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Abstract: α-Pinene is a biogenic volatile organic compound (BVOC) that significantly contributes
to secondary organic aerosols (SOA) in the atmosphere due to its high emission rate, reactivity, and
SOA yield. However, the SOA yield measured in chamber studies from α-pinene photooxidation
is limited in a purified air matrix. Assessing SOA formation from α-pinene photooxidation in real
urban ambient air based on studies conducted in purified air matrices may be subject to uncertainties.
In this study, α-pinene photooxidation and SOA yield were investigated in a smog chamber in the
presence of NO and SO2 under purified air and ambient air matrices. With the accumulation of ozone
(O3) during the photooxidation, an increasing part of α-pinene was consumed by O3 and finally
nearly half of the α-pinene was oxidized by O3, facilitating the production of highly oxidized organic
molecules and thereby SOA formation. Although the ambient air we introduced as matrix air was
largely clean, with initial organic aerosol mass concentrations of ~1.5 µg m−3, the α-pinene SOA
yield in the ambient air matrix was 42.3 ± 5.3%, still higher than that of 32.4 ± 0.4% in the purified
air matrix. The chemical characterization of SOA by the high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS) revealed that CxHy accounted for 53.7 ± 1.1% of the total signal in
the ambient air matrix experiments, higher than 48.1 ± 0.3% in the purified air, while CxHyO and
CxHyO>1 together constituted 45.0 ± 0.9% in the ambient air matrix, lower than 50.1 ± 1.0% in
the purified air. The O:C ratio in the ambient air matrix experiments was 0.41 ± 0.01, lower than
0.46 ± 0.01 in the purified air. The higher SOA yield of α-pinene in the ambient air matrix compared
to that in the purified air matrix was partly due to the presence of initial aerosols in the ambient air,
which facilitated the low volatile organic compounds produced from photochemical oxidation to
enter the aerosol phase through gas-particle partitioning. The in-situ aerosol acidity calculated by the
ISORROPIA-II model in the ambient air matrix experiments was approximately six times higher than
that in purified air, and the higher SOA yield in the ambient air matrix experiments might also be
attributed to acid-catalyzed SOA formation.

Keywords: secondary organic aerosols; α-pinene; chamber simulation; purified air; ambient air

1. Introduction

Secondary organic aerosols (SOA) are a crucial component of atmospheric aerosols,
impacting human health, air quality, and climate [1,2]. The largest source of SOA in the
atmosphere is the photooxidation of biogenic volatile organic compounds (BVOCs) [3,4].
Monoterpenes are the second most abundant class of BVOCs after isoprene [5]. Monoterpenes-
SOA can account for half of the total SOA formed by BVOCs [6,7] and more than 20% of the
global total SOA [8,9]. A previous study reported that α-pinene has the highest emissions
among the monoterpenes, with an annual global emission of 27.2 Tg y−1 [10]. To assess the
contribution of α-pinene to SOA formation, numerous laboratory experiments have been
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conducted on α-pinene photooxidation [11–15]. α-Pinene can react with oxidants such as
hydroxyl radicals (OH), nitrate radicals (NO3), and ozone (O3) in the atmosphere to form
low molecular weight carbonyls, such as alcohols and carboxylic acids, as well as high
molecular weight dimers and other oxidation products, which are essential contributors to
nucleation and SOA formation [13–15].

Previous studies have demonstrated that the formation of SOA from the photooxi-
dation of α-pinene is influenced by temperature, relative humidity (RH), seed aerosols,
nitrogen oxides (NOx), and sulfur dioxide (SO2) [15–17]. NOx and SO2 are prevalent
anthropogenic pollutants in the atmosphere. In regions with high levels of BVOC emis-
sions, BVOC oxidation might be affected by NOx and SO2, which interfere with SOA
formation [18]. NOx changes the fate of the RO2 radical formed during α-pinene oxidation,
inhibits the formation of low volatile organic compounds such as dimers, and promotes
the formation of high volatile products, affecting SOA formation [15,19,20]. SO2 could be
oxidized to sulfuric acid, which promotes SOA formation through acid catalysis [21]. New
particle formation and gas-particle partitioning could be promoted by SO2, promoting SOA
formation [20]. Sulfuric acid and sulfate could be also formed from SO2, affecting the up-
take of precursors or the reaction pathway, affecting the oxidation products of α-pinene [22].
Currently, chamber studies of α-pinene photooxidation and SOA formation are limited to
purified air matrices [15,20,22–25]. A previous chamber study has revealed that SOA yields
from the photooxidation of toluene in an ambient air matrix were much greater than those
in a purified air matrix [26]. Therefore, investigating the yields and chemical compositions
of SOA produced from α-pinene photooxidation in an ambient air matrix compared to that
in purified air could better our understanding of α-pinene photooxidation mechanisms
and our estimation of its SOA production in real-world atmospheric environments.

In this study, photooxidation experiments were conducted in a large indoor smog
chamber on the α-pinene + NO + SO2 combination using purified air and ambient air as
matrices. The purposes are: (1) to investigate the matrix effects on the SOA formation from
α-pinene photooxidation; (2) to study and compare the chemical and physical evolutions
of α-pinene-derived SOA in the purified air and ambient air matrices.

2. Materials and Methods
2.1. Experiments

The experiments were conducted in the smog chamber of the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (GIG-CAS). This smog chamber contains
a 30 m3 Teflon reactor with various online measuring instruments. The Teflon reactor
is equipped with two Teflon fans to ensure uniform mixing of the substances inside the
chamber during the experiment. The reactor is in a temperature- and humidity-controlled
enclosure, with black lamps mainly in the 306 nm wavelength installed on both sides of the
chamber to provide the light source required to generate OH radicals during the photooxi-
dation stage. Further details on the performance and characteristics of the GIG-CAS smog
chamber can be found in the previous study [27].

Before each experiment, the reactor was flushed with dry and purified air. In the
purified air matrix experiments, the background of the reactor contained <1 ppb O3 and
NOx, and the number concentration of particles was close to 0. Approximately 60 µL of
α-pinene (A.R., Sigma Aldrich, St. Louis, MO, USA) and approximately 2.5 µL of butanol-
d9 (98 atom% D, Sigma Aldrich, St. Louis, MO, USA) were evaporated in the heating system
and injected into the chamber with high purity nitrogen. In the photooxidation stage, the
loss rate of butanol-d9 was measured online and used to calculate the OH concentration [28].
More details about the calculation of OH concentration can be found in Text S1 and Figure
S1. NO and SO2 were added to the reactor from the compressed gas cylinder. Table 1
shows the initial conditions of the α-pinene photooxidation experiments in purified air
and in the ambient air matrix. In the purified air matrix experiments, the photooxidation
reaction temperature and RH were 25.4 ± 0.3 ◦C and 46.4 ± 2.8%, respectively, and the
initial concentrations of α-pinene, NO, and SO2 were 110.9 ± 12.2 ppb, 53.7 ± 1.1 ppb,
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and 78.2 ± 4.7 ppb, respectively. In the ambient air matrix experiments, the temperature
was 25.2 ± 0.5 ◦C and RH was 47.0 ± 6.9%, and the initial concentrations of α-pinene,
NO, and SO2 were 100.6 ± 1.8 ppb, 51.9 ± 1.9 ppb, and 74.5 ± 1.7 ppb, respectively. In
the ambient air matrix experiments, the initial background aerosols concentration was
1.3 ± 0.2 µg m−3, the number concentration was 1061 ± 339 particles cm−3, and the surface
area concentration was 42 ± 4 µm2 cm−3. It is worth noting that we introduced ambient
air into the chamber during a locally clean day with much lower PM2.5 (particulate matter
with diameters less than 2.5 µm) pollution, and we maintained the SO2 at much higher
levels (~80 ppb) to assure the differences arose not from the difference in SO2 levels.

Table 1. Initial conditions and SOA yields for chamber experiments with purified air and ambient air
as matrices along with the calculated OH radical concentrations (×106 molecules cm−3).

Matrix
Air

T RH [NO]0 [NO2]0 [SO2]0
[α-

Pinene]0

∆[α-
Pinene] [O3]max

OH
M0 PN a SA b SOA SOA

Yield

(◦C) (%) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (µg
m−3) (cm−3) (µm2

cm−3)
(µg

m−3) (%)

Exp. 1
Purified

25.0 49.7 52.2 0.8 84.8 127.0 102.1 52.2 6.33 − c − − 186.6 32.9
Exp. 2 25.5 46.5 54.5 0.6 74.6 108.3 98.6 57.8 2.80 − − − 174.6 32.0
Exp. 3 25.7 42.9 54.4 0.7 75.2 97.5 89.2 61.6 2.44 − − − 159.8 32.3

Exp. 4

Ambient

25.7 56.7 54.5 23.7 76.4 103.0 96.8 64.1 3.31 1.4 686 37 190.9 35.7
Exp. 5 24.5 41.7 50.2 30.3 72.3 100.1 91.6 64.7 6.60 1.0 1508 41 221.6 43.8
Exp. 6 25.4 42.6 51.1 32.5 74.9 98.6 92.5 77.4 3.44 1.6 989 47 250.2 48.6

Exp. BK 24.4 43.9 53.4 24.0 77.8 − − 6.4 − 1.4 836 33 2.4 −
a PN is the number concentration of initial background aerosols. b SA is the surface area concentration of initial
background aerosols. c − indicates that it was not added in the experiments.

In the purified air matrix experiments, photooxidation lasted about 6 h, and it lasted
about 4–5 h in the ambient air matrix experiments. After the black lamps were switched
off, the formed aerosols were characterized for another 0.5 h to correct the wall loss [29].
More details can be found in Text S2 and Figure S2. In the ambient air matrix experiments,
ambient air was introduced into the reactor with a pump, while other initial conditions and
reaction precursors were similar to the purified air experiments.

In the ambient air matrix experiments, the experimental results may be affected by
other precursors that could form SOA during photooxidation. Therefore, an ambient air
matrix blank experiment was conducted. All operating procedures and conditions in the
blank experiment (Table 1) were similar to those of the ambient air matrix experiments,
except for the absence of α-pinene. An SOA of 2.4 µg m−3 in the blank experiment was
formed, accounting for less than 1% of SOA formed in the presence of α-pinene during
ambient air matrix experiments. This indicates that the influence of other SOA precursors
could be neglected in the ambient air matrix experiments.

2.2. Instrumentation

A series of online instruments were used in the experiments to characterize the gas
and aerosol phase compounds in the reactor. A Model 49i analyzer (Thermo Scientific,
Waltham, MA, USA) was used to measure O3. A Model 42i analyzer (Thermo Scientific,
Waltham, MA, USA) was used to measure NOx. A Model 43i analyzer (Thermo Scientific,
Waltham, MA, USA) was used to measure SO2. Volatile organic compounds (VOCs) were
measured using a proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS,
Fusion PTR-ToF 10k, Ionicon Analytik GmbH, Innsbruck, Austria). The PTR-ToF-MS
was calibrated before the experiments and more details about the calibration and data
manipulation can be found in Text S3 and Figure S3. Particle number concentrations and
size distributions were measured with a scanning mobility particle sizer (SMPS, Model
3080 classifier, Model 3775 CPC; TSI Inc., Shoreview, MN, USA). Mass concentrations and
chemical compositions of particles were measured using a high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-MS, Aerodyne Research Inc., Billerica, MA, USA). The
HR-ToF-AMS was calibrated using 400 nm monodisperse ammonium nitrate aerosols and
more details can be found in Text S4 and Figure S4.
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3. Results and Discussion
3.1. Evolutions of Gas-Phase Species during Photooxidation

As shown in Figure 1, concentrations of trace gases (NO, NO2, O3, and SO2) and
α-pinene changed in a similar pattern during photooxidation in the purified air and
ambient air matrix experiments except for the inconsistent pace. During the initial stage
of photooxidation, the α-pinene concentrations decreased slowly, and declined much
faster when the NO concentration neared 0. The O3 level started to accumulate when
the NO concentration decreased to nearly 0, reaching quickly its maximum and then
decreasing slowly. Previous studies have demonstrated that SOA could be produced
through the reaction of α-pinene with O3 [12,30–32]. Therefore, the decreasing rates were
determined not only by oxidation of OH radicals, but also more and more by O3, which
was accumulating during photooxidation.
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purified air and (b) in an ambient air matrix experiment.

Major oxidation products in the gas-phase were measured by PTR-ToF-MS. Table 2
shown their yields expressed as the ratios of their production to consumed α-pinene. The
production of higher molecular weight compounds seemed to be lower in the ambient
air matrix experiments, probably due to higher molecular weight compounds being less
volatile and more likely to enter the aerosol phase by gas-particle partitioning in ambient
air in the presence of initial aerosols. As shown in Figure 2 and according to previous
studies, the detected most prominent oxidation products were acetone (m/z 59), acetic
acid (m/z 61), and pinonaldehyde (m/z 169) [33–35]. The acetone yields (0.49 ± 0.02)
in the ambient air matrix experiments were close to that of 0.50 ± 0.04 in purified air
experiments, while the acetic acid yields (0.13 ± 0.05) were higher than that of 0.09 ± 0.01
in the purified air experiments, and yields of pinonaldehyde (~0.24) were slightly higher
than that of ~0.20 in the purified air experiments. Pinonaldehyde could be further oxidized
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to form smaller volatile organic compounds such as acetone during the photooxidation of
α-pinene [35,36]. Higher pinonaldehyde yields and lower acetone yields in the ambient air
matrix experiments might also indicate that pinonaldehyde is more likely to be oxidized to
form low volatility compounds and promote SOA formation in ambient air.
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Figure 2. Changing concentrations of acetone (m/z 59), acetic acid (m/z 61), and pinonaldehyde
(m/z 169) during photooxidation: (a) in a purified air matrix experiment and (b) in an ambient air
matrix experiment.

Table 2. Yields of gas-phase oxidation products expressed as the ratio (×10−2 or %) of their production
to the consumed α-pinene as measured by PTR-ToF-MS. Formulas are inferred from the oxidation
pathways of α-pinene in the MCM mechanism [37].

m/z Formula Ambient Air Purified Air

31 CH2O 1.0 ± 0.2 0.7 ± 0.1
59 C3H6O 48.9 ± 1.7 50.4 ± 4.2
61 C2H4O2 13.3 ± 5.1 9.4 ± 1.3
73 C3H4O2 2.1 ± 0.9 1.7 ± 0.9
77 C2H4O3 1.2 ± 0.1 1.3 ± 0.1
87 C3H2O3 3.0 ± 0.7 1.9 ± 0.0
89 C3H4O3 0.6 ± 1.1 0.4 ± 0.4

101 C4H4O3 0.2 ± 0.9 0.4 ± 0.1
103 C4H6O3 0.1 ± 0.0 0.1 ± 0.0
115 C5H6O3 1.5 ± 0.3 1.3 ± 0.2
117 C5H8O3, C4H4O4 0.1 ± 0.5 0.3 ± 0.1
119 C4H6O4 0.1 ± 0.5 0.3 ± 0.0
133 C5H8O4, C4H4O5 0.6 ± 0.1 0.7 ± 0.0
135 C4H6O5 1.3 ± 0.2 1.3 ± 0.2
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Table 2. Cont.

m/z Formula Ambient Air Purified Air

143 C8H14O2, C6H6O4 0.3 ± 0.1 0.3 ± 0.0
147 C6H10O4, C5H6O5 0.2 ± 0.0 0.2 ± 0.0
155 C9H14O2 1.6 ± 0.2 1.8 ± 0.2
157 C7H8O4, C8H12O3, C9H16O2 0.6 ± 0.2 0.6 ± 0.0
159 C7H10O4, C8H14O3 0.1 ± 0.0 0.1 ± 0.0
161 C7H12O4 0.04 ± 0.02 0.05 ± 0.04
169 C10H16O2 23.8 ± 2.9 19.8 ± 7.2
171 C9H14O3, C10H18O2 0.6 ± 0.1 0.6 ± 0.1
173 C9H16O3 0.2 ± 0.0 0.1 ± 0.0
175 C8H14O4, C7H10O5 0.03 ± 0.01 0.04 ± 0.00
183 C10H14O3 0.9 ± 0.1 1.1 ± 0.0
185 C10H16O3 0.7 ± 0.1 0.8 ± 0.1
187 C9H14O4, C10H18O3 0.1 ± 0.0 0.1 ± 0.0
189 C9H16O4, C7H8O6, C8H12O5 0.01 ± 0.01 0.01 ± 0.00
201 C10H16O4 0.05 ± 0.01 0.03 ± 0.01

3.2. SOA Formation during Photooxidation

In the purified air matrix experiments, new particles formed and the particle number
concentrations increased after about 1 h of photooxidation, reaching the maximums after
3 h of photooxidation (Figure 3a). Meanwhile organic aerosol concentrations remained
negligible for the first 3 h, increased rapidly thereafter, and then leveled off (Figure 4). The
purified air matrix experiments were conducted without seed aerosols and the oxidation
products such as pinonaldehyde during photooxidation were hard to nucleate with high
volatility [15,38]. Consequently, nucleation did not occur before the oxidation products were
further oxidized to form low volatile organic compounds such as dimers [20,25,39,40]. The
NO could inhibit the SOA formation in the initial photooxidation stages as the formation
of low volatile organic compounds, such as dimers, was inhibited by the reaction of NO
with RO2, which is not conducive to nucleation and growth [19].

Based on the reaction rate constants of α-pinene with OH and O3 (kOH = 5.3 × 10−11 cm3

molecule−1 s−1; kO3 = 8.9 × 10−17 cm3 molecule−1 s−1) and with measured O3 concen-
trations or derived OH concentrations, the percentages of α-pinene consumed by O3 or
OH radicals could be calculated (Figure 3b). As the NO concentrations neared 0 and O3
was accumulating, an increasing percentage of α-pinene was consumed by O3. There-
fore, the increase in SOA concentrations might be largely due to the production of low
volatility and highly oxygenated organic molecules through the reaction between O3 and
α-pinene [12,32,40,41]. In the ambient air matrix experiments, organic aerosol concentra-
tions started to increase earlier than in the purified air experiments. As shown in Table 1,
aerosols were initially present before the α-pinene photooxidation. As a result, the ini-
tial growth in aerosol concentration was observed in the ambient air matrix experiments
(Figure 4), possibly due to the condensation of low volatile organic compounds on the
aerosols [20]. More importantly, the earlier climb of organic aerosols might be related to the
earlier climb of O3 in the ambient air matrix experiments due to the considerable initial
levels of NO2.

Changing concentrations of particulate-phase organic aerosols (Org), sulfate (SO4
2−),

nitrate (NO3
−), ammonium (NH4

+), and chloride (Chl) could be measured online with
the HR-ToF-AMS (Figure 4). Chl accounted for 0.2 ± 0.1% of the aerosol mass in the
experiments and thus was negligible in the experiments. As shown in Figure 4, the aerosol
components evolved in a similar pattern and shared similar proportions in the purified
air and ambient air matrix experiments except that the aerosols formed at a slower pace in
the purified air matrix experiments. Org was the most abundant component, accounting
for 80.1 ± 1.5% (purified air) and 81.7 ± 3.7% (ambient air) of aerosol mass, followed by
sulfate (14.1 ± 1.2% in purified air and 13.1 ± 3.1% in ambient air).
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Figure 4. Concentration changes of α-pinene and aerosol components (Org, NO3
−, SO4

2−, and
NH4

+) in (a) a purified air and (b) an ambient air matrix experiment, and the percentage of aerosol
components (c) in the purified air and (d) ambient air matrix experiments.

A comparison of SOA yields in this study with those previously reported is presented
in Table 3. The average yield of SOA for α-pinene was 32.4 ± 0.4% in our purified air
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matrix experiments and 42.7 ± 5.3% in our ambient air matrix experiments. The average
yield of α-pinene SOA in our purified air matrix experiments was higher than that in
the presence of NOx in the previous chamber studies, and closer to those in the absence
of NOx [24,42–44]. While NO could promote the formation of highly volatile organic
compounds by changing the reaction pathway of RO2 and inhibiting the formation of
new particles and SOA [19,20,43], SO2 could promote the conversion of gas-phase organic
compounds entering to the aerosol phase, increasing the SOA yield [20]. As shown in
Figure 5, the SOA yield in the ambient air matrix experiments was about 32% higher than
that in the purified air. The average growth rate of SOA (132.1 ± 15.7 µg m−3 h−1) in the
ambient air matrix experiments was higher than that of 92.4 ± 14.5 µg m−3 h−1 in purified
air. The surface area concentration of SOA at the end of the α-pinene photooxidation stage
was 5924 ± 475 µm2 cm−3 in the ambient air, higher than 3831 ± 536 µm2 cm−3 in the
purified air matrix experiments. In the ambient air matrix experiments, higher SOA yields
from the α-pinene photooxidation were associated with higher surface area concentrations
of initial seed aerosols (Table 1). Since seed aerosols during the α-pinene photooxidation
could provide a condensation surface and promote the condensation of the low volatile
organic compounds to enter the aerosol phase [43,45,46], the growth of Org was earlier in
the ambient air matrix experiments, and the average growth rate of SOA and the SOA yield
were also higher than those in the purified air matrix experiments. Apart from the role of
seed aerosols in the ambient air, the reaction between α-pinene and O3, as well as aerosol
acidity, might be factors that led to the differences.

Table 3. SOA yields for α-pinene photooxidation from this study in comparison to those previously
reported in the literature.

T
(◦C)

RH
(%) Oxidant Seed [NO]0

(ppb)
[α-Pinene]0

(ppb)
SOA Yield

(%) Reference

25.4 ± 0.3 46.4 ± 2.8 H2O2 + NOx – b 53.7 ± 1.1 110.9 ± 12.2 32.4 ± 0.4 This study
25.2 ± 0.5 47.0 ± 6.9 H2O2 + NOx ambient air 51.9 ± 1.9 100.6 ± 1.8 42.7 ± 5.3

25 <5 H2O2 – – 1028.6 21.8
[44]25 <5 H2O2 + NOx – 1064 1126.4 9.2

24–26 64–67 H2O2 AS a <0.3 17.4–19.6 28.6–36.3
[43]23–26 47–61 H2O2 + NOx AS 66–72 13.6–17.6 4.2–7.6

20–23 <10 H2O2 none, AS – 45.0–48.5 26.7–28.9
[24]20–23 <10 HONO none, AS – 45.5–52.4 7.7–17.6

20 5.3–6.2 H2O2 AS 0–1 13.8–47.5 37.9–45.8
[42]20 6.4 H2O2 + NOx AS 198 13.1 21.2

a AS is ammonium sulfate. b − indicates that it was not added in the experiments.
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Previous studies have suggested that the formation of SOA from α-pinene photoox-
idation could be affected by SO2 through acid-catalyzed reactions [20,47]. The carbonyl
compounds produced during α-pinene photooxidation, such as pinonaldehyde, could form
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low volatile organic compounds through heterogeneous reactions on the acidic aerosol
surface and thus promote SOA formation [31,43,48,49]. In this study, the in-situ acidity (H+

concentration) of aerosols was calculated by the ISORROPIA-II model [50]. The forward
mode and metastable state were applied, in which the total concentrations of NO3

− and
NH4

+ in the gas and aerosol phases, SO4
2− concentration in the aerosol phase, temperature,

and RH were used as the input parameters (Table S1). As shown in Figure 6, the in-situ
acidity at the end of the α-pinene photooxidation was 2.13 ± 0.41 nmol m−3 in the purified
air matrix experiments. In the ambient air matrix experiments, the in-situ acidity of the
aerosol was initially 0.32 ± 0.09 nmol m−3 and reached 12.44 ± 2.07 nmol m−3 at the
end of photooxidation. The in-situ acidity at the end of photooxidation in the ambient
air matrix experiments was nearly six times higher than that in the purified air matrix
experiments. The α-pinene SOA yield was correlated almost linearly with aerosol acidity in
the photooxidation reaction with NOx [43]. The higher SOA yield in the ambient air matrix
experiments might be largely due to the higher in-situ acidity. The liquid water content of
the aerosols was also calculated by the ISORROPIA-II model and is shown in Table S1. The
aerosol water content was 30.2 ± 6.9 µg m−3 in the purified air and 26.8 ± 15.1 µg m−3 in
the ambient air matrix experiments. The aerosol water contents were quite similar in the
ambient air and purified air matrix experiments, indicating that the aerosol water content
might not be the limiting factor to SOA formation in this study.
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3.3. SOA Compositions Measured by HR-ToF-AMS

The SOA mass spectra obtained from HR-ToF-AMS are presented in Figure 7. The ions
were classified into CxHy, CxHyO, CxHyO>1, and CxHyOzN families (x, y, z ≥ 1) accord-
ing to their elemental contents. In the purified air matrix experiments, CxHy constituted
48.1 ± 0.3% of the total signal, followed by CxHyO (38.3 ± 0.6%), CxHyO>1 (11.8 ± 0.4%),
and CxHyOzN (1.8 ± 0.9%). The oxygen fragments CxHyO and CxHyO>1 together con-
stituted 50.1 ± 1.0% of the total signal. Compared to the purified air matrix experiments,
the CxHy signal in the ambient air matrix experiments was higher (53.7 ± 1.1%) and the
total CxHyO and CxHyO>1 (45.0 ± 0.9%) was lower, indicating that the SOA formed in the
ambient air was less oxidized than in the purified air. The average OH concentration in the
ambient air matrix experiments was higher than that in the purified air (Table 1), but the
oxidation stage of SOA did not increase with the increase in the average OH concentration.
This further indicated that the initial seed aerosols could promote the formation of SOA
through facilitating the gas-particle partitioning of low volatile organic compounds, and in
the purified air matrix experiments more oxidized and lower volatile organic compounds
are needed for nucleation and SOA formation [20,25,39,40]. As shown in Figure 8, the
ratio of O:C in the ambient air matrix experiments was 0.41 ± 0.01 on average, lower than
0.46 ± 0.01 in the purified air, further implying that the oxidation stage of the formed
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SOA in the ambient air was lower than that in the purified air. As shown in Figure 7,
the most distinctive ion was C2H3O+, followed by CO2

+ in the purified air and ambient
air matrix experiments. C2H3O+ consisted of fragments of non-acidic compounds such
as alcohols, aldehydes, and ketones formed through the reaction of RO2 and NO [15,41].
CO2

+ consisted of fragments of acidic oxygenated compounds such as acids and esters [51].
Therefore, the similar fragment ion distribution with distinctive ions of C2H3O+ and CO2

+

indicated that the SOA formed in the photochemical reaction of α-pinene + NO + SO2
might be mainly alcohols, aldehydes, and ketones.
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4. Conclusions

In this study, chamber experiments of α-pinene photooxidation in the presence of NO
and SO2 were conducted under purified air and ambient air conditions. SOA formation
occurred earlier in the ambient air matrix experiments than in the purified air. This might
be due to the fact that the low volatile organic compounds formed by α-pinene oxidation
could condense on the initial aerosols. The α-pinene SOA yield in the ambient air matrix
experiments was 42.7 ± 5.3%, higher than 32.4 ± 0.4% in the purified air. The SOA showed
a higher percentage of CxHy and less CxHyO and CxHyO>1 in the ambient air matrix
experiments than in the purified air matrix experiments, and the O:C ratio in the ambient
air matrix experiments was 0.41 ± 0.01, lower than 0.46 ± 0.01 in the purified air. The higher
SOA yield in the ambient air could be attributed to the initial aerosol, which facilitates low
volatile organic compounds to enter the aerosol phase through gas-particle partitioning,
and to higher aerosol acidity. The in-situ aerosol acidity calculated by the ISORROPIA-II
model in the ambient air matrix experiments was 12.44 ± 2.07 nmol m−3, higher than
that of 2.13 ± 0.41 nmol m−3 in the purified air. The most distinctive ion of SOA was
C2H3O+ in the purified air and ambient air matrix experiments, indicating that the SOA
were compounds with carbonyl and hydroxyl functional groups.

In this study, we have only reported preliminary results from our chamber simulations.
More in-depth investigations are needed, such as challenging the box model results with
the measured changes in gas- and particle-phase compositions, and characterizing and dif-
ferentiating the SOA formed in purified air and ambient air with more advanced techniques
like Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) [52,53].
In this study, the ambient air we introduced was relatively clean with an organic aerosol
mass less than 1.5 µg m−3, and the SO2 levels were much higher than the levels commonly
detected in the ambient air. Thus, in the future, more practical ambient air matrices and
pollutant combinations should be considered.
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