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Abstract: In the current study, the photooxidation reaction of toluene (C7H8) was investigated in a
Potential Aerosol Mass Oxidation Flow Reactor (PAM OFR). The hydroxyl radical (OH) exposure
of toluene in the PAM OFR ranged from 0.4 to 1.4 × 1012 molec cm−3 s, which is equivalent to 3
to 12 days of atmospheric oxidation. A proton transfer reaction-mass spectrometer (PTR-MS) and
a scanning mobility particle sizer (SMPS) were used to study the gas-phase products formed and
particle number changes of the oxidation reaction in PAM OFR. The secondary organic aerosol
(SOA) formed in the PAM OFR was also collected for off-line chemical analysis. Key gas-phase
reaction products of toluene, including glyoxal, methyl glyoxal, unsaturated carbonyl compounds,
and benzaldehyde, were identified by the PTR-MS. Second generation products, including acetic acid,
formaldehyde, formic acid, and acetaldehyde, were also detected. By comparing the mass spectrums
obtained under different OH exposures and relative humidity (RH), changes in the two parameters
have minimal effects on the composition of gas-phase products formed, expect for the spectrum
obtained at OH exposure of 0.4 × 1012 cm−3 s and RH = 17%, which is slightly different from other
spectrums. SMPS results showed that particle mass concentration increases with increasing OH
exposure, while particle number concentration first increases and then decreases with increasing
OH exposure. This result probably suggests the formation of oligomers at high OH exposure
conditions. Off-line chemical analysis of the SOA sample was dominated by C4 diacids, including
malic acid, citramalic acid, and tartaric acid. The well-known toluene SOA marker 2,3-Dihydroxy-4-
oxopentanoic acid, as well as 2,3-dihydroxyglutaric acid, which has not been identified in previous
toluene photooxidation experiments, were also detected in the SOA sample. Our results showed
good agreements with the results of previous smog chamber studies of toluene photooxidation
reaction, and they suggested that using PAM OFR for studies of oxidation reaction of different VOCs
can be atmospherically relevant.

Keywords: Potential Aerosol Mass (PAM); toluene; PTR-MS; photooxidation; ageing

1. Introduction

Formation of secondary organic aerosol (SOA) in the atmosphere has become the
emerging topic in atmospheric science and chemistry in the recent decades. It has been
shown in previous studies that SOA is associated with air pollution and haze events [1],
which affects the global climate forcing by serving as a cloud condensation nuclei and par-
ticipating in heterogeneous chemical reactions [2,3]. It has also been shown that exposure

Atmosphere 2021, 12, 915. https://doi.org/10.3390/atmos12070915 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-7559-0779
https://orcid.org/0000-0001-5144-8372
https://orcid.org/0000-0002-3485-5379
https://doi.org/10.3390/atmos12070915
https://doi.org/10.3390/atmos12070915
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12070915
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12070915?type=check_update&version=2


Atmosphere 2021, 12, 915 2 of 16

to SOA is associated with different adverse effects on human health [4]. SOA makes up
a large fraction of the submicron-sized atmospheric organic aerosol (OA) [5], and these
OA can trigger respiratory and cardiovascular diseases [6,7]. Therefore, understanding the
formation mechanism of SOA is crucial to both the study of atmospheric processes and
public health. A myriad of studies have attempted to reveal the physical and chemical
reactions leading to the formation of SOA from their precursor species [8–10]. In spite of the
number of studies, the understanding of the formation processes of SOA in the atmospheric
is still far from complete. For example, model predictions based on the experimental yield
of SOA generally underestimate the mass loading of SOA in ambient measurements [11,12].
The discrepancy between empirical and observed value mainly arise from the uncertain
emission inventory of low volatility SOA precursors [13,14], and the heterogenous and
ageing reactions involved in SOA formation [15]. Therefore, it can be foreseen that study of
SOA formation mechanism will continue to play an important role in atmospheric studies
in the coming decades.

There are many challenges in the study of SOA formation from their VOC precursors.
For example, the abilities of the experimental setup to simulate atmospheric conditions,
and the time scale of the reactions. In the last few decades, SOA experiments were almost
exclusively conducted in smog chambers. The advantage of using smog chamber to
simulate atmospheric oxidation reaction of VOCs leading to the formation of SOA is that
it can reasonably simulate the conditions in the atmosphere, i.e., being atmospherically
relevant. However, there are limitations of smog chamber experiments. For example, loss of
particles to the chamber wall hindered the ability of using smog chamber to study reactions
with time scales up to several days or weeks [16]. In the recent years, the use of oxidation
flow reactor (OFR) to study atmospheric processes has become more and more popular.
In particular, Potential Aerosol Mass (PAM) OFR, which is the only commercialized OFR
on market, has been used by many research groups for their studies. The concept of
PAM was first introduced by Kang et al. [17], which utilizes extreme amounts of oxidant
(predominantly hydroxyl radical OH) to simulate photochemical ageing processes in the
atmosphere. The advantages of PAM included short experimental time, low wall loss, the
ability to simulate oxidation processes with long lifetimes, and ability to deploy for field
study. A comparison of key functionalities between smog chamber and OFR was given in
Table 1. With the advantages of the PAM OFR, it becomes possible and easier than before
to assess the effect of photochemical ageing on primary organic aerosol and VOCs, as well
as some complex sources, such as vehicle emissions [18,19].

Table 1. Comparison of features between smog chamber and OFR [16].

Smog Chamber OFR

Experimental timescale Hours to day Minutes to hours
Wall lose Significant Minimal

OH exposure Hours to days Days to weeks
Field work Possible but not easy Possible

Atmospheric relevance of oxidant and precursor concentrations Yes Possible for precursor, impossible for oxidant
Time for condensation and partitioning of products Enough Moderate

With the aforementioned advantages, more and more studies used OFR rather than
smog chamber as their tool to investigate the atmospheric oxidation reactions. For example,
Lambe et al. [20] assessed the chemical composition of SOA formed from fourteen different
biogenic and anthropogenic precursors, Molteni et al. [21] studied the formation of highly
oxygenated compound from aromatic VOC precursors, Palm et al. [22] deployed their
PAM OFR on field to study the SOA formation of ambient forest air, and Ma et al. [23]
investigated the role of NOx in the formation of sulphate, nitrate, and ammonium ion in
air by PAM OFR. In spite of the extensive application of PAM OFR to study atmospheric
reaction, concerns remained on its ability to truly simulate the conditions in atmosphere,
i.e., if the results from PAM OFR are atmospherically relevant. Lambe et al. [24] compared
the chemical compositions of SOA generated by a smog chamber and PAM OFR using
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similar OH exposure. Their study concluded that the AMS mass spectrums for the SOA
generated by the two reactors were similar, which suggested that the SOA generated
by PAM OFR is actually atmospherically relevant. In a recent review article, Peng and
Jimenez [16] outlined the detailed chemistry that happens in a PAM OFR, and summarized
the experimental conditions and requirements that make the chemical reactions in PAM
OFR atmospherically relevant. Therefore, with extra attention and careful experimental
designs, PAM OFR can be used as an alternative tool in studying atmospheric chemistry.

Although there are several previous investigations of the chemical compositions of
SOA formed in PAM OFR [21,25,26], most of these studies focused on the analysis of the
elemental composition (e.g., O/C ratio and f44 value) of the SOA. Direct speciation of the
SOA generated by PAM OFR using well established offline analytical methods (e.g., GC or
LC/MS) was limited [27]. The current study aimed at investigating the gas phase products
and SOA compositions of toluene photooxidation reaction in PAM OFR. Although the
photooxidation reaction of toluene is well studied in smog chambers, investigations of its
aged products are scarce. Toluene is an important anthropogenic VOC commonly found in
combustion processes, and therefore understanding its oxidation and ageing mechanism
is crucial in predicting the SOA loading in urban environments. Since PAM OFR can
generate high concentration of OH radicals, it can be used to investigate the atmospheric
ageing process of toluene in this study. The gas phase products formed in PAM OFR was
monitored by a proton transfer reaction-mass spectrometer (PTR-MS) and SOA samples
were collected for offline chemical characterization. The results obtained were used to
examine the relationship between the gas phase and particle phase products observed.
Moreover, the changes in gas phase product composition under different experimental
conditions, such as OH exposure and relative humidity (RH), were assessed. The overall
result of this study enhances our understanding of the photochemical ageing process of
toluene and to assess the ability of PAM OFR to study atmospheric processes by comparing
the results with related chamber studies.

2. Methodology
2.1. PAM OFR

The PAM OFR used in the current study is a Penn State PAM, which is developed by
the Pennsylvania State University. The reactor is 45.7 cm long, with an inner diameter of
19.7 cm, resulting in a volume of around 13 L. A UV lamp (BHK Inc., Ontario, CA, USA) is
mounted inside the reactor, providing UV radiation at 254 nm only. PAM OFR of this type
is usually termed OFR254 to differentiate from its counterpart OFR185, of which the UV
lamp inside the reactor produce radiation at both 185 nm and 254 nm. Detailed principals
and characterization of the PAM OFR in the current study can be found elsewhere [17,28].
Briefly, the main oxidant in PAM, OH radical, is generated inside the reactor by the reaction
between water vapor and excited oxygen [O(1D)] atom. The excited oxygen [O(1D)] atom
is produced as a result of the irradiation of O3 by UV light at 254 nm inside the reactor. O3
is externally generated, and injected to the reactor in prior to the injection of VOC.

2.2. Experimental Setup

A schematic diagram of the experimental setup is given in Figure 1. N2 and O2
were injected to the PAM OFR at a ratio of 4:1 to mimic the composition of air. O3 is
generated by passing through a stream of O2 through an ozone generator (1000BT-12,
ENALY, Japan). The ozone concentration was measured by an ozone monitor (Model 202,
2B Technologies, Boulder, CO, USA). RH in the PAM is controlled by the amount of N2 and
O2 passing through a water bubbler. The RH and temperature of the outflow of the PAM
OFR were monitored by a temperature/humidity sensor (HMP 110, Vaisala Inc, Finland).
Toluene used in the current study is prepared in gas phase (Scientific Gas Engineering
Co., Ltd., Hong Kong, China), and is directly injected to the PAM OFR. In experiments
using seed particle, ammonium sulphate (≥99%, Missouri Sigma-Aldrich, Inc., St. Louis,
MO, USA) powder was dissolved in milli-Q water (18.2 MΩ-cm) and then atomized by an
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atomizer (3076, TSI, Shoreview, MN, USA). The atomized (NH4)2SO4 stream was directed
through a diffusion dryer before entering the PAM OFR. The flow of all the aforementioned
gases were controlled by a mass flow controller (MFC) system consisting of 8 mass flow
controllers (G-series, MKS instruments, Andover, MA, USA) of different range of flow rate.
The total flow of gases in the PAM OFR was maintained at 8 L min−1 for all experiments.
The experiment list with all experimental conditions were given in Supporting Information.
Briefly, three sets of experiments with different RH were carried out without using seed
particles. For each set of RH, different OH exposure was achieved by varying the amount
of O3 generated externally. In addition to the aforementioned three sets of experiments,
two sets of experiments with different RH were also carried out using (NH4)2SO4 seed
particle in order to find out the effect of seed particle on the composition of gas phase
products.

Figure 1. Schematic diagram of the instrumental setup.

To study the gas phase products generated in PAM OFR, a proton transfer reaction-
mass spectrometer (PTR-QMS 300, IONICON ANALYTIK GES.M.B.H., Innsbruck, Austria)
was connected to the outlet of the reactor. The PTR-MS was run in scan mode to record all
peaks from 21 to 250 m/z with resolution of 1 amu. To check if the PTR-MS was capturing
the right m/z, the presence of peaks at m/z = 30 (NO+ ion) and m/z = 93 (toluene ion)
were checked before and after the injection of toluene respectively. Particle number and
mass concentration at the outlet of the PAM OFR was monitored by a scanning mobility
particle sizer (SMPS, TSI, Shoreview, MN, USA). One set of SOA sample was collected
for off-line GC/MS analysis. These samples were collected on five quartz filters (47 mm,
Global Life Sciences Solutions USA LLC, Marlborough, MA, Whatman, USA) under the
same experimental conditions (OH exposure = 1.4 × 1012 molec cm−3 s and in the presence
of (NH4)2SO4 seed). The sample collection time for each filter was around 6 h, and an
average of 1.6 mg of SOA sample was collected on each filter. An ozone denuder was
installed before the filter to prevent prolonged oxidation of SOA sample on the filter by
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O3. During the study of gas phase products, blank quartz filters were put in the two filter
holders to protect the pump from being stuck by the SOA generated in PAM OFR.

2.3. Calibration of OH Concentration in PAM OFR

Since direct measurement of OH concentration is not available in the current study,
indirect determination and calibration of OH concentration is needed. The calibration of
OH concentration was carried out by the method described in Lambe et al. [24], using
SO2 gas. Briefly, the flow rate of PAM was set to 8 L/min, resulting in a residence time of
approximately 100 s. SO2 gas was delivered to the PAM together with O3 gas. Since the
reaction between SO2 and O3 was insignificant compare to that between SO2 and OH [29],
any decrease in SO2 concentration was assumed to be caused by the reaction with the
OH radical. By measuring the SO2 at different O3 level, the OH concentration could be
estimated by the decay of SO2 concentration via the following equation.

OHexp = − 1
kSO2+OH

ln
[SO2]i
[SO2]f

(1)

where kSO2+OH = 9 × 10−13 cm3 molec −1 s−1 at 298K, [SO2]i = SO2 concentration when
O3 concentration is zero, and [SO2]f = SO2 concentration at a certain O3 level. Since this
calibration of OH concentration is RH sensitive (OH is produced by the reaction between
[O(1D)] and water vapor), calibrations were carried out at four RH levels close to the RH
used in our experiments. OH exposure calibrated span from 0.4 to 1.5 × 1012 molec cm−3 s,
which is equivalent to 3 to 12 days of atmospheric oxidation assuming the OH concentration
in the atmosphere to be 1.5 × 106 molec cm−3 [30]. The calibration curves were given in
Supporting Information Figure S1. After the calibration, OH exposure inside the PAM OFR
could be controlled by the amount of O3 injected.

2.4. GC/EI-MS Analysis

The filter samples for SOA characterization were analyzed by a Gas Chromatog-
raphy/Electron Ionization-Mass Spectrometry (GC/EI-MS) system. One-fourth of the
quartz filter sample was cut and extracted with dichloromethane and methanol (2:1, v/v)
under ultrasonication. The extracts were concentrated using a rotary evaporator under
vacuum conditions and then dried by pure nitrogen gas. The dried extract was reacted
with N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) at 70 ◦C for 3 hours, and the
resulting derivatives were determined using gas chromatography/electron ionization mass
spectrometry (GC/EI-MS).

The GC/EI-MS analysis was performed by an Agilent 7890A GC coupled with an
Agilent 5975C MSD. The GC separation was carried out on a DB-5MS fused silica capillary
column with the GC oven temperature programmed from 50 ◦C (2 min) to 120 ◦C at
15 ◦C min−1 and then to 300 ◦C at 5 ◦C min−1 with a final isothermal hold at 300 ◦C for
16 min. The sample was injected in a splitless mode at an injector temperature of 280 ◦C,
and scanned from 50 to 650 Daltons using electron impact (EI) mode at 70 eV.

GC/MS response factors of 2,3-dihydroxy-4-oxopentanoic acid, malic acid, and tataric
acid were determined using authentic standards. Response factors of citramalic acid and
2,3-dihydroxy-glutraric acid were substituted by those of succinic acid and tartaric acid,
respectively, because the authentic standards are not commercially available. No significant
contamination (<5% of those in the samples) was found in the blanks. Recoveries of the
organic compounds represented by n-alkanes and PAHs were ranged from 80% to120%.
Data presented were corrected for the field blanks but not corrected for the recoveries.

3. Result and Discussion
3.1. Gas Phase Product Identification by PTR-MS
3.1.1. Peak Identification

Figure 2 depicted the PTR-MS spectrum for the gas phase products observed in
the three sets of experiments without seed particle. These spectrums were obtained by
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subtracting the spectrum at a certain OH exposure by the spectrum at OH exposure = 0
molec cm−3 s. Therefore, the spectrums shown in Figure 2 correspond to the products
formed in the PAM OFR. Signals that were captured in all three spectrums in Figure 2
are m/z = 31, 43, 45, 47, 59, 61, 73, 99, and 107. By comparing the results with previ-
ous studies [31–34], the National Institute of Standards and Technology (NIST) database,
and the Master Chemical Mechanism (MCM) version 3.3.1 database, the aforementioned
peaks were assigned as formaldehyde (m/z = 31), acetyl radical (m/z = 43), acetaldehyde
(m/z = 45), formic acid (m/z = 47), glyoxal (m/z = 59), acetic acid (m/z = 61), methyl glyoxal
(m/z = 73), unsaturated carbonyls (m/z = 99), and benzaldehyde (m/z = 107). The proposed
mechanism for the formation of these products were outlined in Figure 3. Benzaldehyde
was produced through the abstraction of a methyl group hydrogen in toluene (route 2 in
Figure 3), while other products were formed through the hydrogen abstraction from the
benzene ring, resulting in the formation of a bicyclic peroxy radical. The bicyclic peroxy
radical then decomposed to form two groups of first-generation products. The first group
of products are glyoxal and unsaturated carbonyls with a molecular weight 98, and the
second group of products are methyl glyoxal and unsaturated carbonyls with a molecular
weight of 84. Further oxidation of the aforementioned first-generation products results in
the production of acetaldehyde, formaldehyde, formic acid, and acetic acid. In the current
study, the signal of m/z = 99 was very weak while signal of m/z = 85 was under detection
limit. It has been shown in a previous study by Arey et al. [35] that the yields of unsaturated
carbonyls were significantly lower than their smaller 1,2-dicarbonyl counterparts, which
agree with the results of the current study. The weak signal of m/z = 99 and the absence of
m/z = 85 signal showed that these unsaturated carbonyls may undergo rapid oxidation
right after their formation in the PAM OFR. A rapid degradation of unsaturated carbonyls
is also supported by the observation that spectrums depicted in Figure 2 were dominated by
second generation products, which are the oxidation products of the unsaturated carbonyls.

Figure 2. Mass spectrum of gas phase products observed in experiments without seed particles. All the spectrums shown
are background (OH exposure = 0) corrected.
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Figure 3. Proposed mechanism of toluene oxidation reaction leading to the products observed in the current study.

3.1.2. Effect of OH Exposure on the Composition and Yield of Gas Phase Products

The effect of oh exposure on the composition of the gas phase products can also be
examined in Figure 2. The blue scale of the color legend represents the OH exposure at
which the peak was identified. The lighter the color, the higher the OH exposure. In
general, most products observed at low OH exposure (0.4–0.8 × 1012 molec cm−3 s) were
also observed at high OH exposure (1.2 × 1012 molec cm−3 s or above) conditions. One
exceptional case was found at m/z = 107 in Figure 2. This peak represents benzaldehyde,
and its signal presents at low OH exposure but not at high OH exposure condition. The
reason for the aforementioned observation can be explained by the formation and reaction
mechanism of benzaldehyde in toluene oxidation reaction. As elucidated in the previous
section, benzaldehyde is formed as a result of the abstraction of methyl group hydrogen
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followed by reaction with peroxy and OH radicals (route 2 in Figure 3). At high OH
exposure conditions, benzaldehyde further oxidized to low volatility products (e.g., benzoic
acid), which was not detected by PTR-MS. Therefore, benzaldehyde was observed in low
OH exposure conditions, while its signal disappeared at high OH exposure conditions.

To quantify the similarities between gas phase products formed under different ex-
perimental conditions, the dot products between the mass spectrums obtained in different
conditions were calculated. The dot product approach has been used to quantify the simi-
larities between mass spectrums in previous studies [24,36]. To calculate the dot product of
a spectrum, the intensity of a peak is divided by the square root of the sum of the squares
of the intensity of all peaks in the spectrum. The result of this normalization process is
represented by a vector A, where A = [a1, a2, a3, . . . ], and a1, a2, a3, . . . represent the
normalized intensity of peaks at each m/z in the spectrum. When two vectors, A and
B, were obtained by the aforementioned normalization method from two different mass
spectrums, the dot product of A and B, denoted by A · B = ∑n

i = 1 aibi, can be used to
quantify the similarities between the two spectrums. When A · B = 0, the two spectrums
are orthogonal. When A · B = 1, the two spectrums are identical.

The results of dot products calculated between different OH exposure and RH were
depicted as a correlogram in Figure 4. In general, most of the dot products between
spectrums obtained under same RH but different OH exposures are very close to 1, as
shown by the deep blue color boxes. One exceptional case was observed at RH = 17%
with OH exposure of 0.40 × 1012 molec cm−3 s, which is the lowest OH exposure in the
current study. The spectrum under this condition showed a decrease in dot product with
increasing OH exposure, as depicted by the gradual change of color from deep blue to
deep yellow. The above observations suggest that except for the lowest OH exposure in
this study (OH exposure = 0.40 × 1012 cm−3 s), the OH exposure range investigated by our
experiments is high enough to reach the “final stage” of gas-phase oxidation, and further
increase in OH exposure will not change the gas-phase product compositions significantly.
At OH exposure = 0.40 × 1012 cm−3 s, the oxidation reaction of toluene does not reach
the “final stage”, and therefore its gas-phase product composition is different from other
experimental conditions in the current study.

Although OH exposures in the current study have minimal effects on the composition
of gas-phase products, they significantly affect the yield of the gas-phase products observed.
Figure 5 visualized the effect of OH exposure on the major gas phase products observed
in the Figure 2. In general, an increase in OH exposure will increase the yield of the gas
phase products observed, except for benzaldehyde. Figure 5 divided the products into
two groups, namely the first generation products and second generation products. It can
be observed that for second generation products, an increase of OH exposure causes a
smooth increase of the signal of the products, while for first generation products, a more
complicated trend was shown. The main reason for this observation is that first generation
products serve as the product of toluene photooxidation as well as the percussors of the
second generation products, and therefore when its production rate is lower than the
consumption rate, a decrease on the signal of the first generation products will be observed.
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Figure 4. The dot products between mass spectrums obtained under different experimental conditions. Numbers on the x-
and y-axis correspond to the OH exposure of that experiment in 1012 molec cm−3 s. Numeric results were presented in
Supporting Information Table S2.

3.1.3. Effect of RH on the Chemical Composition of Gas Phase Products

It has been reported in previous studies that RH will change the chemical composition
of gas phase and particle phase oxidation products of different VOCs. The effect of RH
on the chemical composition of gas phase products can again be examined by the dot
products between experiments carried out at different RH as shown by Figure 4. In most
of the cases, dot products between spectrums are larger than 0.9 with deep blue color,
indicating great similarities between them. At the same time, it can be observed that dot
products between RH = 17% (0.4) and other RHs are smaller than all other dot products in
experiments without using seed particles. This observation can be explained by the effect
of OH exposure as presented in the previous section. Therefore, in general, the effect of RH
on gas-phase product compositions in the current study is minimal.
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Figure 5. Changes in signal intensity of products observed by PTR-MS under different RH and OH exposure. Plots in light
brown correspond to first generation products while plots in grey represents second generation products.

3.1.4. Effect of (NH4)2SO4 Seed

To examine the effects of adding seed particles to the chemical composition of gas
phase oxidation products, photooxidation experiments were repeated with the addition of
(NH4)2SO4 particle at RH = 34% and 62%. (NH4)2SO4 was produced by passing (NH4)2SO4
solution through an atomizer. The resulting wet stream of atomized (NH4)2SO4 was then
directed through a diffusion dryer and injected to the PAM OFR from an inlet other than
the one for the main reactants. The initial mass concentration of (NH4)2SO4 was around
78.4 µg m−3.

Figure 6 depicted the spectrum obtained from experiments with seed particle. Com-
pared with Figure 2, it is obvious that most of the peaks identified in seeded experiments
were also present in experiments without seed particles. However, the weighing of peaks
in Figure 6 is different from that in Figure 2. In particular, the dominating species in
experiments without using seed particles are acetic acids and formic acids (as shown in
Figure 2), while the most abundant peak in experiments with seed particle is glyoxal. This
feature is also captured by the dot product calculation. Dot products between experiments
with and without using the seed particle (area in light brown) are smaller dot products in
other conditions. However, data obtained from the current study is insufficient to conclude
the origin of the enhanced glyoxal level observed.
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Figure 6. Mass spectrum of gas phase products observed in experiments using (NH4)2SO4 seed particles. All the spectrums
shown are background (OH exposure = 0) subtracted.

3.2. Particle Phase Products
3.2.1. Number and Mass Concentration of SOA

The effect of increasing OH exposure on the number and mass concentration of SOA
in the absence of seed particle was depicted in Figure 7. The change of SOA mass and
number concentration under different OH exposure was monitored by a SMPS. According
to the user manual of SMPS [37], the mass concentration of a sample is calculated from the
particle number concentration and diameter distribution of the sample with the assumption
that the particle is spherical in shape with a certain density (set to 1 g cm−3 in this study).
Figure 7 showed that SOA mass concentration increases with OH exposure, while SOA
number concentration first increases and then decreases with increasing OH exposure. It
has been shown in previous studies that at high OH exposure, chemical reaction changes
from functionalization (addition of oxygen atom to the product) to fragmentation (breaking
of carbon–carbon bond), causing a decrease in SOA mass yield [26]. In their study, the
transition from functionalization to fragmentation take place at OH exposure around
0.5–1 × 1012 molec cm−3 s. The transition of reaction type in the aforementioned study
may help to explain the observed decrease of particle number in the current study, which
also occurs at OH exposure around 0.5–1 × 1012 molec cm−3 s. However, it cannot explain
the constant increase of SOA mass concentration at this range of OH exposure. The
increase in SOA mass concentration indicates the formation of larger particles, since the
particle density was assumed to be 1 g cm−3 in all experiments. One possible reason for
the observed increase in particle mass concentration is the oligomerization of oxidation
products. As shown by Loeffler et al. [38], glyoxal and methyl glyoxal can form dimer and
trimers effectively. The combination of smaller particles to form a larger particle may help
to explain the increase in particle mass concentration observed. However, results from
the current study are insufficient to confirm the building blocks of the oligomers. Further
studies are needed to identify the formation mechanism and composition of the possible
oligomerization processes.
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3.2.2. Chemical Characterization of Particle Phase Products

SOA samples collected in the current study were analyzed for its chemical composition
by GC/MS. Chromatograms of the SOA sample are shown in Figure S2 in Supporting
Information. The five most abundant organic acids identified in the sample were listed
in Table 2. As shown in the table, four out of five acids are dicarboxylic acids, and the
remaining one is the well-known toluene SOA tracer DHOPA. The first four acids in Table 2
have previously been identified in other studies. They are probably originated from the
unsaturated carbonyl compound formed as the first generation product in gas phase. The
proposed formation mechanism of these four acids were outlined in Figure 8.

Table 2. List of particle phase products identified in SOA sample.

Chemical Structure Molecular Weight Average Mass on
Each Filter (ng) Previously Identified

2,3-Dihydroxy-4-
oxopentanoic acid

(DHOPA)
148.1 g mol−1 35.4 Kleindienst, Conver,

McIver and Edney [39]

Citramalic acid 148.1 g mol−1 269.7

Lewandowski, Jaoui,
Kleindienst, Offenberg and

Edney [40], Hu, Bian, Li,
Lau and Yu [41]



Atmosphere 2021, 12, 915 13 of 16

Table 2. Cont.

Chemical Structure Molecular Weight Average Mass on
Each Filter (ng) Previously Identified

Malic acid 134.1 g mol−1 68.5 Sato, Hatakeyama and
Imamura [42]

Tartaric acid 150.1 g mol−1 78.6 White, Jamie and Angove
[43]

2,3-dihydroxyglutaric
acid 164.1 g mol−1 56.2 New product

Figure 8. Proposed formation mechanism of particle phase products observed in the current study.

C5 diacids, such as glutaric acid, 3-hydroxyglutaric acid, and 2,3-dihydroxyglutaric
acid, have been identified in many SOA samples, including SOA collected from urban
and rural areas [40,41,44,45], as well as from cyclohexene oxidation [46,47]. However, to
the best of our knowledge, the identification of C5 diacids has not been reported in SOA
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sample derived from toluene. 2,3-dihydroxyglutaric acid identified in the SOA sample
of the current study is unlikely originated from the gas-particle partitioning of gas phase
oxidation products, since in the PTR-MS result of the current study, as well as the MCM
database, no compound that could lead to the formation of it can be found. Therefore,
we suggest that it is either formed through particle phase reaction or the recombination
of small fragmentation products. In any case, its formation mechanism under high OH
condition warrants further investigation. Apart from glutaric acid, all other particle phase
products identified in the current study agree with previous studies, again suggesting that
the use of PAM OFR to study atmospherically relevant oxidation reaction is reliable.

4. Conclusions

The current study examined the reaction mechanism of the photooxidation and ageing
of toluene using the PAM OFR. The range of OH exposure studied spanned from 0.4 to
1.5 × 1012 molec cm−3 s, which is equivalent to 3 to 12 days of atmospheric oxidation.
Results showed that OH exposure has minimal effect on the gas phase products formed,
while an increase in OH exposure will increase the yield of second generation gas phase
products. The composition of gas phase product obtained under different RH are similar,
except for the experiment conducted at RH = 17% and OH exposure = 0.4 × 1012 molec
cm−3 s. Experiments using (NH4)2SO4 seed particle showed similar gas phase products
composition, but the spectrum is dominated by glyoxal (m/z = 59). The mass concentration
of SOA increased with increasing OH exposure, while the PN concentration of SOA
first increased then decreased with increasing OH exposure. It was also found that the
SOA samples in the current study were dominated by highly oxygenated dicarboxylic
acids. In general, the results of the current study showed good agreement with previous
studies carried out in smog chambers. It shows that using PAM OFR to study the reaction
mechanism of photooxidation and ageing of different VOCs in the atmosphere is reliable,
and, with stringent control in experimental conditions, atmospherically relevant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12070915/s1, Figure S1: Calibration curve of OH exposure under different RH, Table S1:
Experiment list for gas phase product study, Figure S2: Total ion chromatogram of aerosol samples
and target compounds. Target Compounds: #1, Citramalic acid; #2, 2,3-Dihydroxy-4-oxopentanoic
acid; #3, Malic acid; #4, Tataric acid; #5, 2,3-dihydroxy-glutraric acid, Table S2: Dot products between
spectrums obtained in each experiment. The unit of OH exposure is 1 × 1012 molec cm−3 s. Areas in
grey represent dot products between experiments of different RH, and areas in light brown represent
dot products between experiments with and without using seed particles.
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