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Abstract. Particulate amines play an important role for the particle acidity and 43 

hygroscopicity and also contribute to secondary organic aerosol mass. We investigated 44 

the sources and mixing states of particulate amines using a single-particle aerosol 45 

mass spectrometer (SPAMS) during summer and winter 2014 at a rural site in the 46 

Pearl River Delta, China. Amine-containing particles accounted for 12.8 % and 9.2 % 47 

of the total detected individual particles in summer and winter, respectively. 48 

Amine-containing particles were classified into three types: elemental and organic 49 

carbon (ECOC), biomass burning (BB), and nitrate-rich. ECOC amine-containing 50 

particles were the most abundant, constituting 67.2 % and 74.8 % of amine particles 51 

in summer and winter, respectively. Both ECOC and BB type amine-containing 52 

particles contained abundant carbonaceous and carbon-nitrogen species, as well as 53 

sulfate and nitrate, in summer and winter. The nitrate-rich amine-containing particles 54 

were mixed with abundant sea-salt markers in summer, indicating a possible 55 

association between the amine emission source and marine phytoplankton. In summer, 56 

only 6.7 % of the total amine-containing particles were found to be mixed with 57 

ammonium, while in winter this percentage increased to 55 %. The ammonium-poor 58 

state of amine-containing particles in summer may have been caused by the 59 

displacement of particle-phase ammonium by amine uptake, which was more efficient 60 

in summer at higher ambient RH (72 ± 13 %) than in winter (63 ± 11 %). In 61 

ECOC-type amine-containing particles, the time series of the amine peak area and the 62 

sum of the nitrate and sulfate peak areas were similar in both summer and winter, 63 

suggesting the formation of aminium sulfate and nitrate salts. The particle acidity of 64 

ECOC-type amine-containing particles was represented by the relative acidity ratio 65 

(Ra), which was defined as the ratio of the total sulfate and nitrate peak areas to the 66 

ammonium peak area. The Ra decreased from 348 ± 335 and 28 ± 14 to 10 ± 5 and 9 ± 67 

2 in summer and winter, respectively, after including amines along with the 68 

ammonium in the acidity calculation, suggesting that it is reasonable to consider 69 

amines when estimating particle acidity. Based on the influence of amines on 70 

particulate ammonium and particle acidity, particulate amines could have an impact 71 

on the newly found ‘missing’ source of sulfate produced from the oxidation of SO2 by 72 
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NO2 with NH3 neutralization during haze episodes under high ambient relative 73 

humidity in northern China. 74 

Keywords: Amine; Single particles; Mixing state; Aminium salts; Particle acidity; 75 

SPAMS. 76 

1 Introduction 77 

Amines, a group of nitrogen-containing organic compounds, are ubiquitous in 78 

the atmospheric gas and particle phases (Ge et al., 2011a). A variety of low molecular 79 

weight (LMW) aliphatic amines have been detected in emissions from anthropogenic 80 

and natural sources, including animal husbandry, biomass burning, industrial 81 

emissions, vehicle exhaust, and marine sources (Rogge et al., 1994; Rappert and 82 

Muller, 2005; Calderon et al., 2007; Ngwabie et al., 2007; Ge et al., 2011a). LMW 83 

aliphatic amines have gas-phase concentrations two orders of magnitude lower than 84 

that of ammonia (NH3) (Sorooshian et al., 2008), but are more alkaline than NH3 (Ge 85 

et al., 2011b). Due to their strong basicity and water solubility, LMW amines can 86 

undergo acid-base reactions with sulfuric and nitric acid to form aminium salts 87 

(Angelino et al., 2001; Sorooshian et al., 2007; Pratt et al., 2009), which has been 88 

found to enhance new particle formation beyond the amounts produced from reactions 89 

between acids and NH3 alone (Kurten et al., 2008; Berndt et al., 2010; Place et al., 90 

2010; Wang et al., 2010). In addition, once partitioned into the particle phase, these 91 

LMW aliphatic amines can enhance aerosol particle hygroscopicity (Chu et al., 2015; 92 

Sauerwein et al., 2015). Furthermore, amines can be oxidized by OH radicals, NO3 93 

radicals, and O3 in the atmosphere to form semi-volatile and non-volatile compounds, 94 

some of which are highly toxic (Lee and Wexler, 2013), and which contribute to 95 

secondary organic aerosol (SOA) mass (Murphy et al., 2007; Malloy et al., 2009).  96 

The mass concentration and temporal distribution of LMW aliphatic amines in 97 

aerosols have been studied extensively in a variety of environments, and LMW 98 

aliphatic amines account for 2–12 % of organic mass (Day et al., 2009; Gilardoni et 99 

al., 2009; Liu et al., 2009; Russell et al., 2009; Williams et al., 2010). In recent years, 100 

real-time single particle mass spectrometry has been used to measure the size and 101 
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chemical composition of individual amine-containing particles with high time 102 

resolution. The mixing state and single-particle characteristics of amines have been 103 

investigated in laboratory and field environments (Moffet et al., 2008; Silva et al., 104 

2008; Pratt et al., 2009; Huang et al., 2012; Zhang et al., 2012). Pratt et al. (2009) 105 

studied seasonal differences in aminium and ammonium salts on a single-particle 106 

basis using an aerosol time-of-flight mass spectrometer (ATOFMS) coupled with a 107 

thermodenuder and reported that the gas-to-particle partitioning of amines is 108 

dependent on particle acidity. Healy et al. (2015) investigated the temporal 109 

distributions of alkylamines at five European sites, and found that alkylamines were 110 

internally mixed with both sulfate and nitrate, which suggests that the formation of 111 

aminium salts was important at all sites. Huang et al. (2012) determined the mixing 112 

state of amine-containing particles in Shanghai and found higher number 113 

concentrations of amine-containing particles in winter than in summer, which they 114 

attributed to effective acid-base reactions between sulfuric acid and amines under 115 

low-temperature, high-RH conditions. Zhang et al. (2012) measured 116 

trimethylamine-containing particles in Guangzhou and found preferential 117 

trimethylamine gas-to-particle partitioning during fog events. These field observations 118 

emphasize the important role of acid-base reactions in the partitioning of amines from 119 

the gas phase to the particle phase. Recent laboratory studies have revealed that the 120 

exchange between amine gases and particulate NH3 and/or ammonium also 121 

contributes substantially to amine content and results in a depletion of NH3 and/or 122 

ammonium in the particle phase (Lloyd et al., 2009; Bzdek et al., 2010; Qiu et al., 123 

2011; Liu et al., 2012; Chan and Chan, 2013; Chu and Chan, 2016, 2017; Sauerwein 124 

and Chan, 2017); however, the significance of such exchange reactions in the ambient 125 

environment has not been fully explored. Therefore, the influence of ammonia and 126 

particle acidity on the distribution of amines in the particle phase should be studied 127 

comprehensively through field measurements. 128 

The aim of this study was to investigate the mixing state of a series of LMW 129 

aliphatic amines with sulfate, nitrate, and ammonium in individual particles using a 130 

single-particle aerosol mass spectrometer (SPAMS) at a rural site in the Pearl River 131 
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Delta, China. In order to explore amine origins and gas-to-particle partitioning 132 

processes, amine-containing particles from both summer and winter were classified 133 

into three types based on mass spectral patterns. The aminium sulfate and nitrate salt 134 

formation processes and internal mixing state with ammonium were used to deduce 135 

the relationship between amines and ammonium in the particle phase and the 136 

influence of amines on particle acidity. 137 

2 Methods 138 

2.1 Aerosol sampling 139 

Ambient single particles were collected and analyzed using a SPAMS at the 140 

Guangdong Atmospheric Supersite (22.73 N, 112.93 E), a rural site in Heshan City 141 

in the Pearl River Delta (PRD), China (Figure S1). The sampling site is surrounded by 142 

villages and experiences little influence from local industrial emissions (Cheng et al., 143 

2017). The SPAMS was installed at the top of the main building, and aerosols were 144 

introduced to the SPAMS through a 2.5 m copper tube. SPAMS sampling was 145 

conducted continuously from 18 July to 1 August 2014 and from 27 January to 8 146 

February 2015; several hours of data are missing due to technical maintenance. 147 

During the sampling period, hourly O3 concentrations were measured using an O3 148 

analyzer (model 49i, Thermo Scientific). Meteorological data, including temperature, 149 

relative humidity, wind speed, and wind direction, were also measured during SPAMS 150 

sampling. 151 

2.2 SPAMS 152 

SPAMS was designed by the Guangzhou Hexin Analytical Company based on 153 

preexisting ATOFMS principles (Prather et al., 1994; Noble and Prather, 1996). The 154 

setup and design of the SPAMS has been detailed previously (Li et al., 2011). Briefly, 155 

single particles are sampled through an 80 μm critical orifice into the aerodynamic 156 

lens at a flow rate of 75 ml min
-1

. Then, the particles pass consecutively through two 157 

laser beams (diode Nd:YAG, 532 nm) spaced 6 cm apart, and the aerodynamic 158 

diameter of the single particle is calculated using the particle flight time and velocity 159 

between the two laser beams. The single particle velocity is also used to calculate the 160 
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precise time at which to fire the desorption and ionization laser (Nd:YAG laser, 161 

266nm), which is positioned 12 cm downstream from the second laser beam. After 162 

ionization, the positive and negative ions are detected by a Z-shaped bipolar 163 

time-of-flight mass spectrometer. In this work, the ionization laser pulse energy was 164 

0.6 mJ and the power density was 1.06 × 10
8
 W cm

–2
 throughout the campaign. The 165 

size range of single particles detected by SPAMS ranged from 0.2 to 2 μm, calibrated 166 

with standard polystyrene latex spheres (Nanosphere size standards, Duke Scientific 167 

Corp., Palo Alto) of 0.22–2.0 μm diameter before and after the campaign (Cheng et al., 168 

2017). 169 

2.3 Data analysis 170 

Particle size and chemical composition were obtained via SPAMS mass spectral 171 

analysis using the Computational Continuation Core (COCO; version 3.0) toolkit in 172 

Matlab. Based on previous studies using ATOFMS and SPAMS instruments 173 

(Angelino et al., 2001; Huang et al., 2012; Zhang et al., 2012; Healy et al., 2015), 174 

amine-containing particles were characterized by ionic markers, including m/zs 46 175 

[(CH3)2NH2]
+
, 59 [(CH3)3N]

+
, 74 [(C2H5)2NH2]

+
, 86 [(C2H5)2NCH2]

+
 or 176 

[C3H7NHC2H4]
+
, 101 [(C2H5)3N]

+
, 102 [(C3H7)2NH2]

+
, 114 [(C3H7)2NCH2]

+
, and 143 177 

[(C3H7)3N]
+
, which correspond to dimethylamine (DMA), trimethylamine (TMA), 178 

diethylamine (DEA), triethylamine (TEA), dipropylamine (DPA), and tripropylamine 179 

(TPA). In this work, a particle was identified as amine-containing if it contained any 180 

of the marker ions listed above with a relative peak area (defined as the percentage 181 

contribution of the target ion peak area to the sum of all ion peak areas) greater than 182 

1 %. According to this criterion, 66 331 and 70 648 amine-containing particles were 183 

identified in summer and winter, respectively, which accounted for 12.8 % and 9.2 % 184 

of the total detected particles. These number fractions are consistent with previously 185 

reported observations in the PRD (Zhang et al., 2012). However, due to the absence of 186 

fog events during the campaign, no dramatic increases in amine-containing particles 187 

associated with high RH conditions (RH > 90 %) were observed. Amine-containing 188 

particles were subsequently clustered using the adaptive resonance theory (ART-2a) 189 

neural network algorithm with a vigilance factor of 0.75, a learning rate of 0.05, and a 190 
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maximum of 20 iterations. 191 

The amine-containing particles were classified into three types: elemental and 192 

organic carbon (ECOC), biomass burning (BB), and nitrate-rich. The ion markers and 193 

selective criterion for these three particle types are as follows (Table S1): (1) 194 

ECOC-type particles contain abundant carbon clusters of m/zs ± 12 [C]
+/-

, ± 24 [C2]
+/-

, 195 

± 36 [C3]
+/-

, and hydrocarbon clusters at m/zs 37 [C3H]
+
 and 43 [C3H7]

+
/[C2H3O]

+
 196 

with relative peak areas higher than 0.5 %; (2) BB-type particles consist of any 197 

remaining particles containing abundant signal at m/z 39 [K]
+
 (relative peak area > 198 

30 %) and m/zs -59 [C2H3O2]
-
 and -73 [C3H5O2]

-
 (relative area of both peaks > 0.5 %); 199 

(3) any remaining particles containing abundant signal at m/zs -46 [NO2]
-
 and -62 200 

[NO3]
-
 with relative peak areas higher than 10% are classified as nitrate-rich. The 201 

above classification protocol for amine-containing particles has been used in other 202 

studies (Bi et al., 2011; Pratt et al., 2011; Zhang et al., 2013). These three types of 203 

amine-containing particles constitute 93.5 % and 94.8 % of the total amine-containing 204 

particles in summer and winter, respectively. 205 

3 Results and Discussion 206 

3.1 Seasonal variation of amine-containing particles 207 

Meteorological conditions, namely wind speed and wind direction, are shown 208 

during the sampling period in Figure 1. In summer, high amine-containing particle 209 

number concentrations were associated with southwesterly and southeasterly winds at 210 

speeds of 3–5 m s
-1

, suggesting that the majority of amine-containing particles came 211 

from regional transport. However, in winter, large amounts of amine-containing 212 

particles were associated with northwesterly winds at speeds of 0.5–2 m s
-1

, indicating 213 

that amine-containing particles were related primarily with local emissions, such as 214 

animal husbandry, biomass burning, and vehicle exhaust. Anthropogenic emissions 215 

from Foshan and Guangzhou may also have contributed, as the sampling site is only 216 

40 km and 56 km from these cities, respectively (Figure S1).  217 

Temporal variations in amine-containing particles and meteorological data (i.e., 218 

RH, temperature, wind speed, and wind direction) are shown in Figure 2. 219 
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Amine-containing particles showed different trends in summer and winter, and high 220 

concentrations of amine-containing particles were found from 22 to 24 July (in 221 

summer) and from 5 to 8 February (in winter). The amine-containing particle count 222 

observed in summer (66 331) was lower than it observed in winter (70 648), but the 223 

abundance of amine-containing particles relative to the total particle count was higher 224 

in summer (12.8 %) than in winter (9.2 %). Amine-containing particles had similar 225 

diurnal patterns in summer and winter (Figure 3), and both showed higher count at 226 

night; the small increase from 6:00 to 9:00 LST throughout the campaign may have 227 

been due to local emissions from vehicle exhaust (Cadle and Mulawa, 1980). Many 228 

field studies have revealed a strong correlation between relative humidity (RH) and 229 

particulate amines, suggesting that high RH in fog events is favorable for the 230 

gas-to-particle partitioning of amines (Jeong et al., 2011; Rehbein et al., 2011; Huang 231 

et al., 2012; Zhang et al., 2012). In this work, the correlation between 232 

amine-containing particle count and ambient RH was not obvious in either summer or 233 

winter (Figure S2). Other factors, such as particle acidity, may have contributed to the 234 

acid-base reactions that formed the aminium salts (Murphy et al., 2007; Kurten et al., 235 

2008; Silva et al., 2008). 236 

3.2 Mass spectra of amine-containing particles 237 

Amine-containing particles were categorized as ECOC, BB, and nitrate-rich both 238 

in summer and winter. ECOC amine-containing particles were dominant, accounting 239 

for 67.2 % and 74.8 % of particle count in summer and winter, respectively (Table 1). 240 

ECOC particles exhibited variations similar to those in total amine-containing 241 

particles in both summer and winter. Nitrate-rich particles were the second most 242 

abundant in summer, during which time they accounted for 13.4 % of total 243 

amine-containing particles, while BB particles were the second most abundant in 244 

winter, accounting for 16.3 % of total amine-containing particles. Nitrate-rich 245 

particles were three times more abundant in summer than in winter, suggesting the 246 

existence of aminium nitrate salts in summer.  247 

The average mass spectra of ECOC, BB, and nitrate-rich amine-containing 248 

particles in summer and winter are shown in Figure 4. The ECOC amine-containing 249 
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particles in both summer and winter were characterized by high fractions of 39 [K]
+
; 250 

carbonaceous marker ions, including m/zs 27 [C2H3]
+
, 29 [C2H5]

+
, 36 [C3]

+
, 37 [C3H]

+
, 251 

43 [C2H3O]
+
, 48 [C4]

+
, 51 [C4H3]

+
, 53 [C4H5]

+
, 60 [C5]

+
, 63 [C5H3]

+
, 65 [C5H5]

+
, and 252 

77 [C6H5]
+
; and amine fragment ions at m/zs 46 [(CH3)2NH2]

+
, 59[(CH3)3N]

+
, 74 253 

[(C2H5)2NH2]
+
, and 86 [(C2H5)2NCH2]

+
/[C3H7NHC2H4]

+
 in the positive mass 254 

spectrum. The ECOC particle negative mass spectrum was characterized by strong 255 

carbon-nitrogen fragment signals at m/zs -26 [CN]
-
 and -42 [CNO]

-
, as well as 256 

abundant secondary ions at m/zs -46 [NO2]
-
, -62 [NO3]

-
, -80 [SO3]

-
, and -97 [HSO4]

-
 257 

in both summer and winter. In many field studies, aged carbonaceous particles always 258 

contain abundant secondary sulfate, nitrate, and ammonium ions. Interestingly, in this 259 

work, the ammonium signal (m/z 18 [NH4]
+
) was not found in ECOC 260 

amine-containing particles in summer, and only a very small ammonium peak was 261 

detected in winter. The low ammonium signal in ECOC amine-containing particles 262 

may have been due to the exchange of particulate ammonium for gas-phase amines 263 

(Lloyd et al., 2009; Qiu et al., 2011; Chan and Chan, 2012; Chan and Chan, 2013; 264 

Chu and Chan, 2016, 2017; Sauerwein and Chan, 2017). In both summer and winter, 265 

the mass spectra of BB amine-containing particles showed carbonaceous markers and 266 

secondary ions similar to those found in ECOC amine-containing particles, with 267 

additional distinct ion peaks at m/z 23 [Na]
+
 and BB markers at m/zs -59 [C2H3O2]

-
, 268 

-71 [C3H3O2]
-
, and -73 [C3H5O2]

-
. No ammonium was found in BB amine-containing 269 

particles in either summer or winter, likely because of exchange reactions similar to 270 

those inferred in the ECOC amine-containing particles (see Section 3.3). 271 

The nitrate-rich amine-containing particles exhibited spectral features different 272 

from those observed in the ECOC and BB spectra. Only a few carbonaceous 273 

fragments were observed. In summer, the nitrate-rich amine-containing particles 274 

contained abundant sea-salt markers such as m/zs 23 [Na]
+
, 62 [Na2O]

+
, and 275 

63[Na2OH]
+
 in the positive mass spectrum and m/zs -93 [NaCl2]

-
 and -147 276 

[Na(NO3)2]
-
 in the negative mass spectrum. Chloride signal was not detected due to 277 

the depletion of chloride and enrichment of nitrate in the sea-salt particle aging 278 

process (Gard et al., 1998). In summer, 48-h backward trajectories showed that 60 % 279 
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of air masses arose from marine areas (Figure S3) and were partly associated with 280 

marine aerosols. A small peak of m/z 46 [(CH3)2NH2]
+
 was found in the nitrate-rich 281 

amine-containing particle spectra in summer, which likely arose from DMA produced 282 

by marine phytoplankton (Facchini et al., 2008). The backward trajectories and mass 283 

spectra of the nitrate-rich particles indicate that marine sources may contribute to the 284 

amine distribution in the PRD region during summer, although the amine-containing 285 

particles appeared to have been aged during transportation. In winter, air masses were 286 

transported largely from urban areas like Guangzhou and Foshan (Figure S3) and 287 

brought more anthropogenic pollutants to the sampling site. Hence, the sea-salt 288 

markers at m/zs -93 [NaCl2]
-
 and -147 [Na(NO3)2]

-
 were not observed in the winter 289 

negative mass spectrum. Instead, the m/z 56 [Fe]
+
 ion was identified, and, because no 290 

dust source marker ion signals (such as Ca
+
, CaO

+
, and SiO3

-
) were found, we 291 

speculate that iron arose mainly from industrial emissions. The nitrate-rich 292 

amine-containing particles may have resulted from direct industrial emissions or 293 

reactions between gaseous amines and particles from industrial emissions. Lastly, the 294 

observed nitric acid signal (m/z -125 [HNO3NO3]
-
) indicated strong particle acidity in 295 

the nitrate-rich amine-containing particles in winter.  296 

Size-resolved number distributions are shown in Figure 5 for the three types of 297 

amine-containing particles. Both ECOC and BB amine-containing particles exhibited 298 

unimodal distributions in the submicron mode and had a broad distribution from 0.4 299 

to 1.0 μm in both summer and winter, which may have resulted from amine 300 

condensation on and reaction with fine mode particles from anthropogenic emissions. 301 

Interestingly, in summer, 37 % of the nitrate-rich amine-containing particles were 302 

submicron in size, while 63 % were supermicron; this is reasonable, as the majority of 303 

nitrate-rich amine-containing particles were associated with sea-salt particles from 304 

marine sources. Healy et al. (2015) also reported large amounts of supermicron 305 

amine-containing particles internally mixed with sea-salt particles on the island of 306 

Corsica, France.  307 

3.3 Mixing states and formation processes of amine-containing particles 308 

To investigate the seasonal mixing states of amines with sulfate, nitrate, and 309 
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ammonium (SNA), the relative abundances of SNA-containing amine particles are 310 

shown in Figure 6. The color scale represents the percentage contribution of 311 

SNA-containing amine particles to total amine particles. ECOC and BB 312 

amine-containing particles were both found to be internally mixed with sulfate 313 

throughout the sampling period. Only a small percentage of nitrate-rich 314 

amine-containing particles were mixed with sulfate during summer, but this 315 

percentage increased to 53 % during winter. Amine particles containing nitrate 316 

accounted for 39 % and 59 % of the ECOC and BB particles in summer, respectively, 317 

and 68 % and 79 % in winter. The internal mixing state of sulfate and nitrate with 318 

amines in single particles suggests the possible formation of aminium sulfate and 319 

nitrate salts. Only 6.7 % of the total amine-containing particles contained ammonium 320 

in summer, while percentage increased dramatically to 55 % in winter, indicating an 321 

ammonium-poor state in summer and an ammonium-rich state in winter. The 322 

particle-phase mixing states of ammonium and amines may be influenced by seasonal 323 

changes in ambient meteorological conditions (such as RH and temperature) and 324 

chemical processes involving particle acidity and/or ammonium–amine exchange 325 

reactions. Since no correlation was observed between RH and amine-containing 326 

particles during the sampling period (Figure S2), seasonal variations in temperature 327 

may have had an impact on the mixing states of ammonium and amines in the particle 328 

phase. The temperature dropped by 15 °C between summer (29 ± 3.0 °C) and winter 329 

(14 ± 3.1 °C). Although lower temperatures favor the partitioning of both gaseous 330 

ammonia and amines into the particulate phase (Huang et al., 2012), no obvious 331 

enhancement was found in the amine-containing particle count in winter (Table 1); 332 

this suggests that the increase in ammonium-containing amine particles was caused by 333 

other factors, such as particle acidity and ammonium–amine exchange. 334 

Strong sulfate and nitrate signals were detected in the amine-containing particle 335 

mass spectra in both summer and winter, suggesting that gas-to-particle amine 336 

partitioning may have been correlated with particle acidity. Due to the dominance of 337 

ECOC amine-containing particles throughout the sampling period, the temporal 338 

variations in the peak areas of amines, ammonium, and the sum of sulfate and nitrate 339 
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in ECOC particles are shown in Figure 7. The peak areas of amines and the sum of 340 

nitrate and sulfate in ECOC particles varied similarly in summer and winter, 341 

indicating the formation of aminium salts. Little ammonium was found in the 342 

amine-containing particles in summer, while ammonium exhibited peak areas 343 

comparable to those for amines in winter and temporal trends of ammonium and 344 

amines were also similar. The sum of the sulfate and nitrate peak areas had a higher 345 

increase rate than the amine peak area from 6 to 8 February, which may have been 346 

caused by an increase in ammonium during this period.  347 

Particle acidity affects the partitioning of gaseous ammonia and amines into the 348 

particle phase and may be an important factor in the seasonal differences in 349 

ammonium in amine-containing particles. In this study, the amine-containing particle 350 

acidity is represented by the relative acidity ratio (Ra), which is defined as the ratio of 351 

the sum of the sulfate and nitrate peak areas divided by the ammonium peak area 352 

(Denkenberger et al., 2007; Pratt et al., 2009; Cheng et al., 2017). The ECOC particle 353 

Ra was 348 ± 335 in summer and 28 ± 14 in winter (Figure 7), indicating that the 354 

amine-containing particles were more acidic in summer than in winter. Although high 355 

acidity is favorable for gaseous ammonia partitioning, extremely low ammonium peak 356 

areas were found for the amine-containing particles in summer (Figure 7), which may 357 

have been caused by the displacement of ammonium in the particle phase by amines 358 

to form aminium sulfate and nitrate salts; this displacement depends on RH and the 359 

phase of the ammonium salts (Chan and Chan, 2013; Chu and Chan, 2016). The 360 

ambient RH in summer (72 ± 13 %) was higher than that in winter (63 ± 11 %). Thus, 361 

it is feasible that particles contained more water and a larger fraction of aqueous 362 

ammonium salts in summer than in winter, which facilitated the displacement of 363 

ammonium by amines, decreasing the ammonium concentration in the particle phase. 364 

Particle-phase organics other than amines and aminium salts also affect amine–365 

ammonia exchange (Chu and Chan, 2016, 2017). However, because the SPAMS alone 366 

cannot provide quantitative data on particle-phase organics, this issue will be 367 

discussed in a subsequent study.  368 

The strong correlation between the amine peak areas and the sulfate and nitrate 369 
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peak areas may indicate a feedback between amines and particle acidity. If one 370 

includes amines in the Ra calculation, the new Ra' values (redefined as the ratio of the 371 

sum of the sulfate and nitrate peak areas to the sum of the ammonium and amine peak 372 

areas) decrease to 10 ± 5 and 9 ± 2 in summer and winter, respectively, which are 30 373 

and 3 times lower than Ra values excluding amines. In addition, the presence of 374 

aminium salts affects the water activities and osmotic coefficients of aqueous 375 

solutions, which may influence the calculation of particle acidity using aerosol 376 

thermodynamic models (Sauerwein et al., 2015). Furthermore, it should be noted that 377 

the measured pH of bulk ambient aerosols may not be representative of the actual 378 

single particle acidity. Hence, the mixing state of aerosols should be considered in 379 

order to comprehensively estimate the aerosol pH (Pratt et al., 2009).  380 

Several recent studies have reported a ‘missing’ source of sulfate produced from 381 

the oxidation of SO2 by NO2 during haze episodes with high ambient relative 382 

humidity in northern China, and the neutralization of particulate ammonium is a key 383 

factor in this formation mechanism (Cheng et al., 2016; Wang et al., 2016). Our study 384 

reveals that amines significantly influence particulate ammonium and particle acidity; 385 

thus, particulate amines could also impact this sulfate formation process during haze 386 

episodes. In order to discuss the potential role of amines in this sulfate formation 387 

pathway, real-time concentrations of amines, ammonium, sulfate, nitrate, and their 388 

precursors must be available. 389 

4 Summary and Conclusions 390 

Amine-containing particles were investigated using a single particle aerosol mass 391 

spectrometer from 18 July to 1 August 2014, and from 27 January to 8 February 2015 392 

in Heshan, China. Amine-containing particles accounted for 12.8 % and 9.2 % of the 393 

total detected single particles in summer and winter, respectively; both seasons were 394 

dominated by ECOC-type amine particles at percentages of 67.2 % and 74.8 %, 395 

respectively. The ECOC and BB amine-containing particles showed strong 396 

carbonaceous ion, carbon-nitrogen ion, sulfate, and nitrate signals in summer and 397 

winter. However, little ammonium was found in these amine-containing particles in 398 
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summer, and small ammonium peaks were observed in winter. In summer, the 399 

nitrate-rich amine-containing particles were mixed with abundant sea-salt markers, 400 

indicating an association between amines and marine phytoplankton emissions. In 401 

ECOC amine-containing particles, the amine peak area and the sum of the nitrate and 402 

sulfate peak areas varied similarly in summer and winter, suggesting the formation of 403 

aminium sulfate and nitrate salts. An analysis of the relative acidity ratio indicated 404 

that ECOC amine-containing particles were more acidic in summer than in winter. 405 

However, in summer, only 6.7 % of the amine-containing particles contained 406 

ammonium; this percentage increased dramatically to 55 % in winter. The 407 

ammonium-poor state of the amine-containing particles in summer may have been 408 

caused by the displacement of ammonium in the particle phase by amines to form 409 

aminium sulfate and nitrate salts. The significant influence of amines on the ratio of 410 

sulfate and nitrate to ammonium suggests that amines should be taken into 411 

consideration when estimating particle acidity. 412 
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Tables and Figures 644 

 645 

Table list: 646 

Table 1. Seasonal distributions of major types of amine-containing particles in 647 

summer and winter in the PRD, China. 648 

 649 

 650 

Figure captions: 651 

Figure 1. Seasonal distributions of amine-containing particle number concentrations 652 

associated with wind direction and wind speed in (left) summer and (right) winter. 653 

 654 

Figure 2. Temporal variations in amine-containing particles, relative humidity (RH), 655 

temperature (T), wind speed (WS), wind direction, and three types of amine particles 656 

in Heshan, China during the entire sampling periods. Abbreviations of major particle 657 

types: elemental and organic carbon (ECOC); biomass burning (BB). 658 

 659 

Figure 3. Diurnal variations in amine-containing particle number concentrations in 660 

summer and winter in Heshan. 661 

 662 

Figure 4. Average ion mass spectra of ECOC, BB, and nitrate-rich amine-containing 663 

particles in (a) summer and (b) winter. 664 

 665 

Figure 5. Size distributions of the three types of amine-containing particles in (a) 666 

summer and (b) winter. 667 

 668 

Figure 6. Mixing states of ammonium, nitrate, and sulfate in the three types of 669 

amine-containing particles during summer and winter.  670 

 671 

Figure 7. Temporal variations in the peak areas of amines, ammonium, and the sum of 672 

sulfate and nitrate in ECOC amine-containing particles during summer and winter. 673 

The relative acidity ratio (Ra), which was calculated as the ratio of the total sulfate and 674 

nitrate peak areas to the ammonium peak area, is plotted as log(Ra). 675 
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Table: 684 

 685 

 686 

 687 

 688 

Table 1. Seasonal distributions of major types of amine-containing particles 

in summer and winter in the PRD, China. 

  Summer (18/7-1/8, 2014)   Winter (27/1-8/2, 2015) 

Particle type Count Percentage (%) 
 

Count Percentage (%) 

ECOC 44576 67.2 

 

52864 74.8 

BB 8546 12.9 

 

11499 16.3 

Nitrate-rich 8879 13.4 

 

2597 3.7 

Unclassified 4330 6.5 

 

3688 5.2 

Abbreviations of major particle types: elemental and organic carbon (ECOC), biomass burning (BB), 

nitrate-rich. 

 689 

 690 

 691 

 692 

 693 

Figures: 694 

 695 

 696 

 697 

Figure 1. Seasonal distributions of amine-containing particle number concentrations 698 

associated with wind direction and wind speed in (left) summer and (right) winter. 699 
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 705 

 706 

Figure 2. Temporal variations in amine-containing particles, relative humidity (RH), 707 

temperature (T), wind speed (WS), wind direction, and three types of amine particles 708 

in Heshan, China during the entire sampling periods. Abbreviations of major particle 709 

types: elemental and organic carbon (ECOC); biomass burning (BB). 710 

 711 

 712 

 713 

 714 

Figure 3. Diurnal variations in amine-containing particle number concentrations in 715 

summer and winter in Heshan. 716 
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 721 

 722 

 723 

 724 

Figure 4. Average ion mass spectra of ECOC, BB, and nitrate-rich amine-containing 725 

particles in (a) summer and (b) winter. 726 
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 741 

Figure 5. Size distributions of the three types of amine-containing particles in (a) 742 

summer and (b) winter. 743 
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 761 

Figure 6. Mixing states of ammonium, nitrate, and sulfate in the three types of 762 

amine-containing particles during summer and winter.  763 
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 769 

 770 

Figure 7. Temporal variations in the peak areas of amines, ammonium, and the sum of 771 

sulfate and nitrate in ECOC amine-containing particles during summer and winter. 772 

The relative acidity ratio (Ra), which was calculated as the ratio of the total sulfate and 773 

nitrate peak areas to the ammonium peak area, is plotted as log(Ra).  774 
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