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Abstract. A series of emission control measures implemented by the Chinese government have effectively re-
duced air pollution by multiple pollutants in many regions of the country in recent decades. However, the impacts
of these control measures on environmental persistent free radicals (EPFRs) and reactive oxygen species (ROSs),
the two groups of chemical species that are known to be linked with adverse human health effects, are still not
clear. In this study, we investigated the levels, patterns, and sources of EPFRs and gas- and particle-phase ROSs
(referred to as G-ROSs and P-ROSs, respectively) in Beijing during the 2015 China Victory Day Parade period
when short-term air quality control measures were imposed. EPFRs in the non-control period (NCP) tended to
be radicals centered on a mixture of carbon and oxygen, while those in the control period (CP) were mainly
oxygen-centered free radicals. The contribution of G-ROSs to the atmospheric oxidizing capacity increased, and
that of P-ROSs decreased during the CP compared to the NCP. The strict control measures reduced ambient
EPFRs, G-ROSs, and P-ROSs by 18.3 %, 24.1 %, and 46.9 %, respectively; these amounts were smaller than
the decreases in most other measured pollutants. Although particle-matter-based air quality control measures
have performed well in achieving ‘“Parade Blue”, it is difficult to simultaneously reduce the negative impacts
of the atmosphere on human health. The Parade Blue days were largely attributed to the dramatic reduction in
secondary aerosols, which were also largely responsible for EPFR and ROS reductions. Compared to the cases
during the NCP, the source-sector-based concentrations of PM; 5, EPFRs, G-ROSs, and P-ROSs during the CP
were reduced by 78.7 %—80.8 % when coming from secondary aerosols, by 59.3 %—65.0 % when coming from
dust sources, by 65.3 %—67.0 % when coming from industrial emissions, and by 32.6 %—43.8 % when coming
from vehicle emissions, while concentrations from other sources increased by 1.61 %—71.5 %. Vehicle emissions
and other sources may play complex roles in air quality and public health. This insight will prompt policymak-
ers to reevaluate current air quality management strategies to more effectively address the challenges posed by
pollutants such as EPFRs and ROSs.
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1 Introduction

Free radicals are atoms or molecules that contain at least one
unpaired electron, which enables free radicals to be highly
reactive (Khan et al., 2018). Free radicals attached to par-
ticles with a lifetime of several days or longer are defined
as environmental persistent free radicals (EPFRs, e.g., phe-
noxy and semiquinone free radicals) to distinguish them from
traditional free radicals with a shorter lifetime (Li et al.,
2022). The excessive lifetime of EPFRs will lead to a greater
risk of human exposure to this group of chemical pollutants
(Vejerano et al., 2018). It was estimated that human expo-
sure to EPFRs in Beijing is equivalent to approximately 33
cigarettes containing tar EPFRs being inhaled per day (Xu et
al., 2020). Numerous toxicological studies have shown that
inhalation of EPFRs is linked to a variety of diseases, such
as chronic lung disease and respiratory dysfunction, and thus
has detrimental effects on human health (Chen et al., 2019b;
Thevenot et al., 2013; Vejerano et al., 2018).

Previous studies have shown that the concentrations of
EPFRs in atmospheric particles vary from 1.60 x 103 to
8.97 x 101 spinsm™ (Wang et al., 2022; Li et al., 2022).
EPFRs are primarily derived from incomplete combustion
sources such as vehicle exhausts, biomass burning, and coal
combustion (Y. Wang et al., 2019; Dugas et al., 2016; Sar-
avia et al., 2013). EPFRs can be formed and stabilized on the
surface of particulate matter containing transition metals and
substituted aromatic structures that are emitted during com-
bustion processes (Odinga et al., 2020; Chen et al., 2019a).
For example, the incomplete combustion of vehicle emis-
sions may be an important source of EPFRs in PM; 5 from
Xi’an, China (Chen et al., 2018b). Dellinger et al. (2001)
demonstrated that EPFRs in PM> 5 in the United States are
associated with combustion sources. Fang et al. (2023) re-
ported that high concentrations of EPFRs are emitted from
biomass burning. In addition to the combustion sources,
EPFRs can also result from secondary processes in the at-
mosphere. It has been reported that EPFRs can be formed
from the heterogeneous reaction of ozone (O3z) and poly-
cyclic aromatic compounds (Borrowman et al., 2016), as well
as from the photolysis of polycyclic aromatic hydrocarbons
(PAHs) (Li et al., 2022). Moreover, a recent study showed
that EPFRs may also be derived from dust sources (Li et al.,
2023). Chen et al. (2018a) found that dust storms can in-
crease the concentration of EPFRs in PM, 5 and that metal
oxides contained within dust particles provide the prerequi-
site conditions for EPFRs formation. Notably, EPFRs have
received widespread attention in recent years because of their
ability to convert O, molecules into reactive oxygen species
(ROSs) (Gehling et al., 2014). However, the sources and for-
mation processes of EPFRs and ROSs and the relationship
between these two groups of pollutants are poorly under-
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stood, resulting in greater uncertainties in environmental risk
assessments.

ROSs are oxygen molecules that contain at least one un-
paired electron, including singlet oxygen, superoxide rad-
icals (*O,), hydroxyl radicals (OH"), hydrogen peroxide
(H203), and organic radicals (Tong et al., 2018; Arangio
et al., 2016). Multiple sources of ROSs have been identi-
fied, including wood combustion (Zhou et al., 2018), vehi-
cle exhausts (Verma et al., 2010), and cooking emissions
(L. Wang et al., 2020). In addition, many studies have demon-
strated that secondary sources related to photochemical re-
actions and oxidation reactions may be important sources of
ROSs (Wang et al., 2012). For example, volatile organic com-
pounds (VOCs) and NO, have been shown to generate ROSs
through photochemical reactions (Venkatachari et al., 2007).
ROSs can also form on the surface of particles or in the air
through reactions with O3 under dark conditions (Zhu et al.,
2018). Further studies showed that OH* and organic radi-
cals can be formed from secondary organic aerosols (SOAs)
generated by isoprene and B-pinene, whereas H,O; and O,
are mainly associated with naphthalene SOAs (Tong et al.,
2018; Wei et al., 2021). These ROSs play an active role in
the atmospheric environment and determine the oxygenation
of atmospheric aerosols. More importantly, ROSs can cause
oxidative stress, resulting in particle-related health effects
(W. Huang et al., 2018). Oxidative stress, referred to as a
state of disequilibrium between oxidizing agents (ROSs) and
antioxidant defense capacity, has been recognized as a major
contributor to organism diseases (Fang et al., 2017). Thus,
investigating the variations in the levels and sources of ROSs
is vital for understanding the mechanism of ROS formation
and the effect of ROSs on human health.

To mitigate air pollution and associated adverse health ef-
fects, the Chinese State Council issued a series of air quality
control plans in 2013, termed the “Action Plan on Prevention
and Control of Air Pollution”, which tremendously reduced
the concentration of air pollutants in the following decade
(J. Huang et al., 2018; Niu et al., 2022). In addition, the Chi-
nese government has implemented stricter short-term control
measures to ensure excellent air quality during certain spe-
cial periods such as when hosting mega-events (S. Wang et
al., 2019; Schleicher et al., 2012). In September 2015, the
China Victory Day Parade was held in Beijing, and different
levels of short-term emission measures were implemented in
Beijing and the surrounding cities (Ma et al., 2020). Particle
concentrations in Beijing were substantially reduced during
this period, achieving the so-called Parade Blue (W. Huang
et al., 2018). Other air pollutants, such as primary organic
aerosols (POAs), SOAs, water-soluble ions, and gaseous pol-
lutants, also decreased significantly during this period (Zhao
et al.,, 2017; Wang et al., 2017), demonstrating the poten-
tial of short-term control measures for reducing air pollu-
tion. However, the potential impacts of these measures on
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public health, especially regarding EPFRs and ROSs, remain
unclear. This event also provided an excellent opportunity to
quantify the effectiveness of control measures on EPFRs and
ROSs.

In this work, we evaluated the temporal variations in the
chemical compositions of PMj; 5 and gas pollutants during
the period when the 2015 China Victory Day Parade was
held in Beijing, aiming to explore the influence of short-term
air quality control measures on EPFRs, gas-phase ROSs (G-
ROSs), and particle-phase ROS (P-ROSs). Additionally, the
sources and formation mechanisms of EPFRs, G-ROSs, and
P-ROSs were explored using correlation analysis and a pos-
itive matrix factorization (PMF) model. The findings from
this study have great implications for further understand-
ing the sources and environmental risks of these chemical
species and for the development of optimal air pollution con-
trol measures.

2 Methods and materials

2.1 Sample collection

All sampling was conducted on the rooftop of a five-floor
building at the Institute of Remote Sensing and Digital
Earth, Chinese Academy of Sciences (40.01°N, 117.39°E),
which is located between the fourth- and fifth-ring roads in
the northern Chaoyang District, Beijing, China, and is sur-
rounded by residential buildings and Olympic Forest Park.
A total of 76 PM; 5 samples, including 38 daytime (08:00-
20:00LT) and 38 nighttime (20:00-08:00LT the next day)
samples, were collected on prebaked quartz filters using a
DIGITEL high-flow sampler (DHA-80, DIGITEL, Switzer-
land), with a flow rate of 500 Lmin~!, from 13 August to
19 September 2015. The samples were wrapped in aluminum
foil and then stored in a refrigerator at —20 °C until analysis.
Real-time SO,, NO;, and O3 concentrations were simulta-
neously monitored online by an SO, analyzer (Model 431,
Thermo Scientific, USA), an NO, analyzer (Model 42i,
Thermo Scientific, USA), and an ozone analyzer (Model 49i,
Thermo Scientific, USA), respectively.

The specific sample information is shown in Table S1 in
the Supplement. The whole sampling period is divided into
four sub-periods for analysis, with the specific control mea-
sures for each sub-period presented in Table S2. Period 1
(13-19 August) and period 4 (4—19 September) had no con-
trol measures implemented (referred to as the non-control
period, NCP), period 2 (20-31 August) had regular control
measures, period 3 (1-3 September) had stricter control mea-
sures, and periods 2 and 3 were defined as the control period
(CP).

2.2 Chemical analyses

Organic carbon (OC) and elemental carbon (EC) in PM; 5
were measured by a thermal/optical carbon analyzer (model
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RT-4, Sunset Laboratory Inc., USA). Water-soluble ions
(NO3, SOZf, Cl-, NHI, Nat, Kt, Ca?*, and Mg?") were
analyzed by an ion chromatography analyzer (model ICS-
1100, Thermo Scientific, USA). Elements (Li, Na, Mg, Al,
K, Ca, V, Mn, Fe, Co, Cu, Zn, As, Se, Rb, Cd, Pb, and
Bi) in PM; 5 were extracted by microwave digestion with
7 mL of ultrapure water, 2mL of HNO3, and 1 mL of H>O5,
and the concentrations of elements were detected using
inductively coupled plasma mass spectrometry (ICP-MS).
PAHs were extracted by a liquid mixture of dichloromethane
and methyl alcohol and were measured using gas chro-
matography equipped with a mass selective detector (Agi-
lent 6890/5973 GC/MSD).

2.3 EPFR analyses

A 28 x 5mm sample filter was cut and placed in an elec-
tronic paramagnetic resonance (EPR) spectrometer (EMX-
plus, Bruker, Germany) to determine the concentrations of
EPFRs. The measurement parameters of the EPR spectrom-
eter were set as follows: the magnetic field strength was
3300-3450 G, the scanning time was 60s, the microwave
power was 8.0mW, and the modulation amplitude was 2 G.
The absolute spin amount and g factor were calibrated with
Mg?* and Cr** standards. Both of these standards have been
proven to be effective for calibrating the g factor and abso-
lute spin number of EPFRs (Chen et al., 2019a, b). During
the calibration process, the Mg?* and Cr3* standard sam-
ples were inserted into the resonator, and the system was
tuned. The field offset was set to zero to ensure that the signal
measured by the instrument exactly matched the signals for
Mg?* and Cr3*. The total spin numbers were divided by the
volume of the samples, such that the concentration of EPFRs
was expressed as spins per cubic meter (spins m—>). The cru-
cial parameters for characterizing the type and abundance of
EPFRs, such as the g factor and line width (AH,_ ), were
extracted from the EPR spectrum. EPFRs with g factors of
less than 2.003 are attributed to carbon-centered free radi-
cals, such as cyclopentadienyl radicals, while EPFRs with
g factors of 2.004 and above are designated as oxygen-
centered free radicals, such as semiquinone radicals (Zhu et
al., 2019). Notably, semiquinone radicals have a resonance
structure and can have an unpaired electron on the carbon
atom. EPFRs with g factors in the range of 2.003-2.004 sug-
gested the existence of complex radicals centered on a mix-
ture of carbon and oxygen or carbon-centered radicals con-
taining oxygen atoms, such as phenoxy radicals (Yang et al.,
2017; Hu et al., 2022).

2.4 G-ROS and P-ROS measurements

A gas and aerosol collector—ROS (GAC-ROS) online mon-
itoring system was used to measure the concentrations of
G-ROSs and P-ROSs. The theory and constitutions of the
GAC-ROS were described in detail by Huang et al. (2016).
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In brief, GAC-ROS consists of a sampling section, a reaction
and transportation section, and a detection section. Firstly,
aerosols with aerodynamic diameters larger than 2.5 um were
removed by a cyclone separator, gas was collected on the
water film on the surface of the continuously rotating diffu-
sion tube of the GAC, and PM; 5 was trapped by supersat-
urated water vapor at a certain temperature. Secondly, solu-
tions containing gas and particle samples were reacted with,
respectively, 2,7’ -dichlorofluorescin (DCFH) in the presence
of horseradish peroxidase (HRP) in two glass reactors. The
DCFH method has the lowest specificity and selectivity for
different types of ROSs and is capable of reacting with multi-
ple ROSs, including H>O5, as well as other short-lived ROSs,
such as OH", "0, , peroxyl radicals, and peroxynitrite (Bates
et al., 2019). Finally, a fluorescence detector was used to
measure the concentrations of G-ROSs and P-ROSs. For data
accuracy, fresh DCFH and HRP were prepared at least every
two days, and H>O; standard curves were created daily.

2.5 Source apportionment

Researchers have successfully employed PMF for the source
apportionment of EPFRs and ROSs (Ainur et al., 2023;
Y. Wang et al., 2019). In this study, we used the Environ-
mental Protection Agency (EPA) PMF 5.0 version to per-
form the source apportionment of PM; 5, EPFRs, G-ROSs,
and P-ROSs. The fundamental principle of PMF involves
first calculating the errors of various chemical components
in particulate matter using weights, followed by utilizing the
least-squares method to estimate the main pollution sources
of the particulate matter and their contributions. The PMF
model decomposes a matrix of specific sample data (X) into a
source contribution matrix (G) and factor profile matrix (F),
as well as a residual matrix (E), as shown in the following
equation:

Xij =) o &ikfj +eij, (1)

where X;; denotes the concentration of the jth species in the
ith sample, g;; represents the source contribution of the kth
factor to the ith sample, fi; is the factor profile of the jth
species in the kth factor, and e;; is the residual matrix.
PM; 5, EPFRs, G-ROSs, P-ROSs, OC, EC, water-soluble
ions (NO3, SO ™, CI-, NHJ, Na*, K*, Ca?*, and Mg?*t),
and elements (Na, Mg, Al, K, Ca, V, Mn, Fe, Co, Cu, Zn, As,
Se, Rb, Cd, Pb, and Bi) were included in the PMF model,
with a total sample number of 76. The procedure for the PMF
model has been described in many previous reports (Y. Wang
et al., 2019; Sharma et al., 2016). Missing concentration val-
ues were replaced with “-999”. The component concentration
was changed to half of the method detection limit (MDL)
when it was lower than the MDL. The calculation formula
of uncertainty is uncertainty = K x C, where K is the an-
alytical uncertainty, and C represents the concentrations of
the chemical components. The quality of the data was evalu-
ated according to the signal-to-noise ratio (S/N), and species
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with §/N ranging from 1 to 10 were categorized as “strong”,
while those with S/N ranging from 0.5 to 1 were catego-
rized as “weak”. The tracer species were also categorized as
“strong”. The degree of rotation in the model results was con-
trolled by the FPEAK and FKEY values.

3 Results and discussion

3.1 Temporal variations in air pollution

To investigate the effectiveness of short-term air quality con-
trol measures on pollutant concentrations during the 2015
China Victory Day Parade, temporal variations in PM> 5, EC,
middle-molar-weight PAHs (MMW-PAHSs, four-ring PAHs),
elements, and gas pollutants were first examined. As shown
in Fig. 1, PM» 5 concentration decreased continuously from
period 1 to period 3 before rebounding in period 4, with the
average PM» 5 concentration being ~ 60 % lower in the CP
(periods 2 and 3) than in the NCP (periods 1 and 4). Simi-
larly, EC, a typical marker of fossil fuel combustion (Zhang
et al., 2015; Y. Wang et al., 2020), was also ~ 57 % lower
in the CP than in the NCP, demonstrating that provisional
control measures have significantly reduced fossil fuel com-
bustion emissions. Additionally, a 32 % lower MMW-PAH
concentration in the CP than in the NCP implied that the con-
trol measures were also effective in reducing emissions from
diesel vehicle exhausts (Perrone et al., 2014). The concentra-
tions of elements also decreased dramatically, with a 51.4 %
lower concentration in the CP than in the NCP.

Regarding the gaseous pollutants, the concentrations of
03, SO3, and NO; decreased by 10.8 %, 51.2 %, and 45.5 %,
respectively, during the CP compared to those in the NCP.
NO; is mainly derived from vehicle exhaust emissions, and
SO; is mainly derived from fossil fuel (e.g., coal) combus-
tion (Hien et al., 2014; Ma et al., 2020). Apparently, the con-
trol measures implemented during the CP have effectively re-
duced emissions from industrial coal combustion and vehicle
exhausts, both of which are important combustion sources.
In contrast, the reduction in O3z during the CP was much less
than that of NO,, which can be explained by the reduction
in the titration reaction between O3 and NO due to the re-
duced NO emission from vehicle exhausts (Guo et al., 2016;
Okuda et al., 2011). These results showed that the percent-
age decrease in gaseous pollutants was smaller than that in
PM; 5.

Different diurnal variations were observed between the
pollutants. The average concentrations of EC and NO;
were generally higher during the nighttime (1.33 pgm™3
and 40.2ugm™3, respectively) than during the daytime
(0.82ugm™3 and 28.4ugm™3, respectively) in the whole
measurement period. This is especially the case during the
NCP, likely due to increased nighttime traffic emissions or
the occurrence of temperature inversions (Yang et al., 2015;
Wu et al., 2012). During the daytime, the restrictions on
heavy-duty vehicles entering the urban areas of Beijing may
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Figure 1. Temporal variations in concentrations of (a) PMj 5, (b) EC, (c) MMW-PAHs, (d) elements, (e) O3, (f) SO;, and (g) NO, during

the four sub-periods of the 2015 China Victory Day Parade.

lead to increased emissions from diesel vehicles near the
fourth- and fifth-ring roads at night as these vehicles are al-
lowed to enter only at night (Cai et al., 2020). Similar diurnal
variations have also been observed previously in Beijing and
Agra (Pipal et al., 2014; Lin et al., 2009; Ke et al., 2017; Cai
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et al., 2020). Additionally, lower temperatures and reduced
solar radiation at night decrease the photolysis of NO, (Cai
and Xie, 2010), further contributing to the elevated NO, con-
centrations at night. O3 was higher in the daytime than in the
nighttime, indicating intensive photochemical actions. SO;
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Figure 2. Temporal variations in EPFR concentrations during the
measurement period.

concentration significantly increased in the daytime during
period 4, which may be caused by the surge in industrial ac-
tivities (He et al., 2017).

3.2 Characteristics of environmentally persistent free
radicals (EPFRs)

Figure 2 shows the temporal variations in EPFR concen-
trations during the whole measurement period. The average
concentration of EPFRs was (1.00 4 0.75) x 10'* spins m—3
during the NCP and (8.19 & 5.60) x 10'3 spinsm~ during
the CP, which represents an 18.3 % lower concentration dur-
ing the CP than during the NCP. The percentage decrease
in EPFRs was smaller than that in most of the other mea-
sured pollutants (PM» s, EC, elements, NO;, and SO;). No-
tably, despite the reduction in PM> 5 concentration during pe-
riod 3, the concentration of EPFRs paradoxically increased.
Chen et al. (2020) showed that the variations in EPFR con-
centrations are unrelated to the variations in PM concentra-
tion and are rather determined by their source characteris-
tics. These results suggest that variations in source contri-
butions during the parade, such as increased contributions
from traffic and other sources, may influence the forma-
tion of EPFRs. A detailed discussion of these source char-
acteristics is provided in the subsequent source apportion-
ment section. Furthermore, the levels of EPFRs in PMj 5 in
this study were approximately 2 orders of magnitude lower
than those in Beijing (1.70 x 101°-3.50 x 10'® spins m—3) in
2016 (Yang et al., 2017) and were slightly lower than those
in Xi’an (1.79 x 10'* spinsm~3) in 2017 (Y. Wang et al.,
2019), but they were much higher than those in Chongging
(7.0 x 10'3 spins m~3) in 20172018 (Qian et al., 2020).
The average concentration of EPFRs during the daytime
and nighttime were 6.85 x 10'3 and 1.18 x 10'* spinsm—3,
respectively, indicating that the nighttime samples contained
more EPFRs than the daylight samples. The lower EPFR
concentration during the daytime may be related to the rapid
conversion of EPFRs to other chemical species under strong
irradiation (Jia et al., 2019). For instance, semiquinone radi-
cals can rapidly degrade into CO, under light irradiation con-
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Figure 3. The (a) g factor and (b) AH,— ), of EPFRs during the
four pollution periods.

ditions (Li et al., 2014). Previous studies have shown that the
half-life times of EPFRs are shorter under light conditions
than under dark conditions (Lang et al., 2022; Chen et al.,
2019a), suggesting that light irradiation promotes the trans-
formation of EPFRs. In addition, increased traffic emissions
during the nighttime, as mentioned above, may have led to
higher levels of EPFRs during the nighttime. For instance,
Hwang et al. (2021) found that PM» 5 from traffic-related
sources generally has higher EPFR concentrations than that
from urban background particles.

The g factor and AH),_, values of EPFRs during the four
pollution periods are depicted in Fig. 3. The average g factor
was 2.00395 in the NCP and 2.00429 in the CP. Hence, the
observed EPFRs in the NCP tend to be radical-centered on
a mixture of carbon and oxygen. The higher g factor in the
CP, especially in period 3, suggested that oxygen-centered
free radicals were attached to the PM; 5 samples (Li et al.,
2023). It has been reported in the literature that EPFRs de-
rived from primary-combustion sources (e.g., coal combus-
tion and vehicle emissions) generally have a lower g fac-
tor (Chen et al., 2019¢). The data presented above indicated
that the generation of EPFRs with lower g factor decreased
during the CP when the emissions from combustion sources
were significantly reduced. It is known that carbon-centered
radicals are more unstable and easily oxidized in the atmo-
sphere than oxygen-centered radicals (Wang et al., 2018).
Therefore, the free radicals generated during the CP were less
susceptible to further oxidation, while those generated during
the NCP were more easily oxidized. The average AH),_,
of EPFRs during the NCP and the CP was 4.42 +£0.87 and
4.62 £ 1.06 G, respectively. The slightly larger AH,_, dur-
ing the CP compared to during the NCP indicates a relatively
complex path for the formation of EPFRs under strict control
measures. This may be explained by a marked increase in
the activity of other sources, which will be discussed below.
However, current evidence is insufficient to fully explain the
variations in EPFRs, and further investigations are needed to
elucidate the underlying mechanisms involved.
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Figure 4. The concentrations of (a) G-ROSs and (b) P-ROSs during
the whole measurement period.

3.3 Characteristics of reactive oxygen species (ROS)
activity

The ROS activity obtained here was expressed in nmol HyO»
equivalents m™3. As shown in Fig. 4, the average con-
centrations of G-ROSs and P-ROSs were 17.2+£2.51 and
13.6 +2.71 nmol H,0, m ™3, respectively, during the NCP;
decreased to 13.8+1.29 and 7.25+ 1.79 nmol H,O, m—3
during period 2; and further decreased to 10.3 £0.63 and
7.02 4 0.57 nmol HyO, m™3 during period 3. The concentra-
tions of ROSs during the CP were comparable to those ob-
served in rural China (Zhao et al., 2023; Huang et al., 2016)
and urban America (Wang et al., 2011). Notably, the impacts
of the control measures on G-ROSs and P-ROSs were differ-
ent. Compared with that of the NCP, the percentage decrease
in G-ROSs during the CP was 24.1 %, which was lower than
the decrease in P-ROSs of 46.9 %. This difference may be
related to the complex formation and transformation mecha-
nism of G-ROSs. These results further suggest that the per-
centage decreases in gaseous pollutants were smaller than
those in particulate pollutants. Furthermore, the much higher
ratios of G-ROSs to P-ROSs during the CP than during the
NCP suggested that the contribution of G-ROSs to the atmo-
spheric oxidizing capacity was increased or that of P-ROSs
was decreased during this period (Fig. 5).

The average concentration of G-ROSs was higher during
the nighttime (15.8 nmol HyO» m~3) than during the daytime
(13.7nmol H, O, m_3); this was also the was the case for
P-ROSs (10.0 nmol HyO> m~3 versus 9.5 nmol H,O> m~3),
consistently with what was reported in a previous study con-
ducted in Xi’an in 2021 (Ainur et al., 2023). The higher
ROS levels at night are more evident from the diurnal
variations shown in Fig. 6. G-ROSs decreased at approxi-
mately 08:00 LT and then rapidly increased at 17:00 LT dur-
ing all four of the sub-periods. However, P-ROSs decreased
at approximately 03:00LT and then increased at approxi-
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Figure 6. Diurnal variations in the concentrations of (a) G-ROSs
and (b) P-ROSs during the four pollution periods.

mately 13:00LT. These results suggest that different forma-
tion mechanisms existed between G-ROSs and P-ROSs.

3.4 Correlation analysis

Figure 7 shows the Spearman correlation of EPFRs, G-ROSs,
and P-ROSs with other pollutants. The EPFR concentrations
are strongly correlated with AH,_, (r > 0.76), indicating
more abundant types of EPFRs under higher EPFR concen-
trations. In addition to simple and well-defined EPFRs, such
as semiquinone and cyclopentadienyl radicals, there are also
many complex and unknown EPFRs in the research blind
spots. Air quality index (AQI) and PM; 5 were both posi-
tively correlated with the concentration of EPFRs (r > 0.42),
suggesting that the contamination of EPFRs was significantly
influenced by the relevant health index and haze. EPFRs
exhibited a significant positive correlation with the vehicle
exhaust markers EC and NO» (p < 0.05), emphasizing that
vehicle exhaust emissions may be an important source of
EPFRs in Beijing. Recent studies also found that EPFRs
were significantly correlated with EC and NO> on high-
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ways, mainly attributed to the emissions from vehicle ex-
hausts (Hwang et al., 2021; Li et al., 2022). A stronger posi-
tive correlation between EPFRs and secondary inorganic ions
was found in the daytime (r = 0.45) than during the night-
time (r = 0.37). Meanwhile, a significant positive correlation
between EPFRs and O3 was also observed in the daytime
(p <0.1), consistently with the results of Chen et al. (2019b).
The oxidation of different types of PAHs by O3 could form
different types of EPFRs, as demonstrated in a previous study
(Borrowman et al., 2016). However, Hwang et al. (2021)
observed a negative correlation between EPFRs and O3 at
highway sites, attributed to the consumption of O3 by NO.
In this study, hot summer conditions may be conducive to
the conversion of PAHs into EPFRs, especially in environ-
ments with relatively high O3 concentrations. This implies
that the mechanism of EPFR generation varies under dif-
ferent environmental conditions. Transition metals, such as
single-electron acceptors or shuttles (Wan et al., 2020), play
a key role not only in the formation of EPFRs but also in
maintaining the long half-life of EPFRs (Pan et al., 2019;
Vinayak et al., 2022). Cd was significantly correlated with
EPFRs only during the daytime (p < 0.05), while the major-
ity of transition metals (e.g., Mn, Fe, V, and Cd) were sig-
nificantly correlated with EPFRs during the nighttime. These
results suggest that EPFRs at night are stabilized in parti-
cles via transition metals from fuel combustion processes,
while an increased proportion of EPFRs were generated via
other pathways in the daytime, such as the secondary reac-
tions mentioned above.

It is not surprising that P-ROSs were associated with
PMj3 5 more than G-ROSs were. Both G-ROSs and P-ROSs
were strongly correlated with EC and NO» (r > 0.54) during
the daytime, suggesting that G-ROSs and P-ROSs were de-
rived from traffic-related emissions, as was reported in a pre-
vious study (Stevanovic et al., 2019). G-ROSs (r > 0.52) and
P-ROSs (r > 0.54) were also well correlated with secondary
inorganic ions in the daytime, indicating secondary aerosols
as another important source of G-ROSs and P-ROSs. G-
ROSs were significantly correlated with the majority of tran-
sition metals (e.g., V, Mn, Fe, Co, Cu, and Cd) (p <0.1),
and P-ROSs were positively correlated with metals (e.g., V,
Mn, Co, and Cd), which is consistent with the current knowl-
edge regarding the metal-induced ROS formation mecha-
nism. Transition metals have been considered to be capable
of generating excess ROSs such as OH" and "0, via Fenton-
like reactions (Brehmer et al., 2019; Lin and Yu, 2020).

During the nighttime, there were moderate correlations be-
tween P-ROSs and AQI, NO;, SO;, and secondary inorganic
ions, indicating the contributions of vehicle exhaust emis-
sions and coal combustion emissions, as well as the sec-
ondary formation to P-ROSs. The very weak correlation of
both G-ROSs and P-ROSs with O3 implied the limited for-
mation of G-ROSs and P-ROSs from secondary reaction pro-
cesses caused by O3 in Beijing. The correlations of G-ROSs
and P-ROSs with EPFRs were also very weak. Although
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EPFRs can induce the formation of single ROS species (e.g.,
OH" and "O;) (Hwang et al., 2021; Guo et al., 2020), in-
dividual ROS species cannot exist alone in the air, leading
to different interactions between EPFRs and different ROS
species.

3.5 Source apportionment

The source profiles of PMj 5 were analyzed using the PMF
model. As shown in Fig. 8, when considering the whole cam-
paign together, five major source factors were identified. The
high proportions of NO;, SOi_, and NHI are attributed
to secondary aerosols. One factor is recognized as vehicle
emissions due to the high abundance of EC and Cu. Another
factor is related to dust sources because of the high propor-
tions of Mg, Al, Ca, and Fe. A fourth factor is linked to in-
dustrial emission sources due to the high proportions of V,
Mn, Rb, Cd, Pb, and Bi. Additionally, a fifth factor is identi-
fied as “other sources” because of the high abundance of Co
and Zn. Secondary aerosols accounted for the largest frac-
tion (52.0 %), followed by vehicle emissions (20.8 %), dust
sources (13.5 %), other sources (7.4 %), and industrial emis-
sions (6.3 %), the total of which resolved 95.4 % of the total
PM, 5. The percentage contributions from each source factor
to PM, 5 differed to some extent between the NCP and the
CP (Fig. 9). For example, the percentage contributions from
the above five source factors were 55.0 %, 17.5 %, 15.6 %,
5.22 %, and 6.70 %, respectively, during the NCP (Fig. S1)
and were 30.5 %, 30.8 %, 15.1 %, 17.9 %, and 5.77 %, re-
spectively, during the CP. The large decrease in the percent-
age contribution from secondary aerosols during the CP was
due to the tremendous reductions in precursor gases (e.g.,
SO, and NOy) of secondary aerosols. The percentage con-
tribution from vehicle emissions actually increased because
the concentration decrease from this sector was smaller than
that from the other major source sectors (especially the factor
of secondary aerosols). During period 2, the World Athletics
Championships held at the National Stadium (known as the
Bird’s Nest) likely resulted in increased traffic flow around
the sampling site, thus moderating the decrease in concentra-
tions from vehicle emissions during the CP.

The concentrations of PMj 5 fractions from most source
factors decreased during the CP compared to the NCP
(Fig. S2), e.g., by 78.7 %, 32.6 %, 63.0 %, and 67.0 % from
secondary aerosols, vehicle emissions, dust sources, and
industrial emissions, respectively, due to the strict emis-
sion control measures implemented during the CP. Thus,
the achievement of Parade Blue days was largely attributed
to dramatic decreases in secondary aerosols, dust sources,
and industrial emissions, a phenomenon that is consistent
with that observed in a previous study during the Asia-
Pacific Economic Cooperation conference conducted by Sun
et al. (2016). Obviously, the strict control measures during
the parade period effectively reduced both primary and sec-
ondary pollutants.
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Figure 8. Profiles of different source factors of PM 5.

The predominant sources of EPFRs during the NCP were
also secondary aerosols (50.6 %), followed by vehicle emis-
sions (33.5 %), other sources (9.89 %), dust sources (4.12 %),
and industrial emissions (1.85 %). The percentage contribu-
tions of these source sectors to EPFRs during the CP changed

https://doi.org/10.5194/acp-24-8737-2024

to 20.8 %, 43.7 %, 31.2 %, 3.01 %, and 1.27 %, respectively.
Vehicle emissions surpassed secondary aerosols to become
the largest source of EPFRs during the CP. Additionally,
contributions from other sources also significantly increased
during the CP, especially during period 3. During the NCP,
secondary aerosols were also the largest source (45.9 %)
of G-ROSs, followed by vehicle emissions (36.6 %), dust
sources (11.2 %), other sources (5.78 %), and industrial emis-
sions (0.54 %). During the CP, the contribution of secondary
aerosols decreased remarkably to 18.3 %, while that of ve-
hicle emissions increased significantly to 43.0 %, and that
of other sources increased significantly to 29.5 %. Similarly,
the predominant source of P-ROSs during the NCP was also
secondary aerosols (44.3 %), followed by vehicle emissions
(30.0 %), dust sources (12.9 %), other sources (10.0 %), and
industrial emissions (2.73 %). During the CP, the contribu-
tion of secondary aerosols (17.7 %) to P-ROSs dropped sig-
nificantly, while that of vehicle emissions and other sources
increased significantly to 35.2% and 35.8 %, respectively.
Although most pollutants were effectively regulated during
the CP, the levels of hazardous substances such as EPFRs
and ROSs failed to decrease simultaneously. The PMF re-
sults imply that the role of inadequately controlled vehicle
emissions and other sources in air quality and public health
may be more complex than expected.

4 Conclusions

The short-term air quality control measures on hazardous
substances during the 2015 China Victory Day Parade in
Beijing reduced the concentrations of EPFRs by 18.3 % and
those of G-ROSs and P-ROSs by 24.1 % and 46.9 %, respec-
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tively, during the CP compared to during the NCP. Overall,
the decreases in EPFRs and ROSs were smaller than those for
most other measured pollutants (e.g., PM» s, EC, elements,
and SO,). Although particle-matter-based air quality con-
trol measures have performed well in achieving Parade Blue,
it is difficult to simultaneously reduce the negative impacts
of the atmosphere on human health. Given that EPFRs and
ROSs exhibited a significant positive correlation (p < 0.01)
with EC, secondary inorganic ions, NO;, and Cd, control-
ling the emissions of these chemical species would reduce
EPFR and ROS pollution. The sources of EPFRs and ROSs
differed between daytime and nighttime. EPFRs were mainly
from vehicle exhaust emissions and atmospheric oxidation
processes in the daytime and from vehicle exhaust emissions
and fossil fuel combustion in the nighttime. Vehicle exhausts,
secondary aerosols, and metals from fuel combustion pro-
cesses were important sources of G-ROSs and P-ROSs in the
daytime, while vehicle exhaust and coal combustion emis-
sions were the major contributors of P-ROSs in the nighttime.
The predominant sources of PM, 5, EPFRs, G-ROSs, and
P-ROSs during the NCP were secondary aerosols, followed
by vehicle emissions, but vehicle emissions surpassed sec-
ondary aerosols to become the predominant source of these
chemical species during the CP. The control measures imple-
mented during the CP reduced source-sector-based concen-
trations of PMj 5, EPFRs, G-ROSs, and P-ROSs by 78.7 %-—
80.8 % when coming from secondary aerosols, by 59.3 %—
65.0 % when coming from dust sources, by 65.3 %—67.0 %
when coming from industrial emissions, and by 32.6 %-—
43.8 % when coming from vehicle emissions, while concen-
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trations from other sources increased by 1.61 %—71.5 % com-
pared to the cases during the NCP. Results from this study
will benefit the development of future air quality manage-
ment policies targeting EPFRs and ROSs. However, the gen-
eration and transformation processes of EPFRs and ROSs in-
volve multiple complex chemical reactions, and further in-
depth studies are still needed to gain a complete understand-
ing of the formation pathways of EPFRs and ROSs under
different environmental conditions. For example, it is nec-
essary to conduct smog chamber or flow tube experiments
to simulate the photochemical reactions and oxidation pro-
cesses of EPFRs and ROSs in the atmosphere. In addition,
further development and optimization of pretreatment and
analytical techniques are needed to isolate different types of
EPFRs and to obtain detailed information such as g-tensor
and hyperfine-splitting constants. This is crucial for reveal-
ing the specific structures of radicals and thereby clarifying
the relationship between EPFRs and ROSs.
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