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19  Abstract

20 Polycyclic aromatic hydrocarbons (PAHs), oxygenated PAHs (OPAHs), and
21 nitrated phenols (NPs) are essential aromatic compounds that significantly affect both
22 climate and human health. However, their sources and formation mechanisms,
23  particularly for NPs, remain poorly understood. This study determined the
24 concentration profiles and the main formation mechanisms of these substance classes
25 in PM2s from Dongying, based on field observations and quantum chemical
26  calculations. The daily concentrations of ) 13PAHs during heating were more than
27  twice higher compared to those before the heating period. Benzo(b)fluoranthene was
28  identified as the primary PAHs species. The average concentration of ) 8OPAHs
29  reached 351 ng m?, with significantly increased concentrations observed during the
30 heating season, and 1-Naphthaldehyde (1-NapA) emerged as the most prevalent OPAH
31  species. Concentrations of ) 9NPs increased approximately 1.2 times during the heating,
32  with 4-methyl-5-nitrocatechol (4M5NC) having the highest concentration. Positive
33  matrix factorization analysis identified biomass burning to be the primary source of
34  these aromatic compounds, particularly for PAHs. Density functional theory
35 calculations further revealed that phenol and nitrobenzene are two main primary
36  precursors for 4-nitrophenol, with phenol showing lower reaction barriers, and P-Cresol
37 was identified as the primary precursor for the formation of 4M5NC. This study
38  provides the first detailed investigation of the sources and formation mechanisms of
39  aromatic compounds in the atmosphere of petrochemical cities in the Yellow River

40  Delta, which may provide fundamental insights and important guidance for reducing
2
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41  emissions of aromatic compounds in similar atmospheric environments.
42
43 Keywords: Aromatic compounds, Source identification, DFT calculations, Formation

44 mechanism, Heating period
45 1. Introduction

46 Aromatic compounds, characterized by the presence benzene ring, are known for
47  their structural stability and resistance to decomposition, as well as their distinctive
48  aromatic properties. Polycyclic aromatic hydrocarbons (PAHSs), oxygenated PAHS
49  (OPAHSs), and nitrated phenols (NPs) are significant aromatic compounds commonly
50 found in atmospheric particulate matter. These compounds exerted a considerable
51  influence on ambient air quality, climate change, and human health (Peng et al., 2023,;
52 Yhabetal, 2021; Chong et al., 2021; Lammel et al., 2020; Elzein et al., 2019).

53 PAHs are semi-volatile compounds, comprised of multiple interconnected
54  aromatic rings and are commonly found throughout various environmental settings.
55  PAHs are primarily formed as byproducts of the partial combustion of carbon-rich
56  substances, including coal, biomass, tobacco, garbage, charbroiled meat, and petroleum
57  (Del Rosario Sienra et al., 2005; Kashiwakura and Sakamoto, 2010; Chen et al., 2005;
58  Shen et al., 2010). OPAHs are aromatic compounds with one or more carbonyl groups
59  connected to their ring structure, and they contain various quinones and ketones.
60  OPAHs generally have lower vapor pressures upon comparison with their parent PAHs,

61 leading to a higher propensity to be retained in the particulate phase. The direct-acting

3
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62  mutagen properties and the generation of reactive Oz species render some OPAHs more
63  hazardous compared with the parent PAHs (Bandowe et al., 2010; Chung et al., 2006;
64  Bolton et al., 2000; Pedersen et al., 2005). OPAHSs is carried out either directly through
65  the incomplete combustion of various organic materials (Oda et al., 2001; Jakober et
66  al.,2007) or can be formed indirectly through photochemical reactions involving PAHs
67  and ozone, nitro, and hydroxyl radicals (Bandowe et al., 2014; Wang et al., 2011; Lin
68 et al, 2015b). Research suggests that the PAH concentrations, along with their
69  derivatives in PMas, increased during winter or heating periods, primarily due to
70  biomass and coal burning (Lin et al., 2015b). Furthermore, particulate matter released
71 from biomass burning is considered more toxic compared to that derived from other
72 sources (Sarigiannis et al., 2015). NPs are monocyclic aromatic compounds having
73 properties similar to benzene, including low solubility in water while high solubility in
74 various organic solvents such as ethanol, pyridine, xylene, and chloroform. In addition
75  to adversely affecting human health, NPs can also disrupt the equilibrium of the
76  ecosystem, increase the risk of cancer, and disrupt plant growth (Chow et al., 2015;
77  Liang et al., 2020; Booth et al., 2014). NPs in the atmosphere are primarily derived
78  from primary emissions and secondary formation. Primary sources of NPs include
79  emissions from coal combustion, vehicle exhaust, biomass combustion, and industrial
80  and agricultural sources, similar to the sources of PAHs and OPAHSs (Liang et al., 2020;
81 Wang et al., 2017; Lu et al., 2021). Observations in the atmospheric environment
82 indicate that secondary formation can provide more than one-third of the total NPs

83  present (Yuan et al., 2016a). Benzene, toluene, and their derivatives are considered
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84  significant precursors in the secondary formation of NPs, although secondary NPs can
85 also be generated through nitrification of phenols in the gas or condensation phase or
86 by interactions between phenoxyl radicals, formed from NO2, and other aromatic
87  compounds (Harrison et al., 2005).
88 In Dongying City, known for its petrochemical industry, benzene, toluene, and
89  xylene are significant contributors to the levels of VOCs into the environment (Chen et
90 al., 2020). Moreover, research has revealed that in the presence of NOy, aromatic
91  hydrocarbons can be oxidized to yield nitroaromatic compounds, including nitrophenol,
92  dinitrophenol, nitrocatechol, and methylnitrocatechol (Lin et al., 2015a). The primary
93 sources of aromatic compounds in particulate matter within high-aromatic
94  environments and the potential relationship between their secondary formation and the
95  benzene series mentioned earlier still require systematic investigation. Therefore, this
96  study explored the pollution characteristics and primary sources of PAHs, OPAHs, and
97  NPs in PMzs in Dongying City, and further explored the formation mechanism of
98 typical nitrophenols based on field observations and density functional theory
99  calculations. This study represents the first investigation regarding the sources and the
100  forming mechanisms of aromatic compounds within the atmosphere of petrochemical

101  cities in the Yellow River Delta.
102 2 Materials and Methods

103 2.1 Field observations

104 PMaz 5 samples collection was carried out at Dongying Atmospheric Super Station
5
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105  (118.59°E, 37.45°N) from October 27 to December 6, 2021. The surrounding area is
106  primarily residential and commercial, with well-developed transportation infrastructure
107  and no significant sources of industrial pollution, making it a representative urban
108  monitoring site. A high-flow particulate sampler (TH-1000H, Wuhan Tianhong
109  Instrument Co., LTD) was employed to obtain the samples. This instrument had a
110  sampling flow rate equal to 1.05 m3/min and a flow accuracy of £2.5%. It comprised a
111 quartz filter (Quartz, 203 mmx254 mm, Whatman, UK), with an effective filter
112 diameter of 180 mmx230 mm. Samples were collected twice daily: once during the day
113 from 8:00 am to 7:30 pm local time (LT) and once from 8:00 pm to 7:30 am LT.
114  Meteorological statistics, including temperature, weather conditions, humidity, wind
115  direction and speed, were measured concurrently with each sampling.

116 2.2 Chemical analysis

117 Organic species in PMzs were detected following a pre-treatment process that
118  included ultrasonic extraction along with derivatization. Initially, a quarter of the
119  membrane was placed into a sample bottle and then immersed in a mixture of
120  dichloromethane and methanol solution (2:1, v/v) to completely submerge the filters.
121 After that, three 15-min treatments of ultrasonic extraction were carried out. Following
122 the process of extraction, filtration was carried out through glass wool using a Babbitt
123 dropper into pear-shaped flasks. The filtrates were then concentrated to a small amount
124  through a rotary evaporator inside a vacuum. Subsequently, they were transferred to
125  GC bottles, which were dried with a nitrogen purifier, followed by the addition of 60

126 puL of N, O-bis-(trimethylsilyl) trifluoroacetamide solution. The bottles were then
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127  placed in an oven at 70 °C for a total time duration of 3 h to complete the derivatization
128  process. After the reaction, the solution was cooled and an internal standard comprised
129  of 40 pL tridecane was added. The solution was mixed completely and then placed in
130  the refrigerator for examination.

131 This study analyzed thirteen different PAHs, eight different OPAHs, and nine
132 different NPs using the afore mentioned methods of analysis, as well as some organic
133 tracers, e.g. levoglucosan. The thirteen kinds of PAHs include Fluoranthene (Flu),
134  Benzo[k]fluoranthene = (BkF), Benzo[a]anthracene (BaA), Pyrene (Pyr),
135  Chrysene/triphenylene(CT), Benzo[b]fluoranthene (BbF), Benzo[a]pyrene (BaP),
136  Benzo[e]pyrene (BeP), Indeno[1,2,3-cd] (IP), Perylene (Per), Benzo[ghi]perylene
137 (BghiP), Dibenzo[a,h]anthracene (DBA), and Coronene. The eight OPAHs include
138 benzanthrone (BZA), 9-fluorenone (9-FO), 1-Naphthaldehyde (1-NapA), 1,4-
139  chrysenequione (1,4-CQ), anthraquinone (ATQ), 5,12-naphthacenequione (5,12-NAQ),
140  benzo(a)anthracene-7,12-dione  (7,12-BaAQ), and 6H-benzo(cd)pyrene-6-one
141 (BPYRone). The nine NPs are 4-nitrophenol (4NP), 4-nitroguaiacol (4NGA), 3-methyl-
142 4-nitrophenol (3M4NC), 4-methyl-5-nitrocatechol (4M5NC), 4-nitrocatechol (4NC),
143 S-nitroguaiacol (SNGA), 2, 4-dinitrophenol (2, 4-DNP), 5-nitro-salicylic acid (SNSA)
144  and 3-nitro-salicylic acid (3NSA).

145 Inorganic ions soluble in water were quantified through an ion chromatograph
146  (Dionex-1100). The analysis focused on eight water-soluble inorganic ions: NOs~, CI-,
147  NH4*, SO+*, Na', Mg?', K*, and Ca?". The measurement of organic carbon (OC) and

148  elemental carbon (EC) was performed through a thermal/optical carbon analyzer
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149  (DRI2015). Detailed tests for analyzing EC, OC, and inorganic ions are provided in a
150  previous report (Ren et al., 2021).

151 2.3 Quantum chemical calculations

152 Quantum chemical calculations both in the gas phase and liquid phase were
153  performed using the Gaussian 09 software. The geometries and frequencies for the
154  reactant monomers, reactant complexes (RC), transition states (TS), intermediate (IM)
155  and product complexes (PC) were performed at the M06-2X/6-311++G(2df,2p) level
156  of theotry, which is well-established for studies of organic systems (Li and Wang,
157  2014; Zhao and Truhlar, 2007). The conductor-like polarizable continuum
158  model(CPCM) was used for the optimization calculations to include the solvent effect
159  in the liquid (Takano and Houk, 2005). Radicals were treated using unrestricted
160  Hartree—Fock calculations, and TS was optimized to ensure the presence of a single
161  imaginary frequency. Intrinsic reaction coordinate (IRC) calculations were carried out
162  to further guarantee that the TS connects the right pre- and post-complexes along the
163  reaction coordinate (Gonzalez and Schlegel, 1989).

164 2.4 Quality control and quality assurance (QC&QA)

165 QA and QC procedures for sampling and laboratory analysis strictly follow the
166  environmental monitoring technical specifications and analytical standards established
167 by the Ministry of Environmental Protection. Periodic inspections of all analytical and
168  testing instruments were carried out in accordance with the relevant metrological
169  verification protocols. The quartz filter membrane was burned inside a Muffle furnace

170  at a temperature of 450 °C for 6 h before sampling. After natural cooling, it was
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171 removed and transferred to a controlled temperature and humidity box (25 + 1 °C, 50 +
172 5% RH). The sampled filter membrane was packed in a ziplock bag and stored in the
173 refrigerator at a temperature below 0 °C until analysis. To minimize systematic errors,
174  corresponding blank filter samples were simultaneously prepared and stored followed

175 by analysis under the same conditions as the collected samples.
176 3 Results and discussion

177 3.1 Changes in meteorological conditions, gaseous pollution, and major

178  components of PM2s

179 The entire study period was divided into two stages: before heating (October 27 to
180  November 14, 2021) and during heating (November 15 to December 6, 2021). Fig. 1
181 and Table 1 illustrate the temporal variations within the meteorological factors,
182  concentrations of gaseous pollutants, as well as the primary components of PMas.
183  Before heating, the relative humidity (RH) and temperature (T) were higher, averaging
184 64 + 18% and 12 + 5.4 °C, respectively. During the heating period, the average values
185  were found to be lower at 60 + 18% and 7.9 + 3.7 °C. Overall, the average values for
186  the entire study period were determined to be 62 + 18% and 9.6 + 4.9 °C. The
187  concentrations of SO, and NO during heating (11 £ 6.6 ppb, and 17 £ 16 ppb,
188  respectively) were nearly twice that of the value observed before heating, with a slight
189  increase in the level of NO». These increases are likely attributable to the increased
190  burning activities during the heating season, particularly residential coal combustion.

191  In contrast, the levels of O3 and Ox (the sum of NO; and O3) were significantly higher
9
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192 before heating, with an average value of 49 + 27 ppb and 80 + 28 ppb, respectively, in
193  comparison to that observed during the heating period. This variation was primarily

194  ascribed to the higher temperatures and stronger solar radiation before heating.

195 Although the PM2 s concentrations remained unchanged throughout the sampling
196  period, there were considerable variations in the concentrations and proportions of its
197  chemical components. Figs.1 and 2 showed the time variations and absolute proportion
198  of chemical components in PM» 5 before and during heating, respectively, throughout
199  the entire sampling period. Throughout the observation period, secondary inorganic
200  aerosols (SIA) such as SO4%, NOs", and NH4* were determined as the main chemical
201 component of PMzs, followed by OM (1.6 times the OC). Before heating, the
202  concentrations of SO+, NOs~, and NH4* were found to be 5.5, 17, and 7.5 pg m,
203  respectively, while during heating, they demonstrated the average values of 5.3, 17, and
204 7.7 g m? (Fig. 1b, c). The total concentrations and proportions of SIA remained
205  relatively stable, with an average of about 35% during the whole process. Among these,
206  NOs was determined as the predominant species, constituting approximately 19% of
207  the total PM2 s during the sampling period. OM comprised 12.7% of PM2s before the
208  heating period and increased significantly to 17.5% during heating (Fig. 2b, c).
209  Correspondingly, the average OC concentration increased from 5.4 to 7.7 ug m™.
210  However, the average ratio of OC/EC remained relatively unchanged, with values of
211 2.5+ 1.1 before heating and 2.4 = 0.6 during heating. Generally, OC is generated from
212 both primary emissions and secondary formation, while EC is predominantly derived

213 from primary sources. The significant increase in the concentration of OC alongside a

10



https://doi.org/10.5194/egusphere-2024-3678
Preprint. Discussion started: 3 January 2025
(© Author(s) 2025. CC BY 4.0 License.

214

215

216

217

218

219

220
221

EGUsphere\

stable OC/EC ratio suggests that the sources of carbonaceous aerosols in this study
include both primary emissions and secondary formation processes. Furthermore, a
high positive correlation between levoglucosan and K* and CI- (Fig. 3), along with the
enhanced mass concentrations of these ions during the heating period, suggests
additional combustion activities, including biomass burning, in addition to coal
combustion.

Table 1. Meteorological parameter values and concentrations of gaseous pollution and chemical

components of PM2.5 during the sampling periods in Dongying.

Period The whole sampling
Date 27/10-6/12
Scope of the Sample N=74

Before heating period

27/10-14/11
N=30

During heating
period
15/11-6/12
N=44

Meteorological parameters

9.6 +4.9 ((-1.7) - 21)
62 +18 (29 - 94)

Temperature, °C
Relative humidity, %

12 £5.4 ((-1.7) - 21)

64 +18 (33 - 95)

7.9+3.7(0.2-17)
60 +18 (30 — 94)

Gaseous pollutants, ppb

SO, 8.9 45.9 (2.7 - 28)
NO 13 14 (NA — 54)
NO, 35 +17 (6.8 — 78)
03 39 +23 (3.8 - 106)
Ox 74 425 (43 - 167)

6.7 4.2 (3.1 20)
8.5+11 (0.2 — 41)
32 +18 (6.8 - 78)
49 +27 (3.8 - 106)
80 +28 (51 - 167)

11 +6.6 (2.7 - 28)
17 +16 (1.0 — 54)
38 +16 (9.2 - 73)
30 +16 (8.9 — 83)
68 £20 (43 — 137)

Major components of PMzs, pg m

PM2s 74 42 (23 - 222)
oc 6.8 £3.5 (0.6 - 15)
EC 3.7+3.8(0.2 - 26)

OC/EC 2.4+08(0.1-5.1)
SO 54435 (1.2 17)
NOs 17 +15 (1.5 - 67)
NH,* 7.6 6.1 (0.6 - 27)

cr 1.8+1.2(0.2-6.1)
K* 0.6 +0.4 (0.1 2.0)

74 +41 (23 - 167)
5.4 2.7 (0.6 — 10)
3.5+4.7 (0.2 - 26)
25+1.1(0.1-5.1)
5.5+3.6 (1.2 - 15)
17 +15 (1.5 — 46)
7.5+6.1 (0.9 - 21)
15+13(0.2-6.1)
0.5+0.4 (0.1 2.0)

75 +43 (25 - 222)
7.7 3.8 (1.4 - 15)
3.8+3.2 (0.6 - 20)
2.4+0.6 (0.2 3.6)
53+3.4(1.5-17)
17 +16 (1.6 - 67)
7.7+6.2 (0.6 - 27)
2.0+1.1(0.5-5.3)
0.6+0.3(0.1-1.2)

11
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233 3.2 Changes in the concentration and composition of aromatic compounds

234  3.2.1 PAHs and OPAHs

235 Table 2 and Fig. 4b show that the daily concentrations of 13 different PAHs ()
236 13PAHs) ranged from 3.9 to 388 ng'm™, with 91 ng-m> of overall average value
237  throughout the sampling period. During the heating phase, concentrations averaged 115
238 ng-'m? (over a range of 15 to 388 ng-m™), more than twice the levels recorded before
239 heating, which averaged 56 ng-m™ (over a range of 3.9 to 241 ng'm™). The 3’13 PAHs
240  measured in the current research were lower in comparison to those recorded in other
241  Chinese cities, including Xi 'an (127 ng-m~, 2016-2017) (Wang et al., 2019a) and
242  Harbin (215 ng-m™, 2017-2018) (Ma et al., 2020). Nighttime average concentrations
243  of PAHs (65 + 77 ng-m™ before heating and 154 + 120 ng-m™ during heating) were
244  observed to be 1.5 to 2 times higher upon comparison with those measured during the
245  daytime (44 + 39 ng-m™ before heating and 77 + 49 ng-m™ during heating) (Fig. 5a).
246  The observed day-night pattern aligns with the observations obtained from coastal cities
247  in Bohai and the Yellow Seas, as well as Jinan in Shandong Province (Chen et al., 2021;
248  Zhang et al., 2018). The concentration level of BbF in PAHs was found to be highest,
249  accounting 16% of total PAHs (Fig. 4b), This dominance of BbF was found to be
250  consistent with the previous research (Li et al., 2013; Ren et al., 2017; Bai et al., 2023;
251  Lietal., 2022).

252 The average total concentration of OPAHs (3 8OPAHs) was determined to be 351
253 ng'm> across all the sampling periods, which was substantially higher during the

254  heating period (average 378 ng-m?, range 114-812 ng-m™) compared to the period of
13
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255  before heating (average 311 ng-m™, range 70—875 ng-m™) (Table 2). The concentration
256  of ) 80OPAHs was higher at night upon comparison with daytime, being approximately
257 1.1 to 1.2 times greater both before and during the heating period (Fig. 4c and 5b).
258  Among the eight OPAHs, 1-NapA was determined as the most prevalent, accounting
259  for 187 ng m (59% of Y8OPAHSs) before heating and 156 ng m™ (41% of Y 8OPAHs)
260  during heating (Fig. 4c and 5e). The average > 8OPAHs concentrations in this study
261  were significantly higher compared with those found for other Chinese urban areas,
262  such as Guangzhou and Xi’an, with respective values of 23 and 54 ng m™ (Ren et al.,
263 2017). Furthermore, the > 80OPAHs levels observed in this study exceeded those
264  reported at various foreign sites, such as the south (traffic site, 41.8 ng m~) (Alves et
265 al., 2017) and central European cities (about 10 ng m™) (Lammel et al., 2020),
266  Thessaloniki, Greece (0.86—4.3 ng m™) (Kitanovski et al., 2020), and Mainz, Germany

267  (0.047-1.6 ng m™).
268  3.2.2 NPs

269 Based on the data presented in Table 2, the total concentrations of NPs compounds
270 (X9NPs) demonstrated a mean value equal to 72 ng m™ across the sampling period.
271 During the heating phase, Y 9NPs averaged 76 ng m™ (covering a range extending from
272 23 to 175 ng m?), which was approximately 1.2 times higher compared to the
273  concentrations determined before heating, with an average of 65 ng m™ (covering a
274 range of 4.2 to 149 ng m™). These concentrations were approximately twice those

275  observed during autumn and winter (38 ng m™) in earlier work conducted in Beijing

14
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276 (Ren et al., 2024). They were also considerably higher in comparison to the values
277  recorded in the summer (8.5 ng m™) and spring (8.6 ng m>) (Ren et al., 2022). In
278  contrast to OPAHs and PAHs, the total concentrations of Y} 9NPs did not demonstrate
279  significant diurnal variation. However, during the heating period, a significant
280  nighttime increase was observed, with approximately 1.4 times higher concentrations
281  at night upon comparison with the levels of daytime (Fig. 4d and Fig. 5c). However,
282  the relative nine NPs molecular composition in PM2.s remained consistent throughout
283  the observation period. Among all the species, 4M5NC demonstrated the highest
284  concentration, contributing to 73% of the total NPs before heating and 53% during
285  heating, followed by 4NP, comprising 20% before heating and increased to 34% during
286  heating (Fig.4d and Fig. 5f). The total concentration of ) 9NPs observed in the current
287  research was generally comparable to previous measurements carried out in Beijing
288 during winter (74 £ 51 ng m™) (Li et al., 2020). Conversely, the levels were substantially
289  higher compared to those recorded in Jinan (48 £ 26 ng m™) (Wang et al., 2018), Hong
290 Kong, and Xi'an, with respective values of 12+ 14 and 17 + 12 ng m (Wu et al., 2020;
291  Chow et al., 2015). Compared to the international research, the observed Y 9NPs
292  concentrations were generally higher, such as those reported in Germany (16 ng m™),
293  the UK (19 ng m), and Belgium (32 ng m™ in winter, 13 ng m™ in autumn) (Teich et

294  al., 2017; Mohr et al., 2013; Kahnt et al., 2013).

Table 2. Organic compounds in PM2;s during the sampling periods in Dongying.
During heating

Period The whole sampling  Before heating period )
period
Date 27/10-6/12 27/10-14/11 15/11-6/12
Scope of the Sample N=74 N=30 N=44
PAHSs
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Fluoranthene (Flu)
Pyrene (Pyr)
benz(a)anthracene (BaA)
chrysene/triphenylene (CT)
benzo(b)fluoranthene (BbF)
benzo(k)fluoranthene (BKF)
benzo(e)pyrene (BeP)
benzo(a)pyrene (BaP)
Perylene (Per)
indeno(1,2,3-cd)pyrene (IP)
benzo(ghi)perylene (BghiP)
dibenz(a,h)anthracene (DBA)
coronene
X13PAHs

8.9 8.1 (0.8 - 33)
8.5+8.4 (0.7 - 36)
6.8 £9.3 (0.1 47)
11 +12 (0.7 - 54)
15 +15 (0.5 — 64)
4.4%40(0.2-17)
9.0 £8.5 (0.4 - 37)
7.5+8.7 (0.1 38)
1.6 £2.1 (0.01 - 10)
7.6+7.2 (0.1 26)
6.8 +6.4 (0.1 23)
1.9 2.4 (0.01 - 15)
2.5 426 (0.05 - 11)
91 +90 (3.9 - 388)

5.0 +4.3 (0.8 - 15)
47 +43(0.7-16)
3.5 445 (0.1 20)
6.46.7 (0.7 - 26)
9.2 10 (0.5 — 39)
2.9+28(0.2-11)
5.5+6.1 (0.4 - 24)
45460 (0.1 25)
0.9 +1.4 (0.01 - 57)
55+6.7 (0.01 - 24)
5.0 +6.1 (0.02 - 23)
1.7 2.1 (0.01-7.8)
2.9 +3.6 (0.05 - 11)
56 £62 (3.9 — 241)

EGUsphere\

12 9.0 (L.7 - 33)
11+95 (1.4 - 36)
9.0 £11 (0.7 - 47)
15 13 (1.9 - 54)

19 16 (3.0 - 64)

54+4.4(08-17)
11+9.1 (1.8 - 37)
9.5+9.7 (0.9 - 38)
2.0+2.4(0.2-9.6)
8.8+7.3 (0.8 - 26)
7.946.4 (0.9 -23)
2.0+25 (0.1 15)
2.4+22(0.1-9.0)
115 +98 (15 — 388)

OPAHs

1-naphthaldehyde (1-NapA)
9-fluorenone (9-FO)
anthraquinone (ATQ)
benzathrone (BZA)
benzo(a)anthracene-7,12-dione (7,12-
BaAQ)
1,4-chrysenequione (1,4-CQ)
5,12-naphthacenequione (5,12-NAQ)
6H-benzo(cd)pyrene-6-one
(BPYRone)

Y80PAHs

168 £106 (57 — 796)
12 12 (0.2 - 47)
64 +50 (1.1 - 282)
22 +22 (0.2 - 95)

6.3 +5.3 (0.5 - 24)

34 +34 (2.0 - 168)
2.6 £2.4 (0.02 - 9.4)

47 46 (0.5 — 196)

351 196 (70 - 875)

187 149 (57 — 796)
6.6 £7.1(0.2-22)
37 £29 (1.1 - 103)
12 +15 (0.2 - 58)

3.8+3.9 (0.5 16)

39 41 (9.2 - 168)
1.6 +2.1(02-8.1)

32 +45 (0.5 - 166)

311 +209 (70 — 875)

156 +62 (75 — 320)
16 £13 (1.0 - 47)

83 £53 (10 - 282)

29 +24 (2.8 - 95)

7.9 454 (1.3 - 24)

30 28 (2.0 - 136)
3.242.4 (0.5 9.4)

57 45 (4.7 - 196)

378 £185 (114 —
815)

NPs

4-nitrophenol (4NP)
3-methyl-4-nitrophenol (3M4NP)
4-nitroguaiacol (4ANGA)

5-nitroguaiacol (SNGA)
4-nitrocatechol (4NC)
2,4-dinitrophenol (2,4-DNP)
4-methyl-5-nitrocatechol (4M5NC)

3-nitrosalicylic acid (3NSA)

21420 (0.4 — 95)
2.0+20(0.04-7.8)
1.0 £1.4 (0.02 - 7.5)

0.09 £0.07 (0.01 —

0.3)
4144 (0.1-21)
0.24 £0.29 (0.004 —

1.3)

48 +49 (8.7 — 385)

0.03 £0.03 (NA —

13 16 (0.42 — 54)
1.0 1.3 (0.04-4.8)
0.5+0.8 (0.02 - 2.9)

0.12 +0.07 (0.01 -

0.3)

2.6 3.5 (0.1 16)
0.14 £0.22 (0.004 —
0.92)

49 35 (8.7 - 125)
0.03 £0.03 (0.003 —

26 +21 (1.8 - 95)
2.6 422 (0.16 - 7.8)
1.4 +1.6 (0.04 - 7.5)

0.07 £0.06 (0.01 —

0.22)

5.0 +4.7 (0.39 — 21)
0.31 £0.31 (0.006 —
1.3)

40 25 (8.9 - 116)
0.03 £0.03 (0.01 —

0.17) 0.17) 0.13)

. o 0.63 +0.45 (0.07 — 0.48 +0.40 (0.07 — 0.72 +0.46 (0.07 -

3-nitrosalicylic acid (5NSA)

1.8) 1.8) 1.8)

Z9NPs 72 +44 (4.2 - 175) 65 +42 (4.2 - 149) 76 +45 (23 - 175)

679 £431 (134 — 497 +362 (134 - 803 +433 (185 —

Levonglucosan

1954) 1727) 1954)
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304 3.3 Source identification and quantitative analysis

305  3.3.1 Primary Sources of Key Pollutants

306 To better understand the primary influencing factors, Pearson correlation analyses
307  were conducted to analyze the relationships between OPAHs, PAHs, and NPs with key
308  PMas components, gaseous pollutants, and VOC precursors. The results, presented in
309 Fig. 6a-c, include correlations with levoglucosan, Cl~, SOz, NO2, NOs~, Os, benzene,
310 toluene, and xylene. A substantial positive correlation was observed between OPAHs,
311  PAHs, and NPs, suggesting a common source or similar formation mechanisms,
312  particularly during the heating period. Furthermore, strong relationship was observed
313  between these aromatic compounds and primary pollutants throughout the sampling
314  campaign, such as levoglucosan (r=0.84(p<0.001), 0.68 (p<0.01), 0.39 (p<0.05) for
315  PAHs, OPAHs, and NPs, respectively), and CI" (r=0.36 (p<0.05), 0.65 (p<0.001), 0.39
316  (p<0.05), respectively) (Fig. 6b). These relationships were strengthened during heating,
317  especially for SO (Fig.6¢). The data suggests that the levels of aromatic compounds
318  were substantially affected by burning emissions throughout the sampling period which
319  may be attributed to various sources such as biomass burning (Wang et al., 2017; Lin
320 et al., 2017; Chow et al., 2015) and coal combustion (Lu et al., 2019). Specifically,
321  biomass burning emerged as a major source of pollution throughout the entire campaign,
322  while the contribution mediated by coal combustion increased remarkably during the

323  heating period.
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e, f), OPAHs (g, h, 1), and NPs (j, k, 1) during the whole campaign, before heating, and

during heating, respectively; SF: secondary formation; FF: fossil fuel combustion;
BB: biomass burning; CC: coal combustion; TE: traffic emission).

3.3.2 Source contribution

To further analyze the quantitative and qualitative effects of primary emissions as
well as secondary formation, this study identified four categories of distinct sources
during the campaign using the PMF model, as shown in Fig. S1. The first source factor,
biomass burning, was recognized by the highest levoglucosan concentrations and

increased particulate levels of K™ and CI” within PM2s (Fig. S1a). Biomass burning

EGUsphere®

Preprint repository



https://doi.org/10.5194/egusphere-2024-3678
Preprint. Discussion started: 3 January 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

337  emerged as the predominant source of aromatic compounds in the urban atmosphere of
338  Dongying during autumn and winter (Fig. 6d-1), contributing 87, 62, and 69% of the
339  total PAHs, OPAHSs, and NPs, respectively, throughout the entire campaign (Fig.6d, g,
340  j). Moreover, the proportional contributions of burning biomass were also higher while
341  heating than before heating. A large number of PAHs, along with their derivatives,
342  originate from biomass combustion, as reported by various previously published studies
343  (Yhabetal., 2021; Chong et al., 2021; Bai et al., 2023; Li et al., 2022; Luo et al., 2021).
344  Several previous studies have also established that NPs are directly released during
345  biomass combustion and found emission factors over a range of 0.4 to 11.1 mg kg !
346  (Hoffmann et al., 2007; linuma et al., 2007; Wang et al.,2017b).

347 The second source factor was identified as coal combustion, having the highest
348 SO concentration (Fig. S1b). The average contribution of coal combustion to PAHs
349  and NPs was determined as 13% and 14%, respectively (Fig.6d, j). Furthermore, there
350  were no significant changes to the relative contributions prior to and during the heating
351 phase. Previous research has indicated that coal combustion-related activities
352  significantly contribute to elevated levels of particulate PAHs and NPs, particularly
353  during the heating season. (Lu et al., 2019; Wang et al., 2018; Ren et al., 2023; Cai et
354 al.,2022; Luo et al., 2021).

355 In comparison to the other factor profiles, the third source factor, traffic emission,
356  showed a higher NO concentration loading in this factor profile (Fig. S1c). The average
357  contribution of traffic emissions to OPAHs throughout the entire campaign was 13%,
358  with no substantial variation in the percentage of emissions before and during heating
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359  (14%). There was a minimal change in the contribution of traffic emissions to NPs both
360 before and during heating; on average, these emissions accounted for 6% of total NPs
361  during the campaign (Fig.6j-1). Previous studies have identified the traffic emission as
362  an essential source of OPAHs (Chong et al., 2021; Wang et al., 2022), and road traffic
363  asaprimary contributor to NPs (Zhang et al., 2010; Ren et al., 2022). These differences
364  can be attributed to variations in energy use and industrial structures across different
365  cities.

366 Secondary formation, the fourth factor, displayed high concentrations of O3 and a
367 relatively higher abundance of SO4*, NOs~, and NH4" (Fig. S1d). Secondary formation
368  contributed an average of 25% of OPAHs throughout the whole campaign (Fig.6g- 1).
369 It was the second-largest source, with a significantly higher contribution before heating
370  (42%) compared to during heating (17%). However, secondary formation contributed
371 12% of NPs throughout the whole campaign, with higher contributions before heating
372 (22%) (Fig.6j- 1). The vital role of secondary formation in contributing to both OPAHs
373  and NPs agreed with recent studies (Ren et al., 2024; Ren et al., 2022). Previous
374  modeling and field studies also identified secondary formation as a significant NPs

375  source in the atmosphere (Yuan et al., 2016b; Mayorga et al., 2021; Xie et al., 2017).
376 3.4 Secondary formation mechanism based on quantum chemical calculations

377 Aromatic hydrocarbons are a major class of VOCs that play a vital role in the
378  production of secondary organic aerosols (SOA), particularly in urban areas (Song et

379 al, 2021). However, this study reported the positive correlation of these aromatic

21
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380 compounds with the key precursors (i.e. benzene, toluene, xylene), while a negative
381  correlation with NO2, NO;™ and Os, which are key parameters during the reaction
382  process (Fig.6a-c). Therefore, these substances were primarily derived from the same
383  source as the precursors, rather than their main products. Furthermore, considering the
384  substantial effect of biomass combustion, these compounds are probably the secondary
385  products formed through the oxidation process of gaseous pollutants released during
386 the biomass burning process. Nitroaromatic hydrocarbons are critical species in the
387 environment that are influenced by biomass combustion emissions. Phenol,
388  nitrobenzene, and P-Cresol are their significant precursors (Wang et al., 2020).
389  Therefore, to better comprehend the formation pathways of NPs, density functional
390 theory calculations at the M06-2X/6-311++G(2df,2p) level of theory were carried out
391  to explore the oxidation processes of major precursors by NO2 and OH, specifically for
392  the dominant species 4NP and 4M5NC (Huang et al., 2010; Roman et al., 2022;
393  Shenghur et al., 2014; Wang et al., 2019b). Electronic energies (EDFT), Gibbs free
394  energies (GDFT) as well as the imaginary frequency of the reactant monomers, reactant
395  complexes (RC), transition states (TS), intermediate (IM) and product complexes (PC)
396  at298.15Kand I atm were collected in Tables S1-S4 of the Supplementary Information.
397  The overall formation mechanisms, detailed in Fig. 7a, include both H-abstraction and
398  OH/NO: addition steps where Mechanisms 1 and 2 show the two-step formation

399  pathways for 4NP, while Mechanism 3 describes the four-step pathway for 4AMSNC.

400 In the H-abstraction step, either an OH radical or NO2 molecule abstracts a

401 hydrogen atom from the aromatic ring, forming an intermediate free radical (IM) and

22
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402  resulting in the formation of HoO or HONO. In the OH/NO> addition step, the IMs react
403  with OH or NO; without any reaction barriers. In Table S1 of the Supplementary
404  Material, the calculated binding energy (E), Gibbs free energy change (AG) for the
405  reactant monomers, Gibbs free energy (G), transition states (TS), reactant complexes
406  (RC), intermediate (IM) and PCs are presented. While Fig.7b exhibited the calculated
407  dominant formation mechanism of 4NP and 4M5NC along with the reaction barrier in

408  kcal/mol.

409 For the formation of 4NP, two precursors, phenol and nitrobenzene, were selected
410  which contain three distinct types of hydrogen atoms in their aromatic rings (ortho-,
411 meta-, and para-H). Here only the para-H is considered for the formation of 4NP.
412 During the daytime, when the gas-phase concentration of OH radicals is significant,
413 phenol initially reacts with OH to yield a reactant complex RCpn-on with a AG of 3.16
414 kcal/mol. Then RCpy must overcome a reaction barrier of 8.64 kcal/mol to transition to
415  the TSphon state, resulting in the generation of IM1, a free radical intermediate with a
416 AG of -1.03 kcal/mol. The overall H-abstraction step was slightly exothermic, with a
417  reaction barrier of 11.80 kcal/mol. At nighttime, with a sharp decrease in OH
418  concentrations and a relatively higher level of NO, the daytime-generated IM1 rapidly
419  proceeded through a reaction with NO» that has no energy barrier, resulting in the

420  forming 4NP with a AG of -64.50 kcal/mol.

421 During nighttime, a parallel H-abstraction step occurred where NO», instead of
422  OH, abstracted a hydrogen atom from phenol. However, this step had high overall

423 reaction barriers, reaching 40.31 kcal/mol in the gas phase and 40.54 kcal/mol in the
23
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424 liquid phase (water). Moreover, the reaction was highly endothermic with the AG of
425  36.51 and 36.45 kcal/mol in the gas phase and liquid phase, respectively, indicating that
426  the H-abstraction step initiated by NO> was not feasible. Therefore, the calculations for

427  Mechanisms 2 and 3 focused solely on the H-abstraction step initiated by OH.

428 For an alternative formation pathway of 4NP from nitrobenzene during the
429  daytime, the overall H-abstraction step was slightly exothermic (-1.08 kcal/mol) with a
430  reaction barrier of 12.66 kcal/mol. The generated IM2 then proceeded through a highly
431  exothermic and barrier-free OH addition step to form 4NP. In a comparative analysis,
432 it was possible to initiate 4NP formation with both phenol and nitrobenzene. For
433  mechanism 1, phenol was preferred to undergo the H-abstraction reaction during the
434 daytime and the NO> addition reaction at nighttime. For mechanism 2, nitrobenzene
435  preferred to undergo both reactions involving H-abstraction and OH addition during the

436  daytime.
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438 Fig.7 (a) Suggested formation mechanism for 4NP and 4M5NC (b) The proposed

439 dominant formation mechanism of 4NP and 4M5NC at the M06-2X/6-

440 311++G(2df,2p) level of theory. H, C, S, N, and O atoms are depicted as white, gray,

441 yellow, blue, and red spheres, respectively. The reaction barrier presented in the
442 parentheses are given in kcal/mol.
443 The formation of 4M5NC followed a four-step mechanism with p-Cresol as the

444  precursor. During the daytime, p-Cresol initially reacted with OH to form free radical

445  intermediate IM3, overcoming a reaction barrier of 7.19 kcal/mol. After that, IM3

446  underwent a highly exothermic OH addition step without any energy barrier to form

447  IM4 which was then proceeded through a reaction barrier of 11.83 kcal/mol to produce

448  IMS. At nighttime, the IMS formed during the daytime quickly reacted through a highly

449  exothermic NO; addition step with no significant energy barrier, resulting in the
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450  formation of 4MS5NC, with a AG of -61.14 kcal/mol in the gas phase and -63.47

451  kcal/mol in the liquid phase.

452 4 Conclusions

453 PAHs, OPAH, and NACs in the PMz s samples were analyzed during autumn and
454 winter in Dongying, a petrochemical industrial city. The concentrations of all these
455  species were significantly greater during the heating period in comparison to before
456  heating. Furthermore, these compounds demonstrated higher levels at night than during
457  the day, whereas NPs showed no notable diurnal variation. BbF, 1-NapA, and 4M5NC
458  were found to be the most abundant species for PAHs, OPAH, and NACs, respectively.
459  Biomass burning emerged as the primary source of aromatic compounds, particularly
460  during the heating period. Quantum chemical calculations revealed that the formation
461  mechanisms of 4NP and 4M5NC involve both H-abstraction and OH/NO> addition
462  steps with the H-abstraction step serving as the rate-limiting step, while the OH/NO-
463  addition step proceeded without an energy barrier. Phenol and P-Cresol were
464  determined as the primary precursors for the formation of 4NP and 4MS5NC,
465  respectively. This study offers the first detailed investigation into the sources and
466  forming mechanisms of aromatic compounds in the atmosphere of petrochemical cities
467  in the Yellow River Delta. It offers essential data and strategic guidance for reducing

468  aromatic compound emissions in such urban environments.
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