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A B S T R A C T   

The gas-particle mixture produced in a smog chamber from the ozonolysis of limonene was further oxidised with 
NO3 radicals, O3 and OH radicals to study the NO3, O3 and OH initiated aging of biogenic secondary organic 
aerosol (SOA). The results of aerosol mass spectrometry analysis showed that similar yields of SOA were pro-
duced by all three oxidants used in the experiments after 1-h of aging, suggesting that NO3 and O3 initiated aging 
have similar SOA formation potentials to OH initiated aging. The results of proton transfer reaction-quadrupole 
interface time-of-flight mass spectrometry analysis showed that the signals of m/z 139, m/z 151, m/z 153 and m/ 
z 167 decreased upon subsequent oxidation by all three oxidants, suggesting the degradation of gaseous un-
saturated first-generation products formed from limonene ozonolysis such as limonaketone, limononaldehyde, 
limonalic acid and limononic acid. The results of liquid chromatography-mass spectrometry analysis showed that 
chromatographic peaks of m/z 185 and m/z 199 degraded upon subsequent oxidation, indicating that particle 
phase unsaturated products, including limonic acid and 5- or 7-hydroxylimononic acid, reacted in the gas or the 
particle phase with all three oxidants injected. The results of chemical kinetic and gas-particle partitioning 
calculations suggest that unsaturated particle phase products decrease due to reactions with NO3 radicals, O3 and 
OH radicals in the gas phase, whereas reactions in the particle phase are not excluded. New organic nitrate 
products were produced by NO3 initiated aging whereas saturated organic compounds, including ketolimonic 
acid, 5- or 7-hydroxyketolimononic acid, and a portion of highly functionalised limonene ozonolysis products of 
m/z 215 and m/z 217 increased by O3 and OH initiated aging.   

1. Introduction 

Organic aerosol particles with complex sources comprise atmo-
spheric fine particulate matter that adversely impacts air quality, human 
health and visibility (Dockery et al., 1993; Kanakidou et al., 2005; IPCC, 
2013). A major fraction of organic aerosol is secondarily produced from 
the oxidation of volatile organic compounds (VOCs). Organic aerosol 
formed from the oxidation of VOCs is termed as secondary organic 
aerosol (SOA) (Pope and Dockery, 2006; Kanakidou et al., 2005). The 
oxidation of biogenic VOCs is the largest source of global SOA (Kana-
kidou et al., 2005) and limonene is one of the major constituents of 
biogenic VOCs with an estimated emission rate of 11 Tg yr− 1 (Guenther 

et al., 2012). In addition to vegetation, limonene is also a major con-
stituent of essential oil, which is used in house cleaning and personal 
care products due to its pleasant fragrance and antimicrobial property. 
Thus, limonene can also produce indoor SOA and affect indoor air 
quality (Nazaroff and Weschler, 2004; Rossignol et al., 2013; Chen et al., 
2016; Waring 2016). 

Limonene is a typical polyalkene monoterpene, which may have 
oxidation mechanisms different from α-pinene and β-pinene, with a 
single double bond; polyalkene monoterpenes observed in the atmo-
sphere include α-terpinene, γ-terpinene, terpinolene, α-phellandrene, 
β-phellandrene, myrcene and ocimene as well as limonene. Limonene 
has endocyclic and exocyclic double bonds; the former double bond can 
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be oxidised by O3 10–50 times faster than the latter (Zhang et al., 2006; 
Maksymiuk et al., 2009). The ozonolysis of limonene leads to volatile 
and condensable unsaturated first-generation products (Pathak et al., 
2012), which will then undergo subsequent oxidation. Limonene can 
produce multifunctional products from the initial oxidation of the 
endocyclic double bond as well as successive oxidation of two double 
bonds. Limonene thus has higher SOA formation potential than α-pinene 
and β-pinene (Hoffmann et al., 1997; Jonsson et al., 2006; Ng et al., 
2006). First-generation products formed from the ozonolysis of limo-
nene include unsaturated C7–C10 species such as limonic acid, limo-
nonic acid, limonalic acid, limononaldehyde, ketolimonalic acid and 
limonaketone (Glasius et al., 2000; Jaoui et al., 2006; Walser et al., 
2008; Rossignol et al., 2013; Gallimore et al., 2017; Gong et al., 2018; 
Hammes et al., 2019). Previous chamber studies reported that successive 
oxidation of limonene ozonolysis products plays a vital role in SOA 
formation (Zhang et al., 2006; Ng et al., 2006; Walser et al., 2007, 2008; 
Maksymiuk et al., 2009; Witkowski et al., 2017; Gong et al., 2018). 
Unsaturated oxidation products formed from the oxidation of limonene 
could react with OH radicals, O3 or NO3 radicals. Condensable limonene 
unsaturated products may present in the particles phase, therefore 
aqueous phase reactions will occur in clouds and fog (Witkowski et al., 
2018). Although previous studies examined SOA formation from day-
time aging of monoterpene oxidation products (e.g., Ng et al., 2006; 
Walser et al., 2007; Donahue et al., 2012; Watne et al., 2017; Sbai et al., 
2019; Baboomian et al., 2020), we barely understand nighttime aging of 
monoterpene oxidation products. 

Standard volatility basis-set (VBS) models (e.g., Tsimpidi et al., 2010; 
Shrivastava et al., 2011) include not only the formation of SOA by the 
condensation of first-generation products produced from the oxidation 
of VOCs but also the condensation of second- or higher-generation 
products produced from the OH initiated aging of first- or 
higher-generation products. Although nighttime NO3 and O3 initiated 
aging and daytime O3 initiated aging were not included, these processes 
may contribute to SOA generation. Previous field studies reported sig-
nificant formation of SOA and nitrate aerosol after sunset in 
terpene-abundant areas affected by air pollution (Rollins et al., 2012; 
Huang et al., 2019; Chen et al., 2020). The results of these previous field 
studies indicate that nighttime chemistry of unsaturated compounds 
that are emitted directly or produced secondarily needs to be addressed. 

In this study, we examine the effects of NO3, O3 and OH initiated 
aging of SOA formed from the ozonolysis of limonene. To the best of our 
knowledge, this is the first study to investigate NO3 initiated aging of 
SOA formed from the ozonolysis of limonene. This study aims to 
examine whether dark condition NO3 and O3 aging can produce SOA 
and how gas and particle products generated by ozonolysis of limonene 
respond to NO3 and O3 oxidation. 

2. Experimental 

2.1. Experimental conditions 

A series of experiments was carried out in a 6 m3 Teflon-coated 
stainless steel chamber (Akimoto et al., 1979; Sato et al., 2015). The 
temperature of the chamber air was kept at 298 ± 2 K and relative 
humidity was <1%. Details of the experimental conditions are sum-
marised in Table 1. Ramasamy et al. (2019) studied nighttime NO3 
initiated aging of SOA formed from toluene by injecting an aging oxidant 
or its source into a chamber after formation of SOA. We apply a similar 
technique to the reaction of limonene. Purified dry air was injected into 
the evacuated chamber before every experiment using a custom-made 
air purifier (Horiba Stec, Japan). The total pressure of the chamber air 
was maintained at 1019 ± 10 hPa. 

2.2. SOA formation and filter sampling 

SOA was generated from the ozonolysis of limonene by mixing ozone 

(~150 ppb) and limonene (~150 ppb) in the dark without adding any 
seed particles. No scavenger was employed to remove secondary hy-
droxyl radical. After the limonene concentration had decreased below 
10% of the initial concentration, SOA particles produced were sampled 
on a Fluoropore Teflon filter (diameter 47 mm, pore size 1 μm, Sumi-
tomo Electric, Japan). Reaction mixture was sampled at 16.7 L min− 1 for 
12 min. After the filter sampling, 764 ppb of N2O5 (run 1), 1540 ppb of 
O3 (run 2) or 1038 ppb of NO2 (run 4) was injected into the chamber 
under dark conditions to expose SOA to NO3 radicals, O3 and NO2, 
respectively. In run 3, H2O2 was added after the filter sampling and the 
reaction mixture was irradiated by light from 19 xenen arc lumps 
filtered through Pyrex filters (>290 nm, 1 kW each) to expose SOA to OH 
radicals. Details about methods used for preparing N2O5 are given in 
Text S1. One hour after the addition of a reagent for SOA aging in runs 1, 
2 and 4, a 0.2 m3 volume of aged SOA was sampled from the chamber 
using a second Teflon membrane filter. In run 3, a second filter sample 
was collected 3 h after the H2O2 photolysis was started. 

Total NO3 radical, O3 and OH radical exposures between the second 
addition of radical source and filter sampling were determined to be 2.9 
× 1014, 1.1 × 1017 and 3.9 × 1010 molecule cm− 3 s, respectively. We 
estimated the NO3 and OH exposure values from Master Chemical 
Mechanism (MCM) v.3.3.1 calculations (Saunders et al., 2003) as 
described in Text S2. The average NO3 radical and OH radical concen-
trations between the second addition of radical source and filter sam-
pling were 7.4 × 1010 and 3.8 × 106 molecule cm− 3, respectively. 

2.3. Instrumentation 

A Fourier transform-infrared spectrometer with an optical path of 
221.5 m (FT-IR) (Model 6800, JASCO, Japan) and a proton transfer 
reaction-quadrupole interface time-of-flight mass spectrometer (PTR- 
QiTOF) (Ionicon Analytik, Austria) were used for the measurements of 
gaseous reactants and products. Detailed measurement conditions of FT- 
IR and PTR-QiTOF are given elsewhere (Ramasamy et al., 2019). The 
size distribution of SOA particles was monitored at 6 min intervals using 
a scanning mobility particle sizer (SMPS) (Model 3934, TSI, USA). An 
Aerodyne aerosol mass spectrometer (AMS) (HR-ToF-AMS, Aerodyne 
Research, USA) (Aiken et al., 2008) driven in V mode was used to 
measure the mass concentration and O/C ratio of SOA at 3 min intervals. 
The volume concentration obtained from SMPS measurement was 
multiplied by the density of SOA to calculate SOA mass concentration. 
The aerodynamic diameter obtained from AMS measurements was 
divided by the mobility diameter obtained from SMPS measurements, 
and we determined the density of SOA as 1.33 ± 0.07 g cm− 3. SOA mass 
concentration calculated from SMPS data was corrected by taking ac-
count of particle wall deposition loss and chamber air dilution. Chamber 
air dilution occurred due to the chamber air supply to the instruments 
and addition of the purified air to uphold a constant chamber pressure. 
The total particle loss rate, which includes losses from wall deposition 
and dilution, was obtained by linear regression analysis of particle 
number concentrations on a logarithmic scale. The aforementioned total 
particle loss rate during ozonolysis of limonene was determined to be 

Table 1 
Details of limonene ozonolysis experiments.  

Run Initial oxidation  Oxidation after SOA formation 

[Limonene]0 

(ppb) 
[O3]0 

(ppb) 
Aging oxidant source 
(AOS) 

[AOS] 
(ppb) 

1 146 ~150  N2O5 764 
2 149 ~150  O3 1540 
3 139 ~150  H2O2/hνa  

4 175 ~150  NO2 1038  

a To keep the level of H2O2 in the reaction chamber to ~10 ppm, H2O2 was 
continuously added. After adding the aging source H2O2 the reaction mixture 
was irradiated. 
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0.11 ± 0.01 h− 1, whereas the particle wall loss rate, which was calcu-
lated by subtracting the dilution rate, was ~0.06 ± 0.01 h− 1. 

Offline samples were analysed to investigate the chemical composi-
tion of SOA particles (Sato et al., 2007; Ramasamy et al., 2019). A 20 μL 
aliquot of internal standard adipic acid-13C6 in methanol solution (~50 
ng/μL) was added to filter samples. A 5 mL methanol solvent was added 
to the filter samples and sonicated for 30 min in an ultrasonic bath 
(model UT-105S, 130 W, Sharp, Japan). Under a mild flow of nitrogen, 
the filter extract was concentrated to near dryness. An analytical sample 
was obtained by adding a 0.25 mL formic acid–water (v/v =

0.05/99.95) and 0.25 mL methanol solution to the concentrated extract. 
A 10–20 μL aliquot of the analytical sample was analysed using a liquid 
chromatography-quadrupole mass spectrometry (LC/MS) instrument 
electrospray ionization method in negative ion mode (LCMS-2020, 
Shimadzu, Japan). Further details about MS analysis conditions is given 
in Text S3. 

3. Results and discussion 

3.1. SOA formation and subsequent oxidation 

Fig. 1 shows the results of gas and particle concentrations measured 
by FT-IR and SMPS in run 2. The SOA yield from the ozonolysis of 
limonene was calculated from the ratio of the total loss-corrected SOA 
mass concentration to the degraded limonene concentration when the 
measured SOA concentration reached maximum. The SOA yields were 
determined to be 0.33 ± 0.02 (run 1), 0.31 ± 0.01 (run 2) and 0.32 ±
0.01 (run 3) at mass concentrations of 230, 229 and 221 μg/m3, 
respectively. The total loss-corrected SOA mass concentrations of runs 
1–3 are shown in Fig. 2. The SOA mass concentration increased to 312 ±
20 μg/m3 from 230 ± 11 μg/m3 at 1 h after the injection of N2O5; that is, 
the mass concentration increased by 36 ± 2%. Similarly, the SOA mass 
concentration increased by 30 ± 2% at 1 h after the O3 injection and by 
25 ± 3% at 1.5 h after the start of H2O2 photolysis. The contributions of 
remaining limonene to SOA increase in runs 1, 2 and 3 were respectively 
calculated to be 8%, 12% and 8% from the concentration of remaining 
limonene and the SOA yield. These results show that SOA concentrations 
were substantially increased in runs 1–3 compared to estimated con-
tributions from remaining limonene, indicating that reactions of 

limonene oxidation products with NO3 radicals, O3 and OH radicals lead 
to the generation of SOA. 

3.2. AMS analysis of SOA and nitrate aerosol 

In accordance with SMPS results, AMS results showed that increase 
in organic aerosol after SOA was exposed to oxidants in runs 1–3, but no 
increase of organic aerosol was observed after NO2 injection in run 4 
(Fig. S1). Total loss corrected SOA mass concentrations increased by 28 
± 3%, 24 ± 2% and 23 ± 2% at 1 h after the start of the exposure to 
oxidant in runs 1, 2 and 3, respectively. A fresh formation of nitrate 
aerosol (6 ± 0.2%) was observed in run 2 after injection of N2O5, but it 
was not observed in run 4 after the injection of NO2. Here, nitrate 
aerosol indicates the fraction of aerosol composition providing NO+ and 
NO2

+ fragment ions during electron ionization of AMS. For the first 
40–50 min of limonene ozonolysis, SOA mass concentration increased 
rapidly, and the O/C ratio decreased from ~0.40 to ~0.37 (Fig. 3), 
suggesting the condensation of less functionalised organic compounds 
onto new particles formed from more functionalised organic com-
pounds. Previous studies reported that limonene ozonolysis products 
include unsaturated C7–C10 compounds with carboxy, keto and alde-
hyde functional groups with O/C ratios of 0.3–0.7 (Hammes et al., 2019; 
Pathak et al., 2012). Compounds with high O/C ratios such as limonic 
acid with an O/C ratio of 0.44, ketolimonic acid with an O/C ratio of 
0.63 and 7-hydroxyketolimononic acid with an O/C ratio of 0.56 might 
be partitioned into the particle phase at the initial stage because these 
are low-volatility products with C* of 10− 1− 10− 3 μg/m3. The conden-
sation of semivolatile organic compounds (SVOCs) with C* of 102− 10◦

μg/m3 on existing particles was possibly involved in the continuous 
decrease in the O/C ratio. Also, high OH radical yield values were re-
ported for limonene ozonolysis (0.64–0.86; Atkinson et al., 1992; 
Herrmann et al., 2010), therefore secondary OH radicals can react with 
limonene. Watne et al. (2017) reported that OH initiated oxidation of 
limonene produced more volatile SOA than that produced from the 
limonene ozonolysis. SVOCs produced from the OH radical reaction 
might also be condensed onto existing particles. The trend of initial 
decrease in the O/C ratio and increase in the H/C ratio was reversed 
after 30–40 min from the start of ozonolysis, indicating that the O/C 
ratio increased due to ozone initiated aging of products and/or vapour 

Fig. 1. Time series of gaseous reactants and SOA formation observed during ozonolysis of limonene (run 2) and O3 initiated aging. Filter sampling periods 1 and 2 are 
indicated using vertical dotted lines. 
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wall loss deposition of SVOCs. Upon O3 injection in run 2 or H2O2 
photolysis in run 3, the O/C ratio continuously increased. A significant 
initial decrease in the O/C ratio was observed immediately after the 
N2O5 injection in run 1, but then the O/C ratio continuously increased in 
a similar manner to runs 2 and 3. The continuous increase of the O/C 
ratios is likely due to the formation of more functionalised products 
upon subsequent oxidation of limonene oxidation products and/or due 
to the vapour wall loss of SVOCs. 

3.3. PTR-QiTOF analysis of gas phase components 

The gaseous products decreasing and increasing after exposure to an 
aging oxidant during runs 1 and 2 are shown in Figs. S2 and 4, respec-
tively. After N2O5 injection, O3 injection or H2O2 photolysis, mass sig-
nals, including m/z 139.11, m/z 151.11, m/z 153.09, m/z 155.11, m/z 
165.09, m/z 167.11, m/z 169.09, m/z 169.12 and m/z 185.12, were 
found to degrade, suggesting that limonene ozonolysis products include 
unsaturated compounds and these react with O3, NO3 radicals and OH 
radicals. 

Gkatzelis et al. (2018) reported that major PTR signals from car-
bonyls and carboxylic acids are protonated molecules, [M + H]+, and 
dehydrated protonated molecules, [M + H − H2O]+, respectively. We 
obtained similar results by using the identical instrument to the present 
study as described in Text S4. On the other hand, Lee et al. (2006) and 
Wisthaler et al. (2001) observed [M + H − H2O]+ as a major fragment 
signal even for pinonaldehyde, which is a carbonyl product. During 
assignments of present PTR-QiTOF data, we treat pinonaldehyde as an 
exception and assume that [M + H]+ and [M + H − H2O]+ ions are 
observed as major signals formed from carbonyls other than pino-
naldehyde and carboxylic acids, respectively. 

Products degraded after exposure to NO3 radicals or ozone are 
attributed to unsaturated organic compounds (Text S5, Table S1). We 
referred to previous identifications of gaseous products formed from the 
oxidation of limonene for the present gaseous product assignments 
(Glasius et al., 2000; Jaoui et al., 2006; Walser et al., 2008; Gkatzelis 
et al., 2018; Gallimore et al., 2017; Hammes et al., 2019). The signals of 
m/z 151.11, m/z 153.09, m/z 167.11 and m/z 169.09 are attributed to 
the [M + H − H2O]+ ions of C10H16O2, C9H14O3, C10H16O3 and C9H14O4, 

respectively. The signals of m/z 139.11 and m/z 155.10 are attributed to 
the [M + H]+ ions of C9H14O and C9H14O2, respectively. Of these 
products, C10H16O3 is attributed to limononic acid and hydroxy limo-
nonaldehydes. C9H14O4, C9H14O3, C10H16O2 and C9H14O are attributed 
to limonic acid, limonalic acid, limononaldehyde and limonaketone, 
respectively. The signals of m/z 107.09, m/z 109.11, m/z 121.12, m/z 
123.12, m/z 125.10, m/z 133.10 and m/z 143.10 also decreased after 
exposure to aging oxidants (Fig. 4 and S2); those signals with lower 
masses are possibly attributed to fragment ions of unsaturated limonene 
oxidation products. Those fragment signals with the same masses were 
commonly observed in PTR mass analysis of the products formed from 
the ozonolysis of 10 terpenes (Lee et al., 2006). 

In contrast, products that increased after exposure to ozone and OH 
radicals are attributed to oxygenated saturated hydrocarbons (Table S2). 
The reactions of monounsaturated compounds with O3 and OH radicals 
generally produce saturated compounds. The intensities of m/z 45.03, 
m/z 61.03, m/z 73.03, m/z 141.06, m/z 157.09, m/z 171.07, m/z 
181.09, m/z 185.08 and m/z 201.11 increased after the addition of O3 
(Fig. 4). Among these signals, m/z 45.03, m/z 61.03 and m/z 73.03 are 
attributed to acetaldehyde, acetic acid and methylglyoxal, respectively. 
Of the increasing signals, m/z 141.06, m/z 157.09, m/z 171.07 and m/z 
185.08 are attributed to the [M + H − H2O]+ ions from C7H10O4, 
C8H14O4, C8H12O5 and C9H14O5, respectively. 

The reactions of unsaturated organic compounds with NO3 radicals 
will result in the production of nitrooxyalkyl radicals that undergo ter-
molecular reactions with O2 and third body to form nitrooxyalkylperoxy 
radicals (Atkinson, 1991; Finlayson-Pitts and Pitts, 2000; Spittler et al., 
2006). Nitrooxyalkylperoxy radicals react with NO2 to form unstable 
nitrooxyperoxynitrates, which react with HO2 or RO2 to form mono-
nitrates or react with impurity NO to form mono- or dinitrates. Major 
signals that increased after the N2O5 injection are shown in Fig. S2. 
Several signals with odd and even number masses, i.e., m/z 154.02, m/z 
184.03, m/z 193.01, m/z 218.10, m/z 221.03, m/z 230.10, m/z 245.06 
and m/z 259.04, increased after the N2O5 addition. Ions increasing after 
the N2O5 addition are attributed to protonated organic compounds, 
protonated organic nitrates or fragment ions of these protonated com-
pounds. Signals with even number m/z were mononitrate compounds 
according to the nitrogen rule. After the addition of NO2 in run 4, no 

Fig. 2. Time series of SOA mass concentrations (μg/m3) observed during runs 1–3 using SMPS. By accounting for wall deposition loss, SOA concentrations 
were corrected. 
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clear change was observed. In other words, the signals degrading after 
the addition of N2O5, such as m/z 155.11, m/z 165.09, m/z 167.11, m/z 
169.12 and m/z 185.12, were not changed after the addition of NO2 
alone. 

3.4. LC/MS analysis of offline SOA samples 

We used a column to separate analyte signals from solvent signals. 
Contaminant signals were confirmed to be negligible by checking LC/ 
MS results of blank samples. A blank sample was prepared by sampling 
clean chamber air through a Teflon filter and analysed in a similar 
manner to that used for the SOA samples. Ultrasonication and drying 
methanol solution of SOA used in pre-treatment may lead to increase of 
peroxides (Mutzel et al., 2013). However, this has a minor impact 
because molecules other than peroxides are mostly focused on in this 
study. Because no denuder to remove gaseous organic compounds was 

used for filter sampling, present LC/MS results of may be affected by 
SVOCs in gas phase. 

Major chromatographic peaks for samples collected before the 
exposure to aging oxidants appeared at m/z 185, m/z 187, m/z 199, m/z 
201, m/z 215, m/z 217, m/z 231, m/z 247 and m/z 263. We assumed in 
this study that deprotonated molecules, [M – H]-, are major signals 
formed during electrospray ionization in the negative ion mode. Table 2 
shows possible product assignments based on previous studies for major 
products (Glasius et al., 2000; Leungsakul et al., 2005; Jaoui et al., 2006; 
Walser et al., 2008; Rossignol et al., 2012; Gallimore et al., 2017; 
Hammes et al., 2019). The products of m/z 185, m/z 187, m/z 199, m/z 
201, m/z 215, m/z 217 and m/z 231 are attributed to C9H14O4, C8H12O5, 
C10H16O4, C9H14O5, C10H16O5, C9H14O6 and C10H16O6, respectively. 
Chromatographic peaks at the same retention time were observed for 
m/z 185, m/z 217 and m/z 231 at 14.4 min. We identified m/z 185, m/z 
217 and m/z 231 ions to deprotonated molecule ([M – H]–), adduct of 

Fig. 3. H/C and O/C ratio measured by AMS during limonene ozonolysis experiments (runs 1–4) are shown in upper and lower panels, respectively. Symbols are 
shown in red after the addition of O3, H2O2/hν N2O5 and NO2 (runs 1–4). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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deprotonated molecule and methanol ([M – H + CH3OH]–; Liu et al., 
2018) and adduct of molecule and formate ion, [M + HCOO]–, respec-
tively. Chromatographic peaks of m/z 201 and m/z 247 at 11.2 min were 
identified to [M – H] – and [M + HCOO]–, respectively. Similarly, peaks 
of m/z 201 and m/z 247 at 12.3 min were identified to [M – H] – and [M 
+ HCOO]–, respectively. Peaks of m/z 187 and m/z 231 at 6.9 min were 
not identified. 

Tables S3, S4 and S5 show adipic acid equivalent concentration of 
peaks of LC/MS extracted ion chromatograms analysed for SOA samples 
collected in runs 1, 2 and 3, respectively. Due to particle wall deposition 
and dilution between first and second filter samplings, 20 ± 2%, 24 ±
2% and 48 ± 4% of particle mass may be lost between first and second 
samplings in runs 1, 2 and 3, respectively. The concentrations calculated 
for second filter samples were corrected taking into account wall 
deposition and dilution loss for comparisons with first filter samples. 
The particle mass concentration decreased by at most 48% between first 
and second filter sampling. We checked the effect of decrease in particle 
mass concentration on evaporation of compounds present in SOA under 
present experimental conditions. In these checks, we employed a gas- 
particle portioning model (Pankow, 1994). The concentration of prod-
ucts with a saturation concentration (C*) of 100, 10 and 1 μg/m3 was 
determined to decrease by 20%, 3.4% and 0.36% due to evaporation 
induced from 48% reduction of particle mass concentration. Therefore, 
concentration data increasing or decreasing by less than 20% were 
rejected in the following discussion. 

Table 3 shows percentage changes in major chromatographic peaks 
after exposure to aging oxidants. A peak observed in the chromatogram 
of m/z 185 at a retention time of 24.1 min decreased by 70%–88% after 
the exposure to aging oxidants in runs 1–3. The peak observed at 24.1 
min of m/z 185 is attributed to limonic acid or its unsaturated isomer. A 

similar decrease after the exposure to aging oxidant was observed for the 
peaks at 21.0 min of m/z 199, 18.5 min of m/z 201 and 18.8 min of m/z 
263. The peak of m/z 199 are attributed to 5- or 7-hydroxylimononic 
acid or its unsaturated isomer. The decreasing peaks of m/z 201 and 
m/z 263 are also attributed to reactive unsaturated products. 

Another peak observed at 14.4 min of m/z 185 increased by 107% 
and 158% after O3 and OH radical initiated aging, respectively. How-
ever, this peak was not changed significantly after N2O5 injection. The 
peak observed at 14.4 min of m/z 185 is attributed to ketolimonic acid or 
its saturated isomer. Similarly, peaks increasing after exposure to ozone 
and OH radical were observed at 18.6 min of m/z 215, 16.7 min of m/z 
217 and 18.7 min of m/z 217. The peaks formed from O3 and OH radical 
initiated aging are attributed to saturated products, which are barely 
reactive with aging oxidants. 

The peak observed at 11.3 min of m/z 187 increased by 25% after the 
exposure to ozone and were barely changed after the exposure to NO3 
and OH radicals. Similarly, the peaks observed at 15.0 min of m/z 199, 
17.4 min of m/z 199 and 17.8 min of m/z 199 increased after the 
exposure to ozone and were barely changed or decreased after the 
exposure to NO3 and OH radicals. These products may be produced only 
by the ozone initiated aging. In contrast, the peak observed at 16.0 min 
of m/z 215 increased by 101% only after the exposure to OH radicals. 
This product may be produced by the OH radical initiated aging. 

Several new peaks were observed at even number and odd number 
m/z after the addition of N2O5 (Table S6). These new products can be 
attributed to organonitrates or organodinitrates produced by the re-
actions of unsaturated products with NO3 radicals. 

Fig. 4. Time series of PTR-QiTOF signals during O3 initiated aging in run 2; panels (a), (b) and (c) show signals decreasing after the second addition of ozone; panels 
(d) and (e) show signals increasing after the second addition of ozone. 
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3.5. Chemical kinetic and gas-particle partitioning calculations 

LC/MS results showed that several particle phase products decreased 
after the exposure to aging oxidants. We assume that two possible 
pathways explain the degradation of particle phase products when SOA 
is exposed to oxidants. Particle phase products can react with oxidants 
absorbed from the gas phase:  

Ox(gas) ↔ Ox(particle),                                                                  (R1)  

alkene(particle) + Ox(particle) → products(particle),                           (R2) 

where Ox is aging oxidants, and alkene is unsaturated products formed 
from the oxidation of limonene. Another possible pathway is gas phase 
oxidation followed by the vaporisation of particle phase products:  

alkene(particle) ↔ alkene(gas),                                                        (R3)  

alkene(gas) + Ox(gas) → products(gas).                                            (R4) 

We performed chemical kinetic and gas-particle partitioning calcu-
lations by assuming that particle phase products degrade only by gas 
phase oxidation (R4) followed by evaporation (R3) to understand re-
lationships between the degradation media and the product saturation 
concentration (C*). Detailed procedures of calculations are described in 
Text S2. 

We used SPARC (SPARC Performs Automated Reasoning in Chem-
istry; Hilal et al., 2003) to evaluate the C*s of unsaturated particle phase 
products to be 1.1 × 10− 5 to 211 μg/m3 (Table S7). Chemical structures 
suggested for unsaturated products by previous studies (Table 2) were 
employed for SPARC calculations. The C*s of compounds with molec-
ular weights of 186, 200, 216 and 232 were determined to be 0.25 

Table 2 
Possible compound assignment for major detected chromatographic peaks from LC/MS analysis using previous studies (Glasius et al., 2000a; Jaoui et al., 2006b; Walser 
et al., 2008c; Rossignol et al., 2012d; Gallimore et al., 2017e; Hammes et al., 2019f).  

m/z Suggested 
formula 

Structure Refs. 

185 C9H14O4 

limonic acid 

ketolimononic acid   

a, b, 
c, d, 
e, f, 

187 C8H12O5 

ketolimonic 

acid    

a, b, 
c, d, 
f, 

199 C10H16O4 

5-hydroxy limononic acid 
7-hydroxylimononic acid 

2,5-dihydroxy-6-oxo-3-(prop- 
1-en-2-yl)heptanal 

2-hydroxy-3-(3-hydroxyprop- 
1-en-2-yl)-6-oxoheptanal 

a, b, 
c, e, 
f, 

4,7-dihydroxy- 

6-oxo-3-(prop-1-en-2-yl)heptanal    
201 C9H14O5 

5-hydroxyketolimononic acid 
7-hydroxyketolimononic acid   

a, b, 
c, f 

215 C10H16O5 

2,4-dihydroxy-3-(3-hydroxyprop-1-en- 
2-yl)-6-oxoheptanal 

4,7- 

dihydroxy-3-(3-hydroxyprop-1- 
en-2-yl)-6-oxoheptanal 

4,7- 

dihydroxy-6-oxo-3-(prop-1-en- 
2-yl)heptanoic acid 

2,5- 

dihydroxy-3-(3-hydroxyprop- 
1-en-2-yl)-6-oxoheptanal 

c 

231 C10H16O6 

2,4,7- 

trihydroxy-3-(3-hydroxyprop-1-en-2-yl)- 
6-oxoheptanal   

2,4,5-trihydroxy-3-(3- 
hydroxyprop-1-en-2-yl)-6- 
oxoheptanal     

c  
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μg/m3, 0.26–211 μg/m3, 1.4 × 10− 4–3.9 × 10− 2 μg/m3 and 4.8 ×
10− 7–1.1 × 10− 5 μg/m3, respectively. These results suggest that prod-
ucts with molecular weights of 186 and 200 are SVOCs or low volatility 
products, whereas those with molecular weights of 216 and 232 are low 
volatility products. 

Fig. S3 shows the particle phase concentrations calculated for the 
products with C*s of 0.04, 0.15, 0.25, 1.54, 32 and 211 μg/m3. Using the 
particle phase product concentrations simulated for the first sampling 
period (C1,sim) and second sampling period (C2,sim), we determined the 
percentage ratio of change in product concentration (Δsim) defined as: 
Δsim = 100 (C2,sim – C1,sim)/C1,sim. The Δsim of the products with a C* of 
0.04, 0.15, 0.25, 1.54, 32 and 211 μg/m3 was determined to be 9%, 2%, 
− 18%, − 33%, − 95%, <–99% for the reactions with NO3 radicals, 17%, 
17%, 16%, 11%, − 56% and <–99% for the reactions with ozone and 9%, 
8%, 8%, 1%, − 79% and <–99% for the reaction with OH radicals. These 
results show that products with a C* of 211 μg/m3 or higher are 
completely consumed by the gas phase oxidation between two sampling 
periods, whereas gas phase reactions barely occur for products with a C* 
of 0.04 μg/m3 or lower. The results of SPARC and kinetic calculations 
suggest that gas phase oxidation can occur for the products with mo-
lecular weights of 186 and 200 and barely occur for the products with 
molecular weights of 216 and 232. The particle phase products with 
molecular weights of 186 and 200 will decrease due to gas phase re-
actions followed by evaporation, but particle phase reactions followed 
by the uptake of oxidants cannot be excluded. A decrease of measured 
chromatographic peaks after the exposure to aging oxidants was 
observed even for products with m/z of 215 and 231 (Table 3). These 
particle phase products with molecular weights of 216 and 232 will 
undergo particle phase reactions followed by the uptake of oxidants. 

3.6. Atmospheric implications 

The atmospheric lifetimes of limonene and its oxidation products 
were estimated against typical daytime OH and O3 concentrations and 
nighttime NO3 concentrations (Table S10). We used the rate constants 

listed in Table S9. Gas-particle partitioning was not employed for the 
calculation of the lifetime, therefore calculated lifetime may be under-
estimated. For each oxidant, we assumed two typical concentrations, i. 
e., those under clean forest and semi-polluted conditions (Stone et al., 
2012; Khan et al., 2015). Limonene lifetimes are comparable between 
reactions with O3 and OH radicals, under both clean and semi-polluted 
conditions, suggesting that both the reactions with O3 and OH radicals 
are major sinks for limonene in the daytime. In contrast, the lifetimes of 
unsaturated products against O3 are 13–30 times longer than OH radi-
cals. These results suggest that the reactions with OH radicals are major 
sinks for unsaturated products in the daytime. The lifetimes of unsatu-
rated products against the reactions with OH radicals were determined 
to be 65–142 min under daytime clean forest conditions, suggesting that 
most of the unsaturated products formed in the daytime will be 
consumed within the daytime. However, unsaturated products formed 
late in the daytime will survive until early nighttime. 

Although the emission rate of limonene is sensitive to the tempera-
ture and generally higher in the daytime than the nighttime, limonene 
will also be emitted from vegetation early in the nighttime (Staudt et al., 
1997). Under nighttime forest conditions, NO3 radicals react with 
limonene and unsaturated products 5–10 times faster than O3 even if we 
assume a daytime O3 level, suggesting that reactions with NO3 are major 
sinks for limonene and its unsaturated products at nighttime. The life-
time of limonene against the reactions with NO3 radicals in nighttime 
forest was 11 min, thus unsaturated products are formed over a short 
period of time after limonene emission. The atmospheric lifetimes of 
limonene unsaturated products against the reactions with NO3 radicals 
in nighttime clean forest were determined to be 13–521 min, suggesting 
that unsaturated products can undergo secondary oxidation by NO3 
radicals within one night. These findings suggest that SOA formation 
processes from the reactions of limonene oxidation products with NO3 
radicals will play certain roles in nighttime forest. 

Peng et al. (2018) reported that limonene SOA produced from NO3 
radical, O3 and OH radical initiated oxidation did not show detectable 
absorption in the UV–visible region (300–600 nm), however the 
refractive index was determined at wavelengths of 375 nm and 532 nm; 
in particular higher real part values were observed for NO3 radical 
initiated oxidation, indicating that nighttime chemistry may play a 
significant role in the optical properties of limonene SOA. Although UV 
absorption was not observed for limonene SOA, chemical aging by 
ammonium ions or amino acids produced strong UV–visible absorptions 
(Bones et al., 2010). Higher yield of reactive oxygen species (ROS) was 
produced for limonene SOA formed from ozonolysis of limonene 
compared to α-pinene SOA (Chen et al., 2011) and higher fraction of 
long-lived ROS was formed (Gallimore et al., 2017), suggesting that 
limonene SOA may induce adverse health effects. 

4. Conclusions 

In this study, the gas-particle mixture formed from the ozonolysis of 
limonene was exposed to O3, NO3 radicals and OH radicals in a smog 
chamber. One to 2 h after the addition of N2O5, O3 and H2O2/light to 
limonene SOA, the SOA mass concentration increased by 30%, 30% and 
25%, respectively. A fresh formation of nitrate aerosol was also observed 
by AMS after N2O5 injection. Degradation after N2O5 addition, O3 
addition and H2O2 photolysis was observed for gaseous unsaturated 
ozonolysis products (i.e., limononic acid, limononaldehyde, limonake-
tone and limonalic acid) and particulate products (i.e., limonic acid and 
hydroxylimononic acid). NO3 radical initiated aging produced organo-
nitrates, whereas O3 and OH radical initiated aging produced the same 
products as those observed during the limonene ozonolysis. The results 
of the present chemical kinetic and gas-particle partitioning calculations 
suggest that particle phase unsaturated products decrease due to re-
actions with NO3 radicals, O3 and OH radicals in the gas phase and/or 
the particle phase. The results of lifetime calculations suggest that SOA 
formation processes from the reactions of limonene oxidation products 

Table 3 
Percentage changes in major chromatographic peaks after exposure to aging 
oxidants.  

m/z RT (min) Δ after NO3  

exposure (%) 
Δ after O3  

exposure (%) 
Δ after OH  
exposure (%) 

Identification 

185 14.4 − 4 107 158 [M – H] –  

21.9 − 1 − 23 − 6 [M – H] –  

24.1 − 88 − 70 − 88 [M – H] – 

187 6.9 − 17 8 − 2 Unidentified  
11.3 1 25 0 [M – H] – 

199 15.0 − 12 21 − 50 [M – H] –  

16.7 − 35 − 18 − 37 [M – H] –  

17.4 − 45 56 − 66 [M – H] –  

17.8 − 18 59 − 66 [M – H] –  

21.0 − 91 − 78 − 85 [M – H] –  

21.7 − 63 46 28 [M – H] – 

201 11.2 − 9 17 16 [M – H] –  

12.4 − 12 11 1 [M – H] –  

18.5 − 68 − 53 − 46 [M – H] – 

215 13.9 − 11 − 10 − 63 [M – H] –  

16.0 − 30 − 13 101 [M – H] –  

18.6 101 39 54 [M – H] – 

217 14.4 0 73 147 [M – H + CH3OH] –  

15.2 − 23 − 6 − 6 [M – H] –  

16.7 2 76 39 [M – H] –  

18.7 1 83 74 [M – H] – 

231 6.9 − 44 39 − 63 Unidentified  
14.4 6 77 159 [M + HCOO] –  

15.9 5 18 − 16 [M – H] – 

247 11.2 − 4 17 1 [M + HCOO] –  

12.3 − 7 8 − 19 [M + HCOO] – 

263 18.8 − 48 − 32 − 29 [M – H] –  
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with NO3 radicals will play important roles in nighttime forest. 
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