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23 Abstract

24 Nitro-phenolic compounds (NPs) have attracted increasing attention because of their health risks 

25 and impacts on visibility, climate and atmospheric chemistry. Despite many measurements of 

26 particulate NPs, the knowledge of their gaseous abundances, sources, atmospheric fates, and 

27 impacts remains incomplete. Here, eighteen gaseous NPs were continuously measured with a time-

28 of-flight chemical ionization mass spectrometer at a background site in South China in autumn 

29 and winter. Abundant NPs were observed in the continental outflows from East Asia, with a total 

30 concentration up to 122.1 pptv. Secondary formation from the transported aromatics dominated 

31 the observed NPs, with mono-NPs exhibiting photochemical daytime peaks and nighttime 

32 enrichments of di-NPs and Cl-substituted NPs. The budget analysis indicates that besides the OH 

33 oxidations of aromatics, the NO3 oxidation also contributed significantly to the daytime mono-

34 NPs, while the further oxidation of mono-NPs by NO3 dominated the nocturnal formation of di-

35 NPs. Photolysis was the main daytime sink of NPs and produced substantial HONO, which would 

36 influence atmospheric oxidation capacity in downwind and background regions. This study 

37 provides quantitative insights on the formation and impacts of gaseous NPs in the continental 

38 outflow and highlights the role of NO3 chemistry in the secondary nitro-aromatics production that 

39 may facilitate regional pollution.

40 Synopsis 
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41 Atmospheric oxidation boosts the production of nitro-phenolic compounds from the continental 

42 origin, potentially impacting the air quality over southern China.

43 Keywords: nitro-phenolic compounds, photochemical oxidation, nocturnal chemistry, continental 

44 outflow, HONO production
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5

48 1 Introduction

49 Nitro-phenolic compounds (NPs) are aromatic compounds with both nitro (-NO2) and hydroxyl 

50 groups (-OH) connecting to a benzene ring. They are important atmospheric pollutants that have 

51 been proved to be phytotoxic and genotoxic 1, and are key components of brown carbon that affect 

52 the visibility and climate 2-5. Furthermore, the photolysis of NPs can produce HONO and OH 

53 radicals to increase the atmospheric oxidation capacity 6-9. Owing to the significance of NPs on air 

54 quality and ecosystems, plenty of studies have focused on their distribution, sources, sinks and 

55 impacts in the atmosphere 1, 5, 10-12.

56 Both primary emission and secondary formation of NPs have been reported in laboratory and field 

57 experiments. Coal combustion, biomass burning (BB), and vehicle exhaust are predominant 

58 primary sources of particulate NPs, the emission rates of which are affected by both the fuel types 

59 and combustion conditions 13-15. Significant contributions of 4-nitrophenol and methyl-

60 nitrophenols from coal combustion, and 2,6-dimethyl-4-nitrophenol and 4-nitrocatechol from BB 

61 have been observed in fine particles at urban Jinan in north China 11. Vehicle emission and 

62 domestic heating were reported as important contributors to the particulate NPs measured in 

63 Strasbourg, France 12. Moreover, many studies promulgated the importance of secondary 

64 formation of NPs in the atmosphere, especially in the photochemical season 16. Field measurements 

65 at a rural village of Germany17 and urban Hong Kong 18 both reported that abundant NPs in the 

66 particle phase were dominated by the photooxidation of BB precursors. Elevated particulate NPs 
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6

67 from secondary formation under high NOx and anthropogenic VOCs conditions were also 

68 observed in urban Beijing 10. 

69 Generally, the secondary NPs was produced from the oxidation of aromatics by OH or NO3 in 

70 the presence of NOx, which has been evidenced in the laboratory and quantitative theory 

71 calculation 19-25. Aromatic hydrocarbons oxidized by OH and NO3 would generate -OH 

72 substituted aromatics such as cresol 26. The further oxidation of -OH substituted aromatics 

73 generates phenolic radicals, which combine with NO2 to form NPs 19-21, 25. The reaction rate 

74 coefficients of -OH substituted aromatics with NO3 or OH are high up to 10-11~10-10 cm3 

75 molecule-1 s-1, which leads to a fast generation of NPs once -OH substituted aromatics presenting 

76 in the atmosphere 23, 24, 27. In addition to the gas-phase oxidation, aqueous-phase oxidation of 

77 aromatics were also suggested as important formation pathways for some NPs 28, such as 4-methyl-

78 5-nitrocatechol at urban Beijing 10. After generated in the atmosphere, NPs could be consumed 

79 fast by further oxidation and photolysis, resulting in a short lifetime for NPs in the daytime 6, 7, 9, 

80 29-31.

81 Most of the previous field studies focused on particulate NPs 10, 13, 15, 18, 32, and several studies have 

82 pointed out that some NPs may present similar or even higher concentrations in the gas phase 11, 

83 29, 33, 34. More quantitative determination of gaseous NPs is essential to obtain a better 

84 understanding on the fates and the impacts of NPs in the atmosphere. Moreover, because of the 

85 fast generation and photochemical consumption of different NPs 19, continuous and online 

86 measurement is necessary and desirable. Recent studies utilizing high-resolution time-of-flight 
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7

87 chemical ionization mass spectrometers (Tof-CIMS) and proton-transfer-reaction time-of-flight 

88 mass spectrometer (PTR-Tof‐MS) have observed abundant gaseous NPs at Uintah Basin 29, urban 

89 Beijing 34, 35, Dezhou 36, and Taizhou 37, and indicated the importance of secondary formation of 

90 some NPs species from urban and BB emissions. However, a comprehensive understanding of the 

91 formation and transformation of NPs away from urban source regions, and their impacts in regional 

92 or larger scales remain elusive. 

93 In this study, we conducted a field campaign at a regional background site in Hong Kong to 

94 quantitatively characterize the gaseous NPs in the outflow air from the urbanized regions. The 

95 diurnal variations, sources and sinks of eighteen gaseous NPs were comprehensively investigated. 

96 The atmospheric budgets, formation mechanisms at the molecular level, and implications of NPs 

97 on regional atmospheric chemistry were further evaluated with a photochemical box model.

98 2 Experimental Methods

99 The field campaign was conducted in a regional background monitoring station (Cape D'aguilar, 

100 22.22°N, 114.25°E, 60 m above sea level, Figure S1) in Hong Kong from 20 September to 8 

101 October and 1 November to 18 December in 2018. The site is located in the southeastern tip of 

102 Hong Kong Island, and isolated by hills from the urban center. The air quality in the station is 

103 generally influenced by the continental outflows from the North and East China due to the Asian 

104 monsoon, transported emissions from urban Hong Kong and Pearl River Delta (PRD) region, 

105 oceanic air mass from the South China sea, and biogenic emissions from local vegetation 38, 39. 
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8

106 During the field campaign, a nitrate-based Tof-CIMS (NO3ˉ-Tof-CIMS, Aerodyne) was used to 

107 measure the gaseous NPs. Volatile organic compounds (VOCs) were measured by a PTR-QMS or 

108 a PTR-Tof-MS for the two-phase campaigns. N2O5 was measured by a quadrupole CIMS (Q-

109 CIMS, THS Instruments). The trace gases (NO, NO2 O3, SO2 and CO), PM2.5 mass concentration, 

110 and meteorological parameters were also measured. Detailed information on the instruments can 

111 be found in our previous works 40, 41.

112 Within the Tof-CIMS, multifunctional organics (M) in the atmosphere react with the primary ion 

113 (i.e., NO3ˉ), and then can be measured in the form of M(HNO3)nNO3ˉ (n=0,1) cluster ions and 

114 deprotonated ions of Mˉ by mass spectrometer. The obtained data were analyzed with Tofwerk 

115 software (version 3.2.0). Mass calibration was performed with 61.9884 (NO3
-), 124.9840 

116 (HNO3NO3
-), 187.9797 ((HNO3)2NO3

-), 201.0153 (C6H5NO3(NO3)-) to ensure accuracy of mass 

117 detection within 5 ppm. The average mass resolution of Tof-CIMS was 5200 for m/q>200 during 

118 the whole campaign, and the high-resolution peak-fitting allowed more precise molecular 

119 identification of measured organic compounds. A recent study employing the same type of 

120 instrument and configuration has identified and quantified six classes of NPs in Beijing 34. 

121 Similarly, we identify eighteen NPs species as summarized in Table S1, and Figure S2 illustrates 

122 the high-resolution peak fittings of some typical NPs. Detailed descriptions of the instrument and 

123 data analysis are provided in supporting information (SI).

124 Sensitivity calibration was performed with 2-nitrophenol and 4-nitrophenol by using the standard 

125 gas generated from certified permeation tubes. The sensitivity of 2-nitrophenol was too low to be 

Page 8 of 41

ACS Paragon Plus Environment

Environmental Science & Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

126 measured by the Tof-CIMS in the present study, and the sensitivity of 4-nitrophenol was 

127 determined to be 9.13±0.21×10-4 ncps/ppt (Figure S3). Thus, the measured signal of C6H5NO3 in 

128 Tof-CIMS should be dominated by 4-nitrophenol. Because of the uncertainty of the structure and 

129 unavailable of commercial standards for other NPs, the instrumental sensitivity of 4-nitrophenol 

130 was also applied to other NPs, with the correction of mass-dependent transmission efficiency. 2-

131 methyl-4-nitrophenol has been calibrated previously by Yuan et al. 36 and Cheng et al. 34, and their 

132 results showed a slightly higher or lower sensitivity of 2-methyl-4-nitrophenol than that of 4-

133 nitrophenol, respectively. The uncertainty introduced by using the uniform sensitivity with mass-

134 dependent transmission correction was estimated to be 40%. 

135 An observation-based photochemical box model (PBM) built on the Master Chemical Mechanism 

136 (MCM v3.3.1) (http://mcm.york.ac.uk) was employed to investigate the budget and formation of 

137 different NPs 29, 34, 36, as well as their impacts on HONO formation. This PBM has been used in 

138 our previous studies 42, 43. The gas-phase inorganic and organic reactions, kinetic data and 

139 parameters were extracted from MCM v3.3.1. The reaction pathways of production and loss of 

140 different NPs were included in the model and are explicitly summarized in scheme S1 and S2 in 

141 the SI. Besides, the photolysis of NPs, a gas-particle partitioning module of NPs following Johnson 

142 et al. 44, and different HONO formation reactions are also considered and embedded in the model 

143 to comprehensively explore the fates of NPs and their impacts in the atmosphere. The PBM was 

144 constrained with the measurement data of trace gases, key VOC species, and meteorological 

145 parameters. More details about the model configuration are provided in the SI.
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10

146 3 Results and Discussions

147 3.1 Overview of nitro-phenolic compounds    

148

149 Figure 1. Time series of O3, CO and solar radiation (a), NOx and levoglucosan (b), C6H5NO3, 

150 C7H7NO3, C8H9NO3 (c), C6H4N2O5, C7H6N2O5, C8H8N2O5(d) measured in this field campaign. In 

151 the top of this figure, periods marked in green, purple and orange represent three clusters classified 

152 from backward trajectory analysis.

153 During the campaign, eighteen kinds of NPs were measured continuously, including twelve kinds 

154 of mono-nitro-phenolic compounds (mono-NPs) with 1 to 3 -OH substituted groups, four di-nitro-

155 phenolic compounds (di-NPs) with 1 to 2 -OH substituted groups, and two mono-NPs with -Cl 

156 substituted group (Cl-NPs). The time series of the key NPs, together with trace gases, and 
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157 meteorological parameters, are shown in Figure 1, S4 and S5, and the statistical summary of their 

158 concentrations is shown in Figure 2a and summarized in Table S1. Among the measured NPs, 

159 C6H5NO3 was the most abundant species, with an average ( one standard deviation) and 

160 maximum concentration of 16.9±14.6 pptv and 84.0 pptv, respectively. It was followed by 

161 C7H7NO3 and C6H4N2O5 with the average concentrations of 4.0±5.2 pptv and 2.5±2.5 pptv, 

162 respectively. C6H4NO3Cl and C6H3NO3Cl2 were measured in the gas phase for the first time and 

163 confirmed by checking their isotopic ratios (see SI), showing concentrations up to 1.2 and 0.88 

164 pptv during the nighttime, respectively. Generally, the concentration of gaseous NPs decreased 

165 with the increase of -NO2, -OH substituted groups and carbon numbers. The NPs in the same 

166 category showed a similar temporal pattern and good correlations (Figure S6), indicating their 

167 similar sources and atmospheric processing. The mean concentrations of NPs measured at Cape 

168 D'aguilar in this study were much lower than those measured at urban regions, where significant 

169 anthropogenic emissions (e.g., Beijing, Santiago, Milano) or biomass/crop residue burning (e.g., 

170 Dezhou, Taizhou) dominated the NPs concentrations 32, 34, 36, 37, 45. However, the NPs measured at 

171 this regional background site were higher than that detected in the rural site of Lombardia and in 

172 the Horse Pool site at Uintah Basin 29, 45, suggesting the potential contribution of photochemical 

173 secondary formation and significant influences of continental outflows.

174 Three-day (72 h) backward trajectories were reconstructed using the Hybrid Single-Particle 

175 Lagrangian Integrated Trajectory (HYSPLIT) model to investigate the origins of air masses 

176 arriving at the site and the influences on the variation of observed NPs. Throughout the 
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177 measurement period, continental outflows from East China along the coastline (cluster 2) and from 

178 Central China and the PRD region (cluster 3) dominated the air masses arriving at the site, with 

179 occasional marine airflow from the South China Sea (cluster 1) (Figure1 and S7). As shown in 

180 Figure 2b and Table S1, elevated concentrations of most NPs were found in cluster 3 from Central 

181 China and the PRD region, especially for C6H5NO3, C7H7NO3, C8H9NO3, and C6H4N2O5, which 

182 showed 1.6 to 3.6 times and 4.1 to 8.2 times enhancement compared to the East China airflow and 

183 the marine airflow, respectively. The higher NPs concentrations are likely associated with the 

184 extensive anthropogenic emissions from Central China and the PRD region, which contributed to 

185 both higher primary emissions and secondary formation from the emitted precursors.

186  

187 Figure 2. The average concentrations of measured NPs during the field campaign (a), the 

188 concentration distribution of mono-NPs, di-NPs and Cl-NPs in different trajectory clusters (b), and 

189 diurnal pattern of total mono-NPs, di-NPs, and Cl-NPs (c). In (a) and (b), the circle presents the 
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13

190 mean value, the line in the up, middle and bottle of the box plot represent 25%, 50% and 75% 

191 percentile point, respectively, the whiskers extend from each box to ±1.5×IQR (inter quartile 

192 range). The line and the shadow area in (c) represent the mean value and standard deviation, 

193 respectively. 

194 3.2 Diurnal pattern and sources analysis

195 The diurnal variations of the measured NPs are shown in Figure 2c, S5 and S8. The mono-NPs 

196 exhibited a typical photochemical diurnal pattern, with a broad high peak from noon till early 

197 evening. It was noted that two local peaks were observed at around 11:00~13:00 and 17:00~18:00 

198 for most of mono-NPs. This diurnal pattern is different from previous winter observations at 

199 Uintah Basin 29 and Beijing 35, where the mono-NPs exhibited night peaks and efficient loss in the 

200 daytime. An observation conducted in urban Beijing in the autumn reported clear noon-afternoon 

201 peaks for nitrocatechol and methylnitrocatechol, while other mono-NPs only show peaks in the 

202 early evening 34. A similar noon peak contributed by photochemical formation was also observed 

203 at a rural site at Dezhou in north China during the non-BB episode periods 36. Because of the fast 

204 photolysis loss of most of the NPs, the high daytime peaks persisting for the whole afternoon in 

205 the present study suggested a significant source from photochemical production, as direct emission 

206 from local combustion sources was minimal in this region. Di-NPs showed strong diurnal variation 

207 with high concentrations presented at nighttime, similar to previous observations at urban or rural 

208 areas 29, 34, 35, illustrating significant nocturnal generation or/and fast loss in the daytime. Cl-NPs 
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209 showed similar temporal variation and diurnal pattern as di-NPs, indicating a similar formation 

210 or/and loss mechanism.

211 Vehicle exhausts, coal combustion, and BB have been identified as potential sources for NPs or 

212 their precursors. The correlations of NPs with NO or SO2, as respective indicators of vehicle 

213 emission and coal combustion, were weak (R2 < 0.14) (Figure S6), suggesting that those two 

214 primary sources had a minor contribution to the observed NPs but likely account for the precursors 

215 of NPs formation. The better correlation of NPs with levoglucosan, a typical tracer of BB, and CO, 

216 a widely existing by-product from the combustion process (Figure S6), suggests more 

217 contributions of BB to the observed NPs. The correlations of the different classes of NPs with 

218 levoglucosan and CO in cluster 1 to 3 were shown in Figure S9 and S10, respectively. Those 

219 scatters grouped by clusters were observed with distinct concentration ranges and demarcations 

220 for different clusters. The concentrations of CO, levoglucosan and NPs stepped up from the airflow 

221 from marine to center China and PRD (cluster 1 to cluster 3). These results proclaim that BB from 

222 continental outflow was an important source for NPs formation in this region, consistent with the 

223 previous study of particulate NPs in Hong Kong 18. However, as levoglucosan and CO were 

224 relatively inert and long-lifetime compounds in the atmosphere, the good correlations between 

225 them and NPs could not explicitly indicate whether NPs were dominated by the direct emission or 

226 secondary oxidation of precursors emitted from BB sources.

227 A tracer method analogous to the EC-tracer method used for secondary organic carbon calculation 

228 was adopted in this study to evaluate the contributions of primary emission and secondary 
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229 oxidation to the observed NPs 36, 46, 47. CO and levoglucosan were selected as the tracer for 

230 combustion and BB, respectively. The secondary formation of mono-NPs was evaluated via 

231 equation (1), 

232                        (1)[NPs]s =  [NPs]t - (
[NPs]

[Tracer])p ×  [Tracer]

233 where [NPs]s and [NPs]t are the concentration of NPs generated from secondary oxidation and the 

234 total measured NPs, respectively, is the primary emission ratio of NPs relative to the (
[NPs]

[Tracer])p

235 tracer, [Tracer] is the concentration of tracer.  was estimated from the fitting of the lowest (
[NPs]

[Tracer])p

236 15% ratios, assuming that the primary source dominated the period with minimal secondary [NPs]
[Tracer]

 

237 formation.

238 The results from both tracers are consistent and demonstrate the dominant secondary formation of 

239 mono-NPs in the daytime, di-NPs and Cl-NPs at nighttime, respectively (Figure S11). As shown 

240 in Figure S11a, up to 81%-94% of C7H7NO3 and C8H9NO3 were contributed by the secondary 

241 formation in the daytime. For C6H5NO3, the contribution of secondary formation was lower but 

242 still can reach around 80%. The fraction of secondary formation for mono-NPs started to decrease 

243 after sunset, down to around 10-30% before sunrise. Furthermore, it was noted that the time series 

244 of the increment of mono-NPs in the daytime (Δmono-NP) showed a similar trend as the increment 

245 of O3 (ΔO3) (Figure S12). The good correlations between ΔO3 and Δmono-NPs (Figure S13) also 

246 confirm the importance of the photochemical oxidation for mono-NPs. As reported in previous 

247 studies, the photochemical formation of mono-NPs was related to the oxidation of aromatics in the 

248 presence of NO2 
10, 22, 25, 29, 34. Here, the relationships between mono-NPs and possible precursors 
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249 in the daytime were investigated in Figure 3a-3c and S14. The concentration of mono-NPs 

250 increased monotonically with the increase of aromatics, NO2, and solar radiation, implying the 

251 enhanced mono-NPs formation with the increase of precursors 18. 

252

253 Figure 3. Concentration of Mono-NPs (the sum of C6H5NO3, C7H7NO3 and C8H9NO3) as a 

254 function of aromatic hydrocarbon (the sum of benzene, toluene, xylene) (a), NO2 (b) and solar 

255 radiation bins (c) in the daytime; concentration of Di-NPs (the sum of C6H4N2O5, C7H6N2O5, 

256 C8H8N2O5) as a function of Mono-NPs (d), NO3 (e), NO2 (f) concentration bins at night; 

257 concentration of Cl-NPs (the sum of C6H4NO3Cl and C6H3NO3Cl2) as a function of NO3 (g), NO2 

258 (h) concentration bins at night.
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259 In Figure S11b, secondary formation dominated the di-NPs concentrations at nighttime, and the 

260 secondary fraction decreased to around 20-30% for C6H4N2O5 and C7H6N2O5 in the afternoon. For 

261 C8H8N2O5, the secondary fraction was still higher than 50%, indicating the importance of 

262 secondary formation for di-NPs in the daytime though the concentration was low. As reported, the 

263 oxidation of mono-NPs by •OH and NO3• in the presence of NO2 was an important pathway for 

264 di-NPs formation 29, 48. The transformation from mono-NPs to di-NPs was observed in our study. 

265 At around 18:00, the concentration of mono-NPs sharply decreased, while the generation of di-

266 NPs started. The order of di-NPs concentrations was C6H4N2O5 > C7H6N2O5 > C8H8N2O5, which 

267 was consistent with the order of related mono-NPs. The nighttime concentration of di-NPs also 

268 clearly depended on the mono-NPs (Figure 3d, S15). However, the relationship of di-NPs with 

269 NO2 showed a different pattern, with a maximum value around 6-10 ppbv of NO2, and then 

270 decreasing with the increase of NO2 (Figure 3f, S15). We further calculated the concentration of 

271 NO3• with the measured N2O5 and NO2 via the thermodynamic equilibrium equation between them 

272 49, 50. As shown in Figure 3e, S15 and S16a, the concentration of di-NPs was highly correlated with 

273 NO3• concentration, indicating the significance of NO3•-initiated oxidation in di-NPs formation. 

274 If considering the generations of C6H4N2O5, C7H6N2O5 and C8H8N2O5 were all contributed by 

275 C6H3NO3, C7H7NO3, C8H9NO3, respectively, a transformation coefficient ( ) could be -
∆di - NP

∆mono - NP

276 obtained. As shown in Figure S17, the calculated transformation coefficients for C6H4N2O5, 

277 C7H6N2O5 and C8H8N2O5 were 0.068, 0.077 and 0.16, respectively. 
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278 The contribution of secondary formation to Cl-NPs was similar to the di-NPs, more than 70% in 

279 the nighttime and down to 20% in the afternoon (Figure S11c). Previous laboratory study on Cl-

280 NPs formation was limited, and their detailed formation mechanisms remain unclear. Here we 

281 examine the relationship of Cl-NPs with NO3• and NO2 (Figure 3g, 3h, S16b). The trends of Cl-

282 NPs with the increase of NO3• and NO2 were similar to that of di-NPs at nighttime, which also 

283 implied the importance of the NO3 oxidation pathway on Cl-NPs formation. Chlorobenzene and 

284 dichlorobenzene that have been detected in many places may be the potential precursors for 

285 C6H4NO3Cl and C6H3NO3Cl2, respectively 51-53. Once chlorobenzene and dichlorobenzene were 

286 emitted into the atmosphere, they could be oxidized by •OH or NO3• to generate chlorophenol and 

287 dichlorophenol, respectively 54-56. Chlorophenol and dichlorophenol also could be directly emitted 

288 from pesticide preparations and industrial exhaust 57, 58. Then, chlorophenol and dichlorophenol 

289 could be further oxidized 31, 59, but no relevant studies have reported their oxidation products. A 

290 possible formation pathway for C6H4NO3Cl and C6H3NO3Cl2 could be the chlorophenol and 

291 dichlorophenol oxidation similar to the phenol oxidation with NO2 presented to produce 

292 nitrophenol 19, 54. In addition, Cl atom may react with aromatics to generate Cl-substituted 

293 aromatics 60, 61, serving as potential precursor of Cl-NPs. The reported low reaction rate and yield 

294 of Cl-substituted aromatics from benzene with Cl and phenyl radical with Cl2 under ambient 

295 condition 61, 62 suggest only a minor contribution to the Cl-NPs formation. The research on the Cl 

296 atom oxidation of many key precursors (e.g., phenol) is still lacking, and thus the roles of Cl atom 
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297 on Cl-NPs formation are still poorly understood. Further studies are required to investigate the 

298 formation mechanisms of Cl-NPs in the real atmosphere.

299 3.3 Budget analysis with box model

300 Because the secondary formation was found to dominate the observed NPs in this campaign, PBM 

301 constrained with the measurement data was applied to further analyze their formations and budgets 

302 at the molecular level. 

303 For mono-NPs, we focused on the formation of C6H5NO3 and C7H7NO3 owing to their higher 

304 concentrations among mono-NPs and more clear structures of them and their precursors. In model 

305 mechanism (MCM v3.3.1), C6H5NO3 and C7H7NO3 are generated from phenoxy (C6H5O•) and 

306 C7H7O• (including 2-methyl-phenoxy (TOL1O) and 3-methyl-phenoxy (MXYL1O) for 6-methyl-

307 2-nitrophenol, and 4-methyl-phenoxy (PXYL1O) radical for 4-methyl-2-nitrophenol) reacting 

308 with NO2, respectively. Besides the dry deposition and the oxidation by OH and NO3, the 

309 consumption of C6H5NO3 and C7H7NO3 via photolysis was also added to the model. The photolysis 

310 of C6H5NO3 and C7H7NO3 has been controversial 6, 7, 9, 30, 31, 34, 63. Bardini et al. and Bejan et al. 

311 reported that the photolysis rate of 2-nitrophenols and methyl-nitrophenols were 1.4% and 

312 3.2%~7.1% of the photolysis frequency of NO2 (JNO2), respectively, while Sangwan et al. 

313 suggested that their photolysis rate could up to 2 folds of JNO2 6, 7, 30, 63. Hence, a sensitivity test 

314 with different photolysis rates (0-50% of JNO2) was performed to test the simulation of NPs. 

315 The comparison between observation and simulation was shown in Figure 4a, S18a, and S19a. The 

316 simulation results restored the strong diurnal variation of C6H5NO3 and C7H7NO3, affirming the 
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317 dominance of in-situ secondary production on their observed abundances. As expected, the 

318 simulated concentrations decreased with the increase of the photolysis frequency. The simulation 

319 result of 5% and 10% of JNO2　were more consistent with the observed results of C7H7NO3, which 

320 is approximate to the obtained photolysis rates of methyl-nitrophenols by Bejan et al. 30. However, 

321 the simulation of C6H5NO3 was lower than the observation even when photolysis was excluded in 

322 the model. As discussed above, primary emission also contributed to C6H5NO3 levels. However, 

323 though a more comparable result was found between the simulation and secondary fraction of 

324 C6H5NO3 (from the tracer method), discrepancies still existed on some days (Figure S18a), which 

325 may be caused by several reasons. First, in view of the short lifetime of phenol, only secondary 

326 formation of phenol was considered in the model 64. The possible primary emissions of phenol 

327 may partly explain the underproduction of C6H5NO3 34, 35, 64. Second, the incomplete formation 

328 mechanism of C6H5NO3 in the model may also account for the inconsistency, because only the 

329 formation mechanism of 2-nitrophenol was included in the MCM mechanism, while our measured 

330 C6H5NO3 was likely dominated by 4-nitrophenol. Besides, O3 was reported could affect the 

331 production ratio of 2-nitrophenol and 4-nitrophenol 19, and could even oxidize aromatics directly 

332 to produce -NO2 substituted compounds in the presence of NO2 
65, which was not considered in 

333 the model. The complicated but unclear formation mechanism of different NP species requires 

334 further comprehensive research.
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335

336 Figure 4. The comparison between the simulation and observation of C7H7NO3 (a), diurnal 

337 variation of TOL1O, MXYL1O, PXYL1O and NO2 (b), budget of C7H7NO3 (c) and TOL1O (d) 

338 with 5% of JNO2 used for the photolysis rate, budget of C6H4N2O5 (e) and NPHEN1O (f) with 1.4% 

339 of JNO2 used for the photolysis rate.

340 The main formation and consumption pathways of C6H5NO3 and C7H7NO3 derived from the model 

341 were shown in Figure S18b and Figure 4c, respectively. C7H7NO3 with about 72% of 6-methyl-2-

342 nitrophenol and 28% of 4-methyl-nitrophenol was directly generated from the reaction of TOL1O 

343 + NO2, MXYL1O + NO2, and PXYL1O + NO2 (Scheme S2), and was dominated by the first 

344 pathway (75%). TOL1O, MXYL1O, and PXYL1O were photochemical products exhibiting their 

345 highest concentration at noontime, while NO2 was higher in the morning and evening (Figure 4b). 
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346 The diurnal patterns of TOL1O, MXYL1O, PXYL1O, and NO2 resulted in the double peaks of the 

347 production rate of C7H7NO3 in the daytime. Among the sources of TOL1O (Figure 4d), the reaction 

348 between o-methylphenyl peroxide (OXYL1O2) and NO seems to be the dominant pathway. 

349 However, TOL1O could quickly transform into OXYL1O2 via TOL1O+O3 reaction in turn. The 

350 net production rate of TOL1O from OXYL1O2 (Pnet-OXYL1O2) was lower than 1.9 pptv/h. The 

351 reaction of cresol+ NO3• also contributed to the formation of TOL1O, and its highest production 

352 rate (4.2 pptv/h) and highest contribution (55%) was reached at around 16:00 and 17:00, 

353 respectively. It was noted that the high contribution of cresol + NO3• to TOL1O presented in the 

354 daytime rather than at nighttime as expected. This was because cresol was a photochemical 

355 product, and though NO3 was a main nocturnal oxidant, its concentration still could reach around 

356 106 molecule/cm3 in the daytime. The contribution of cresol + NO3• was even higher than that of 

357 cresol + OH to TOL1O, which can be explained by the following reasons. The reaction rate for 

358 cresol + NO3• is 1.1~1.4×10-11 cm3 molecule-1 s-1, which is only a little bit slower than the reaction 

359 rate of cresol + •OH (4.32~5.88×10-11 cm3 molecule-1 s-1) 27, 66. However, the yield of TOL1O in 

360 cresol + NO3• (0.391) was much higher than that in cresol + OH (0.073). It leads to a noticeable 

361 role of cresol + NO3• on C7H7NO3 formation in the daytime, especially in the afternoon. 

362 The bi-modal pattern of observed C7H7NO3 points to a fast consumption pathway offset the high 

363 production rate in the noontime. As shown in Figure 4c, photolysis was the dominant sink of 

364 C7H7NO3 in the daytime associated with solar radiation and exceeded the production rates of 

365 C7H7NO3 in the noontime. Hence, the net production rate of C7H7NO3 increased after sunrise and 
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366 then decreased to negative value at noontime, followed by another increase in the afternoon. NO3• 

367 started to increase at around 16:00 and made a significant contribution to C7H7NO3 loss at around 

368 17:00-20:00, which significantly contributed to the di-NPs formation in the evening, as discussed 

369 afterward. Moreover, the deposition of C7H7NO3 also started to increase after sunset due to the 

370 decrease of the boundary layer. Because of the gradually weakened photochemical formation and 

371 the increased consumption caused by NO3 and deposition in the evening, a sharp decrease of 

372 C7H7NO3 started at 17:00-18:00. Consequently, the appearance of double peaks of C7H7NO3 was 

373 attributed to the complex competition of the consumption of C7H7NO3 by photolysis, NO3 and 

374 deposition with the photochemical production from TOL1O+NO2, MXYL1O+NO2 and 

375 PXYL1O+NO2. A similar budget analysis of C6H5NO3 was provided in SI. 

376 As gas-particle partitioning could also affect the variation of gaseous NPs, we also included this 

377 process in our simulation. Its contribution to NPs was not plotted in the budget figure but has been 

378 included in the calculation of net NPs production. The simulated average concentrations of 

379 particulate C6H5NO3 and C7H7NO3 from the gas-particle partitioning were 0.16 and 0.02 ng/m3, 

380 respectively, within the concentration range of the particulate NPs observed at Hong Kong 18. The 

381 particulate C6H5NO3 and C7H7NO3 only accounted for a small fraction of the total NPs, which 

382 highlights the importance of gaseous NPs detection to complete the understanding of NPs in the 

383 atmosphere.

384 Box model simulation with the additional constraint of observed mono-NPs was performed to 

385 analyze the budget of di-NPs. The simulated results for C6H4N2O5 and C7H6N2O5 were showed in 
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386 Figure S20a and S21a, which agreed reasonably with the observations. Nitrophenoxy (NPHEN1O) 

387 + NO2 and methyl-nitrophenoxy (NCRES1O) + NO2 were the direct pathways for the generation 

388 of C6H4N2O5 and C7H6N2O5, respectively. It was noted that significant production of C6H4N2O5 

389 and C7H6N2O5 also occurred in the daytime rather than only in the nighttime, as directly observed 

390 in their concentration changes (Figure 4e, S21b). However, the daytime productions were offset 

391 by the fast photolysis loss during the daytime, resulting in a net loss rate in the daytime. The 

392 daytime production of those di-NPs was attributed to the noon peaks of NPHEN1O and NCRES1O 

393 (Figure S20b, S21c). Same as C7H7NO3, the net contribution of nitro-phenylperoxy (NPHEN1O2) 

394 to NPHEN1O and nitro-methylphenyl peroxide (NCRES1O2) to NCRES1O were low owing to 

395 the conversion of NPHEN1O to NPHEN1O2 and NCRES1O to NCRES1O2 in turn with O3 

396 presented. The oxidation of related mono-NPs by •OH was an important source for NPHEN1O 

397 and NCRES1O formation in the daytime. With the decreased solar radiation and the increase of 

398 NO3• concentration in the evening, the oxidation of mono-NPs by NO3 became dominant, 

399 accounting for 68% and 66% of the formation of NPHEN1O and NCRES1O for the whole night 

400 (Figure 4f, 21d). Without the photolysis loss after sunset, this NO3 oxidation pathway contributed 

401 to a positive net production rate of C6H4N2O5 and C7H6N2O5 (up to 0.43 and 0.46 pptv/hr, 

402 respectively), leading to the accumulation of their concentrations during the nighttime. The 

403 simulated average concentrations of C6H4N2O5 and C7H6N2O5 in particle phase from gas-particle 

404 partitioning were 0.37 and 0.53 ng/m3, respectively, which were higher than the particulate 

405 C6H5NO3 and C7H7NO3 owing to the simulated lower saturated vapor pressures. 
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406 Aqueous-phase formation of NPs, not considered in the model, should play a minor role in the 

407 C6H5NO3 and C7H7NO3 formation due to the low average liquid water content of aerosol (1.5×10-

408 11) 67. The low particulate C6H5NO3 and C7H7NO3 concentrations, obtained either from the 

409 simulated or the reported value also reduced the possibility of aqueous-phase formation for 

410 C6H4N2O5 and C7H6N2O5.

411 3.4 The photochemical impacts of high NPs in background air

412 HONO has been proved to be an important product from the photolysis of NPs 6, 7, 30. The elevated 

413 daytime concentration and formation rate of NPs observed in this study may significantly impact 

414 the daytime HONO formation. Here, the production of HONO from the photolysis of NPs (PNPs) 

415 was calculated and was compared with other reported important sources of HONO, including the 

416 homogeneous reaction of OH+NO (OH+NO), the heterogeneous reaction of NO2 on aerosol (Het-

417 NO2), the light-enhanced heterogeneous reaction of NO2 on aerosol (Hethv-NO2), and the 

418 photolysis of particle nitrate (PNO3
-). As shown in Figure 5a and S22, the average peak production 

419 rate of HONO from PNPs was 16.9 pptv/h, which was lower than that from NO+OH (116.1 pptv/h) 

420 and PNO3
- (134.7 pptv/h) but was higher than the heterogeneous production (lower than 2.8 

421 pptv/h). The highest production rate of NO+OH appeared at around 10:00 am, determined by the 

422 diurnal variation of NO and OH radicals. NO emitted from vehicles in the urban clusters would 

423 transport to the site and reach its peak value during 8:00-10:00 am, while the concentration of OH 

424 radical was mostly dependent on the solar radiation. The diurnal patterns of the HONO production 

425 from PNPs and PNO3
- were similar, with a high peak value appearing at noon. The observed high 
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426 and broad NPs peaks in the afternoon provide a more persistent source for HONO formation, which 

427 results in the fraction of PNPs to HONO formation increased in the afternoon (Figure 5b). The 

428 contribution of NPs photolysis to HONO formation was higher than 10% after noon and reached 

429 24 % at 16:00. The reported average concentration of HONO at the same site in the similar season 

430 of 2012 was 126±95 pptv 40. The photolysis of NPs could be an important source for afternoon 

431 HONO formation and even OH radicals, which could help explain the unknown HONO 

432 source/mechanism and increasing atmospheric oxidation capacity in this and other coastal 

433 background regions. The sustained photochemical and nocturnal oxidations of precursors in the 

434 outflow of Asian continental air, especially the NO3 oxidation in NOx-rich air, could produce 

435 abundant nitro-aromatic and organic nitrate species, which can significantly affect the atmospheric 

436 chemistry and regional air quality in the background and marine regions.

437

438 Figure 5. Production rate of HONO from the photolysis of nitrophenols (a), and the fraction of 

439 homogeneous reaction OH+NO, photolysis of particle nitrate (PNO3
-), light-enhanced 

Page 26 of 41

ACS Paragon Plus Environment

Environmental Science & Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27

440 heterogeneous reaction of NO2 on aerosol (Hethv-NO2), heterogeneous reaction of NO2 on aerosol 

441 (Het-NO2), photolysis of nitrophenols (PNPs) to HONO formation (11.10-12.3) (b). IQR was inter 

442 quartile range. A unit yield of HONO was assumed in the NPs photolysis, and the photolysis rates 

443 of 1.4% of JNO2 for C6H5NO3 and C6H4N2O5 and 5% of JNO2 for other NPs were adopted based on 

444 the simulation results and previous studies 29, 30, 63.
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446 Associated Content

447 Supporting Information. 

448 The following files are available on the ACS Publications website. HR-Tof-CIMS instrument 

449 settings; Box model setting; Budget analysis; Detail information of the site; High-resolution peak 

450 fitting; Calibration of C6H5NO3; Overall results of other parameters; Time series of NPs; 

451 Correlations among NPs and related pollutants; Clusters of 72 h backward trajectories; Diurnal 

452 variations; Correlations between NPs and levoglucosan/CO; Secondary formation fractions of 

453 NPs; Time series and correlations of ΔO3 and ΔNPs; Concentration of mono-NPs and di-NPs as 

454 a function of related precursors; Distribution of di-NPs and Cl-NPs as a function of NO2; 

455 Transformation of di-NPs from mono-NPs; Reaction mechanisms of NPs; Simulations and budget 

456 analysis of NPs; HONO production ; Concentration of NPs and compounds input into the model 

457 (PDF).
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