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Abstract. While aqueous-phase processing contributes to the formation of nitrogen-containing organic compounds (NOCs), 

the detailed pathways are not well understood. In this study, the molecular composition of NOCs in both pre-fog aerosols 

and fog water collected at a suburban site in northern China was characterized using Fourier-transform ion cyclotron 

resonance mass spectrometry in both negative and positive modes of electrospray ionization (ESI- and ESI+). In both pre-fog 

aerosols and fog water, NOCs account for number fractions of more than 60% in all assigned formulas in ESI- mode and 20 

more than 80% in ESI+ mode. By comparing the molecular composition of biomass burning, coal combustion, and vehicle 

emissions, 72.3% of NOCs in pre-fog aerosols were assigned as originating from these primary anthropogenic sources 

(pNOCs), while the remaining NOCs were regarded as secondary NOCs formed in aerosol (saNOCs). On the other hand, the 

unique NOCs in fog water were regarded as secondary NOCs formed in fog (sfNOCs). According to “precursor-product pair” 

screening involving 39 reaction pathways, we found that the nitration reaction, the amine pathway and the intramolecular N-25 

heterocycle pathway of NH3 addition reactions contribute to 43.6%, 22.1%, and 11.6% of saNOCs, but 26.8%, 28.4%, and 

29.7% of sfNOCs, respectively. Such distinct formation pathways are most likely attributed to the diverse precursors and the 

aqueous acidity. Correspondingly, saNOCs contain more abundant carbohydrates-like and highly oxygenated compounds 

with two nitrogen atoms compared to pNOCs, whereas sfNOCs contain more lipids-like with fewer oxygen atoms. The 

results reveal the disparity in secondary processes that contribute to the richness of NOCs in aerosols and fog water. The 30 

findings are valuable for understanding the formation and control of organic nitrogen pollution. 
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1 Introduction 

Nitrogen-containing organic compounds (NOCs), which mainly includes organonitrates, amines, amino acids, nitroaromatics, 

and nitrogen-heterocyclic compounds, have been widely detected in aerosols, cloud/fog water, and rain water (Altieri et al., 

2012; Li et al., 2020c; Wang et al., 2018; Feng et al., 2016; Leclair et al., 2012; Ditto et al., 2022). As essential contributors 35 

to the absorption of brown carbon, NOCs significantly influence the radiative balance (Yang et al., 2022; Jimenez et al., 

2022; Jiang et al., 2021; Huang et al., 2020). Some NOCs, e.g., nitroaromatics, are considered as phytotoxins and suspected 

carcinogens (Harrison et al., 2005). Thus, an in-depth study of the characteristics, sources, and atmospheric processes of 

NOCs is crucial for comprehending their climate and health effects. 

Both primary emissions and secondary formation contribute to NOCs in the atmosphere. Benefiting from ultra-high Fourier-40 

transform ion cyclotron resonance mass spectrometry (FT-ICR MS), thousands of NOCs molecules have been detected in 

primary anthropogenic sources, including biomass burning (BB), coal combustion (CC), and vehicle emission (VE) smoke 

(Tang et al., 2020; Song et al., 2019; Song et al., 2018; Song et al., 2021). Meanwhile, the aqueous-phase reactions have 

been identified as important pathways for the formation of secondary NOCs. Recent studies have observed a positive 

relationship between NOCs and relative humidity or aerosol liquid water (Liu et al., 2023a; Cai et al., 2023; Jiang et al., 45 

2023) as well as the abundant NOCs in cloud/fog water (Kim et al., 2019; Boone et al., 2015). Laboratory studies have 

indicated two major pathways of NOCs formation in the aqueous phase: 1) the organic precursors can be nitrated by NO2 

radical or nitronium ion (NO2
+) and form NOCs, e.g., nitroaromatics (Kroflic et al., 2015; Vione et al., 2005); and 2) the 

reaction of carbonyl compounds (e.g., glyoxal and methylglyoxal) with ammonium and/or amine in the aqueous phase, 

known as Maillard reactions, leads to the formation of reduced NOCs, e.g., imidazoles (Jimenez et al., 2022; De Haan et al., 50 

2009; Kua et al., 2011; De Haan et al., 2018). The formations of both nitration and Maillard products, such as dinitrophenols, 

methylnitrocatechols, and imidazoles, have been observed in aerosol liquid water or cloud/fog water (Lüttke et al., 1997; 

Harrison et al., 2005; Frka et al., 2016; Li et al., 2022; Liu et al., 2023a; Lian et al., 2021). The reactions might be influenced 

by the liquid water content (LWC) and the pH of the aqueous phase (Lian et al., 2021; Vidovic et al., 2018). For instance, a 

low pH would facilitate the formation of 2,4-dinitrophenols by nitration (Vione et al., 2005), but inhibits the reactions 55 

between glyoxal and reduced nitrogen (Sedehi et al., 2013; Yang et al., 2024). Aerosol liquid water and fog water are two 

crucial medias for the aqueous-phase reactions of organics, characterized by significant differences in LWC and pH (Ervens 

et al., 2011; Blando and Turpin, 2000). Due to the limited comprehensive studies of aqueous-phase processes in these two 

phases, the contribution of various secondary formation pathways to secondary NOCs remains unclear up to now. 

Northern China has experienced severe haze pollution in recent years. Anthropogenic emissions, including BB, CC, and VE, 60 

have been identified as major contributors to the air pollution in this region (Li et al., 2019a; Li et al., 2023; Li et al., 2019b; 

Tang et al., 2020). High relative humidity has also been regarded as an important driver for secondary pollution in northern 

China (Xu et al., 2017; Kuang et al., 2020; Li et al., 2020a). However, research on their contribution to NOCs at the 

molecular level is scarce (Wang et al., 2019). In this study, pre-fog aerosols and fog water were collected during a severe 
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haze period at a suburban site in northern China and analyzed using FT-ICR MS coupled with electrospray ionization (ESI) 65 

source in both negative and positive ionization modes. A good capture of NOCs molecules, up to 80%, can be expected by 

combining ESI+ and ESI- (Cape et al., 2011; Jiang et al., 2022). The primary NOCs from anthropogenic emission were 

identified, and the different formation pathways of NOCs in pre-fog aerosols and in fog water were discussed.  

2 Materials and Methods 

2.1 Sample collection and pretreatment 70 

The sampling site is located in a suburban area in Qingdao, China (36.35°N, 120.68°E). It is surrounded by villages and is 

close to the coast. The aerosol and fog water samplers were installed on the roof of a four-story building. The environmental 

and meteorological conditions during the sampling campaign have been described elsewhere (Hu et al., 2022; Zhang et al., 

2021).  

A severe haze episode lasted from December 6 to December 11, 2019, during which the concentration of PM2.5 reached up to 75 

300 μg m-3 (Fig. S1). The fog event occurred on the morning of December 10 with visibility <100 m and relative humidity > 

90%, lasting from ~06:30 to ~11:20 a.m. (Fig. S1). Two fog water samples (QDF1 and QDF2) were collected using a 

Caltech Active Strand Cloud water Collector, Version 2 (CASCC2). The flow rate of the CASCC2 was 5.8 m3 min-1 and the 

collection efficiency was 86%. Collected fog water was filtered using polytetrafluoroethylene filters, and the pH of the fog 

water was measured on-site using a pH meter (Mettler Toledo, Switzerland). Then the samples were kept at -20 oC until 80 

analysis. 

Two aerosol samples collected on December 8 and 9 before the fog event (labeled as pre-fog aerosols QDP1 and QDP2) 

were selected for comparative analysis with the fog water samples. Aerosols were collected daily onto quartz fiber filters 

with a radius of 45 mm (Pall, U.S.A.) using a PM2.5 sampler (TH-150A, Wuhan Tianhong, China) at a flow rate of 100 L 

min-1. The filters had been pretreated by baking in a muffle furnace at 450 oC for 4 hours to eliminate any organic 85 

contaminants before the sampling. The duration of sampling for each sample was set as ~23.5 hours, i.e., from 8:00 a.m. to 

~7:30 a.m. the next day. Filters were refrigerated at -20 oC immediately after sampling.  

For the FT-ICR MS analysis, one eighth of aerosol filters were cut into pieces, extracted with ultrapure water using 

ultrasonic agitation, and then filtered through 0.22 μm polytetrafluoroethylene filters. The water-soluble organic matter 

(WSOM) in fog water and water extracts from aerosols was isolated using a solid-phase extraction (SPE) process. The 90 

analytes were eluted from the SPE cartridges using a mixture of acetonitrile/methanol/ ultrapure water (45/45/10, v:v:v) at 

pH 10.4, and then redissolved in 1 mL of methanol before the instrumental analysis (as described in Text S1). 

2.2 Instrumental analysis and data processing  

The molecular composition of WSOM in fog water and aerosols was detected using an ESI source (Bruker Daltonik GmbH, 

Bremen, Germany) coupled with a 9.4-T solariX FT-ICR MS. Both negative and positive ionization modes of the ESI source 95 
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were utilized. The mass range scanned was 100-800 Da. A total of 128 continuous 4M data FT-ICR transients were co-added 

to improve the signal-to-noise ratio and dynamic range. All mathematically possible formulas for ions with a signal-to-noise 

ratio greater than 10 were calculated, considering a mass tolerance of ± 0.6 ppm. The maximum numbers of atoms for the 

formula calculator were set to: 30 12C, 60 1H, 15 16O, 2 14N, 2 32S, 1 13C, 1 18O, and 1 34S for ESI- and one additional 23Na for 

ESI+. Formulas assigned to isotopomers (i.e., 13C, 18O, or 34S) were not discussed. The neutral molecular formula 100 

CcHhOoNnSs was achieved by adding H (in ESI-) or subtracting H or Na (in ESI+). Further screening was applied using the 

following criteria to exclude formulas not detected frequently in natural materials: O/C ≤ 1.2, 0.3 ≤ H/C ≤ 2.25, N/C ≤ 0.5, 

S/C ≤ 0.2, 2C + 2 > H, C + 2 > O, and obeying the N rule. Only sample ion peaks with intensities enhanced >100 times 

higher than those of the blank sample ion peaks were retained for further analysis. More detailed information about the 

instrumental analysis can be found in our previous studies (Sun et al., 2021; Sun et al., 2023) and in Text S2. The double-105 

bond equivalent (DBE) of each assigned formula CcHhOoNnSs was calculated as follows:  

DBE = (2c + 2 - h + n)/2 

The oxidation state of carbon atoms (OSC) was calculated based on the approximation described in Kroll et al. (2011) and 

Brege et al. (2018): 

OSC ≈ 2×o/c −h/c−5×n/c−6×s/c 110 

For each sample, the average elemental ratios of oxygen, carbon, and hydrogen (i.e., O/C, H/C, etc.) and other characteristic 

parameters weighted by intensity were calculated as follow: 

X = Σ(Xi × Inti)/ΣInti 

where Xi and Inti represent the parameter and intensity, respectively, in the mass spectrum of each individual molecular 

formula, i.  115 

Water-soluble ions in fog water were analyzed using ion chromatography (883 Basic IC plus, Metrohm, Switzerland).  

“Precursor-product pairs” were used to investigate the formation pathways of NOCs in this study. The chemical reactions of 

the precursor result in changes in the number of atoms within the molecule. Therefore, by adding or subtracting atoms in the 

precursor, the molecular formula of the product can be obtained. For example, if the precursor CcHhOoNnSs undergoes a 

nitration reaction (-H+NO2), its corresponding product would be CcHh-1Oo+2Nn+1Ss. A total of 39 reaction pathways were 120 

considered in the analysis (Table S1) (Lian et al., 2020; Liu et al., 2023b). In pre-fog aerosols, the primary molecules were 

regarded as precursors, which were identified by comparing them with the datasets of the molecular composition of WSOM 

in BB (including corn, rice, and pine) and CC smoke detected by both ESI- and ESI+ coupled with FT-ICR MS, and VE 

detected by ESI- FT-ICR MS (Song et al., 2018; Tang et al., 2020; Song et al., 2021), and the other molecules were regarded 

as products. While in fog water, the activated molecules were regarded as precursors, which were identified by comparing 125 

them with the molecular list in pre-fog aerosols, and the unique molecules were regarded as products. 
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3 Results and Discussion 

3.1 Profiles of molecular composition in pre-fog aerosol and fog water 

The reconstructed mass spectrogram of ESI- and ESI+ FT-ICR MS for a typical sample is shown in Fig. 1A. A total of 2659-

3753 formulas in ESI- mode, and 1695-2419 formulas in ESI+ mode were assigned for two pre-fog aerosol samples. Four 130 

molecular groups (CHO-, CHON-, CHOS-, and CHONS-) were categorized based on the elemental compositions of 

molecular formulas in ESI-, while three groups (CHO+, CHN+, and CHON+) were categorized in ESI+ modes. The 

fractions of their numbers and relative abundance (fRA, normalized by the sum of intensity) are presented in Figs. 1B and S2. 

CHON represents the most abundant group in both modes. The numbers of NOCs (CHON-, CHONS-, CHN+, and CHON+) 

are 1697-2397 in ESI- and 1387-2039 in ESI+, comprising number fractions of 63.8-63.9% (fRA of 60.0-62.5%) and 81.8-135 

84.3% (fRA of 85.0-86.7%) in all assigned formulas, respectively. The significant contribution of NOCs to organic aerosols 

has also been observed at rural (Jiang et al., 2023; Mao et al., 2022) and urban sites (Jang et al., 2020) in northern China 

during haze events. 

Similar profiles were also found in fog water. Totally, 3903-3992 formulas in ESI-, and 3011-3460 formulas in ESI+ mode, 

were assigned to fog water samples, including 2551-2633 and 2477-2845 NOCs, respectively. NOCs constitute high number 140 

fractions of 65.0-66.0% (fRA of 69.7-75.0%) and 82.2-82.3% (fRA of 84.1-85.7%) in all formulas in ESI- and ESI+, 

respectively (Figs. 1B and S2). The fractions are higher than those in cloud water at Mt. Tai, in which CHON accounts for 

33% and 63% of all detected molecules in ESI- and ESI+ mode, respectively (Liu et al., 2023b). The high proportion of 

NOCs in this study may be related to the enhanced emissions and subsequent secondary formation, as discussed below. 

The molecular characteristics of NOCs, including oxidation states, unsaturation, and molecular weight, in pre-fog aerosols 145 

and fog water are presented in Table 1. It is evident that molecules in ESI- exhibit higher oxidation state (O/C and OSC), 

lower unsaturation (DBE), and lower molecular weight compared to those in ESI+. It is interesting to note that H/C of 

molecules in ESI- is lower than that in ESI+, seemingly an opposite trend of unsaturation with DBE. The plot of DBE versus 

H/C of CHON- and CHON+ clearly shows that CHON- usually has lower H/C than CHON+ (Fig. S3) at the same DBE 

value. We note the CHON+ has more abundant nitrogen atoms than CHON- (1.56 vs. 1.45 on average). The introduction of 150 

nitrogen into a molecule includes the possibility to form N–C π-bonds, and requires an additional H atom to fill the 

additional valence of nitrogen (Koch and Dittmar, 2006), which may lead to a high average H/C of CHON+. 

Generally, the oxidation state of NOCs in fog water is similar to or slightly lower than that in aerosols, which is consistent 

with the findings of cloud water in southern China (Sun et al., 2021). This may be partially attributed to different secondary 

formation pathways, as discussed in Section 3.3. The DBE values and molecular weight of CHON-, CHON+, and CHN+ in 155 

fog water are lower than those in pre-fog aerosols, but is not the case for CHONS-. Some unique CHONS- molecules with 

high DBE (9-11) and molecular weight (>290) in fog water explain the higher average values (Fig. S4). The “precursor-

product pair” analysis in Section 3.3 indicates that these molecules are likely formed primarily through dehydrogenation, 

dehydration, and other aqueous-phase reactions with the loss of hydrogen atoms in fog water. 
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3.2 Primary sources attribution of NOCs in pre-fog aerosols 160 

Molecules detected in two ionization modes exhibit significant differences. A total of 826 NOCs formulas were assigned in 

both ionization modes in two pre-fog aerosol samples, and 1050 in fog water samples, representing 22.2% and 22.1% of the 

total NOCs, respectively. The result indicates that the combination of ESI- and ESI+ will greatly expand the “Event Horizon” 

of the molecular compositions (Cooper et al., 2022). To ensure representativeness, molecules in two ionization modes will 

be combined to discuss the source and transformation of NOCs in the following text. 165 

By comparing the molecular composition of primary anthropogenic emissions (Song et al., 2018; Tang et al., 2020; Song et 

al., 2021), the NOCs molecules in pre-fog aerosols were categorized into BB, CC, VE, and other sources. Similar methods 

have also been utilized for source attribution of the molecules detected in aerosols (Tang et al., 2022; Jiang et al., 2023; Mao 

et al., 2022). The number of NOCs derived from BB, CC, and VE is 2298, 1557, and 547, accounting for 61.7%, 41.8%, and 

14.7% of the total NOCs, respectively. Some NOCs were assigned to more than one primary source. Totally, the primary 170 

anthropogenic sources (BB, CC, and VE) generated NOCs (pNOCs) accounts for 72.3% of the total NOCs in pre-fog 

aerosols. This suggests that anthropogenic emission significantly contributes to the species richness of particulate NOCs 

during the haze event at this suburban site.  

The Van Krevelen (VK) diagram facilitates information retrieval from assigned molecules (Kim et al., 2003; Hockaday et al., 

2009). In this study, the NOCs molecules from various sources were plotted on the VK diagram (Fig. 2). It is evident that 175 

primary anthropogenic NOCs are mainly distributed in the lower left corner, while NOCs from the other sources are in the 

upper right area (Fig. 2). Consistently, the average O/C and H/C of pNOCs are significantly lower than those of other 

sources (Fig. S5). Note that the dataset deficiency on the VE source in ESI+ may introduce uncertainty in assigning sources 

to molecules. However, our focus is on the overall trend of the secondary NOCs formation process, rather than individual 

molecules. More importantly, ESI+ tends to ionize molecules with fewer oxygen and more hydrogen. Therefore, even if the 180 

ESI+ molecules are included, the average O/C and H/C position of VE on the VK diagram would shift to the upper left 

direction. It won’t change the relative position of “other sources” and pNOCs. NOCs from other sources have relatively 

higher O/C (0.65 ± 0.29), H/C (1.55 ± 0.42), as well as N/C (0.14 ± 0.07) compared with those from primary anthropogenic 

emissions (Fig. S5), which are similar to those of aged aerosols (Jiang et al., 2023). In addition, the contribution of other 

primary sources to particulate NOCs at this suburban site may be very limited during winter. Therefore, it is reasonable to 185 

consider these NOCs from other sources as the secondary NOCs. 

3.3 The formation of secondary NOCs in pre-fog aerosols and fog water 

To identify the pathways of secondary NOCs formed in pre-fog aerosol (saNOCs), the “precursor-product pairs” were 

screened from the formula list of pre-fog aerosols, in which the primary molecules (i.e., molecules corresponding to BB, CC, 

or VE emission) were regarded as precursors, and saNOCs were regarded as products. The products of 39 reaction pathways 190 

collectively account for 83% of saNOCs, demonstrating their representativeness. Most of the reaction pathways are related to 
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the addition and subtraction of H, O, and C atoms to NOCs molecules, such as the oxygen addition and dealkylation. Two 

types of formation pathways of the asNOCs with nitrogen addition on nitrogen-free or one-nitrogen molecules are nitration 

(-H+NO2, corresponding to nitro substitution) and NH3 addition (-O+NH and -HO2+N). The NH3 addition pathways include 

the amine pathway and intramolecular N-heterocycle pathway of reactions between carbonyl compounds and ammonia, 195 

indexed as NH3Add1 and NH3Add2 in the following texts, respectively (Table S1) (Liu et al., 2023b). As depicted in Fig. 3, 

three pathways (nitration, NH3Add1, and NH3Add2) produce 450, 228, and 120 asNOCs products, accounting for 43.6%, 

22.1%, and 11.6% of all asNOCs, respectively. Since the ESI- and ESI+ modes preferentially ionize acidic and basic 

functional groups, respectively (Song et al., 2021), the number ratio of detected molecules between ESI+ and ESI- (NR+/-) 

may reflect the functional groups of products to some extent. The NR+/- of nitration products in saNOCs is 0.16, significantly 200 

lower than that of NH3 addition products (0.85 and 0.76 for NH3Add1 and NH3Add2, respectively, as shown on Table S2). 

The result is consistent with the fact that NH3 addition would introduce the reduced nitrogen into the molecules, making it 

more easily detectable by ESI+. 

The formation pathways of secondary NOCs formed in fog water (sfNOCs) was also evaluated, based on the assumption that 

fog droplets are formed through the hygroscopic activation of particulate matter. The common molecules between fog water 205 

and pre-fog aerosols (n = 4830) were assigned as the activated molecules, while the unique NOCs molecules in fog water (n 

= 1315) were labeled as sfNOCs, which is similar to previous study (Liu et al., 2023b). The sfNOCs molecules do not show 

significant differences in characteristic parameters (O/C and N/C) from activated NOCs molecules, expect for a slightly 

higher H/C in the former (Figs. S6 and S7). The activated molecules and sfNOCs were then regarded as precursors and 

products, respectively, in the “precursor-product pair” analysis. The products of 39 reaction pathways account for 91% of 210 

sfNOCs. As shown in Fig. 3, the distribution of reaction pathways in fog water is quite different from that in pre-fog aerosols. 

The contributions of these pathways are comparable to each other, except for the reaction of sulfur. For instance, the oxygen 

addition and the reaction of carboxylic acid result in the addition and loss of oxygen atoms, respectively (Fig. 3 and Table 

S1). The contribution to sfNOCs of these two pathways is of similar magnitude (23.3-28.2% and 22.7-29.6%, respectively), 

which may provide a reasonable explanation for the similar mean O/C between precursors and products in fog water. When 215 

examining the formation pathways of sfNOCs with nitrogen addition, it becomes apparent that two NH3 addition pathways 

are comparable to the nitration pathway in fog water. Nitration, NH3Add1, and NH3Add2 produce 352, 374, and 390 sfNOC 

products, accounting for 26.8%, 28.4%, and 29.7% of all sfNOCs, respectively. It is therefore easy to conclude that nitration 

plays a more important role in the formation of NOCs in aerosols, but NH3 addition in fog water. The NR+/- of the sfNOCs 

generated by these three pathways are 0.25, 0.84, and 0.78, respectively (Table S2), which is similar to that of asNOCs.  220 

The varying contributions of formation pathways to secondary NOCs in pre-fog aerosols and fog water may be associated 

with the concentrations of nitrogen-containing species in the aqueous phase (e.g., NO3
- and NH4

+ concentrations), the 

distribution of organic precursors, and/or the properties of the aqueous phases (e.g., LWC and pH). First, the average 

NH4
+/NO3

- ratios in terms of mass concentration in two fog water samples were 0.45 and 0.57, respectively. The values are 

similar to those observed in the pre-fog aerosols, which is 0.45-0.68 for the fine particulates (<1 μm) and 0.51-0.66 for 225 
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coarse particulates (>1 μm) (Zhang et al., 2021). Thus, the different pathways of NOCs formation cannot be explained by the 

variation of NH4
+ and NO3

- in two phases. Second, the NH3 addition reactions can only occur on the carbonyl group, and 

therefore have higher selectivity than the nitration reaction. A closer glimpse at the organic compositions shows that the 

precursors in pre-fog aerosols consist of primary organics from BB, CC, and VE with a low average O/C of 0.39, while those 

in fog water are more oxidized organics (O/C = 0.46 on average), including both primary and secondary organics formed in 230 

pre-fog aerosols, which may allow more carbonyl groups (Fig. 2 and S6). Although it is virtually impossible to identify the 

functional groups in the formula list obtained by FT-ICR MS, carbonyls have been widely detected in fog and cloud water 

(Ervens et al., 2013; Van Pinxteren et al., 2005). More importantly, a high LWC in cloud water may promote the dissolution 

of some carbonyl compounds (e.g., methylglyoxal) from gas phase and increase their aqueous concentrations (Li et al., 

2020b). The enhanced formation of imidazole, a typical product of carbonyls and ammonium/amine, was also observed in 235 

cloud droplets in southern China (Lian et al., 2021). It is therefore reasonable to speculate that the varying distributions of 

organic precursors in two phases may lead to different reaction pathways. Third, the varying acidity in pre-fog aerosols and 

fog water likely provides another plausible explanation for the different contributions of various formation pathways to 

secondary NOCs. The pH value of fog water in this study was detected as 5.1, while those of pre-fog aerosols were evaluated 

as less than 4.0 by the ISORROPIA-II model (Zhang et al., 2021). Such a difference in pH may lead to several times 240 

difference of reaction rates for the nitration and NH3 addition pathways. For instance, the formation rate of 2,4-

dinitrophenols from the nitration of 4-nitrophenol at pH 4 is 4.4 times higher than that at pH 5 (Vione et al., 2005), while the 

rate of reactions between glyoxal and ammonium sulfate at pH 5 is approximately 15 times higher than that at pH 4 (IUPAC, 

2017).  

3.4 The impact of secondary processes on compositions of NOCs 245 

To assess the influence of secondary processes on the molecular composition of NOCs, we categorized NOCs into seven 

classes in the VK plot (Table S3) (Bianco et al., 2018). A heatmap plotted based on the molecular classes clearly illustrates 

the variations in the distribution of pNOCs, saNOCs, and sfNOCs (Fig. 4A). The pNOCs in pre-fog aerosols are 

predominantly composed of CRAMs-like structures (61.4%), while saNOCs are enhanced in carbohydrates-like (28.3% in 

saNOCs vs 3.8% in pNOCs) and highly oxygenated compounds (HOCs, 25.2% in saNOCs vs 4.6% in pNOCs), 250 

corresponding to the higher oxidation state and saturation of saNOCs. Meanwhile, sfNOCs have a significantly higher 

number fraction of lipids-like compounds (21.4%) compared to pNOCs (8.0%). 

The different composition of saNOCs and sfNOCs is a result of distinct formation pathways in two phases. The distribution 

of nitration products in pre-fog aerosols, of which 37.5% is HOCs, is consistent with that of all saNOCs (Fig.4A), suggesting 

that the nitration reaction in aerosols significantly contribute to the presence of highly oxygenated NOCs. Moreover, in this 255 

study, the average relative humidity during the pre-fog aerosol collection is 70 ± 14% (Fig. S1). Such a high RH may be 

beneficial for the formation of HOCs in aerosol liquid water, as evidenced by the observation of aqueous-phase formation of 

oxygenated organic aerosol during the haze in the North China Plain (Feng et al., 2022; Kuang et al., 2020; Xu et al., 2017). 
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Conversely, the NH3 addition reactions in pre-fog aerosols mainly enhance aliphatic/peptides-like compounds (Fig. 4A). 

Applying the same method to fog water, the NH3Add1 and NH3Add2 products enhance lipids-like NOCs (19.0% and 260 

21.2%), while nitration products were dominated by HOCs (42.9%). The former plays a more important role in shaping the 

composition of sfNOCs since they have a more similar distribution (Fig. 4A).  

Dividing NOCs into different subclasses based on the distribution of characteristic elements (N, O, and S) can further 

provide insights into molecular composition. The distribution of CHON molecule subclasses is shown in Fig. 4B. The 

pNOCs follow an approximate normal distribution with peaks at -N1O7 and -N2O6 for one- and two-nitrogen molecules (-N1 265 

and -N2), respectively. In saNOCs, the fraction of -N1 NOCs decreases while that of -N2 NOCs (e.g., -N2O5-7,10-12) increases. 

While a lower content of oxygen atoms was observed in sfNOCs, with peaks at -N1O5 and -N2O3 (Fig. 4B). 

Nitration and NH3 addition in pre-fog aerosols might contribute to the enhancement of -N2O10-12 and -N2O5-7, respectively. 

The high ratio of O/N in these NOCs indicates the existence of -NO2 or -ONO2 (Leclair et al., 2012; Song et al., 2021). 

However, the NH3 addition products may contain both reduced nitrogen and other oxidized functional groups. The excess 270 

oxygen atoms may mainly exist in the form of oxygen-containing functional groups, such as -OH and -COOH (Tang et al., 

2022; Yang et al., 2023). In fog water, nitration and NH3 addition also mainly contribute to high- and low-oxygen-number 

molecules, respectively, and NH3 addition products have a similar distribution to all the sfNOCs.  

In addition, the heatmap illustrating the distribution of CHONS is shown in Fig. S8, in which the same conclusion can be 

easily drawn, namely, NH3 addition reactions play a more significant role in shaping the composition of sfNOCs. The 275 

numbers of CHN in sfNOCs (n = 29) is higher than in saNOCs (n = 8), which is also the result of the increased contribution 

from NH3 addition in fog water. 

4 Conclusions 

A case study was conducted on the composition of NOCs in pre-fog aerosols and fog water at a suburban site in the North 

China Plain during a winter haze episode. NOCs make up more than 60% of all molecular formulas assigned by both ESI- 280 

and ESI+ modes coupled with FT-ICR MS, indicating a significant contribution of NOCs to the haze pollution. The primary 

anthropogenic emissions are the dominant contributor to the species richness of NOCs in pre-fog aerosols, accounting 

for >70% of the number fraction. The secondary aqueous pathways explain the remaining fraction. The nitration reaction 

plays a dominant role in secondary NOCs formation in aerosols, while the NH3 addition pathways are more important in fog 

water. As a result, the secondary NOCs in aerosols contain a high abundance of HOCs and carbohydrates compounds with 285 

nitrogen in the form of -NO2 or -ONO2 compared to primary NOCs. Differently, secondary NOCs formed in fog water are 

associated with increased lipids-like compounds, which may contain more abundant reduced nitrogen. It is important to note 

that our findings may represent the phenomena under specific conditions due to the limited sample size. Nevertheless, the 

results reveal the diverse impact of chemical processes in aerosols and fog water on the composition of NOCs at a molecular 

level, which is valuable for assessing the environmental and climatic effects of NOCs. 290 
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 310 

Figure 1: Panel A: The reconstructed mass spectrogram of a typical aerosol sample QDP1. The negative and positive values of the 

y-axis represent the intensities of the ion peaks detected in ESI- and ESI+, respectively. Panel B: The number fraction of each 

molecular group in ESI- and ESI+ mode. 
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 315 

Figure 2: The Van Krevelen diagrams for NOCs from different sources (Biomass burning, BB; Coal combustion, CC; Vehicle 

emission, VE, and other sources, OtherSource) in pre-fog aerosols. The “MixedSource” in the plot represents the molecules were 

assigned to at least two sources of BB, CC, and VE. 
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 320 

Figure 3: Radar plot of the links from precursors (pNOCs) to products (saNOCs and sfNOCs) in pre-fog aerosols and fog water 

based on 39 reaction pathways. The y-axis (0-600) in the plot represent the number of “precursor-product pair”. 
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Figure 4: The heatmap of seven classes of NOCs divided by O/C and H/C (panel A) and subclasses of CHON divided by the 325 
number of N and O atoms in pNOCs, all saNOCs, all sfNOCs, and nitration- and NH3 addition- formed NOCs (panel B).  
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Table 1: The ranges of the relative-abundance-weighted average values of the parameters (including O/C, OSC, H/C, DBE, #C and 

MW) 

 O/C OSC H/C DBE #C MW 

Pre-Fog 

Aerosol 

CHON- 0.51-0.57 -0.66~-0.67 1.05-1.17 6.42-6.54 10.75-11.81 242.2-277.7 

CHON+ 0.31-0.34 -1.17~-1.03 1.32-1.41 6.68-7.52 17.24-17.30 332.6-340.9 

CHONS- 0.81-0.86 -1.29~-1.23 1.65-1.76 2.67-3.30 9.51-10.09 304.0-311.5 

CHN+ -- -- 1.30-1.31 6.16-6.18 11.92-11.96 184.7-185.1 

Fog 

Water 

CHON- 0.59-0.59 -0.77~-0.73 0.98-1.02 5.82-5.96 8.47-9.19 207.8-222.9 

CHON+ 0.31-0.31 -1.39~-1.38 1.46-1.47 6.07-6.20 15.89-15.96 309.8-310.0 

CHONS- 0.78-0.81 -1.22~-1.21 1.53-1.63 3.49-4.10 10.27-10.41 313.7-316.7 

CHN+ -- -- 1.39-1.47 5.07-5.52 11.36-11.85 176.4-181.2 

 330 
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