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A B S T R A C T   

The Chinese government issued an unprecedentedly strict lockdown policy to control the spread of the novel 
coronavirus disease 2019 (COVID-19), significantly mitigating air pollution because of the dramatic reduction of 
industrial and traffic emissions. To explore the impact of COVID-19 lockdown (LCD) on organic aerosols, the 
mixing states and evolution processes of amine-containing particles were studied using a single particle aerosol 
mass spectrometer from January to March 2020 in Liaocheng, which is a seriously polluted city in North China. 
The counts and percentages of amine-containing particles in total obtained particles during the pre-LCD (547832, 
29.8 %) were higher than those during the LCD (283983, 20.7 %) and post-LCD (102026, 18.4 %), mainly due to 
the reduced emission strength of amines and suppressed gas-to-particle partitioning of amines during the LCD 
and post-LCD. 74(C2H5)2NH2

+ was the most abundant amine marker, which accounted for 98.2 %, 98.4 %, and 
96.7 % of all amine-containing particles during the pre-LCD, LCD, and post-LCD, respectively. Correlation 
analysis and temporal variations indicated that the gas-to-particle partitioning of amines was facilitated by the 
stronger acidic environment and lower temperature, while the effect of RH and aerosol liquid water content was 
minor. The A-OC particles were the most abundant type (accounting for ~40 %) throughout the observation 
period. The temporal profiles and correlation analysis suggested that the impact of the increased O3 on the 
amines and their oxidation products (e.g., trimethylamine oxide) was minor. The identified particle types, 
correlation analysis, and the potential source contribution function results implied that the amine-containing 
particles were mainly derived from local and surrounding sources during the LCD, while those were mainly 
affected by long-range transport during the pre-LCD and post-LCD. Our results could deepen the comprehension 
of the sources and atmospheric processing of amines in the urban area of North China during the COVID-19 
outbreak.   

1. Introduction 

Amines, a group of nitrogen-containing organic compounds, have a 
significant impact on the global nitrogen cycle, atmospheric chemistry, 
and wet deposition (Almeida et al., 2013; Ge et al., 2011a). Amines are 
widely present in rainwater, fog, gas and particle phases (Ge et al., 

2011b), and they can be emitted from a variety of natural (e.g., marine 
environment and vegetation) and anthropogenic (e.g., biomass burning, 
animal husbandry, vehicle exhaust, and industrial processes) sources 
(Ge et al., 2011a; Murphy et al., 2007). Laboratory experiments and 
theoretical calculations have demonstrated that amines are more alka-
line than ammonia, although the gaseous concentration of amine is one 
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or two orders of magnitude lower than ammonia (Cheng et al., 2018; Ge 
et al., 2011a; Sorooshian et al., 2008). The concentration of amines is 
only 14%–23 % of ammonium, but it has been thought to be a key basic 
compound even in aerosol particles containing ammonium (Sorooshian 
et al., 2008). Amines can react directly with organic and inorganic acids 
such as sulfuric acid, nitric acid, and acetic acid to form particulate salts 
because of the strong alkalinity and high water solubility, thereby 
playing an important role in enhancing the atmospheric nucleation 
(Zhang et al., 2012). Furthermore, amines can react with oxidants such 
as O3, OH, and NO3 radicals to form semi-volatile and non-volatile 
chemical species, which can significantly contribute to the formation 
of secondary organic aerosol (SOA) (Lee and Wexler, 2013; Murphy 
et al., 2007). Therefore, amine particles play an important role in the 
new particle formation (Creamean et al., 2011; Huang et al., 2012; 
Kurten et al., 2016). 

The mass concentrations and temporal distributions of amines in 
Chinese megacities (e.g., Guangzhou, Nanjing and Shanghai) have been 
studied extensively based on the traditional filter sampling methods 
(Cheng et al., 2020; Liu et al., 2018; Shen et al., 2017). However, the 
traditional off-line sampling is time consuming and the samples may be 
reacted with each other during the sampling process. In recent years, 
single particle aerosol mass spectrometer (SPAMS) and aerosol 
time-of-flight mass spectrometry (ATOFMS) have been widely employed 
to study the chemical compositions, mixing states, and formation pro-
cesses of amine-containing particles at a high time resolution (Chen 
et al., 2019; Cheng et al., 2018; Healy et al., 2015; Lian et al., 2020b; Qin 
et al., 2012). The gas-to-particle partitioning of amine is influenced by 
many factors, such as aerosol liquid water content (ALWC), particulate 
acidity, and atmospheric oxidation capacity, as well as meteorological 
conditions including relative humidity (RH) and temperature (Chen 
et al., 2019; Cheng et al., 2018). Previous studies in southern China 
found that high RH condition was favorable for the enhancement of 
amine-containing particles (Chen et al., 2019; Cheng et al., 2018; Zhang 
et al., 2012). Huang et al. (2012) reported the higher counts of 
amine-containing particles during winter than that during summer, due 
to the lower temperature and higher RH conditions during winter. 
Rehbein et al. (2011) also found that cloud/fog events could enhance the 
gas-to-particle partitioning of trimethylamine (TMA), which was highly 
dependent on the aerosol water content. Zhang et al. (2012) proposed 
that the enhanced TMA in the urban atmosphere of Guangzhou in 
southern China was mainly attributed to the acid-base chemistry and 
gas-to-particle partitioning. In addition, the strong particle acidity could 
promote the gas-to-particle partitioning of diethylamine (DEA) (Ge 
et al., 2011b). Both laboratory and field studies have indicated that 
alkylamines are able to replace NH4

+ to form ammonium-sulfuric acid 
clusters and ammonium nitrate nanoparticles (Bzdek et al., 2010; Cheng 
et al., 2018; Lloyd et al., 2009; Sauerwein and Chan, 2017). Also, the 
gaseous amines were found to be effective precursors of the new at-
mospheric particles by enhancing the ternary nucleation of H2SO4-H2O 
clusters (Kirkby et al., 2011; Yao et al., 2018). Therefore, it is essential to 
understand the temporal variations, sources, and evolution processes of 
amine as well as the influencing factors of gas-to-particle partitioning. 

A novel coronavirus disease (COVID-19) abruptly broke out at the 
end of 2019 and it has caused a huge socioeconomic disruption all over 
the world (Chang et al., 2020). There have been more than 184.8 million 
cases of infection confirmed, including about 4.0 million deaths by July 
9, 2021 (https://covid19.who.int/). To curb the spread of this 
pandemic, the Chinese government implemented a preventive lockdown 
(LCD) beginning at the end of January 2020 (Li et al., 2020a; Lian et al., 
2020a). During the LCD, the emissions of anthropogenic pollutants 
dropped dramatically (Liu et al., 2021; Yuan et al., 2021). For example, 
five air pollutants including PM2.5, PM10, CO, NO2, and SO2 from 44 
cities in northern China during the LCD decreased by 4.6%–24.7 % than 
those during the pre-LCD, largely attributed to the implementation of 
traffic restrictions during the pandemic (Bao and Zhang, 2020). Unex-
pectedly, several serious haze events occurred simultaneously in 

northern China (Huang et al., 2021; Le et al., 2020). Field measure-
ments, model simulations, and satellite observations have demonstrated 
that the occurrence of haze pollution during the LCD was mainly 
launched by the adverse meteorological conditions, the increased for-
mation of the secondary aerosols initiated by the high concentration of 
O3, along with the ongoing emissions from petrochemical facilities and 
power plants (Huang et al., 2021; Li et al., 2020a; Meng et al., 2021; 
Wang et al., 2020). In addition, the enhanced heterogeneous chemistry 
associated with the high RH and ALWC was also regarded as an 
important contributor to haze episodes (Le et al., 2020; Meng et al., 
2021). There have been several studies focused on the impact of the LCD 
on the atmospheric pollution and haze formation, but the effect of the 
LCD on the chemical compositions, mixing states, and the formation 
processes of the organic aerosols (OAs) from ground observations in the 
urban atmosphere is not well known. During the LCD, the dramatically 
reduction of anthropogenic emissions (e.g., NOx, VOCs) lead to the 
increased concentration of O3, which further resulted in the OAs being 
more oxidized (Liu et al., 2021; Meng et al., 2021). However, there still 
has been little information about the aging process of OAs, especially 
amines. In this work, SPAMS was used to investigate the mixing states 
and formation processes of amine-containing particles in the pre-LCD, 
LCD and post-LCD to explore the effect of the LCD policies on the evo-
lution processes of amines-containing particles in the urban areas of 
NCP. This investigation is helpful for us to understand the atmospheric 
chemical composition and mechanism of amines, which in turn will 
provide insights into important formation and mitigation of haze events 
in the NCP. 

2. Methods 

2.1. Aerosol sampling 

Liaocheng, as one of the “2 + 26” air pollution transmission channel 
cities in the Beijing-Tianjin-Hebei region, is located in the southwest of 
Shandong Province in the NCP, where severe air pollution usually oc-
curs. Field observations were carried out at a national air quality 
monitoring station (36.44 ◦N, 116.02 ◦E) at Liaocheng University, which 
is located in the southeast of the city of Liaocheng. The SPAMS was set 
on the rooftop of a six-story building, which is approximately 25 m 
above the ground. The supersite is surrounded by residential commu-
nities and main roads without significant industrial sources nearby. The 
ambient single particle was collected by SPAMS (0515-R Model, Hexin 
Analytical Instrument Co., Ltd., China) at a 1-h resolution. Five air 
pollutants including PM2.5, SO2, NO2, CO, and O3, and meteorological 
parameters were obtained from the website of the Environmental Pro-
tection Bureau of Liaocheng (http://www.lchbj.gov.cn). 

To eliminate the spread of the virus among humans, Wuhan city in 
China was firstly locked down on 23 January 2020. The Shandong 
provincial government issued the first-level emergency response for 
epidemic prevention and control on 24 January 2020, thus we defined 
the pre-LCD stage from 9 to 23 January 2020. The burning of fireworks 
and firecrackers displayed as a traditional way to celebrate Chinese 
lunar New Year from 25 to 30 January 2020, which can cause severe 
haze events. To avoid the effect of fireworks and firecrackers burning on 
amine-containing particles, we defined the LCD stage from 1 to 15 
February 2020. In late February of 2020, the COVID-19 cases began to 
decrease and the factories and public spaces started to reopen in Shan-
dong Province, thus we defined post-LCD stage from 1 to 15 March 
2020. Therefore, the whole sampling period was divided into three 
stages: pre-LCD (from 9 to 23 January 2020), LCD (from 1 to 15 
February 2020), and post-LCD (from 1 to 15 March 2020). 

2.2. Data analysis 

The detailed description of SPAMS is available in previous literatures 
(Li et al., 2011; Li et al., 2020b). Briefly, ambient aerosols were sampled 
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through a 100 μm metal orifice into instrument at a flow rate of 75 mL 
min− 1. Particles pass consecutively through two pre-positioned laser 
beams (Nd:YAG, 532 nm), and the aerodynamic diameter of each par-
ticles is determined via its time of flight. Then, the particles were 
desorption/ionization using 266 nm Nd:YAG pulsed laser beams. After 
ionization, the positive and negative ions are detected using a Z-shaped 
bipolar time-of-flight mass spectrometer. The SPAMS data were 
analyzed using the COCO V3.0 toolkit in Matlab 2014b (Math Work Inc., 
Natick, MA, USA). According to previous studies (Chen et al., 2019; 
Cheng et al., 2018; Huang et al., 2012; Lian et al., 2020b; Qin et al., 
2012; Zhang et al., 2012), amine-containing particles were identified by 
querying m/z59(CH3)3N+ (TMA), 74(C2H5)2NH2

+ (DEA), 
86[(C2H5)2NCH2

+ or C3H7NHC2H4
+] (DEA, DPA or TEA, defined as TEA 

in this study) (Angelino et al., 2001), 101(C2H5)3N+ (TEA), 
102(C3H7)2NH2

+ (DPA), and 143(C3H7)3N+ (TPA) (Table S1). In this 
study, amine-containing particles were identified if the relative peak 
area of the marker ions listed above is higher than 1 %. It has been re-
ported that the m/z of +46 could be defined as 46(CH3)2NH2

+ or 46Na2
+

(Cheng et al., 2018). As shown in Fig. S1, the m/z +46 containing par-
ticles had no other amine markers as listed above. These particles were 
enriched with 62Na2O+ and 81Na2Cl+ (Fig. S1), indicating that the m/z 
+46 particles were more likely sodium salts. In addition, the numbers of 
particles containing the m/z +46 were much lower than other amines 
(≤1 % in total detected particles). Therefore, the particles containing 
m/z +46 were not defined as amine-containing particles in this study. 

2.3. Aerosol liquid water content (ALWC) 

Water-soluble inorganic ions were also measured per hour using an 
online ion chromatograph (IC, WARGA, Hangzhou Juguang Analytical 
Company, China) coupled with a PM2.5 sampling inlet during the entire 
sampling period. The calculation of ALWC in PM2.5 samples was calcu-
lated using the ISORROPIA-II model, which treated the Na+ - NH4

+ - K+ - 
Ca2+ - Mg2+ - SO4

2− - NO3
− - Cl− system (Wu et al., 2018). The forward 

mode with a metastable state in the ISORROPIA model was chosen in 
this study. 

2.4. Potential source contribution function 

The 72 h air mass back-trajectories (500 m above the ground, 1h 
resolution) were simulated using the Hybrid Single-particle Lagrangian 
Integrated Trajectory (HYSPLIT) model (Cheng et al., 2020), based on 
the meteorological data downloaded from the National Oceanic and 
Atmospheric Administration (NOAA) Global Data Assimilation System 
(GDAS, spatial resolution 1 ◦ × 1 ◦). The Potential Source Contribution 
Function (PSCF) method was applied to identify the potential source 
regions and the individual contributions of three mainly 
amine-containing particles by using the TrajStat plugins on MeteoInfo-
Map software (Wang et al., 2009). The study region was divided into i × j 
grid cells (ij) and the value of PSCF is defined as: 

PSCFij  = 
mij
nij

(1)  

where nij is the number of endpoints through the ij grid cell, and mij is 
the total number of trajectory endpoints concentrated in the same cell 
that exceeded the criterion value (the 75th percentile). To decrease the 
effect of small values of nij, the PSCF values were multiplied by an 
arbitrary weight function Wij (Wang et al., 2009), which was defined as 
follows: 

Wij  =  {

1.00,  3nmean  <  nij
0.70,  nmean  <  nij  < 3nmean
0.42,  0.5nmean  <  nij  < nmean 
0.05,  nij  <  0.5nmean

(2)  

3. Results and discussion 

3.1. Overview of the campaign during the COVID-19 pandemic 

Temporal variations in the concentration of PM2.5 and gaseous pol-
lutants during the whole sampling campaign are shown in Fig. 1 along 
with the meteorological parameters. PM2.5 concentration in the whole 
observation period showed a continuous decreasing trend with averages 
of 136.0 ± 46.9, 70.3 ± 37.5, and 53.5 ± 29.4 μg m− 3 during the pre- 
LCD, LCD, and post-LCD, respectively (Table 1), indicating that the air 
quality was significantly improved because of the substantial reduction 
of pollutant emissions during the COVID-19 control period (Li et al., 
2020b). The mean concentration of PM2.5 (96.6 ± 52.5 μg m− 3) was 
significantly higher than that during the same period in other Chinese 
urban regions such as Beijing (53.9 μg m− 3) (Sun et al., 2020), Lanzhou 
(45.6 ± 14.9 μg m− 3) (Xu et al., 2020a) and Shanghai (35.5 ± 26.2 μg 
m− 3) (Jia et al., 2020), suggesting that Liaocheng was still facing the 
severe air pollution. Previous studies have shown that the relatively high 
PM2.5 concentration during the COVID-19 lockdown in the NCP was 
largely driven by both the stagnant meteorological conditions and 
enhanced secondary aerosol formation (Huang et al., 2021; Le et al., 
2020; Wang et al., 2020). 

Compared with the pre-LCD period, the average concentration of SO2 
and NO2 reduced by 36.4 % and 70.4 % during the LCD, but increased 
significantly to 9.7 ± 9.1, 35.6 ± 19.9 μg m− 3 (Table 1), due to the re-
covery of industrial production during the post-LCD (Li et al., 2020a; Pei 
et al., 2020). As an important tracer of primary combustion emissions 
(Zhang et al., 2021), CO presented a decreasing trend similar to that of 
PM2.5 concentration throughout the LCD (Fig. 1). It is a clear fact that 
the decrease of NO2 was the most conspicuous during the LCD because of 
the sharp drop of industrial exhausts and vehicular traffic (Li et al., 
2020a; Pei et al., 2020). However, the changes of SO2 among three 
observation periods was the least, which was attributed to the uninter-
rupted emissions of SO2 from power plants and petrochemical facilities 
(Le et al., 2020). O3 can be used as an indicator of atmospheric oxidation 
capacity, because it mainly originated from the photochemical reaction 
of NOx and volatile organic compounds (VOCs) (Li et al., 2020b; Meng 
et al., 2021). In contrast to other four air quality pollutant parameters, 
O3 concentration exhibited a similar level during LCD and post-LCD 
(62.4 ± 23.9 μg m− 3 versus 59.2 ± 32.9 μg m− 3; Table 1 and Fig. 1), 
but increased by approximately two times compared to that during the 
pre-LCD (31.2 ± 23.9 μg m− 3), indicating that the atmospheric oxidation 
capacity was dramatically improved during the LCD and post-LCD. The 
opposite variation of O3 with other air pollutants was also reported in 
other Chinese megacities during the LCD (Tobías et al., 2020; Zheng 
et al., 2020). The formation of O3 is principally originated form the 
NOx-saturated regime in the urban atmosphere of China due to the 
shortage of HOx radicals during winter (Meng et al., 2021). The deple-
tion of NO2 during the LCD and the post-LCD could result in the sharp 
reduction of NO, and further contributed to the urban O3 bumping up 
(Monks et al., 2015). On the other hand, the sink of nitrogen oxide (NO) 
alleviated the consumption of O3 (titration, NO + O3 = NO2 + O2), 
leading to an increase in O3 during the LCD and the post-LCD (Xu et al., 
2020b; Zheng et al., 2020). Moreover, the higher temperature and 
stronger solar radiation conditions during the LCD and the post-LCD 
could promote the production of O3 (Meng et al., 2021). 

Secondary inorganic aerosols (SIA, sum of concentrations of SO4
2− , 

NO3
− , and NH4

+) were the dominant species of PM2.5, which showed a 
decreasing trend in pace with the change of M2.5 and CO concentrations 
throughout the campaign (Fig. 1). The concentrations of NH4

+, SO4
2− , 

and NO3
− during the pre-LCD were 23.3 ± 7.9, 24.8 ± 10.5, and 33.3 ±

12.8 μg m− 3, respectively. Their concentration decreased to 11.5 ± 6.8, 
10.6 ± 6.2, and 12.2 ± 5.0 μg m− 3 during the LCD and to 11.3 ± 9.3, 5.7 
± 2.9, and 9.4 ± 8.7 μg m− 3 during the post-LCD (Table 1). The mass 
ratio of NO3

− to SO4
2− can be used as an indicator of the relative 

importance of vehicle exhaust versus the stationary sources of nitrogen 
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and sulfur in the aerosol (Dai et al., 2018; Xu et al., 2019). The lower 
ratio of NO3

− /SO4
2− suggested that the contribution of stationary 

sources was more important than the mobile sources (Xu et al., 2019). 
The average ratio (1.2 ± 0.4) of NO3

− /SO4
2− during the LCD was lower 

than that during the pre-LCD (1.4 ± 0.3) and post-LCD (1.7 ± 0.9), 
indicating the more predominant contribution of stationary sources than 
the mobile sources due to the substantial drop in on-road vehicular 
traffic during the LCD. As shown in Table 1 and Fig. 1, temperature, 
solar radiation, and wind speed presented a continuous increasing trend 
throughout the LCD. Conversely, RH displayed a continuous descending 
trend, with average values of 80.0 ± 15.6, 70.0 ± 17.6, and 59.0 ±
23.1% during the pre-LCD, LCD, and post-LCD, respectively. 

3.2. Characteristics of amine-containing particles 

The counts and fractions of amine-containing particles in the whole 
observation period were summarized in Table S1. A total of 547832, 
283983 and 102026 amine-containing particles were detected during 
the pre-LCD, LCD, and post-LCD, which accounted for 29.8 %, 20.7 %, 
and 18.4 % of the total detected particles, respectively. The higher 
counts and fractions of amine-containing particles during the pre-LCD 
were largely explained by the preferred gas-to-particle partitioning of 
gaseous amines under the lower temperature and higher RH conditions 
during the pre-LCD (Fig. 1). The average fraction (22.0 %) of amine- 
containing particles in Liaocheng was higher than that reported in 
urban background site in Switzerland (16.5 %) and some megacities in 
China such as Chongqing (12.7 %) and Guangzhou (0.8 %) (Chen et al., 
2019; Healy et al., 2015; Lian et al., 2020b). In addition, Healy et al. 
(2015) reported that the higher concentration of amines in the rural site 
than that in the urban and industrial sites was primarily due to the 
enhanced anthropogenic emissions of amines from agriculture activity 
and animal husbandry. The relatively high fraction of amines in this 
study might be associated with strong emission sources and favorable 
meteorological conditions in Liaocheng (detailed discussions will be 
described in sections 3.3 and 3.4). Similar to the distributions of 
amine-containing particles at a rural site in the Pearl River Delta of 
China (Cheng et al., 2018), the most abundant amine marker was 
74(C2H5)2NH2

+, accounting for 98.2 %, 98.4 % and 96.7 % of all 
amine-containing particles during the pre-LCD, LCD, and post-LCD, 
respectively, followed by 86[(C2H5)2NCH2

+ or C3H7NHC2H4
+], and 

59(CH3)3N+. The total fractions of 101TEA-, 102DPA-, and 143TPA--
containing particles were negligible, which was less than 0.5 % of all 
detected amine-containing particles throughout the observation period. 

As shown in Fig. S2, the positive mass spectra of amine-containing 
particles were characterized by the strong intensities of carbonaceous 
fragments such as CnHm

+ and Cn
+ (n = 1–5, m = 1–3) in addition to the 

amine marker ions of 74C4H12N+ and 86C5H12N+, while the negative 
mass spectra were dominated by the high abundances of secondary 
species including 46NO2

− , 62NO3
− and 97HSO4

− , and carbon-nitrogen 
fragments (26CN− and 42CNO− ) during the whole sampling campaign. 
As an important tracer for biomass burning (Bi et al., 2011), levoglu-
cosan markers (m/z45CHO2

− and 59C2H3O2
− ) and 115K2Cl+ were also 

observed in the negative mass spectrum, indicating that biomass 

Fig. 1. Temporal variations of meteorological parameters, Rra and the concentrations of PM2.5 and gaseous pollutants, as well as major amine-containing particles 
during the whole sampling period. 

Table 1 
Differences in meteorological factors, gaseous species, secondary inorganic 
species, PM2.5 concentration, and the counts of major amine-containing particle 
during the pre-LCD, LCD, and post-LCD in Liaocheng.   

Pre-LCD LCD Post-LCD 

Meteorological parameters 
T (◦C) 0.4 ± 3.1 5.7 ± 4.9 9.3 ± 4.1 
RH (%) 80.0 ± 15.6 70.0 ± 17.6 59.0 ± 23.1 
Wind speed (m s− 1) 1.0 ± 0.5 1.6 ± 0.8 1.8 ± 1.0 
Solar radiation (W m− 2) 166 ± 135 210 ± 181 302 ± 232 
Gaseous pollutants 
SO2 (μg m− 3) 13.2 ± 7.0 8.4 ± 5.3 9.7 ± 9.1 
NO2 (μg m− 3) 58.1 ± 23.9 17.2 ± 5.7 35.6 ± 19.9 
CO (mg m− 3) 1.6 ± 0.6 0.9 ± 0.3 0.6 ± 0.2 
O3 (μg m− 3) 31.2 ± 23.9 62.4 ± 23.9 59.2 ± 32.9 
Number fraction of major amine (%) 
TMA 0.9 ± 2.8 0.4 ± 1.2 0.7 ± 3.4 
DEA 29.3 ± 44.0 20.3 ± 32.8 17.8 ± 22.8 
TEA 6.4 ± 10.8 5.4 ± 8.5 4.9 ± 6.4 
Amine/total particles ratio 29.8 ± 10.7 20.7 ± 10.0 18.4 ± 9.8 
Secondary inorganic species (μg m− 3) 
NH4

+ 23.3 ± 7.9 11.5 ± 6.8 11.3 ± 9.3 
SO4

2- 24.8 ± 10.5 10.6 ± 6.2 5.7 ± 2.9 
NO3

− 33.3 ± 12.8 12.2 ± 5.0 9.4 ± 8.7 
Others 
PM2.5 (μg m− 3) 136 ± 46.9 70.3 ± 37.5 53.5 ± 29.4 
Rra 38.8 ± 21.5 33.6 ± 16.1 80.0 ± 71.8 
ALWC (μg m− 3) 202 ± 193 63.4 ± 113 28.1 ± 39.0 
NH4

+/PM2.5 17.1 ± 6.2 16.4 ± 7.7 21.1 ± 11.8 
NO3

− /SO4
2− 1.4 ± 0.3 1.2 ± 0.4 1.7 ± 0.9  
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burning was a major source of amines. In addition, oxidized organic 
species such as m/z89C2HO3

− and 43C2H3O+ were also observed during 
the whole campaign, indicating that the particles had experienced 
substantial aging processes. As shown in Fig. S2, the signal intensity of 
m/z40Ca+ was observed to be stronger during the LCD and post-LCD 
than that during the pre-LCD. Moreover, the determination coefficient 
(R2) between amine-containing particles and Ca+-containing particles 
was higher during the LCD (0.47, P < 0.01) and post-LCD (0.58, P <
0.01) than that during the pre-LCD (0.11, P > 0.05), which indicated the 
vitally significant impact of dust source on the amine-containing parti-
cles during the LCD and post-LCD. The enhanced impact of dust source 
on the amine-containing particles can be attributed the increased wind 
speed during the LCD and post-LCD (Table 1). To evaluate the acidic 
environment of amine-containing particles, the relative aerosol acidity 
(Rra) was defined as the ratio of total peak areas of nitrate (m/z62NO3

− ) 
and sulfate (m/z97HSO4

− ) to the peak area of ammonium (m/z18NH4
+) 

(Denkenberger et al., 2007). Our previous study has obtained a signifi-
cant correlation (R2 = 0.62, P < 0.01) between the in situ particle pH 
(pHis) calculated from inorganic ions using the ISORROPIA-II model and 
relative acidity ratio estimated by the SPAMS, confirming the validity of 
using Rra for evaluating particle acidity (Meng et al., 2021). As shown in 
Fig. 1(f), the average value of Rra (71.3 ± 51.3) during the post-LCD was 
approximately twice higher than that during the pre-LCD (41.3 ± 24.6) 
and the LCD (40.9 ± 18.1), suggesting the more acidic nature of 
amine-containing particles during the post-LCD. 

The different peak modes of size distribution suggested the differ-
ences in the atmospheric evolution process and sources of amine parti-
cles (Liu et al., 2017). The unscaled size distributions of the DEA-, TEA-, 
and TMA-containing particles were shown in Fig. S3. The 
amines-containing particles mainly existed in the droplet mode from 0.3 
to 1.4 μm in the whole sampling period, possibly attributed to the 
gaseous amine condensation on and/or reaction with fine mode particles 
(Cheng et al., 2018). The amine-containing particles during the pre-LCD 
and post-LCD showed unimodal distributions and peaked at ~0.48 and 
~0.54 μm, respectively. However, the unscaled size distributions of 
amine-containing particles during the LCD exhibited a bimodal distri-
bution with a larger peak at ~0.48 μm and a smaller peak at ~0.66 μm. 
The broad size peak and distribution range of amine-containing particles 
during the LCD and post-LCD were possibly resulted from more complex 
sources and/or gaseous amine condensation or reaction with the coarser 
particles during long-distance transport. The DEA- and TEA-containing 
particles showed a similar pattern of variation as the total 
amine-containing particles in the three sampling periods (Fig. S3). 

3.3. Gas-to-particle partitioning of amine-containing particles 

The partitioning of gaseous amines to the particle phase is mainly 
through both acid-base reactions and direct dissolution (Liu et al., 
2018). Under relatively lower RH conditions, reacting with the acidic 
species (e.g., HNO3 (g) and H2SO4 (g)) may be the dominant way for the 
gaseous amines condensed into the particle phase (Ge et al., 2011a, b). 
However, the partitioning of amines from the gaseous phase to the 
particle phase is mainly via direct dissolution under relatively high RH 
conditions (Liu et al., 2018). Several field observations have demon-
strated that the high RH condition is favorable for the gas-to-particle 
partitioning of amines (Chen et al., 2019; Zhang et al., 2012). The 
DEA-containing particles were the most abundant amine-containing 
particles in the whole sampling period. Therefore, we took the 
DEA-containing particles as an example to investigate the effect of RH on 
gas-to-particle partitioning of amines. Box plots of relative peak area 
(RPA) of DEA under different RH were shown in Fig. 2(a). When RH 
increased from the range of lower than 45 % to the range of 85 %–100 %, 
the median RPA of the DEA containing particles increased from 3.4 % to 
3.8 %, from 3.2 % to 3.5 %, and from 3.5 % to 3.8 % during the pre-LCD, 
LCD, and post-LCD, respectively. Such a small rise (0.3–0.5 %) in RPA of 
DEA under different RH indicated a minor impact of RH on the 
gas-to-particle partitioning of amine-containing particles. High water 
content could enhance the acid-base reaction by dissolving ammonium 
salts into their ionic forms and shifting the gas-to-particle equilibrium of 
amines to the particle phase because of the high aqueous solubility of 
amines (Huang et al., 2012; Rehbein et al., 2011). ALWC is controlled by 
both SIA concentrations and RH (Yi et al., 2021). Both SIA concentra-
tions and RH during the pre-LCD were higher than those during the LCD 
and post-LCD, leading to the ALWC during the pre-LCD (201.9 ± 193.6 
μg m− 3) being 3.2 times and 7.2 times higher than that during (63.7 ±
113.4 μg m− 3) and post- (28.1 ± 39.0 μg m− 3) the LCD, respectively. As 
shown in Fig. 3(b–d), the number of amines and amine/total ratio did 
not exhibit similar trends with RH and ALWC, suggesting that the effects 
of RH and ALWC on amine-containing particles were negligible. 
Therefore, the more abundant particle amines during the pre-LCD may 
be influenced by particle acidity, temperature, and source strength of 
amines. It is noteworthy that the median RPA of the DEA containing 
particles was the highest during the post-LCD, followed by during the 
pre-LCD and during the LCD when RH was lower than 65 % (Fig. 3(a)), 
which was in accordance with the distribution of Rra in section 3.2. The 
strong acidic conditions can facilitate the partitioning of gaseous DEA 
into the aqueous phase by the formation of aminium salts through 
reacting with acids of HCl, HNO3 and H2SO4 (Chen et al., 2019). These 
results implied that the aerosol acidity was a key factor influencing the 

Fig. 2. (a) Box plots of the hourly relative peak area (RPA) of DEA under different RH conditions during the pre-LCD, LCD, and post-LCD; Temporal variations of RH, 
aerosol liquid water content (ALWC), number of amine-containing particles and the number fraction of amine/total detected particles during the (b) pre-LCD, (c) LCD 
and, (d) post-LCD. 
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gas-to-particle partitioning of amines when RH was lower than 65 %. 
Moreover, the ratio of amine/total detected particles correlated well (R2 

> 0.30, P < 0.01) with Rra during the pre-LCD, LCD and post-LCD, 
respectively, again suggesting that the enhancement of aerosol acidity 
could promote the partitioning of amines from the gaseous phase to the 
particle phase. 

Lower temperature can facilitate gaseous amines to enter the particle 
phase via gas–particle partitioning (Huang et al., 2012). The fractions of 
amine-containing particles showed a negative correlation with temper-
ature during the whole sampling period (R2 = 0.32, P < 0.01), indicating 
that the lower temperature can promote the distribution of amines to 
particle phase. The weaker correlations during the pre-LCD and 
post-LCD indicated that temperature was less important than other 
factors such as RH and Rra in these two observation periods. The mixing 
state of amine-containing particles with sulfate, nitrate and ammonium 
were shown in Table S2. More than 96 % of amines were found mixing 
with sulfate and nitrate in the whole sampling period. The extremely 
high abundances of sulfate and nitrate in particulate amines indicated 
the possible production of aminium sulfate and nitrate salts. The 
abundance of ammonium in amine-containing particles was lower than 
sulfate and nitrate, which was in line with the smaller number of 
ammonium-containing particles in all detected particles (Table S2). In 
addition, the peak areas of DEA well correlated with sulfate (R2 > 0.62, 
P < 0.01) and nitrate (R2 > 0.63, P < 0.01) during the pre-LCD, LCD, and 
post-LCD, respectively, confirming that particulate amines principally 
existed in the forms of aminium sulfate and aminium nitrate (Ge et al., 
2011a). The contribution of NH4

+ to PM2.5 was much higher during the 
post-LCD (21.1 ± 11.8 %) than that during the pre-LCD (17.1 ± 6.2 %) 
and LCD (16.4 ± 7.7 %). The lower number of amine-containing parti-
cles and the ratio of amines to the total detected particles during the 
post-LCD was mainly because the gas-to-particle partitioning of amines 
might be restrained under a relatively rich NH4

+ state during the 
post-LCD. 

In addition, no significant correlations (R2 < 0.38, P < 0.01) were 
obtained between O3 and amine-containing particles during three 
observation periods, indicating the effect of O3 on the formation of 
amine-containing particles was minor. As the oxidation product of TMA, 
trimethylamine oxide (TMAO) (m/z = 76) was identified in this study to 
further investigate the effect of O3 on the amine-containing particles. 
The counts of the TMAO-containing particles were obtained to be 
42155, 46476, and 20207, and the fractions of TMAO in the total 

detected particles were 2.5 %, 9.1 %, and 4.9 % during the pre-LCD, 
LCD, and post-LCD, respectively. There was no significant correlation 
(R2 < 0.3, P < 0.01) between TMAO particles (or the ratio of TMAO/ 
TMA) and O3 in these three observation periods (Fig. S4). However, the 
temporal profiles of TMAO and TMAO/TMA ratio exhibited similar 
diurnal variations with RH and ALWC during the whole observation 
period (Fig. S5). These results demonstrated that the probable formation 
of TMAO was closely associated with the aqueous oxidization reaction at 
night, rather than the O3-dominated photochemical oxidation, thus the 
number count and fraction of TMAO showed higher values in nighttime 
(139.9 ± 48.2; 14.0 ± 8.1 %) than in daytime (74.1 ± 51.5; 10.5 ± 9.9 
%) in the whole observation period. It has been reported that the 
aqueous oxidation launched by NO3 radicals in nighttime significantly 
contributed to the production of TMAO, but the contribution of photo-
chemical oxidation of amines with O3 was negligible (Lian et al., 2020b; 
Tang et al., 2013). Therefore, the increased concentration of O3 during 
the LCD and post-LCD was not a vital influencing factor determining the 
enhanced TMAO. 

3.4. Potential source contribution function 

As shown in Fig. S6, the amine-containing particles were classified 
into six types, including amine-organic carbon (A-OC), amine-elemental 
carbon (A-EC), A-EC and OC combined particles (A-OCEC), A-OCEC 
aged, sea salt, and biomass burning (BB), which accounted for 95 % of 
all amine-containing particles. The A-OC particles were the most 
abundant type, contributing to approximately 40.0 % of the total amine 
particles in the whole sampling period (Fig. S7). There were no signifi-
cant correlations between A-OC types with SO2 and NO2 (R2 < 0.4, P <
0.01), respectively, indicating that the impact of fossil fuel combustion 
on A-OC particle type was negligible. The positive mass spectrum of A- 
OC was characterized by the strong signals of amines (m/ 
z74(C2H5)2NH2

+ and 86[(C2H5)2NCH2
+ or C3H7NHC2H4

+]), and hydro-
carbon fragments (m/z27C2H3

+, 37C3H+, 51C4H3
+, and 63C5H3

+), while 
the negative mass spectrum was dominated by nitrate and sulfate (m/ 
z46NO2

− , 62NO3
− , and 97HSO4

− ). The A-OCEC particles was character-
ized by strong signals of hydrocarbon fragments, EC fragments (m/ 
z36C3

+/− , 48C4
+/− and 60C5

+/− ) and amines fragments in the mass 
spectra, and with minor peaks of nitrate and sulfate (m/z46NO2

− , 
62NO3

− , and 97HSO4
− ) in the negative mass spectra. The A-OCEC par-

ticles were relatively stable and accounted for 21.1%–24.1 % of amine- 

Fig. 3. Fire spots provided by Fire Information for Resource Management System, (FIRMS) (https://firms.modaps.eosdis.nasa.gov) during the (a) pre-LCD, (b) LCD, 
and (c) post-LCD; and the results of WPSCF analysis of total amine-containing particles during the (d) pre-LCD, (e) LCD, and (f) post-LCD. 
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containing particles in these three sampling periods. The A-OCEC aged 
particles had a similar chemical composition to A-OCEC, but with 
stronger relative intensities of secondary species including sulfate, ni-
trate, and ammonium. The A-OCEC aged type exhibited the higher 
fraction during the LCD (21.7 %) than that during the pre-LCD (19.4 %) 
and post-LCD (15.0 %), indicating that the atmosphere was more aged 
during the LCD due to the higher concentration of O3. The higher (7.8 %) 
fraction of sea salt type was obtained during the LCD compared to that in 
the pre-LCD (4.8 %) and post-LCD (5.2 %) periods, implying the 
increased contribution of sea salt to particles during LCD. A-EC particles 
were characterized by a serious of elemental carbon fragments in both 
the positive and negative mass spectra. Previous study demonstrated 
that EC in amine-containing particles were mostly derived from fresh 
mobile emissions (Huang et al., 2012). The fraction of A-EC particle 
during the LCD (1.1 %) was about 2.5 times lower than that during the 
pre-LCD (3.8 %) and post-LCD (3.7 %), which may be attributed to the 
sharp reduction of on-road vehicle numbers because of the lockdown 
measurement. As shown in Fig. S7, the fraction of BB particle type 
showed an increasing trend from 4.2 % during the pre-LCD to 7.0 % 
during the LCD to 12.1 % during the post-LCD. Similarly, the gradual 
increase of the number of fire spots from the pre-LCD to the LCD was also 
observed according to the National Aeronautics and Space Administra-
tion (NASA) satellite observation (Fig. 3), suggesting that the increased 
BB in Liaocheng and surrounding regions during the post-LCD signifi-
cantly contributed to the formation of amine particles in the urban areas 
of NCP. 

The potential source regions for amine-containing particles during 
three sampling periods are shown in Fig. 3(d–f). During the pre-LCD, the 
WPSCF values for amine-containing particles (Fig. 3(d)) showed a strip- 
shaped distribution and the highest values occurred in Inner Mongolia, 
indicating that air masses from long-distance transport played a key role 
during the pre-LCD. During the LCD (Fig. 3(e)), Shandong Province and 
the Beijing-Tianjin-Hebei (BTH) regions were identified as the high 
potential source region for amine-containing particles, indicating that 
amines particles were mainly influenced by surrounding regions during 
the LCD. In addition, the higher values were distributed over the adja-
cent sea during the LCD than during the pre-LCD and post-LCD, resulting 
in the enhanced contribution of sea salt to amine-containing particles as 
discussed above. As shown in Fig. 3(f), the higher amine WPSCF values 
were mainly distributed within the most regions of Mongolia, and a few 
hotspots were also found in Hubei Province during the post-LCD. It 
implied that long-distance transport played an important role in the 
amine-containing particle during the post-LCD. Previous study has 
confirmed that different types of Ca2+ can be proposed as the tracers to 
identify the sources of dust. CaSO4 mainly comes from the local area, but 
CaCO3 is largely from Chinese dust origin (Yuan et al., 2008). The cor-
relation (R2 = 0.62, P < 0.01) between peak area of calcium and sulfate 
during the LCD was higher than that during the pre-LCD (R2 = 0.22, P <
0.01) and post-LCD (R2 = 0.28, P < 0.01). In addition, the peak area of 
calcium was strongly correlated with that of carbonate both during the 
pre-LCD (R2 = 0.72, P < 0.01) and post-LCD (R2 = 0.68, P < 0.01), but 
such a robust correlation was not obtained during the LCD (R2 = 0.31, P 
< 0.01). These results implied that the amine-containing particles were 
mainly from local and surrounding sources during the LCD, while those 
were mainly affected by long-range transport during the pre-LCD and 
post-LCD. 

3.5. Impact of the fog events on amine-containing particles 

Based on the temporal profiles of amine-containing particles and the 
amine/total ratio, temperature, RH, and the number count of hydrox-
ymethanesulfonate (HMS) in the detected particles, two fog events were 
observed during the LCD (marked with gray shadow) and no fog event 
was obtained in other two observation periods. Here, we took the first 
fog event from 22:00 on February 7 to 7:00 on February 8 as an example 
to explore how fog process facilitate the gas-to-particle partitioning of 

amine particle. The higher average RH (94.1 ± 4.8%) and lower tem-
perature (1.4 ± 0.8 ◦C) were observed during Fog 1 than those (RH: 63.5 
± 8.5%; T: 8.7 ± 2.4 ◦C) during clear days. The number of amine- 
containing particles was significantly enhanced when fog events 
occurred (Fig. S8), which was also observed in previous studies (Zhang 
et al., 2012; Zhang and Anastasio, 2003). The ratio of amine/total 
detected particles during fog events (0.27) was 1.4 times higher than 
that (0.19) during clear days, indicating that fog events could promotes 
the formation of amine-containing particles. As a marker of 
aqueous-phase fog process, the counts of HMS particle also dramatically 
increased during fog events. It provided evidence that fog events could 
promote the aqueous formation of amine-containing particles. It is 
worth noting that the count of amines peaked at 4:00 in the morning 
when the ambient RH reached up to 96 % during Fog 1 (Fig. S8). 
Moreover, the fraction of amine-containing particles was closely corre-
lated with RH (R2 = 0.74, P < 0.01) and ALWC (R2 = 0.70, P < 0.01) 
during Fog 1, but such strong correlations were not obtained during 
clear days (R2 < 0.45, P < 0.01) and in the whole sampling periods (R2 <

0.1, P > 0.05) as discussed in section 3.3. These results suggested that 
both RH and ALWC played a vital role in the partitioning of gaseous 
amines into the aerosol phase when fog process was formed. Theoretical 
calculation have demonstrated that the lower temperature and higher 
RH conditions facilitated the gas-to-particle partitioning of amine (Hu 
et al., 2008). Therefore, the count of amine-containing particles was 
negatively correlated with temperature (R2 = 0.48, P < 0.01) during fog 
events. As shown in Fig. S9, the amine-containing particles mainly 
distributed in the submicron size of 0.3–1.2 μm during clear days and fog 
events. The size distribution of amine-containing particles became wider 
and the counts increased along with the fog formation, indicating that 
fog processes may have enhanced the gas-to-particle partitioning of 
amine-containing particles. These results implied that fog events could 
favor the growth of particles, owing to the enhancement of RH and 
ALWC, as well as the enhanced gas-to-particle partitioning. 

The relative contributions of SO4
2− and NO3

− to PM2.5 during fog 
events were 15.0 ± 0.9% and 17.4 ± 0.8%, which increased by 1.8 and 
1.2 times than those (SO4

2− : 8.2 ± 1.1%; NO3
− : 14.7 ± 1.7%) during 

clear days, suggesting that the enhanced production of SO4
2− and NO3

−

through fog processes. In addition, the concentrations of SO4
2− and 

NO3
− exhibited strong correlations with RH (R2 > 0.82, P < 0.01) and 

ALWC (R2 > 0.66, P < 0.01) during fog events, again confirming that the 
higher water content during fog process could enhance the production of 
both two species. The percentage of NH4

+ during clear days was 15.2 ±
1.7 %, which dropped slightly to 14.8 ± 0.4 % during fog events. The 
concentrations of NH4

+ showed a slightly increasing trend from the 
beginning (7.7 μg m− 3) to the end (10.6 μg m− 3) of Fog 1. In addition, 
NH4

+ exhibited strong correlations with RH and ALWC during fog 
events (R2 > 0.30, P < 0.01), suggesting that the fog process could 
enhance the production of ammonium. The above discussions confirmed 
that particulate amines principally existed in the forms of aminium salts 
such as aminium sulfate and aminium nitrate. To determine the re-
lationships between amine, ammonium, nitrate and sulfate in amine- 
containing particles during fog events, the temporal variations in the 
peak areas of amines, ammonium, sulfate and nitrate in amine- 
containing particles were shown in Fig. 4. The peak area variation of 
different species detected by the SPAMS is a reliable indicator of the 
atmospheric process in individual particles (Lian et al., 2020b). As 
shown in Fig. 4(a), the peak areas of amines, ammonium, nitrate and 
sulfate had a similar pattern of variations in fog events. The peak area of 
amines exhibited robustly correlations with peak areas of nitrate and 
sulfate (R2 > 0.94, P < 0.01). However, those correlations became 
weaker in clear days (R2 < 0.61, P < 0.01), suggesting that the fog events 
could enhance the production of aminium sulfate and aminium nitrate. 
Moreover, the peak areas of ammonium also showed strong correlations 
with nitrate (R2 = 0.87, P < 0.01) and sulfate (R2 = 0.84, P < 0.01) 
during fog events, but relatively weaker correlations with nitrate (R2 =

0.49, P < 0.01) and sulfate (R2 = 0.57, P < 0.01) in clear days. 
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Apparently, the higher water content during fog events greatly 
enhanced the acid-base reaction in amine-containing particles. 

4. Summary and conclusions 

The substantial drop in on-road vehicular traffic, and manufacturing 
activities during the LCD resulted in a sharp drop in air pollutants such 
as PM2.5, SO2, NOx, and CO. Similarly, the count and relative abundance 
of amine-containing particles in total detected particles showed a 
decreasing trend throughout the observation period, which could be 
attributed to the reduced emission strength of amines and suppressed 
gas-to-particle partitioning of amines during the LCD and post-LCD. The 
most abundant particle type was 74(C2H5)2NH2

+, accounting for 
approximately 98 % of all amine-containing particles in the whole 
observation period, followed by 86[(C2H5)2NCH2

+ or C3H7NHC2H4
+], 

and 59(CH3)3N+. Rra during the post-LCD was 80.0 ± 71.8, which was 
about twice higher than that during the pre-LCD (38.8 ± 21.5) and LCD 
(33.6 ± 16.1), suggesting that the more acidic nature of amine- 
containing particles during the post-LCD. The increased aerosol acidity 
and lower temperature conditions was favorable for the gas-to-particle 
partitioning of amine-containing particles, while the impacts of RH 
and ALWC were minor. The broader size peak and distribution range of 
amine-containing particles during the LCD and post-LCD than during the 
pre-LCD was possibly resulted from more complex sources and/or 
gaseous amine condensation or reaction with coarser particles. More 
than 96 % of amines were found to be mixed with sulfate and nitrate in 
the whole sampling period, indicating the possible production of ami-
nium sulfate and nitrate salts. The A-OC particles were the most abun-
dant type, contributing to approximately 40 % of the total amine 
particles in the whole sampling period. The fraction of A-EC particle 
(1.1 %) during the LCD was about 2.5 times lower than that in the pre- 
LCD (3.8 %) and post-LCD (3.7 %), owing to the sharp reduction of on- 
road vehicle numbers in the LCD. The fog events could promote the 
aqueous formation and growth of amine-containing particles, due pri-
marily to the enhancement of RH and ALWC. In addition, nitrate and 
sulfate were more strongly associated with amine and ammonium in 
amine-containing particles during the fog events. The results indicating 
that higher water content during fog events could enhance the acid-base 
reaction in amine-containing particles. The results suggested that 
amines could promote the formation of sulfate and nitrate under the 
higher RH conditions, which further played an important role in the 
aging processes of OAs. Our study improves our understanding of the 
mixing states and potential roles of amine-containing particles during 
the COVID-19 outbreak, which provides an important theoretical base 
for better understanding the origin and evolution of OAs in the NCP and 
joint-control and balanced strategy for air pollution control. 
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