
journal of environmental sciences 136 (2024) 151–160 

Available online at www.sciencedirect.com 

w w w . e l s e v i e r . c o m / l o c a t e / j e s 

Effects of NO 2 

and SO 2 

on the secondary organic 

aerosol formation from beta-pinene 

photooxidation 

Xiangyu Zang 

1 , 2 , 3 , Zhaoyan Zhang 

2 , 3 , Yingqi Zhao 

2 , 3 , Gang Li 2 , Hua Xie 

2 , 
Weiqing Zhang 

2 , Guorong Wu 

2 , Xueming Yang 

1 , 2 , 3 , 4 , Ling Jiang 

2 , ∗

1 Zhang Dayu School of Chemistry, Dalian University of Technology, Dalian 116024, China 
2 State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of 
Sciences, Dalian 116023, China 
3 University of Chinese Academy of Sciences, Beijing 100049, China 
4 Department of Chemistry, School of Science, Southern University of Science and Technology, Shenzhen 518055, 
China 

a r t i c l e i n f o 

Article history: 

Received 30 July 2022 

Revised 21 October 2022 

Accepted 22 October 2022 

Available online 1 November 2022 

Keywords: 

Secondary organic aerosol 

Volatile organic compound 

Anthropogenic pollutant 

Beta-pinene 

Photooxidation 

a b s t r a c t 

Elucidating the effects of anthropogenic pollutants on the photooxidation of biogenic 

volatile organic compounds is crucial to understanding the fundamental mechanisms of 

secondary organic aerosol (SOA) formation. Here, the impacts of NO 2 and SO 2 on SOA for- 

mation from the photooxidation of a representative monoterpene, β-pinene, were inves- 

tigated by a number of laboratory studies. The results indicated NO 2 enhanced the SOA 

mass concentrations and particle number concentrations under both low and high β-pinene 

conditions. This could be rationalized that the increased O 3 concentrations upon the NO x 

photolysis was helpful for the generation of more amounts of O 3 -oxidized products, which 

accelerated the SOA nucleation and growth. Combing with NO 2 , the promotion of the SOA 

yield by SO 2 was mainly reflected in the increase of mass concentration, which might be 

due to the elimination of the newly formed particles by the initially formed particles. The 

observed low oxidation degree of SOA might be attributed to the fast growth of SOA, result- 

ing in the uptake of less oxygenated gas-phase species onto the particle phase. The present 

findings have important implications for SOA formation affected by anthropogenic–biogenic 

interactions in the ambient atmosphere. 

© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

 

 

 

 

 

 

 

 

Introduction 

Atmospheric aerosol plays an essential role in the Earth-
atmosphere system because it provides condensation nuclei
for cloud droplets and absorbs/scatters solar radiation
∗ Corresponding author. 
E-mail: ljiang@dicp.ac.cn (L. Jiang). 
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( Andreae and Crutzen, 1997 ; Novakov and Penner, 1993 ).
Atmospheric aerosol has profound impacts on the at-
mospheric chemistry and air quality, climate, ecosystem,
and public health ( Hallquist et al., 2009 ; Moise et al., 2015 ;
Shrivastava et al., 2017 ). Organic aerosol (OA) significantly con-
tributes (20%–90%) to the submicron aerosol ( Kanakidou et al.,
2005 ; Murphy et al., 2006 ; Zhang et al., 2007 ), in which sec-
ondary organic aerosol (SOA) accounts for a large fraction
of organic aerosol ( Jimenez et al., 2009 ; Zhang et al., 2007 ).
, Chinese Academy of Sciences. Published by Elsevier B.V. 
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or instance, the contribution of SOA to OA was 44%–71% for 
he severe haze pollution event in China during January 2013 
 Huang et al., 2014 ). 

The estimated emission of biogenic volatile organic com- 
ounds (BVOCs) is about 10 times higher than that of anthro- 
ogenic volatile organic compounds (AVOCs) ( Guenther et al.,
995 , 2012 ; Sindelarova et al., 2014 ). Among the BVOCs, the 
onoterpenes are important contributors to SOA because of 

heir high emission rates, high reactivity, and relatively high 

OA yields as compared to isoprene ( Guenther et al., 1995 ; 
012 ). The reactions of BVOCs with anthropogenic pollutants 
NO x , SO 2 , OH, O 3 , etc.) are the major sources of the SOA forma-
ion ( Atkinson and Arey, 2003 ). NO x was proposed to affect the 
ate of the peroxy radical (RO 2 ·) formed in the VOC oxidation,
esulting in the change of reaction product distribution and 

OA formation. SO 2 was suggested to play an important role in 

ncreasing the SOA yields via the influence of acidic aerosol or 
he direct uptake of biogenic hydrocarbons onto acidic aerosol 
 Kleindienst et al., 2006 ). The anthropogenic −biogenic interac- 
ions during SOA formation are more complex than their cur- 
ent representation in models, which might induce the uncer- 
ainties in the predicted SOA budget ( Shrivastava et al., 2017 ).
herefore, elucidating the effects of anthropogenic pollutants 
n BVOC photooxidation is essential in establishing predic- 
ive SOA formation networks and improving air quality and 

limate simulations ( Xu et al., 2015 ). 
β-pinene accounts for 17% of the monoterpenes, with esti- 

ated emission of 18.9 Tg/year ( Guenther et al., 2012 ). Cham- 
er measurements of SOA formation in the NO 3 + β-pinene re- 
ction identified a series of organic nitrate species ( Boyd et al.,
015 ; Fry et al., 2009 ; Shen et al., 2021 ). The investigation of
he influence of NO x on the β-pinene photooxidation indi- 
ated that NO x enhanced the SOA yield at low NO x concen- 
rations ([NO x ]), whereas NO x suppressed the SOA yield at 
igh NO x concentrations ( Sarrafzadeh et al., 2016 ). Aerosol 
ield was found to be largely enhanced by more than 330% 

y NO 2 when the ratio of inorganic gases to β-pinene ranged 

rom 0 to 1.3 ( Xu et al., 2021 ). Recent studies on SOA forma-
ion from photooxidation of α-pinene and limonene showed 

hat SO 2 induced nucleation and enhanced SOA mass forma- 
ion ( Zhao et al., 2018 ). It can be inferred that the effect of
O 2 on the SOA formation is rather clear as compared with 

he debated conclusions of NO x . Yet, the studies on the com- 
ined effects of NO x and SO 2 on the β-pinene photooxidation 

emain scarce. Note that NO was dominated in the composi- 
ion of NO x in previous experiments. Here, we investigated the 
ndividual effect of NO 2 and the combined effect of NO 2 and 

O 2 on SOA formation from the β-pinene photooxidation. The 
O 2 and SO 2 impacts on the SOA mass concentrations, parti- 
le number concentrations, and chemical compositions were 
ncovered by tuning the concentrations of NO 2 , SO 2 , and β- 
inene ([NO 2 ], [SO 2 ], and [ β-pinene]). 

. Materials and methods 

he experiments were performed using a home-built aerosol 
pparatus described in detail previously ( Zang et al., 2022 ) and 

riefly summarized below. The DICP-CAS chamber (Dalian In- 
titute of Chemical Physics, Chinese Academy Sciences) had 
 volume of 2 m 

3 , which was made of fluorinated ethylene 
ropylene film and set up in a temperature- and humidity- 
ontrolled housing. The DICP-CAS chamber was equipped 

ith 40 black lights (GE F40BLB (40 W, 300–550 nm), General 
lectric Company, USA) to simulate the solar light spectrum 

290–400 nm). The reactants in the chamber were well mixed 

ith a fan. 
The concentrations of NO, NO 2 , and NO x were measured 

y a gas analyzer (Model 42i, Thermo Fisher Scientific, UK),
hose of SO 2 by a gas analyzer (Model 43i, Thermo Fisher Sci- 
ntific, UK), and those of O 3 ([O 3 ]) by a gas analyzer (Model
9i, Thermo Fisher Scientific, UK), respectively. The VOCs were 
haracterized by proton-transfer reaction mass spectrometer 
PTR-QMS 3000, East & West Analytical Instruments, China).
he number concentrations and size distributions of parti- 
les were measured by a scanning mobility particle sizer spec- 
rometer (SMPS 3938NL76, TSI Incorporated, USA). The chem- 
cal compositions of particles were detected by a home-built 
erosol time-of-flight mass spectrometer based on thermal 
esorption and electron ionization. 

The wall loss rates of NO, NO 2 , and O 3 were 4.09 × 10 –4 ,
.06 × 10 –4 , and 7.42 × 10 –4 min 

−1 , respectively, consistent 
ith the reported values of other chamber facilities ( Bin Babar 

t al., 2016 ; Smith et al., 2019 ; Wang et al., 2014 ; Wu et al., 2007 ).
he photolysis rate constant of NO 2 was evaluated to be 0.197 
in 

−1 , which was comparable to that of the GIG-CAS chamber 
Guangzhou Institute of Geochemistry, Chinese Academy Sci- 
nces, 0.206 min 

−1 ) ( Wang et al., 2014 ), the AIOFM-CAS cham-
er (Anhui Institute of Optics and Fine Mechanics, Chinese 
cademy Sciences, 0.210 min 

−1 ) ( Hu et al., 2014 ), and the Ts-
nghua chamber (0.230 min 

−1 ) ( Wu et al., 2007 ). The aerosol
ass losses on smog chamber walls were corrected by the 
ethod as described in Pathak et al. (2007) . 
The liquid β-pinene (Aladdin, 99%) was introduced to the 

mog chamber by injecting it into the airline. The SOA for- 
ation from the β-pinene photooxidation was investigated at 

ifferent concentrations ( β-pinene: 320-2282 ppbV; NO 2 : 81- 
47 ppbV; SO 2 : 70-403 ppbV). The temperature in the chamber 
as around 296 ± 1 K, and relative humidity was around 2%.
ll the present experiments were carried out without adding 
eed aerosol. 

. Results and discussion 

.1. Classification of β-pinene photooxidation stages 

nder low or high concentrations of β-pinene, the individual 
ffects of NO 2 on SOA formation were studied at different NO 2 

evels. Then, the combined effects of NO 2 and SO 2 on SOA for- 
ation from the β-pinene photooxidation were explored by 

arying the concentration and injection time of SO 2 . The ex- 
erimental conditions are overviewed in Tables 1 and 2 . The 

nitial NO 2 concentrations were slightly higher than the ur- 
an air during severe haze events (100-200 ppbV) ( Bryant et al.,
020 ; Guo et al., 2020 ; Ma et al., 2021 ). The temporal devel-
pment of the concentrations of NO, NO 2 , O 3 , β-pinene, and 

OA during the photooxidation under low and high β-pinene 
onditions is shown in Fig. 1 and Appendix A Fig. S1, re- 
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Table 1 – Overview of the experimental conditions. 

[ β-pinene] 0 
(ppbV) 

[NO x ] 0 
(ppbV) 

[NO 2 ] 0 
(ppbV) 

[SO 2 ] 0 
(ppbV) 

[ β-pinene]/ 
[NO x ] 

[O 3 ] max 

(ppbV) 
�ROG 

(ppbV) 
�M 

( μg/m 

3 ) 
SOA Yield 
(%) 

Low β-pinene 
without SO 2 

added 

320 82 81 0 3.90 68 260 276.5 18.93 
353 120 119 0 2.94 75 302 381.5 22.48 
341 165 164 0 2.07 85 300 488.4 28.93 
332 280 275 0 1.19 89 315 647.7 36.58 

High β-pinene 
without SO 2 

added 

2146 628 625 0 3.4 407 1855 2492 23.90 
1902 234 233 0 8.1 235 1271 1180 16.52 
1904 851 847 0 2.2 337 1689 2608 27.48 
2186 149 148 0 14.7 184 1475 900 10.86 

High β-pinene 
with SO 2 added 

2058 146 145 70 14.2 259 1572 1521 17.21 
2168 142 141 257 15.3 222 1522 1736.2 20.30 
2282 125 119 403 18.3 113 1384 1661.8 21.37 

[X] 0 : the initial concentration of the species X; [O 3 ] max : the maximum mass concentration of O 3 ; �ROG: the amount of reacted organic gas; 
�M : the mass concentration of formed SOA. 

Table 2 – Experimental conditions as a function of the SO 2 injection time. 

SO 2 

injection 
time (hr) 

[ β-pinene] 0 
(ppbV) 

[NO x ] 0 
(ppbV) 

[NO 2 ] 0 
(ppbV) 

[SO 2 ] 0 
(ppbV) 

[ β-pinene]/ 
[NO x ] 

�ROG 

(ppbV) 
�M ( μg/m 

3 ) SOA yield 
(%) 

0 288 246 242 0 1.17 250 506.4 36.07 
0 290 233 230 180 1.25 281 795.2 50.43 
1 297 234 230 165 1.27 287 666.8 41.34 
2 306 229 225 189 1.34 292 620.9 37.88 

Fig. 1 – Temporal shape of the concentrations of NO, NO 2 , O 3 , β-pinene, and SOA during the photooxidation. The initial 
concentrations of β-pinene and NO 2 were 332 and 275 ppbV, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

spectively. The β-pinene photooxidation could be classified to
three stages as follows. 

2.1.1. Stage I: Initial stage of photooxidation reaction 

Upon NO x photolysis, O 3 and OH · were formed, which ini-
tialized the β-pinene photooxidation and generated the low
volatile organic compounds. This stage had a short time dura-
tion and provided the prerequisite conditions for nucleation.
The termination of stage I was marked by the maximization of
NO concentration. The following reactions might be involved
in the stage I. 

NO 2 + hν → O 

(
3 P 

)
+ NO (1)

O 

(
3 P 

)
+ O 2 + M → O 3 + M (2)

NO + O 3 → O 2 + NO 2 (3)

β − pinene + O 3 / OH → RO 2 (4)

HONO + hν → OH + NO (5)
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O 2 + NO → RO + NO 2 (6) 

O + NO → RON O 2 (7) 

O 2 + NO → OH + NO 2 (8) 

here hv is the UV irradiation, M is the atmospheric trace gas,
nd O( 3 P) is the triplet oxygen. 

.1.2. Stage II: Nucleation and growth stage of SOA 

s the reactions proceeded, the concentrations of NO and 

O 2 decreased, whereas those of O 3 continuously increased 

nd reached at a maximum value at this stage. The first- and 

econd-generation products of β-pinene photooxidation re- 
cted with the OH · radicals to produce abundant species, pro- 
oting the nucleation and growth of SOA. It was found that 

he time duration of stage II was related to the concentration 

f reactants. With the increase of the reactant concentrations,
he capability of SOA nucleation was enhanced and the reac- 
ions were accelerated, and thus the time duration was short- 
ned ( Appendix A Fig. S1 ). The end of stage II was signed by
he maximization of SOA yield. 

The RO 2 · radicals could react with NO to produce RONO 2 

r RO · and NO 2 , resulting in the accumulation of O 3 . The OH ·
adicals could react with NO to generate HONO as tempo- 
ary sinks. These reactions might lead to the decrease of NO 

oncentrations. The decrease of NO 2 concentrations could be 
ationalized as follows. NO 2 might react with RO 2 · to form 

O 2 NO 2 as temporary sinks and with OH · to generate HNO 3 .
O 2 might also loss on the particle surfaces or the chamber 
alls. 

.1.3. Stage III: aging stage of SOA 

uring this stage, the concentrations of NO, NO 2 , O 3 , and SOA 

ere kept stably. The SOA oxidation started slowly, leading 
o an overall increase of the oxidation degree of SOA compo- 
ents. These findings were consistent with previous results 

hat the newly-formed SOA were less oxidized and the highly 
xidized compounds were detected after the atmospheric ag- 
ng ( Ng et al., 2010 ). 

.2. Effects of NO 2 on SOA mass concentration and 

article number concentration 

ig. 2 shows the SOA yields, maximum O 3 concentrations, and 

ass concentrations of formed SOA under different condi- 
ions. It can be seen from Fig. 2 a that in low β-pinene con-
itions, the SOA yield decreased with the increase of the 
OC/NO x ratio, indicating that NO x enhanced the SOA forma- 

ion. This finding also held true for high β-pinene conditions 
 Fig. 2 b ). Our results were consistent with recent studies on 

he interaction between β-pinene and NO 2 , O 3 , SO 2 , and NH 3 

nder dark conditions ( Xu et al., 2021 ). Previous investigation 

lso suggested that the aerosol carbon yield from the β-pinene 
hotooxidation depended strongly on the initial HC/NO x ratio 
 Pandis et al., 1991 ). 

The SOA yield was positively correlated with the maxi- 
um O 3 concentrations. Fig. 2 c, d, e, and f show that with 

he increase of the NO x concentration, the maximum O 3 con- 
entration increased and so did the mass concentration of 
ormed SOA, implying that the mass concentration of formed 

OA could be relevant to the O 3 concentration. The formation 

f ozone in the reaction of β-pinene with NO x is consistent 
ith the empirical kinetic modeling approach (EKMA) curve 

 Kinosian, 1982 ), which might be reflected by the maximum O 3 

oncentration peaking at VOCs/NO x = 4 as shown in Fig. 2 d . It
s reminiscent of recent observations that the mass peaks of 
OA generated from the α-pinene-NO 2 photooxidation were 
imilar to those produced from the α-pinene-O 3 system, evi- 
encing the contribution of O 3 during the NO 2 photooxidation 

rocesses ( Jia and Xu, 2020 ). The RO 2 · + RO 2 · reaction usually
roduces the species with higher molecular weights (i.e., the 
onomer, dimer, and trimer of highly oxygenated molecules 

HOMs)), which is assumed to take part in the new particle for- 
ation and the initial particle growth ( Kirkby et al., 2016 ). The

tudies on the SOA formation from monoterpene oxidation 

uggested that the SOA nucleation was mainly suppressed by 
he RO 2 · + NO reaction ( Wildt et al., 2014 ; Zhao et al., 2018 ).
n the previous experimental conditions with NO dominated 

n the NO x system, the probability of the RO 2 · + NO reaction 

as enhanced with the increase of NO x concentration, lead- 
ng to decline the RO 2 · + RO 2 · reaction and reduce the SOA 

ucleation ( Wildt et al., 2014 ; Zhao et al., 2018 ). 
In the NO x cycle induced by UV irradiation, NO and O 3 were 

ccumulated to some extent when the β-pinene was not in- 
olved in the reactions, and the NO x , NO, and O 3 concentra- 
ions tended to be stable. The RO 2 · and HO 2 · radicals formed 

pon UV irradiation would compete with O 3 in the reaction 

ith NO, also resulting in the accumulation of O 3 . With the in-
rease of O 3 concentrations, the β-pinene photooxidation was 
hus enhanced, resulting in the formation of more amounts of 
OA. 

The ozone production can also be described by the odd oxy- 
en (the concentration of O x is equivalent to the sum of [NO 2 ]
nd [O 3 ]), which approximately represents the total oxygen 

oncentration ( Lu et al., 2010 ). The maximum O x concentra- 
ions as a function of VOC/NO x under low (a) and high (b) β-
inene conditions are shown in Appendix A Fig. S2 , which 

ere consistent with the trend of measured O 3 concentra- 
ions. 

The SOA mass concentrations and particle size distribu- 
ions with various NO 2 concentrations in low and high β- 
inene conditions are shown in Fig. 3 . It can be seen from
ig. 3 a that the SOA mass concentration increased with the in- 
rease of the NO 2 concentration, implying that NO 2 improved 

he SOA nucleation during the β-pinene photooxidation. Fur- 
hermore, the mass concentrations of SOA formed in high 

-pinene conditions were larger than those in low β-pinene 
onditions ( Figs. 3 a and b ), suggesting that the SOA nucle-
tion was also enhanced by increasing the β-pinene concen- 
rations. This might account for the similar mass concentra- 
ions of SOA formed in the two conditions of 1904 ppbV β- 
inene/847 ppbV NO 2 and 2146 ppbV β-pinene/625 ppbV NO 2 

 Fig. 3 b ). Fig. 3 c shows that in low β-pinene conditions, with
he increase of the NO 2 concentration, the number concen- 
rations of initial particles tended to increase and the parti- 
le sizes developed to be larger. In high β-pinene conditions 
 Fig. 3 d ), although the number concentrations of initial par- 
icles increased with increasing the NO 2 concentration, the 
article sizes slightly changed with [NO 2 ] below 847 ppbV; 
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Fig. 2 – SOA yield as a function of VOC/NO x under (a) low and (b) high β-pinene conditions. The maximum O 3 concentrations 
as a function of VOC/NO x under (c) low and (d) high β-pinene conditions. The mass concentrations of formed SOA as a 
function of [NO 2 ] under (e) low and (f) high β-pinene conditions. The low and high β-pinene concentration was in the range 
of 320-353 and 1902-2168 ppbV, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with the increase of [NO 2 ] to 847 ppbV, the particle size dis-
tributions moved to a larger side. These observations might
be relevant to the change of O 3 concentrations formed in dif-
ferent conditions. When [NO 2 ] was lower than 847 ppbV, the
O 3 / β-pinene ratios were relatively low, the O 3 + β-pinene reac-
tion generated a lot of the initial generation products with
high volatility, making the particle size distributions nearly
unchanged. When [NO 2 ] was increased to 847 ppbV, the in-
creased [O 3 ] was helpful for the generation of more amounts
of O 3 -oxidized products, leading to the acceleration of the nu-
cleation and growth of SOA. 

2.3. Combining effects of NO 2 and SO 2 on SOA mass 
concentration and particle concentration 

The oxidation of SO 2 to H 2 SO 4 and subsequent condensa-
tion onto particles were proposed to play important roles in
new particle formation ( Brock et al., 2002 ). The acid-catalyzed
heterogeneous reactions lead to a large increase in SOA pro-
duction ( Jang et al., 2002 ). SO 2 could react with Criegee in-
termediates formed from the alkene ozonolysis, affecting the
ozonolysis mechanism of VOCs ( Hung and Hoffmann, 2015 ;
Welz et al., 2012 ). It was also suggested that SO 2 could react
with the peroxy radicals (RO 2 ·) in the gas phase ( Kan et al.,
1981 ), which reaction was too slow to compete with the
sinks of RO 2 · ( Berndt et al., 2015 ). In highly polluted envi-
ronments ([SO 2 ] > 40 ppbV), however, SO 2 could react with
RO 2 · at the aerosol surfaces, which particle-phase reaction
rate ( ∼10 −13 cm 

3 /(molecule ·sec)) was 4 orders of magnitude
larger than the value obtained for the gas-phase reaction
( ∼10 −17 cm 

3 /(molecule ·sec)) ( Richards-Henderson et al., 2016 ;
Sander and Watson, 1981 ). 

It can be seen from Appendix A Fig. S3 shows that the SOA
yields increased with the increase of the SO 2 concentrations,
implying that SO 2 enhanced the SOA formation, which was
consistent with previous studies on the effects of NO x and SO 2

on the SOA formation from the photooxidation of α-pinene
and limonene ( Zhao et al., 2018 ). We also measured the SOA
yield of β-pinene photooxidation with variation of SO 2 injec-
tion time ( Fig. 4 ). The results indicated that the later the SO 2

injection time, the less the SOA yield. As compared to the ex-
periments without SO 2 , the SOA yield was still raised with the
SO 2 injection at the latest time of 2 hr studied here. In partic-
ular, the increase of the SOA yield with the SO 2 injection at
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Fig. 3 – (a and b) SOA mass concentrations and (c and d) particle size distributions with various NO 2 concentrations in low 

and high β-pinene conditions. D p : particle diameter; d N /dlog D p : normalized number size distribution. 

Fig. 4 – SOA yield as a function of SO 2 injection time in low 

β-pinene conditions. The detailed experimental conditions 
are listed in Table 2 . 
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 hr was much larger than that at 1 hr, indicating that the en- 
ancement of SOA yield by SO 2 injected at the beginning of 

he reactions was larger than that by SO 2 injected during the 
eactions. 

Such findings could be rationalized by the different roles 
f SO in the influence of SOA formation mechanism. The 
2 
O 2 oxidation induced the formation of new particles, provid- 
ng more particle surfaces and volumes with the benefit for 
he VOC condensations and thus improving the nucleation 

 Zhao et al., 2018 ). The H 2 SO 4 formed from SO 2 photooxida-
ion could enhance the SOA formation via the acid-catalyzed 

eterogeneous reactions, which was assumed to be the pri- 
ary pathway of SOA formation from the isoprene photoox- 

dation ( Lin et al., 2012 ; Surratt et al., 2007 ). SO 2 could react
ith the gas-phase organics (i.e., RO 2 ·) to produce organic sul- 

ates, which enhanced the aerosol nucleation ( Hung and Hoff- 
ann, 2015 ; Lightfoot et al., 1992 ). 
It was found that the SOA mass concentration as a func- 

ion of the SO 2 injection time ( Fig. 5 a ) followed the trend of
he SOA yield ( Fig. 4 ), whereas the SOA particle concentration 

id not ( Fig. 5 b ). This indicated that the enhancement of the
OA yield by SO 2 was mainly reflected in the increase of the 
OA mass concentration. Fig. 5 b showed that the SOA parti- 
le concentration with the SO 2 injection at 2 hr was close to 
hat without the SO 2 injection, implying that the late injection 

f SO 2 during the nucleation reaction did not significantly in- 
uce the enhancement of the SOA particle concentration. This 
ould be interpreted by the fact that the new particles pro- 
uced by the SO 2 oxidation were eliminated via the conden- 
ations by the initial particles formed during the nucleation; 
O 2 can be oxidized to H 2 SO 4 and subsequently enhanced the 
ptake capability of the nuclei by acid catalysis. As a result,
he extent for the change of the SOA mass concentration was 
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Fig. 5 – (a) SOA mass concentration and (b) particle 
concentration of β-pinene photooxidation without/with 

different SO 2 injection times. The experimental conditions 
are given in Table 2 . 

Fig. 6 – Geometric mean diameter of SOA of β-pinene 
photooxidation without/with different SO 2 injection times. 
The experimental conditions are given in Table 2 . 

 

 

 

 

 

 

 

Fig. 7 – The f 44 vs. f 43 for all the SOA components formed 

from the β-pinene photooxidation in (a) low and (b) high 

β-pinene conditions. The “triangle” parameterization space 
where ambient OOA components fall ( Ng et al., 2010 ) is 
represented by dash lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

visibly larger than that of the particle concentration. Such SO 2

effects were also demonstrated by the influence of the SO 2 in-
jection time on the SOA geometric mean diameter ( Fig. 6 ), with
similarity to that on the SOA mass concentration ( Fig. 5 a ). The
geometric mean diameter of SOA with SO 2 injected at the be-
ginning of the reactions (at 0 hr) was larger than that with
SO 2 injected during the reactions (at 1 and 2 hr), implying that
large amounts of organics were involved in the initial stages
of the reactions, resulting in large yield and geometric mean
diameter of SOA. 

2.4. Effects of NO 2 on SOA chemical composition 

Previous aerosol mass spectra showed that organic aerosol at
most sites can be mainly classified into oxygenated organic
aerosol (OOA) and hydrocarbon-like organic aerosol (HOA)
( Zhang et al., 2007 ). OOA constitutes a substantial fraction
(72% ±21%) of the total organic mass ( Jimenez et al., 2009 ;
Zhang et al., 2007 ). The subcomponents of OOA can be de-
scribed as low-volatility OOA (LV-OOA) and semivolatile OOA
(SV-OOA), which could be characterized by two main ions of
m/z (ratio of mass to charge) = 44 (CO 2 

+ ) and m/z 43 (mostly
C 2 H 3 O 

+ ) in the mass spectra ( Chhabra et al., 2011 ; Ng et al.,
2010 ). It has been demonstrated that the LV-OOA component
spectra had higher f 44 (ratio of m/z 44 to total signal) and lower
f 43 (ratio of m/z 43 to total signal) than SV-OOA ( Ng et al.,
2010 ). The average value of f 44 was observed at 0.17 ±0.04
for LV-OOA and 0.07 ±0.04 for SV-OOA ( Ng et al., 2010 ),
respectively. 

Fig. 7 shows the f 44 vs. f 43 values for all the SOA compo-
nents formed from the β-pinene photooxidation in low and
high β-pinene conditions. The SOA components were mainly
concentrated in the lower half of the triangle, revealing a low
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Fig. 8 – The f 44 of all the SOA components formed from the 
β-pinene photooxidation as a function of reaction time 
under low (red dot) and high (blue dot) initial 
concentrations. 
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xidation degree of SOA. It was speculated that the time du- 
ation from the SOA formation to the detection was fairly 
hort because of the small smog chamber, and thus the SOA 

id not reach the oxidation degree as the field measure- 
ents. The LV-OOA and SV-OOA overlapped in the lower half 

f the triangle, suggesting a large variability of the chemical 
ompositions. 

In low β-pinene conditions, the f 44 value decreased with 

ncreasing NO x concentration, whereas the f 43 value slightly 
hanged ( Fig. 7 a ). In high β-pinene conditions, the f 43 value 
ecreased with increasing NO 2 concentration, whereas the f 44 

alue remained virtually unchanged ( Fig. 7 b ). These findings 
ight be attributed to the fast growth of SOA, resulting in the 

ptake of less oxygenated gas-phase species onto the parti- 
le phase and consequently a low f 44 value. This phenomenon 

ight also result from the ozone isopleth effect in the photo- 
hemical reaction between VOCs and NO x (the EKMA curve) 
 Kinosian, 1982 ). 

It can be seen from Fig. 8 that the f 44 value (0.08-0.15) de- 
reased with the reaction time under low initial concentra- 
ion and slightly changed ( ∼0.02) under high initial concen- 
ration. At the initial stage of SOA growth, the highly oxy- 
enated LV-OOA readily partitioned into the particle phase.
ith the proceeding of the reactions, the highly oxygenated 

pecies were diluted by the less oxygenated SV-OOA, lead- 
ng to a decline in the f 44 value. This finding was consistent 
ith the field observation of rapid particle growth induced by 

he semivolatile organic compounds ( Zaveri et al., 2022 ). Pre- 
ious studies indicated that highly-oxygenated low-volatility 
ompounds were favorably formed under low initial precursor 
oncentration and lowly-oxygenated high-volatility interme- 
iate compounds were the major products under high initial 
recursor concentration ( Alfarra et al., 2012 ; Chen et al., 2019 ).
s a result, the f 44 value at low initial concentration was larger 

han that at high initial concentration, supporting the present 
hamber measurements ( Fig. 8 ). 
. Conclusions and implications 

he effects of NO 2 and SO 2 on the SOA mass concentrations,
article number concentrations, and chemical compositions 
or the β-pinene photooxidation were investigated under dif- 
erent concentrations. The evolution of β-pinene photooxida- 
ion can be classified to three stages. In the first stage (initial- 
zation of photooxidation reaction), O 3 and OH · were formed 

pon NO x photolysis, which initialized the β-pinene photoox- 
dation and generated the low volatile organic compounds.
n the second stage (SOA nucleation and growth), the first- 
nd second-generation products of β-pinene photooxidation 

eacted with various radicals (i.e., RO ·, RO 2 ·, OH ·) to produce
bundant species, promoting the nucleation and growth of 
OA. In the third stage (SOA aging), the concentrations of NO,
O 2 , O 3 , and SOA were reasonably stable. 

NO 2 promoted the SOA mass concentrations and particle 
umber concentrations under both low and high β-pinene 
onditions, which were different from the suppression effects 
f NO x on the SOA formation from photooxidation of α-pinene 
nd limonene. In the NO x cycle induced by UV irradiation, the 
ncreased O 3 concentrations helped to produce more amounts 
f O 3 -oxidized products during the β-pinene photooxidation 

nder the present experimental conditions, which accelerated 

he nucleation and growth of SOA. The enhancement of the 
OA yield by SO 2 was mainly reflected in the increase of the 
OA mass concentration. The new particles produced by the 
O 2 oxidation were feasibly eliminated via the condensations 
y the particles formed during the initial nucleation; SO 2 can 

e oxidized to H 2 SO 4 and subsequently enhanced the uptake 
apability of the nuclei by acid catalysis. The observed low ox- 
dation degree of SOA might be attributed to the fast growth 

f SOA, resulting in the uptake of less oxygenated gas-phase 
pecies onto the particle phase. 

While β-pinene is an important contributor to anthro- 
ogenic volatile organic compounds, NO 2 and SO 2 are two 
ital anthropogenic pollutants and co-exist in the ambient 
tmosphere. The observed effects of NO 2 and SO 2 on the 
OA mass concentration, particle concentration, and chemical 
ompositions provide important information for fundamen- 
al understanding of the initial steps of β-pinene oxidation 

nd the subsequent processes of new particle formation. The 
resent findings have important implications for the assess- 
ent of SOA formation affected by biogenic–anthropogenic 

nteractions and ultimate reduction of anthropogenic emis- 
ions. 
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