HEB; 1i.e., Harbin; 45.77°N, 126.64°E), Wulumugqi
(WLMQ; i.e., Ur'umqi; 43.86°N, 87.75°E), Chengdu
(CD; 30.68°N, 104.14°E), Guiyang (GY; 26.58°N,
106.73°E), Guangzhou (GZ; 23.18°N, 113.35°E), Wuhan
(WH; 30.55°N, 114.36°E), and Hangzhou (HZ; 30.30°N,
120.16° E) sites (Fig. S1). HZ and GZ are megacities situated
in the Yangtze River Delta (YRD) and Pearl River Delta
(PRD) regions, respectively, both of which have developed
economies. WH is located in the central region of China. CD
and GY are representative cities in southwestern China. LZ,
XA, TY, BJ, and HEB are cities in northern China. WLMQ,
located in northwestern China, is the largest inland city that
is farthest away from the ocean in the world. Obviously, the
varying geographical locations and economic development
levels of different cities lead to different air pollution and
climate conditions between them.

PM;, 5 sampling in most cities was conducted on the
rooftops of buildings (four to six floors in total) using a
high-volume air sampler (Series 2031; Laoying, China) from
1 December 2017 to 21 January 2018 (winter). Specifically,
the sampling periods in LZ, TY, HEB, BJ, XA, WLMQ,
CD, WH, HZ, GZ, and GY were 2-30 December 2017, 2—
30 December 2017, 18 December 2017-15 January 2018,
22 December 2017-21 January 2018, 22 December 2017—
20 January 2018, 3-28 March 2018, 1-31 December 2017,
6-29 December 2017, 4-31 December 2017, 1-30 Decem-
ber 2017, and 10 December 2017-11 January 2018, respec-
tively (Tables S1-S3). At each site, PMj 5 was sampled once
every 1-2 d for ~ 24 h on prebaked quartz fiber filters (500 °C
for 8 h). Moreover, two random blank filters were collected.
The total number of PMj; 5 samples at each sampling site is
shown in Tables S1-S3. All samples were stored at —30 °C.
Meteorological data such as precipitation, wind speed, tem-
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perature, and relative humidity (RH), as well as concentra-
tions of various pollutants, were recorded during the sam-
pling campaigns from the adjacent environmental monitor-
ing stations. Sampling periods were classified as either clean
or polluted days, based on a daily average PM> 5 mass con-
centration of 75 ugm™3 (Zhang and Cao, 2015).

2.2 Chemical analysis

The extraction of low-molecular-weight aminiums in the fil-
ter samples was carried out using the method described in
our recent publication (Liu et al., 2023) and in a previous
study (Liu et al., 2017). Briefly, the sample was filtered using
a 0.22 um Teflon syringe filter (CNW Technologies GmbH)
after extraction with Milli-Q water (~ 18.2MQcm). The
aminiums in the extracts that underwent pH regulation were
derivatized using 0.1 mL of benzenesulfonyl chloride (BSC).
The tube containing the derivatives was sealed and agitated
for 30 min. To remove excess derivatization reagents, the ex-
tracts were agitated again for 30 min at 80 °C after adding
the NaOH solution (0.5 mL of 10 mol L~!). Once the mixed
solution had cooled down, it was acidified with a solu-
tion of HCI to adjust the pH to 5.5. A further extraction
of derivatives was carried out by adding dichloromethane.
It is important to mention that the organic phase was se-
quentially treated with Nay;CO3 solution and anhydrous
NayS0O4. A stream of nitrogen gas was used to concentrate
the organic extracts. Finally, the sample was analyzed us-
ing gas chromatography—mass spectrometry (GC-MS) after
adding dichloromethane and hexamethylbenzene. Dimethy-
laminium (DMAHT), monomethylaminium (MMAH™), di-
ethylaminium (DEAH'), ethylaminium (EAH™), propy-
laminium (PAH™), butylaminium (BAH™), and pyrroli-
dinium (PYRH™) were quantified. Aminium recoveries var-
ied between 73 % for DMAH™ and 112 % for PAH™. The
detection limits of the aminium measurements ranged from
0.8ngmL~! for DEAH" to 2.8ngmL~' for MMAHT.
Aminiums are undetectable in the blank. Detailed data qual-
ity controls were described in our recent publication (Liu et
al., 2023). It should be noted that we did not consider the
impact of the continuous aging of aminiums collected on the
filter on the measurement results. This is mainly due to the
following reasons.

1. The PMj 5 samples investigated in this study are all
acidic (Tables S1-S3), promoting the protonation of
amino groups.

2. The protonated amino group is difficult to undergo ox-
idation by oxidants (e.g., hydroxyl radicals and ozone)
(Nielsen et al., 2012).

Another filter cut was extracted with Milli-Q water to mea-
sure the concentrations of inorganic ions (e.g., N (O SOi_,
NHI, K+, Nat, Ca?t, and Mg?") and organic acids (e.g.,
acetic acid, formic acid, succinic acid, oxalic acid, glutaric
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acid, and methanesulfonic acid) (Xu et al., 2022a, 2023; Liu
et al., 2023; Lin et al., 2023). These inorganic ions were
quantified via an ion chromatograph system (Dionex Aquion,
Thermo Fisher Scientific, USA) (Xu et al., 2020a).

2.3 Parameter calculation

The thermodynamic model (ISORROPIA-II) was used for
the prediction of the mass concentration of aerosol liquid wa-
ter (ALW) and the pH value, which was detailed in our previ-
ous studies (Xu et al., 2022b, 2023; Y. Xu et al., 2020). The
ventilation coefficient (VC) can be used as an indicator to
assess the state of atmospheric dilution of pollutant concen-
trations (Gani et al., 2019). It is calculated by multiplying the
wind speed by the planetary boundary layer height (PBLH)
(T. Yang et al., 2023).

3 Results and discussion

3.1 Compositions of aminiums in PM> 5 in China during
winter

Figure 1 shows the average percentage distributions of
various aminiums in PMjs collected in different cities
in China during winter, with a comparison between their
mass fractions on clean and polluted days. MMAH™T was
the predominant species among the aminiums investigated
in PMj 5 in most cities in northern China, including LZ,
XA, HEB, BJ, and WLMQ. MMAH™ and DMAH™ (as the
second most abundant species) constituted over 63 % of the
total aminium concentrations in those northern cities. The
relatively minor species, including DEAH', EAH, PAHT,
BAH', and PYRHT, contributed between 1% and 18 %
of the total aminium concentrations. The predominance
of MMAH™ was also found in cities in the YRD (HZ),
central (WH), and southwestern (CD and GY) China, closely
followed by DMAHT. Previous studies conducted in Xi’an
(winter; China) (Ho et al., 2015), Beijing (winter; China)
(Wang et al., 2022; Ho et al., 2016), Nanjing (winter; China)
(Liu et al., 2023), Shanghai (winter; China) (Liu et al.,
2023), Xiamen (winter; China) (Ho et al., 2016), Hong Kong
(winter; China) (Ho et al., 2016), and the Arabian Sea (au-
tumn and winter) (Gibb et al., 1999), as well as at mountain
(autumn; Nanling, China) (Liu et al., 2018) and background
(winter; Puding, China) (Liu et al., 2023) sites, have sug-
gested that the mass concentration fraction of MMAHT™
was highest in the measured aerosol amine salts. The
Henry’s constants of MMA (3.65 x 10" molkg~" atm™1),
DMA (3.14 x 10" mol kg~ ' atm™), and EA
(3.55 x 10 mol kg~! atm~!) are relatively lower
than those of the other amines investigated (e.g.,
1.32 x 10° mol kg~ ' atm™! for DEA) (Ge et al., 2011b),
implying that the potential of MMA, DMA, and EA to be
partitioned into aqueous particles was weaker compared to
DEA. Additionally, the gaseous forms of these determined
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Figure 1. Average percentage distributions of various aminiums
in PMj 5 collected in different cities in China during winter. The
map was obtained from ©MeteolnfoMap (version 3.3.0) (Chinese
Academy of Meteorological Sciences, China).

aminiums typically have strong alkalinity (Ge et al., 2011b).
The aerosol samples in this study were all acidic (Tables S1—
S3). Thus, these results imply that the increased emissions of
MMA and DMA may partially explain the higher abundance
of MMAH™ and DMAHT™ in PM, 5 in these investigated
cities during winter.

In another northern city (i.e., TY), DEAHtT was
the most abundant aminium species (40 % of the total
aminium concentrations), followed by MMAH™ (30 %) and
DMAH™ (21 %). The composition characteristic of aminiums
in the city of GZ (PRD area) was similar to that observed in
TY (Fig. 1). Anthropogenic emissions, including vehicle ex-
haust and industrial production, are considered to be the main
contributors to aerosol DEAH™ in urban areas (Y. Chen et
al., 2022; Chen et al., 2019; X.-Y. Yang et al., 2023; Chang
et al., 2022). A recent study has suggested that ethanol gaso-
line vehicles can emit a large amount of ethylamines, lead-
ing to the outbreak of DEAH™ during the haze episodes in
Hebei Province (northern China) (Feng et al., 2022). Thus,
the relative emission strength of anthropogenic DEA in the
investigated amines was probably higher in TY (an inland
city with application of ethanol gasoline vehicles) than in
other cities. In addition, previous studies have suggested that
aerosol DEAH™ can also be largely derived from marine
emissions (Facchini et al., 2008; Dall’osto et al., 2019). Since
GZ is a developed coastal city, local aerosol aminiums may
be influenced by large gaseous DEA inputs from both local
industrial production and marine sources.

The mass concentration fractions of aminiums on clean
and polluted days were also compared (Fig. 1). The domi-
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nant aminium species (i.e., MMAH', DMAH™, or DEAH™)
in PMj s in all cities were not replaced by other amini-
ums from the clean days to the polluted days. This likely
suggests that the main sources of atmospheric gas-phase
amines in the cities did not change significantly on the pol-
luted days. In addition, the proportions of MMAH™ (sol-
ubility of 23.76 molkg~! for aminium chloride form) (Ge
et al., 2011b) and DMAH™ (solubility of 44.80 molkg™!
for aminium chloride form) (Ge et al.,, 2011b) tended to
further increase from the clean days to the polluted days,
while that of DEAH™T, with relatively low solubility (solu-
bility of 20.52molkg~! for aminium chloride form) (Ge et
al., 2011b), showed a decreasing trend, especially in TY and
GZ (where DEAH™" was dominant). The concentrations of
ALW in PM; 5 were generally much higher on polluted days
than on clean days, especially in the northern cities (Tables
S1-S3). Clearly, liquid-phase processes likely played an im-
portant role in the formation of aminiums on polluted days.

3.2 Aminium concentrations and their linkage with
PMoy 5 variations

Figure 2 shows the average concentration distributions of
various aminiums in PM, s collected in different cities in
China during winter, focusing on the difference between their
concentrations on clean days and polluted days. The concen-
trations of total aminiums (TAs) in TY ranged from 17.50
to 149.00 ng m—3, with an average of 56.90 +-41.81 ngm™3.
This average TA level was the highest among all the cities in-
vestigated. The average concentration of TAs in WLMQ was
found to be the lowest (4.16 4+ 1.24ngm™3), with a range
of 2.10-6.50ngm™3. As previously mentioned, WLMQ is
a vast city with a lower population density and less devel-
oped industries compared to the more developed northern
and coastal cities in China. Additionally, this region is sur-
rounded by barren mountains and sandy land (Ma et al.,
2024) (Fig. 2). Apparently, the weak amine emission inten-
sity appears to be responsible for the low levels of aminiums
in the WLMQ.

Table S4 provides an overview of the aminiums detected
in atmospheric fine particles detected in different seasons
and regions. The ranges of average TA concentrations in the
northern cities (i.e., HEB, BJ, TY, XA, LZ, and WLMQ) gen-
erally overlapped with those measured in the coastal (GZ and
HZ), central (WH), and southwestern (CD and GY) cities in
this study (Tables S1-S3). Moreover, the average TA con-
centrations investigated here (4.16-56.90 ng m—?) were also
within the observation ranges reported in previous studies
(1.49—329.80ngm’3) (Table S4) (Ho et al., 2016; Liu et
al., 2023, 2018; Shen et al., 2017; Huang et al., 2016; Choi
et al., 2020; Shu et al., 2023). MMAHT, as the dominant
aminium species in most of the cities, showed the high-
est (18.33 4 12.82ngm~3) and lowest (1.07 +0.55ngm=?)
average concentrations in HEB and WLMQ, respectively.
DEAH™ was the most abundant aminium species in TY and
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Figure 2. Average concentration distributions of various aminiums
in PMj 5 collected in different cities in the winter in China. The
stacked bar chart (from left to right) indicates the data for the full
sampling period, the clean day, and the polluted day, respectively.
The column chart in the bottom-left corner shows the proportion of
the increase in TA concentration from the clean days to the polluted
days. The map was obtained from ©MeteolnfoMap (version 3.3.0)
(Chinese Academy of Meteorological Sciences, China).

GZ, with average concentrations of 22.624 17.62ngm™3
and 8.16 £4.65ngm™3, respectively (Tables S1 and S3).
Two previous studies conducted in the GZ area in win-
ter (2021 and 2015-2016) showed similar average DEAH™
(~7Tng m~?) levels to this study (Liu et al., 2022b; Shu et
al., 2023). However, DEAHT was not identified as the domi-
nant aminium component in those two previous studies. Fur-
thermore, lower aminium concentrations (< 8 ng m~—3) were
generally found in most of the marine and polar regions
(Dall’Osto et al., 2019; Corral et al.,, 2022). In general,
the concentration and composition of aminiums vary spa-
tially, which may be attributed to spatial differences in amine
sources, emission intensities, and the main factors affecting
aminium formation.

The average concentrations of TAs in all the investigated
cities exhibited a similar variation pattern from clean to pol-
luted days, which was characterized by higher levels on pol-
luted days (Fig. 2). Specifically, the average aminium con-
centration showed an increase of up to 206 % in HEB during
the polluted period. TA concentrations in LZ, TY, CD, HZ,
and GZ also increased greatly by 91 % (in GZ) —190 % (in
TY). It seems that PMj 5 pollution can be accompanied by
an outbreak of aminiums. In contrast, a relatively small per-
centage increase in the TA concentration during the polluted
days was found in WH (57 %), XA (50 %), and BJ (25 %).
To further explore the linkage between changes in PMj 5
and fluctuations in aminiums, the temporal variations in the
mass concentrations of aminiums and PMj 5 were compared
across various cities (Fig. 3). The concentrations of total and
major aminiums in LZ, TY, HEB, WLMQ, CD, WH, HZ,
GZ, and GY showed a temporal variation that is highly sim-
ilar to that of PM» s, as indicated by a significant correla-
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tion between TAs and PMj; 5 in these cities (r = 0.61-0.85;
P < 0.05). However, high levels of PM3 5 can correspond to
low levels of aminiums in XA (e.g., 29 December and 2, 14,
15, and 16 January) and BJ (e.g., 28 and 30 December). The
correlations between TAs and PM; 5 in these two cities were
also insignificant (P > 0.05). These results suggest that the
formation of aminiums in XA and BJ during the polluted pe-
riod may be constrained by some special factors which will
be discussed in the following discussion.

3.3 Formation of aminiums and potential ammonia
suppression in aminium outbreaks

It is well documented that aminiums in PM; 5 can be formed
mainly via the uptake of their gaseous form (i.e., amines) by
aqueous particles, followed by acid—base neutralization re-
actions (Ge et al., 2011b; Xie et al., 2018; Sauerwein and
Chan, 2017; Qiu and Zhang, 2013; Liu et al., 2023). Clearly,
the formation of particle-phase aminiums was closely associ-
ated with the origins of the corresponding gas-phase amines
(as precursors of aminiums). We found that TAs and major
aminiums (e.g., MMAH™, DMAH™, and DEAH™) showed a
significantly positive correlation (P < 0.05) with SO, NO»,
or K* (as indicators of fuel combustion and biomass burn-
ing) (Tian et al., 2020; Liu et al., 2023; Kunwar and Kawa-
mura, 2014) in LZ, TY, HEB, BJ, WLMQ, CD, WH, HZ,
GZ, and GY (Figs. 4 and S2). Thus, although lacking suf-
ficient indicators (e.g., biogenic source traces) to trace the
source of amines, our results can at least indicate that fossil
fuel combustion or biomass burning may be important con-
tributors to atmospheric amines in most of the investigated
cities during the winter. This consideration was also sup-
ported by previous studies about the potential source anal-
ysis of aerosol aminiums in Guangzhou, Xuzhou, and Wu-
lumugi during the winter (X.-Y. Yang et al., 2023; Shu et
al., 2023; Ma et al., 2024). In contrast, the concentrations
of TAs in XA were weakly correlated (P > 0.05) with those
of KT, SO, and NO,. Several studies conducted in XA have
suggested that aerosol with nitrogen-containing organic com-
pounds can be largely derived from fossil fuel combustion
and biomass burning (Zhang et al., 2023a, b; He et al., 2023;
Yang et al., 2024). Moreover, the traditional method of iden-
tifying amine sources through correlation analysis (Berta et
al., 2023; F. Liu et al., 2022; C. Liu et al., 2022; Huang et al.,
2022; Corral et al., 2022) can also have significant uncertain-
ties, as implied by the following two cases. First, the uptake
of amines by aerosol particles might be constrained by low
ALW concentration, weak particle acidity, or high-ammonia
levels (F. Liu et al., 2022; D. Chen et al., 2022; Ge et al.,
2011b; Sauerwein and Chan, 2017; Chan and Chan, 2013;
Wang et al., 2010). Second, amines might be largely decom-
posed by atmospheric oxidants (e.g., hydroxyl radical and
ozone) (Nielsen et al., 2012; Qiu and Zhang, 2013). Thus,
the abovementioned weak correlations between aminiums
and indicators in XA cannot definitely indicate that the con-
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Figure 3. Temporal variations in the mass concentrations of aminiums and PMj 5 observed at the (a) LZ, (b) TY, (¢) HEB, (d) BJ, (e) XA,

(f) WLMQ, (g) CD, (h) WH, (i) HZ, (j) GZ, and (k) GY sites.

tributions of fossil fuel combustion and biomass burning to
amines in XA were insignificant. Presumably, the prerequi-
site for amine source apportionment using the correlation be-
tween aminiums and indicators is that the gas-phase amines
can be largely converted into aminiums in PM> 5 through sec-
ondary processes without the influence of constrained fac-
tors. To further explore this issue, the following discussion
focuses on the main factors affecting the formation of amini-
ums in particles.

The concentrations of TAs in LZ, TY, HEB, WLMQ, CD,
WH, HZ, GZ, and GY showed significantly positive cor-
relations (P < 0.01) with those of the acidic components
(e.g., NOy, SOZ_, organic acids, and acidity, expressed as
[(NO5 + ZSOi_) - NHI]) (Feng et al., 2022), whereas an
insignificant correlation (P > 0.05) was found between them
in BJ and XA (Figs. 4 and S3). Thus, acid-base chemistry
was tightly associated with the formation of aminiums in
PM; 5 at all sites, except BJ and XA. A recent laboratory
study has suggested that amines can be neutralized by H30"
to form aminiums within picoseconds under conditions of
high concentrations of particle sulfuric acid (Zhang et al.,
2021). In addition, it has also been found that organic acids
(e.g., formic acid) are able to participate in the nucleation
of methanesulfonic acid—-methylamine through an acid—base
reaction (Zhang et al., 2022). The particles are acidic (espe-
cially on polluted days) at all study sites, with an average
pH value ranging from 2.4 to 5.7 (Tables S1-S3). Amines
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can also partition into the particles by direct dissolution un-
der high RH conditions (Ge et al., 2011b). Significantly in-
creased RH values (i.e., high ALW) (Fig. 5a) and acidic com-
ponents (Fig. 5b) on polluted days were also observed in XA
and BJ. Nevertheless, the insignificant correlation between
aminiums and acidic components and ALW concentrations
in XA and BJ, together with a relatively small proportional
increase in aminiums (Fig. 2) from clean to polluted days at
these two sites, suggests that besides acidity and RH, there
were other key factors affecting aminium formation in XA
and BJ. As we know, the oxidative degradation of amines
is one of the main pathways for the removal of atmospheric
amines (Qiu and Zhang, 2013; Murphy et al., 2007). Fur-
thermore, for atmospheric oxidants (e.g., hydroxyl radical)
reacting with low-molecular-weight alkylamines, a negative
temperature dependence of the rate coefficients has been re-
ported (Nielsen et al., 2012). However, the winter air tem-
perature in northern China was relatively low (< 0 °C in XA
and BJ) (Tables S1-S3); moreover, there was no significant
change in the atmospheric oxidation (indicated by O, levels
(O =03 4+ NO»)) of polluted and clean days in XA (higher
O, level during clean days) and BJ. In particular, the pro-
tonated amino group has been suggested to be difficult to
undergo oxidation by hydroxyl radicals and ozone (Nielsen
et al., 2012). Accordingly, atmospheric oxidation and tem-
perature may not be the main factors affecting changes in
aminium concentrations from clean to polluted days. Further-
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Figure 5. The values of (a) RH and the concentrations of (b) ma-
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standard deviation, respectively. The correlations of NHI with the
concentrations of NO; s SOif, and total organic acids at (c—e) BJ
and (f-h) XA are shown. Open circles represent outliers.

more, the insignificant correlation between aminiums and
acidic components in XA and BJ suggests that other factors
affecting aminium formation must be considered.
Furthermore, we found that the concentrations of NH;t|r
were strongly (P < 0.01) correlated with those of acidic
components in XA and BJ (Fig. 5c-h). This indicates that the
acidity of the particles was sufficient for the uptake of ammo-
nia to form ammonium at these two study sites. Typically, the
concentration of ammonia in the atmosphere is 1 to 3 orders
of magnitude higher than that of low-molecular-weight alky-
lamines (Zheng et al., 2015; You et al., 2014; Yao et al., 2016;
Wang et al., 2010). The uptake coefficient of alkylamines
on acidic particles is lower than that of ammonia (Wang et
al., 2010); moreover, Wang et al. (2010) proposed that fresh
H;SOy4 particles can be overwhelmingly neutralized by am-
monia when both amines and ammonia are present in the air.
In particular, although the strong acidic condition was con-
ducive to the formation of aminiums, amines and ammonia

https://doi.org/10.5194/acp-24-10531-2024

may compete for uptake into acidic aerosol particles (Chen
et al., 2022a). Thus, the constraint of ammonia on amine up-
take at much higher ammonia levels than amine levels may
be a possible explanation for the insignificant acid-dependent
aminium formation in XA and BJ (Fig. 4a, b).

To further explore the role of ammonia (or ammonium)
in aminium formation, the average ratios of TAs to NH;L
on clean and polluted days in different cities were exam-
ined (Fig. 6a and Tables S1-S3). The average ratios of TAs
to NHI were found to be lower in XA and BJ, especially
on the polluted days, which was similar to the characteris-
tics of the TA : (NH3+ NH+) ratios (Fig. S4). The sensitivity
analysis of the TA: NH ratio (the lowest in XA and BJ)
to NHI changes (Figs. 6b c and S5) suggests that when
TA: NH+ > 2, the NHI concentrations in XA and BJ re-
mained at a relatively low level (less than 6 and 15 ugm™ in
BJ and XA, respectively) with the increase in the TA : NHZ{
ratio, indicating that the formation of aminiums was not lim-
ited by ammonia at low amine and ammonium levels (in
this case, TA was significantly (P < 0.01) correlated with
NHI). When TA : NH;l|r < 2, the formation of aminiums may
be constrained by higher amine and ammonium levels, which
can also be supported by the insignificant (P > 0.05) correla-
tion between TA and N HI in this case. In contrast, the distri-
butions of the ratios of TA : NHA|r in other cities were mainly
in regions greater than 2 (i.e., the position where the X axis is
equal to 2) (Fig. S5). The TA concentrations were thus signif-
icantly positively correlated with ammonium in these cities
(excepting BJ and XA) (Fig. 4). A recent study on the uptake
of marine aerosol DMA by acidic aerosols has found that the
concentrations of particle DMAH™ generally decreased with
increasing atmospheric ammonia concentrations (D. Chen et
al., 2022); moreover, these researchers proposed the possi-
bility that aminiums can be displaced by ammonia in a high-
ammonia environment. Accordingly, high atmospheric am-
monia levels can indeed constrain the conversion of amines
to aminiums, even if the aerosol is acidic. In addition, due to
the lower VC values (Tables S1-S3) on polluted days com-
pared to clean days, the atmospheric amines were less able
to diffuse on polluted days. This may result in an accumu-
lation of aminiums on polluted days via acid—base chem-
istry. However, a large decrease in the average TA:NHI
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and TA : (NH3 + NHI) ratios from clean to polluted days oc-
curred in XA (¢ test; P < 0.05) (Figs. 6a, S4 and Tables S1—
S3), followed by BJ. These results indicate that the uptake
of amines on acidic particles relative to that of ammonia was
significantly reduced from clean to polluted days in XA. It
should be noted that this reduced case may also occur in BJ,
while it is statistically insignificant. Presumably, the amini-
ums : ammonium ratio was likely an important indicator that
reveals the competitive uptake of ammonia against amines on
acidic aerosols or the displacement of aminiums by ammonia
in a high-ammonia environment. Thus, this study provides a
special field case that emphasizes the potential suppression
of ammonia on aminium outbreaks during the polluted days.

4 Conclusions and atmospheric implications

The concentrations, compositions, and temporal and spatial
variations in the aminiums in PM; 5 in 11 different Chinese
cities during the winter were systematically investigated to
reveal the key factors affecting the aminium outbreak dur-
ing the polluted days. Specifically, MMAH* was the dom-
inant species among the aminiums investigated in PMj 5 in
most cities, including LZ, XA, HEB, BJ, WLMQ, HZ, WH,
CD, and GY, followed by DMAH™. In contrast, DEAH™ was
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found to be the most abundant aminium species in TY and
GZ, followed by MMAH™ and DMAHT. This result can be
attributed to the fact that the main sources of amines in TY
and GZ were significantly different from those in other cities.
However, due to the lack of amine emission inventories and
sufficient tracers in these investigated cities, this study did
not provide a detailed analysis of the specific sources of
amines in these investigated cities.

We found that the concentrations of TAs and major amini-
ums in all cities showed a similar pattern of variation from
the clean days to the polluted days, which was character-
ized by higher levels on the polluted days. However, the low-
est percentage increase in TA concentration during the pol-
luted days was found in XA (50 %) and BJ (25 %). More-
over, the concentrations of TAs in XA and BJ were insignif-
icantly (P > 0.05) correlated with those of PM» s and the
main acidic components in PM; 5. However, the significant
correlations of TAs with PM5 5 and the main acidic compo-
nents were observed in other cities. Thus, acid—base chem-
istry was strongly associated with the formation of amini-
ums in PM s in all cities, with the exception of XA and BJ.
The concentrations of NHI were significantly (P < 0.01)
correlated with those of the acidic components in XA and
BJ, indicating that the acidity of the particles was sufficient
for the uptake of ammonia to form ammonium at these two
sites. Furthermore, based on the sensitivity analysis of the
TA : NHZ ratio (the lowest in XA and BJ) to NH;‘|r changes,
as well as excluding the effects of ALW and atmospheric
oxidation, we proposed a possibility about the competitive
uptake of ammonia against amines on acidic aerosols in the
ambient atmosphere in XA and BJ. This consideration may
explain the insignificant acid-dependent aminium formation
in XA and BJ. The main finding of this study has been illus-
trated in a diagram (Fig. 7).

In general, this study has preliminarily explored the char-
acteristics of aminiums, ammonium, and PMj s from the
clean days to the polluted days, according to the observa-
tional data from 11 different Chinese cities, highlighting
the possibility of the competitive uptake of ammonia versus
amines on acidic aerosols or the displacement of aminiums
by ammonia under a high-ammonia condition. Although a
recent study has also demonstrated the possibility of indi-
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vidual aminium being displaced by ammonia in an environ-
ment of high-ammonia level (D. Chen et al., 2022), the up-
take of amines on particles to form aminiums and the mech-
anisms of relevant influencing factors are still not fully un-
derstood. This is because acidity, environmental ammonia
and amine content, temperature, and liquid-phase reactions
all affect the uptake of amines, although the acid—base neu-
tralization of amines seems to be the most important pathway
for amine uptake. Furthermore, if the uptake of amines is
significantly constrained by the aforementioned factors, the
traditional source-apportionment methods using correlation
analysis between particle aminiums and tracers will have sig-
nificant uncertainty due to the weakened partitioning of the
amines into the particle phase (i.e., causing insignificant cor-
relations between aminiums and indicators). Further labora-
tory validation experiments are required to substantiate this
inference. In addition, it is essential to conduct prolonged ob-
servational research in settings with elevated ammonia levels
and depleted amine concentrations in the near future.
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