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Effects of NO2 and RH on secondary organic aerosol formation and light 
absorption from OH oxidation of ο-xylene 

Shijie Liu a,b, Yiqian Wang a, Xinbei Xu a, Gehui Wang a,b,* 

a Key Lab of Geographic Information Science of the Ministry of Education, School of Geographic Sciences, East China Normal University, Shanghai, 210062, China 
b Institute of Eco-Chongming, 3663 North Zhongshan Road, Shanghai, 200062, China   
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• A chamber study of the compound effect 
of NO2 and RH on the ο-xylene SOA 
formation through OH-oxidation. 

• The evolution characteristics of the ο- 
xylene SOA chemical compositions were 
studied by the HR-ToF-AMS. 

• The ο-xylene SOA mass concentration 
increased with initial NO2 concentration 
at dry condition, but decreased at high 
RH condition. 

• Both the increasing NO2 concentration 
and RH condition is beneficial to in
crease the MAC value of ο-xylene- 
derived SOA.  
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A B S T R A C T   

Ο-xylene is an important aromatic volatile organic compound (VOC) in the atmosphere over urban areas. In this 
work, the effect of nitrogen dioxide (NO2) concentration and relative humidity (RH) on the mass concentration of 
secondary organic aerosols (SOA) formed from ο-xylene OH oxidization was investigated in a photooxidation 
chamber. The ο-xylene SOA mass concentration increased from 54.2 μg m− 3 to 127.2 μg m− 3 during dry con
ditions, but decreased from 177.7 μg m− 3 to 146.5 μg m− 3 during high RH conditions when the initial NO2 
concentration increased form 0 ppbv to about 900 ppbv. An increase in the ratio of [NO3

− ]/[Org] and a decrease 
in the oxidation state of carbon (OSC) of SOA suggested that acid-catalyzed heterogeneous reaction was 
responsible for enhancing SOA formation with increasing NO2 concentrations in dry conditions. In contrast, in 
humid conditions, the high molecular diffusion capacity of SOA could promote the reactivity of OH towards the 
interior of SOA, and the enhancement of nitrous acid (HONO) formation under high NO2 conditions could 
promote the SOA aging processes and be responsible for the decreasing trend of SOA formation with NO2. Light 
absorption by SOA was also measured, and both NO2 and RH enhanced the mass absorption coefficient (MACλ =

365 nm) value for the optical properties of ο-xylene SOA. The highest MACλ = 365 nm value of ο-xylene SOA was 
0.89 m2 g− 1, observed during humid conditions with an initial NO2 concentration of 862 ppbv, which was 3.9 
times higher than in the experiment conducted in the absence of NO2 under dry conditions. The formation of 
nitrogen-containing organic compounds (NOCs) and humic-like substances (HULIS) were responsible for the 
increased MACλ = 365 nm values of ο-xylene derived SOA. This study provides new insight into the effect of NO2 on 
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SOA formation through the change in ο-xylene photooxidation under different RH conditions, and the complex 
effect of multiple environmental factors on SOA formation was also important and should not be ignored.   

1. Introduction 

Secondary organic aerosols (SOA) are an important component of 
atmospheric aerosols and have adverse effects on ambient air quality 
and human health (George et al., 2015; Gu et al., 2021). The class of 
organic aerosol called brown carbon (BrC), which exhibits exponentially 
increasing absorption in the light spectrum from the visible to ultraviolet 
(UV) wavelength, could also affect the solar radiation balance and even 
regional climates (Noziere et al., 2015; Zhang et al., 2017; Liu et al., 
2021c). The importance of SOA in the atmospheric environment has 
been widely recognized. However, due to the diversity of SOA pre
cursors, reaction pathways, and environment impact factors (Liu et al., 
2021b; Gaubert et al., 2021; Aruffo et al., 2022), the mechanism of SOA 
formation are still not clear, and attempts at large-scale atmospheric 
simulations have not achieved good agreement with SOA concentrations 
from field observations (Charan et al., 2019; Huang et al., 2020; Gaubert 
et al., 2021). 

Nitrogen oxides (NOx = NO + NO2) are not only the predominant 
gaseous pollutant in the atmosphere, but also the most important driver 
of atmospheric oxidation reactions (Zhang et al., 2015). The photolysis 
of NOx at different levels has been closely linked to the formation and 
concentrations of main atmospheric oxidants (such as OH and O3) in the 
atmosphere, which participate in the initial oxidation steps of SOA 
formation (Li et al., 2022). The fate of peroxy radical (RO2) in
termediates produced by photooxidation of volatile organic compounds 
(VOCs) was also linked to NOx levels (Sarrafzadeh et al., 2016; Zhao 
et al., 2018). With increasing NOx concentration, RO2 react more with 
NO, rather than with HO2, and are rapidly converted to the alkoxy 
radicals (RO), which produces more high volatile compounds through 
fragmentation to suppress SOA formation. However, NOx has also been 
widely reported to promote SOA formation. In recent years, highly 
oxygenated organic molecules (HOMs) derived from RO2 autoxidation 
have been considered another key to SOA formation processes. An alkyl 
radical (R⋅) with hydroperoxide functionality will form through 
hydrogen (H)-shift isomerization reactions from RO2 in the presence of 
NO. New RO2 will be formed by adding O2 to R⋅. HOMs with 
low-volatility compounds would then be formed through repetition of 
the autoxidation process and promote SOA formation in the presence of 
NOx (Bianchi et al., 2019; Li et al., 2022). Nitrogen-containing organic 
compounds (NOCs) could also be formed through the RO2 + NO reac
tion, and the effects of NOCs on the nucleation, concentrations, and 
physicochemical properties of SOA should not be ignored (Ng et al., 
2007a; Xu et al., 2015). Liu et al. (2021c) pointed out that the mass 
concentration ratio of nitrate ions to SOA increased with increasing 
initial NO2 concentration, which suggested that the acid-catalyzed re
action would be enhanced by an increase in the NO2 concentration, 
which might another important mechanism underlying the promotion 
effect of NO2 on SOA formation (Liu et al., 2021c). 

Although the effect of NO2 on SOA formation has been widely re
ported in previous experimental studies, the combined impacts of NO2 
and other environmental factors on the formation of SOA have not 
received sufficient attention. Liu et al. (2021b) reported that more 
semi-volatile oxidation products were formed at higher NO2 concen
trations, and they inhibited SOA yield. However, the presence of NH3 
increased the distribution efficiency of semi-volatile oxidation products 
in the particle phase, resulting in an increased SOA yield. When SO2 was 
present, it was converted to sulfuric acid, which promoted SOA forma
tion by increasing aerosol acidity (Jang et al., 2002; Chu et al., 2016). In 
the photooxidation process, sulfate formation was enhanced at high NO2 
concentrations, and some studies have pointed out that this enhance
ment of SOA yield due to particle acidity was only observed in high-NO2 

conditions rather than in low-NO2 conditions (Offenberg et al., 2009; 
Eddingsaas et al., 2012; Wang et al., 2016a; Liu et al., 2019a). The role of 
water in SOA formation has also been inconsistent among studies. Jia 
and Xu (2018) pointed out that the oligomerization reaction of stable 
Criegee intermediates (SCIs) from the O3 channel was obstructed at high 
relative humidity (RH), which enhanced SOA formation, but the oppo
site effect of RH was observed on SOA formation in the OH-oxidation 
channel. The different relative proportions of O3- and OH-oxidation 
channels with different NO2 concentrations in the VOC photooxidation 
process might be a key factor underlying the inconsistencies in the effect 
of RH on SOA formation. Above all, the effect of NO2 on SOA formation 
with the change in other environmental factors is complex and should be 
clarified to further understand the mechanisms of SOA formation. 

In the atmosphere of urban areas, aromatic compounds are the main 
VOCs, and they often dominate SOA formation (Zhang et al., 2019b; Gu 
et al., 2021). Therefore, in the present study, ο-xylene was used to study 
the effect of NO2 on SOA formation under different RH conditions. This 
paper presents the evolution of SOA mass concentration, optical char
acteristics, and chemical components of SOA from ο-xylene under 
controlled NO2 and RH conditions. Meanwhile, the relationships be
tween the optical properties and chemical compositions of ο-xylene 
derived SOA were also characterized. 

2. Experimental methods 

2.1. Chamber studies 

All experiments were performed in a Teflon photooxidation chamber 
built in the East China Normal University. The description and charac
terization results of the chamber have been described in detail in pre
vious studies (Liu et al., 2021b, 2021c), and only a brief introduction is 
provided here. A 5 m3 chamber made with the Teflon-FEP film (0.06 
mm) was located in a temperature controlled stainless steel cube. 
UV-light lamps (TUV36W, Philips), which were used to drive OH radical 
formation through hydrogen peroxide (H2O2) photolysis, surrounded 
the chamber. The light spectrum of UV-light had a peak intensity at 254 
nm. Prior to each experiment, the chamber was initially evacuated and 
then filled with purified air for cleaning. The cycle of filling-purging was 
performed more than 3 times to reduce the concentrations of residual 
hydrocarbons, O3, and NO2 to less than 1 ppbv, and the concentration of 
aerosols was less than 10 m− 3. 

For the photooxidation experiment, the chamber was filled with zero 
air up to 5 m3. Zero air was generated using a zero-air supply (111-D3N, 
Thermo Scientific™, USA), and it was humidified through introduction 
into a gas-washing bottle filled with high-purity water. The RH of zero 
air was controlled to create dry (~20% RH) or humid (~70% RH) 
conditions during different experiments. A known volume of liquid ο- 
xylene (Sigma-Aldrich, analytically pure) was first injected into a Teflon 
FEP tube and then dispensed into the chamber with zero air. In the 
chamber, ο-xylene concentrations were calculated were calculated from 
the injection volume of the liquids. Different volumes of NO2 (Air Liquid 
Shanghai, 510 ppm NO2 in N2) were introduced into the chamber 
directly from standard cylinders for the required concentrations. The 
initial conditions for different experiments are summarized in Table 1. 
The concentrations of ο-xylene and NO2 in the experiments were higher 
than those in the real atmosphere to keep the particle production sig
nificant enough for the off-line collections and accurate measurements. 
The ο-xylene concentrations remained stable in the different experi
mental conditions, the variations of ο-xylene-derived SOA mass con
centration and yield were only affected by the NO2 concentration in this 
study. The [VOCs]0/[NO2]0 ratios in this study covered the atmospheric 
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conditions from the clean to the polluted (Zou et al., 2015; Han et al., 
2015), thus our experimental conditions are informative to aerosol 
formation in the real atmosphere. When all reactants were well mixed, 
the UV-light lamps were turned on and photooxidation was initiated. 

2.2. Online instruments 

Online instruments measured the NO2, O3, and SOA concentrations 
continuously throughout the photooxidation process. The concentra
tions of O3 and NO2 were measured using an O3 analyzer (Model 49C, 
Thermo Electron Corporation, USA) and NO/NO2/NO2 analyzer (Model 
42C, Thermo Electron Corporation, USA), respectively. The formed SOA 
was measured with a scanning mobility particle sizer (SMPS), which was 
coupled with a differential mobility analyzer (DMA model 3081, TSI 
Inc., USA) for the measurement of particle size distributions and a 
condensation particle counter (CPC model 3776, TSI Inc., USA) for the 
measurement of concentrations. The sheath gas and sample gas flow 
rates were 3 L min− 1and 0.3 L min− 1, respectively, in the SMPS. The 
particle size scan ranged from 13.6 nm to 726.5 nm. A density of 1.4 g 
cm− 3 for the aromatic hydrocarbon SOA was assumed when converting 
the volume concentration of SOA measured by the SMPS to mass con
centration (Ng et al., 2007b; Liu et al., 2021b). 

The chemical composition of SOA makes it very complicated to 
identify every photooxidation product. Hence, we used a high-resolution 
time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne 
Research Inc., USA) to detect the whole SOA chemical composition. It 
should be pointed out that only the particles with an aerodynamic 
equivalent diameter below 1 μm could pass through the aerodynamic 
lens at the injection port and be detected by AMS. Because the W-mode 
of AMS produces high levels of noise while perform an analysis, only the 
V-mode of AMS was used in this study. The standard SQUIRREL 1.51H 
and PIKA 1.10H applications were retrieved from http://cires1.colorado 
.edu/jimenez-group/ToFAMSResources/ToFSoftware in Igor Pro 
(WaveMetrics, Inc., USA) for the HR-ToF-AMS data analysis. Notably, 
for comparability with previous studies, all bulk SOA elemental ratios (i. 
e. O/C, H/C, and N/C) and mass-to-carbon ratio (OM/OC) were calcu
lated based on the method proposed by Aiken et al. (2008) and Cana
garatna et al. (2015). 

2.3. SOA collection 

After 60 min of reaction, the mass concentration of SOA reached its 
maximum. The particles were collected on 47 mm 

polytetrafluoroethylene (PTFE) filters (0.22 μm pore size) with a sam
pling volume of 3 m3. PTFE filters were weighed before and after sam
pling to determine the amount of particles collected. The PTFE filter 
samples were extracted with 10 mL of methanol under ultrasonication 
for offline optical property characterization. 

The light optical absorption of ο-xylene derived SOA was analyzed 
with a UV–Vis spectrometer (P9, Shanghai Mapada, China). In order to 
eliminate the influence of the amount of SOA collected on the filter on 
absorbance, the mass absorption coefficient (MAC, m2 g− 1) was used for 
comparison. The MAC value was calculated using Eq. (1) presented 
below: 

MACλ =(Aλ− A700) ⋅
Vl

Va⋅L⋅M
⋅ln(10) (1)  

where, MACλ is the mass absorption coefficient of SOA at the λ wave
length; Aλ and A700 are the light absorption intensity at a specific 
wavelength and background value, respectively; Vl is the volume of 
methanol with dissolved aerosols; Va is the volume of the sampled air; L 
(1 cm) is the optical path length; and M (μg m− 3) is the mass concen
tration of methanol-soluble organic matter. 

3. Results and discussion 

3.1. SOA mass concentrations 

The mass concentrations of ο-xylene SOA formed with different 
initial NO2 concentrations and RH conditions are shown in Fig. 1. The 
particle wall loss rates were measured at the end of the chamber 
experiment after the UV-lamps were turned off, and the mass concen
tration was corrected with the same way of Jiang et al. (2020) and 
Pathak et al. (2007), which have been described in our previous studies 
(Liu et al., 2021b; Liu et al., 2022). It needs to be pointed out that the 
SOA formed in humid conditions was not dried before the SMPS mea
surement. In order to exclude the contributions of aerosol liquid water 
(ALW) in particles, a volume growth factor (VGF) of 1.3 was used for the 
calibration of SOA mass concentration. Here, VGF is defined as the ratio 
of the particle volume in a humid condition to that after drying 
(Engelhart et al., 2011). The SOA mass concentrations formed in humid 
conditions were calibrated based on the VGF in Fig. 1. 

In dry conditions, the mass concentration of ο-xylene derived SOA 
increased with the increasing initial NO2 concentration. The SOA mass 
concentration was 54.2 ± 1.8 μg m− 3 in the absence of NO2, and it 
increased to 74.3 ± 1.3 μg m− 3, 96.3 ± 2.1 μg m− 3, and 127.2 ± 0.6 μg 

Table 1 
Conditions for the ο-xylene photooxidation experiment with different [NO2]0 
and RH.  

Exp. 
No. 

ο- 
xylene 

H2O2 [NO2]0 [VOCs]0/ 
[NO2]0 

RH SOA 
mass 
conc. 

MACλ =

365 nm 

1013 molecule 
cm− 3 

ppbv ppbv/ppbv % μg m− 3 m2 g− 1 

1 1.42 2.53 0 – 17 54.2 ±
1.8 

0.23 

2 122 4.34 17 74.3 ±
1.3 

0.28 

3 320 1.65 19 96.3 ±
2.1 

0.33 

4 893 0.59 17 127.2 ±
0.6 

0.43 

5 0 – 70 177.7 ±
2.4 

0.51 

6 121 4.38 72 169.5 ±
1.4 

0.61 

7 306 1.73 72 153.8 ±
1.2 

0.71 

8 862 0.61 69 146.5 ±
1.5 

0.89  

Fig. 1. Mass concentrations of SOA generated by photooxidation of ο-xylene 
under different NO2 concentrations under dry and humid conditions. 
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m− 3 when the initial NO2 concentration was increased to 122 ppbv, 320 
ppbv, and 893 ppbv, respectively. A nonlinear trend of an initial increase 
was followed by a decrease in SOA formation with increasing NO2 
concentration has been widely observed in previous studies (Wildt et al., 
2014; Zhao et al., 2018; Liu et al., 2021c). The reaction between NO and 
RO2, which are formed from the OH-initiated oxidation, which produces 
higher volatility products, can suppress SOA formation in high NOx 
conditions. However, in this study, the SOA formation was not inhibited 
even when the initial NOx concentration was increased to the very high 
level of 893 ppbv. UV light with center wavelength of 254 nm was used 
to drive H2O2 photolysis, while it cannot cause the photolysis of NO2 to 
NO as black light in the photooxidation process. In this study, NO2 was 
the main form of NOx, and even in the experiment with high NOx con
centration, the reaction between RO2 and NO was not important and the 
suppression of SOA formation by NOx was not observed. The reaction 
between OH and NO2 to form nitric acid is one of the most influential 
reactions in atmospheric chemistry (Mollner et al., 2010). Liu et al. 
(2021c) reported that nitric acid can participate in the particle-phase, 
and observed that the concentration ratio of nitrate to SOA increased 
with increasing NOx concentration through the NO2 + OH reaction. 
More nitrate would therefore increase aerosol acidity. The semi-volatile 
organic compound products can readily partition into the particle phase 
through acid-catalyzed heterogeneous reactions via hydration, poly
merization, and hemiacetal/acetal formation; thus, this results in the 
substantial promotion of SOA formation (Jang et al., 2002; Zhao et al., 
2018). For different initial NO2 concentrations, the mass concentration 
ratio of nitrate ions to SOA ([NO3

− ]/[Org]) was compared, as shown in 
Fig. 2. An increase in the ratio of [NO3

− ]/[Org], which suggested a higher 
acidity of secondary aerosols, was observed with an increasing initial 
NO2 concentration. Hence, the enhanced acid-catalyzed reaction was 
responsible for the promotion of SOA formation with increased NO2 
concentration. 

Sarrafzadeh et al. (2016) suggested that an increase in SOA yield 
could arise from higher OH concentrations as they promote the forma
tion of low volatility products in β-pinene photooxidation. SOA yield 
formed from artificial VOCs also appeared to have a strong correlation 
with OH concentrations, as shown in the studies by Healy et al. (2009) 
and Qi et al. (2020). A higher oxidation rate results in sufficiently high 
concentrations of photooxidation products to ensure that more photo
oxidation products are condensed in the particle-phase and promote 
SOA formation rather than remaining in the gas-phase, leading to 
further oxidation. In this study, the H2O2 concentration remained con
stant in different experiments because the same volume of hydrogen 
peroxide solution was introduced into the chamber, and there was no 
significant difference in OH concentrations formed from H2O2 photol
ysis. Nitrous acid (HONO) is another important OH precursor in the 
classical photooxidation process in the atmosphere. HONO could have 
been generated from the heterogeneous reaction of gas-phase NO2 on 
the chamber walls (Finlayson-Pitts et al., 2003; Ge et al., 2019). An 

increase in the initial NO2 concentration would therefore be expected to 
result in higher OH concentration formed from the photolysis pathway 
of HONO, and promote SOA formation. Some previous studies have also 
pointed out that introducing additional HONO could greatly lead to 
producing higher SOA mass concentrations (Ng et al., 2007b; Healy 
et al., 2009). For the field observation and model simulation, SOA 
concentrations were also enhanced when OH radical-formation from the 
photolysis of HONO, which was generated by the heterogeneous reac
tion of NO2, was considered (Liu et al., 2021a; Zhang et al., 2019a). The 
formation of HONO, which could then produce more OH through 
photolysis, was responsible for the enhancement of SOA mass concen
tration to a certain extent in the higher NO2 concentration conditions. 
However, Liu et al. (2021a) found that the ratio of HONO/NO2 was in 
the range of 4%–12% at the urban atmosphere, and the contribution of 
OH from the photolysis of HONO, which was formed through the het
erogeneous reaction of NO2, contributes to 3.4%–20% of the atmo
spheric OH. For this diversion ratio of HONO formation and photolysis, 
in this study, the heterogeneous conversion of NO2 would provide a 
maximum of 16 ppbv of OH, which was lower by more than an order of 
magnitude of the initial H2O2 concentration. Considering the SOA mass 
concentration increased 1.3 times with the initial NO2 concentration 
increasing from 0 ppbv to about 900 ppbv, the formation of HONO from 
heterogeneous conversion of NO2 was not important for the enhance
ment of SOA formation when compared with the acid-catalyzed reaction 
in this study. 

The ο-xylene SOA mass concentrations formed in dry and humid 
conditions were also compared in this study. Fig. 1 shows that the mass 
concentrations of ο-xylene derived SOA at humid conditions were much 
greater than those at dry conditions. The SOA mass concentrations in dry 
conditions ranged from 54.2 μg m− 3 to 127.2 μg m− 3. But at high RH 
conditions, the ο-xylene derived SOA mass concentration ranged from 
146.5 μg m− 3 to 177.7 μg m− 3. The maximum ratio of SOA mass con
centration formed in humid conditions to that formed in dry conditions 
was 3.4, which occurred in the absence of NO2. A positive effect of RH on 
SOA formation has also been obtained in other experiments (Kamens 
et al., 2011; Jia and Xu, 2018; Liu et al., 2019b). The ALW is a key 
component affecting SOA formation. The soluble oxidation products 
with high volatility, which are widely present in the gas-phase under dry 
conditions, were more concentrated on the surface of humid particu
lates, which increased the mass concentration of SOA (Liu et al., 2019b). 
Glyoxal and methylglyoxal are important oxidation products of ο-xylene 
photooxidation in the atmosphere, but they did not make a significant 
contribution to SOA formation (only 1–3% for xylene derived SOA) 
(Nishino et al., 2010). Strong evidence has suggested that the gas phases 
of both glyoxal and methylglyoxal are uptaken by atmospheric particles, 
primarily by particle associated water (Volkamer et al., 2009). But Wang 
et al. (2016b) pointed out that dissolved glyoxal could not completely 
contribute to the increased mass concentration of SOA under high RH 
conditions based on Henry’s Law constant (Wang et al., 2016b). 
Aqueous reactions could also have enhanced SOA formation. Dissolved 
glyoxal can equilibrate to geminal diol or hydrate forms, and rapidly 
dimerize or trimerize to form oligomers through acid catalyzed hemi
acetal formation and aldol condensation (Loeffler et al., 2006; Corrigan 
et al., 2008; Jia and Xu, 2015; Peters et al., 2021). Hence, at high RH 
conditions, glyoxal and other soluble substances can produce additional 
organic compounds via aqueous photochemical reactions in ALW (White 
et al., 2014; Faust et al., 2017) which do not immediately transform back 
to the gas-phase, even when SOA is dried. De Haan et al. (2009) showed 
that more than 30% of the glyoxal mass was preserved in the particle 
phase when aerosol was dried from aqueous droplets. After the dissolved 
glyoxal or methylglyoxal reacts, more glyoxal or methylglyoxal was able 
to consistently participate in the particle phase. Even in the real atmo
sphere environment photochemical processing and aqueous-phase pro
cessing play an important role in SOA production in humid conditions. 
Based on the formation and evolution characteristics of SOA at urban 
area, Li et al. (2020) have pointed the enhanced aqueous-phase 

Fig. 2. Mass concentration ratio of nitrate ions to SOA ([NO3
− ]/[Org]) for 

different experimental conditions. 
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oxidation and the partitioning process both contributed to the incor
poration of oxygenated species into the particle phase in humid condi
tions and enhanced the SOA mass concentration, which is consist with 
our result. 

Although an increased RH can promote the formation of ο-xylene 
derived SOA, this promoting effect gradually decreased with increasing 
NO2 concentration. In contrast to the effect of NO2 on SOA formation 
under dry conditions, the mass concentration of ο-xylene SOA formed in 
humid conditions gradually decreased with increasing initial NO2 con
centration. As pointed out before, both liquid absorption and liquid 
phase heterogeneous reactions of glyoxal and methylglyoxal were 
responsible for increases in SOA mass concentration under high hu
midity conditions. Nishino et al. (2010) measured the formation yields 
of glyoxal and methylglyoxal from the gas-phase OH radical-initiated 
reactions with xylenes, and they found that the yields decreased with 
increased NO2 concentration. Their experiment result showed that the 
glyoxal and methylglyoxal formation yields decreased from 14.3% to 
11.5% and from 35.5% to 30.4%, respectively, with the initial NO2 
concentration increasing from 0 ppbv to 893 ppbv. Atkinson and 
Aschmann (1994) also investigated the effect of NO2 concentration on 
the gas-phase products from aromatic hydrocarbons photooxidation, 
and found that both glyoxal and methylglyoxal decreased with 
increasing NO2 concentration in xylene photooxidation process. The 
atmospheric model results also showed a decrease trend of glyoxal and 
methylglyoxal yield from the photooxidation of xylene with increasing 
NO2 concentration (Bates et al., 2021). The decreased concentrations of 
glyoxal and methylglyoxal, which could be condensed on humid parti
cles and caused an increase in the SOA mass concentration under high 
humidity conditions, was weakened with increasing NO2 concentration. 
The above results indicated that the decreases in glyoxal and methyl
glyoxal formation directly caused the decrease in the ο-xylene derived 
SOA mass concentration with increasing NO2 concentrations in humid 
conditions. 

The enhancement of the SOA aging processes at high RH conditions 
might be another reason that led to different trends in SOA formation 
with NO2 under humid and dry conditions. Except for the gas phase 
reaction, OH radicals can react with particulate organic matter to form 
small-molecule volatile compounds, which can serve as a sink for SOA 
(Molina et al., 2004). The OH uptake coefficient is different between low 
and high RH conditions. In humid conditions, hydrogen bonds between 
LWC and OH radicals can enhance the attachment of OH radicals and 
moist SOA surfaces, which would ensure that more OH radicals could 
react with the condensed organic products (Chan et al., 2014). In 
addition to its effect on the reaction of OH radicals on the surfaces of 
SOA, the difference in viscosity and molecular diffusion capacity in the 
bulk particle phase under different RH conditions would affect the 
reactivity of OH towards the interiors of SOA. The influence of RH on 
particle phase viscosity plays an important role in the heterogeneous 
oxidation of organic aerosols. Moog et al. (1982) showed that the 
orientation stabilities of molecules in the particle phase were damaged, 
which could enhance the mobility and decrease the aerosol viscosity of 
SOA with increases in RH. Smith et al. (2021) also pointed out that the 
reactive uptake and diffusivity are kinetically inhibited in dry conditions 
for aromatic SOA because of the high viscosity, and the limitations in the 
mass transfer rate for uptake are gradually reduced with increasing RH. 
The heterogeneous reaction of SOA transitioned from diffusion-limited 
in dry conditions to saturated uptake in humid conditions. The viscos
ity of condensed organic species would relate to their diffusion coeffi
cient (Dorg), and would impact the mixing timescale of SOA. The lower 
the viscosity, the shorter the mixing timescale. In general, in dry con
ditions, Dorg is 10− 15 cm2 s− 1 when the corresponding mixing timescale 
is about 40 min for a 100 nm particle. However, Dorg increases to 10− 12 

cm2 s− 1 in humid conditions, and the mixing timescale for a 100 nm 
particle is decreased to about 2 s (Koop et al., 2011). An increase in RH 
could favor the diffusion of OH into the particles. Hence, the aging 
process of OH radicals may occur throughout the entire particle, not 

only on the surface of the particle, which would cause an increase in the 
particle reactivity with increasing RH (Kuwata and Martin, 2012). More 
OH would react with the condensed organic species to produce small 
molecule products through fragmentation reactions. Heterogeneous OH 
oxidation of SOA under low- and high-RH conditions have been studied 
previously. The aerosol volume loss was more efficient in humid con
ditions compared to dry conditions (Romonosky et al., 2015; Liu et al., 
2019a). The higher net fragmentation values in high-RH conditions were 
responsible for the loss of SOA through heterogeneous OH oxidation. Li 
et al. (2018) also pointed out that the aging process of SOA through OH 
oxidation was accelerated at high RH, and there was a substantial dif
ference in the SOA chemical composition between high RH and low RH 
conditions. The above findings indicated that an increased mass loss rate 
of formed SOA occurred with increasing RH at constant OH concentra
tions. Meanwhile, increased OH concentrations might further increase 
the mass loss rate of formed SOA in high RH conditions. HONO forma
tion through disproportionation of a heterogeneous reaction of 
gas-phase NO2 was increased with increasing initial NO2 concentration 
and RH. More OH formed through HONO photolysis, which further 
enhanced the SOA aging degree under high NO2 concentrations in 
humid conditions (Forstner et al., 1997; Zhang et al., 2019b). Due to 
these reasons, a decreased SOA mass concentration was observed with 
an increase in NO2 concentration in high RH conditions. It should 
pointed out here that NO2 even suppressed ο-xylene derived SOA for
mation in humid conditions, the SOA mass concentration in humid 
conditions was still higher than that in dry conditions, even with high 
NO2 levels. 

3.2. SOA light absorption 

Optical absorption is an important property for evaluating the in
fluence of SOA on solar radiation and climate effects. The MACλ = 365 nm 
of ο-xylene derived SOA with different NO2 concentrations and RH 
conditions was investigated in this section and is shown in Fig. 3. 

As shown in Fig. 3, an increased MACλ = 365 nm value increased with 
NO2 concentration in both low and high RH conditions. MACλ = 365 nm of 
the ο-xylene derived SOA was 0.23 m2 g− 1 in the absence of NO2, and it 
increased to 0.43 m2 g− 1 when the initial concentration of NO2 was 
increased to 893 ppbv in dry conditions. In humid conditions, MACλ =

365 nm increased from 0.51 m2 g− 1 to 0.89 m2 g− 1 as the initial NO2 
concentration increased from 0 ppbv to 862 ppbv. The effect of 
increasing NO2 on the SOA light-absorbing ability was in accordance 
with previous studies (Xie et al., 2017; Liu et al., 2022). However, the 

Fig. 3. Evolution of MACλ = 365 nm of ο-xylene SOA formed with different initial 
NO2 concentrations at both humid and dry conditions. 
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MACλ = 365 nm of ο-xylene derived SOA did not have a linear relationship 
with initial NO2 concentration. The increase in the ratio of MACλ = 365 nm 
with NO2 gradually decreased with increasing NO2 concentration. In the 
absence of NO2, the increase in the ratio of MACλ = 365 nm with NO2 was 
4.4 × 10− 4 m2 g− 1 ppbv− 1 in dry conditions and 9.0 × 10− 4 m2 g− 1 

ppbv− 1 in humid conditions. In dry conditions, when the initial NO2 
concentrations increased to 122 ppbv, 320 ppbv, and 893 ppbv, the 
increase in the ratio of MACλ = 365 nm with NO2 was decreased to 3.6 ×
10− 4 m2 g− 1 ppbv− 1, 2.7 × 10− 4 m2 g− 1 ppbv− 1, and 8.2 × 10− 4 m2 g− 1 

ppbv− 1, respectively. In humid conditions, when the initial NO2 con
centration increased to 121 ppbv, 306 ppbv, and 862 ppbv, the increase 
in the ratio of MACλ = 365 nm with NO2 was decreased to 7.0 × 10− 4 m2 

g− 1 ppbv− 1, 4.8 × 10− 4 m2 g− 1 ppbv− 1, and 1.1 × 10− 4 m2 g− 1 ppbv− 1, 
respectively. 

In addition, for the experiment with similar initial NO2 concentra
tions, the MACλ = 365 nm was higher for ο-xylene SOA formed in humid 
conditions than that formed in dry conditions. The MACλ = 365 nm of SOA 
increased 2.1–2.3 times from the low RH to high RH conditions. It is 
important to point out that, in dry conditions, even if the initial NO2 
concentration was increased to 893 ppbv, which is almost impossibly 
high for real environments, the MACλ = 365 nm of ο-xylene derived SOA 
was 0.43 m2 g− 1, which was still lower than that formed in the absence 
of NO2 under a high RH condition (0.51 m2 g− 1). Clearly, RH is an 
important factor that strongly affects the absorbance of SOA. 

3.3. SOA chemical composition 

The chemical composition of SOA generated through OH oxidation 
of ο-xylene with different RH and NO2 concentrations was investigated 
online with a HR-ToF-AMS. In previous photooxidation studies, most 
SOA formation mechanisms were obtained based on the chemical 
compositions, which were detected through offline mass spectrometry 
(Klodt et al., 2022; Shen et al., 2018; Romonosky et al., 2015). Relative 
changes in the SOA chemical composition occur through the photooxi
dation process, which is important in understanding of the mechanism 
of SOA formation, but is often neglected. The changes in mass spectra 
are considered to be a function of OH exposure. Here, the average car
bon oxidation state (OSC ≈ 2 O/C–H/C) was used to describe the 
changes in the degree of oxidation of ο-xylene derived SOA during the 
photooxidation process. The different OSC values and change trends 
observed for ο-xylene SOA formed in different NO2 concentrations in dry 
and humid conditions are shown in Fig. 4. 

For photooxidation in dry condition, the OSC of ο-xylene derived 
SOA decreased with increasing initial NO2 concentration. This result 
suggested that some high volatility oxidation products with lower OSC 
values, which were present in the gas phase in experiments without NO2, 
was able to participate in the particle phase in the presence of NO2 
through the acid-catalyzed reactions (Kroll et al., 2011). The lower OSC 
value for photooxidation with a higher initial NO2 concentration also 
illustrated that the acid-catalyzed reaction was enhanced by increased 

NO2 concentrations, which proved that the promotion of SOA formation 
was attributed to the increase in acid-catalyzed reactions, as pointed out 
in Section 3.1. 

When we compared the OSC of SOA formed in dry and humid con
ditions in the absence of NO2, the OSC value was lower for SOA formed 
in humid conditions than in dry conditions. This result also suggested 
that some water-soluble compounds with lower OSC and high volatility 
were present in the gas phase in dry conditions, which could increase the 
SOA mass concentration via uptake or aqueous reactions in aerosol 
water in high RH conditions (Ng et al., 2007b; Jia and Xu, 2018). In 
contrast to dry conditions, the OSC value for ο-xylene SOA did not 
change appreciably with different initial NO2 concentrations in humid 
conditions. However, the change rate of OSC with time increased with 
increasing NO2 concentration in humid conditions. The OSC change 
rates of SOA for experiments with initial NO2 concentrations of 121 
ppbv, 306 ppbv, and 862 ppbv were increased by 12.8%, 20.6%, and 
59.1%, respectively, relative to when NO2 was absent in humid condi
tions. The rate of change of OSC reflects the aging rate of SOA (Han et al., 
2016). Thus, the aging process of ο-xylene derived SOA was promoted by 
increases in the NO2 concentration in humid conditions, and the 
enhanced aging process was mainly responsible for the suppression of 
SOA formation by NO2 in humid conditions. Although an increased NO2 
concentration can promote OH concentration by increasing the forma
tion of HONO, the OSC change rate of SOA in experiments in dry con
dition was not affected by increases in the NO2 concentration. Both OH 
concentration and reactive activation of OH with SOA were key factors 
affecting SOA aging. The different OSC change rates of SOA with 
different initial NO2 concentrations in dry or humid conditions also 
illustrated that the aging process of SOA was restricted in dry conditions 
because of the low mobility and high viscosity of SOA, which inhibited 
the diffusion of OH into SOA and the aging reaction of OH with the 
internal organic components of SOA. In humid conditions, the mobility 
of SOA was not the limiting factor for OH reactions with organic com
ponents of SOA, as pointed out in Section 3.2, and the aging process of 
ο-xylene derived SOA was directly affected by the OH concentration. 
The above results indicated that the aging process of SOA with increases 
in the OH concentration was not consistent between dry and humid 
conditions, and the aging process was faster in high RH conditions. 

It has been pointed out that NOCs can be formed through photoox
idation in the presence of NO2, and NOCs are important light-absorbing 
components in SOA (Lee et al., 2014; Laskin et al., 2015; Li et al., 2021). 
The relationship between MACλ = 365 nm and the content of NOC frag
ments in the total SOA mass under different NO2 concentrations in both 
dry and humid conditions is shown in Fig. 5. At similar NO2 concen
trations, the NOC content of ο-xylene SOA formed in humid conditions 
was higher than that formed in dry conditions. This shows that an 
increased RH is beneficial to the formation of nitrogenous organic 
matter in SOA. Li et al. (2021) analyzed light absorption and chromo
phore properties of SOA in the winter of Beijing, and they indicated the 
aqueous-phase pathways were more important for elevated formation of 

Fig. 4. Evolution of OSC values for ο-xylene SOA formed at different initial NO2 concentrations in dry (A) and humid (B) conditions.  
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NOCs under a higher RH condition. Previous chamber studies also 
pointed out that more NOCs were formed though atmospheric aqueous 
phases in the presence of NO2 (Smith et al., 2016; He et al., 2019). The 
increased NOC content with increased RH observed here was in agree
ment with those field and chamber studies, which indicated that the 
atmospheric aqueous phase reactions are more important than gas phase 
reactions for NOC formation and increase the content of NOCs in SOA. 
Meanwhile, considering that the SOA mass concentration was higher in 
humid conditions than in dry conditions, the increase in the amount of 
NOCs was even more significant in high RH conditions. When compared 
with dry conditions, the NOC content of ο-xylene SOA formed in humid 
conditions was higher by 15.3%, 16.8%, and 42.1% with initial NO2 
concentrations of about 120 ppbv, 320 ppbv, and 900 ppbv, respec
tively. However, the amount of NOC fragments increased by 45.2%, 
34.8%, and 63.0% in humid conditions, more than in dry conditions, in 
the experiments with initial NO2 concentrations of about 120 ppbv, 320 
ppbv, and 900 ppbv, respectively. 

Fig. 5 shows that the MACλ = 365 nm of ο-xylene derived SOA 
increased along with the content of NOCs in both dry and humid con
ditions, but MACλ = 365 nm was not linearly related with the NOC content 
of ο-xylene SOA. The ratio of MACλ = 365 nm to NOC content increased 
with increasing initial NO2 concentration, and the enhancement of this 
ratio was more obvious in dry conditions than humid conditions. When 
comparing between dry and humid conditions, the MACλ = 365 nm of SOA 
formed in humid conditions was much higher than that in dry condi
tions. Based on the above findings, it appeared that the content of NOCs 
is not the only factor that affects the light absorption of SOA. Other types 
of oxidation products could also increase the absorption of SOA in 
humid and high NO2 conditions. 

Humic-like substances (HULIS) are important light-absorbing sub
stances in SOA (Hoffer et al., 2006; Laskin et al., 2015; Wu et al., 2022). 
Hoffer et al. (2006) also pointed out that HULIS could partially account 
for the unexplained fraction of light absorption observed in the tropo
sphere. HULIS can be produced through aqueous processing, oligomer
ization of water-soluble organics, and multiphase chemistry reactions of 
organic products derived from photooxidation of anthropogenic VOCs 
(Herckes et al., 2013; Paglione et al., 2014). Zhang et al. (2020) also 
found that an increased RH could enhance the optical properties of SOA 
formed from OH oxidation of aromatic VOCs, and the formation of 
oligomers through liquid phase reactions might be responsible for the 
enhancement of light absorption in humid conditions. Based on the 
above findings, we suspected that the increased ratio of MACλ = 365 nm to 

NOC content at a high NO2 concentration was caused by HULIS for
mation through a heterogeneous acid-catalyzed reaction, and enhanced 
HULIS formation through a liquid reaction might be responsible for the 
higher MACλ = 365 nm of ο-xylene SOA formed in humid conditions with 
the same NOC content. However, the reaction mechanism and formation 
yield of HULIS from aromatic hydrocarbon was not considered in this 
study and should be explored in the future. 

4. Conclusion 

The mass concentration and light absorption of ο-xylene SOA formed 
from OH photooxidation with different initial NO2 concentrations were 
studied in both humid and dry conditions using a chamber simulation 
technique. When compared with the dry condition, the mass concen
tration of ο-xylene derived SOA was enhanced in humid conditions. In 
the absence of NO2, ο-xylene SOA was higher by 3.4 times in the SOA 
formed in humid conditions compared to that formed in dry conditions. 
The increased SOA mass concentration under humid conditions was 
mainly due to dissolution of water-soluble products (e.g. glyoxal and 
methylglyoxal) and aqueous reactions. This study observed that NO2 
had two opposite effects on SOA formation depending on whether 
conditions were dry or humid. When the initial NO2 concentration was 
increased from 0 ppbv to about 900 ppbv, ο-xylene SOA mass concen
tration increased from 54.2 μg m− 3 to 127.2 μg m− 3 in dry conditions, 
but decreased from 230.7 μg m− 3 to 190.3 μg m− 3 in humid conditions. 
The AMS results showed that lower oxidation products participated in 
the particle phase through acid-catalyzed heterogeneous reactions 
resulting in the promotion of SOA formation at a high NO2 concentration 
in dry conditions, however, an increase in the aging process was 
responsible for the decreased SOA mass concentration with elevated 
NO2 in humid conditions. 

Light absorption of ο-xylene SOA was enhanced with increased NO2 
concentration and RH conditions. The highest MACλ = 365 nm of 0.89 m2 

g− 1 was obtained in humid conditions with an initial NO2 concentration 
of 862 ppbv, and was about 4 times higher than that obtained in dry 
conditions without NO2. The content of NOC fragments also increased 
with increases in NO2 concentrations and RH, but it did not show a 
robust linear correlation with MACλ = 365 nm. This result suggested that 
NOCs make an important contribution to light absorption of ο-xylene 
SOA. But beyond that, we suspected that HULIS formed through het
erogeneous acid-catalyzed reactions at a high NO2 concentration and 
liquid reactions contributed to the extra light absorption of ο-xylene SOA 
formed at high NO2 and RH conditions. 
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