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1. Introduction

Environmentally persistent free radicals (EPFRs) are a type of long-lived organic free radicals that can exist
in the environment for tens of days or even months1,2,3. EPFRs can catalyze the production of reactive oxygen 
species (ROS) in the human body, such as superoxide anion free radicals (·O2-), hydrogen peroxide (H2O2) and 
hydroxyl radicals (OH), which cause oxidative stress in the body and induce aging and diseases4,5. In addition, 
EPFRs can also release ROS such as hydroxyl free radicals in aqueous solution6, which means that EPFRs may 
become a reservoir of active free radicals such as atmospheric OH, and participate in atmospheric free radical 
formation under high humidity conditions.  

EPFRs are mainly produced on the surface of the formed metal particles under high temperature conditions 
through the transfer of electrons between organic matter and transition metal particles such as Fe, Cu, Zn, and Mn. 
In the atmospheric environment, EPFRs are also formed in heterogeneous reactions without transition metals. 
Chemical reactions (such as cloud and fog reactions, night reactions, etc.) promote the aging of atmospheric 
aerosols and the formation of secondary organic aerosols (SOA)7. However, the formation mechanism of 
secondary EPFRs in the atmosphere and the influencing mechanism of atmospheric active components remain to 
be explored. 

2. Materials and methods

2.1 Materials
The materials used in the experiments are shown in the table 1. 

Table 1. Materials in the sunlight exposure experiment and simulated sunlight exposure experiment. 

Experiment Sample 
Year 

Sample 
Area 

Sample 
Period 

Particle 
size Sample Number 

Sunlight Exposure  
2019 Beijing Urban Area Non-heating period + 

heating period 

PM1 

 40 
PM2.5 
PM10 

2020 Shanxi Rural Area Non-heating period + 
heating period PM2.5 

Simulated Sunlight 
Exposure  

2020 Beijing Urban area Non-heating period + 
heating period PM2.5 31 

2020 Shanxi Urban Area Non-heating period + 
heating period PM2.5 31 

Among the samples under study, the non-heating period in Beijing covered 2019.11.1-2019.11.13, and the 
heating period covered 2019.11.14-2019.11.30. The non-heating periods in the rural area in Shanxi were 
2020.2.10.-2020.2.17 and 2020.3.14-2020.3.19, and the heating periods were 2020.4.14.-2020.4.17 and 
2020.4.21.-2020.5.4. The heating period of Shanxi (Yuncheng) urban area was 2020.11.1-2020.11.9, and the 
heating period was 2020.11.14.-2020.12.11. 

2.2 Methods 

In the sunlight exposure experiments, a 0.2cm×5cm strip-shaped quartz film sample loaded with particles 
was placed in a transparent membrane box, with the particle-loaded side exposed to sunlight. The sunlight exposure 
experiments were carried out on the roof of the School of Environment building, Beijing Normal University 
(39.96°N, 116.36°E) in September 2020 during the sunny days. The samples were continuously exposed to 
sunlight from 8:00 to 18:00, and then quickly measured by ESR. The difference between the concentration of 
EPFRs in the particulate matter after exposure to sunlight and the concentration of EPFRs in the corresponding 
sample that was not exposed to sunlight was determined as the concentration of generated EPFRs after sunlight 
exposure. 

The simulated sunlight exposure experiment was carried out in a custom-made dark box. The entire system 
included the dark box, xenon lamp, sample tray and power supply. For each sample, three samples of 0.2cm×5cm 
particle-loaded quartz film were exposed to simulated sunlight. The light lasted for 15 minutes, then the ESR was 
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used to quickly determine the EPFR signals. The secondary generation of EPFRs was calculated in the same way 
as in the sunlight exposure experiment. Three parallel experiments were performed for each sample to reduce 
accidental errors.  

3. Results and discussion 

3.1 Decay intensity characteristics of EPFRs in different particulates under sunlight exposure 
Figure 1 shows the attenuation characteristics of EPFRs in different particle sizes in the non-heating period 

and heating period of Beijing urban area in 2019 and Shanxi rural area in 2020 under sunlight. The results showed 
that the concentration of EPFRs increased significantly after the particulate matter was exposed to sunlight, 
indicating that the secondary generation of EPFRs was formed by the photochemical reaction of particulate matter 
under sunlight. In addition, the formation of secondary EPFRs in particles may also be affected by particle size 
and source. For the particulate matter collected in Beijing urban area, under 10-20 hours of sunlight, the EPFRs in 
PM1, PM2.5 and PM10 during the non-heating period increased by 181.2%, 142.1% and 61.6%, indicating that the 
secondary generation of EPFRs was enhanced in fine particles. However, the EPFRs of PM10 in Beijing urban 
heating period increased by about 87.5% under sunlight, which was 8.3 times of the increase of EPFRs in fine 
particles, which indicated that secondary EPFRs were more likely in coarse particles during heating period. This 
may be due to the different sources of particulate matter. In addition, the variation trend in the rural area of Shanxi 
was contrary to those in Beijing urban area. The generation of secondary EPFRs was not observed during the non-
heating period; while during the heating period, the generation of secondary EPFRs was around 33.5%, about 3 
times of that of the Beijing urban area in the same period. This may be due to the fact that the carbon content of 
PM2.5 in Shanxi rural area during the heating period was much higher than that in Beijing urban area. In the next 
80 hours of sunlight, the EPFRs in the particulates decreased rapidly, indicating that the secondary EPFRs have 
poor chemical stability8. 

 
Figure 1. Decay characteristics of EPFRs in particulates with different particle sizes during non-heating and 
heating periods in Urban Beijing in 2019 and in Rural Shanxi in 2020 under sunlight irradiation. 
3.2 Decay characteristics of g-factor and ΔHp-p of EPFRs in different particulates under sunlight exposure 

Figure 2 shows the g-factor and ΔHp-p attenuation characteristics of EPFRs in atmospheric particulates with 
different particle sizes during the non-heating period and the heating period in the urban area of Beijing in 2019 
and rural area in Shanxi in 2020. After 10-20 hours of sunlight exposure, the average  of the maximum increase of 
g-factor of EPFRs in the non-heating period of Beijing urban area in 2019 for PM1, PM2.5, and PM10 was 0.0002, 
0.0003, and 0.0002, respectively; while during the heating period was 0.0001, 0.0002 and 0.0000, respectively. 
The above results indicate that for the secondarily generated EPFRs  in the non-heating period, free radicals 
centered on oxygen or  free radicals with oxygen heteroatoms centered on carbon were more likely to be formed. 
In Shanxi rural area, the maximum increase in the average g-factor of EPFRs in PM2.5 during non-heating and 
heating periods was 0.0001 and 0.0003, respectively, showing larger increase in the heating period than non-
heating period. Previous studies have shown that a slight increase in g-factor represents an increase of the 
contribution of oxygen-centered free radicals in EPFRs, or the loss of more carbon-centered free radicals 4. 
However, the g-factor of EPFRs in the next 80 hours of sunlight exposure showed a downward trend, which may 
be caused by the degradation of oxygen-containing EPFRs in particles due to continuous light. In addition, in the 
entire sunlight exposure experiment, ΔHp-p increased first and then decreased, which was similar to the change of 
g-factor, and its value changed by 1.7 G, indicating that the types of total EPFRs in particle matter may have 
changed9. 
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Figure 2. Decay characteristics of g-factor and ΔHp-p of EPFRs in atmospheric particulates with different 
particle sizes in the non-heating period and heating period in Urban Beijing in 2019 and in Rural Shanxi in 2020 
3.3 Decay characteristics of EFPFs in PM2.5 under simulate sunlight exposure. 

Figure 3 shows the EPFRs and their corresponding g-factor and ΔHp-p changes in the non-heating period and 
heating period of PM2.5 in Beijing and Yuncheng in 2020 under simulate sunlight. The results showed that after 
PM2.5 samples were exposed to simulated sunlight, the content of EPFRs was significantly increased. Therefore, 
secondary EPFRs in particles can be generated under visible light excitation10. However, the increase of EPFRs in 
PM2.5 varied in different regions. In 2020, PM2.5 of the non-heating period in Beijing urban area and Yuncheng 
urban area increased by about 49% and 71% respectively after 15 minutes of simulated sunlight, while the EPFRs 
in the heating period samples increased by about 40% and 47%, indicating the photochemistry of EPFRs depended 
on the chemical composition of the particles. Moreover, the increase in EPFRs in samples from Yuncheng urban 
area was greater than that in Beijing urban area, especially in samples from non-heating periods. The above results 
indicated that the samples from Yuncheng urban area, especially the PM2.5 samples collected during the non-
heating period, contained more components that can generate EPFRs through photochemical action. 

In addition, the g-factor and ΔHp-p of the PM2.5 samples changed before and after light, indicating that the 
type of secondary EPFRs may be different from the EPFRs in the original samples. After 15 minutes of light, the 
average g-factor of EPFRs increased by about 0.0001, indicating that the secondary EPFRs have a higher g-factor, 
which may be due to the formation of more oxygen-centered free radicals or free radicals centered on carbon and 
accompanied by oxygen atoms or other heteroatoms in the secondary EPFRs. The average ΔHp-p of EPFRs 
increased by about 0.3-1.1G, further indicating that the types of secondary EPFRs may be different from those in 
the original sample. 

 
Figure 3. Decay characteristics of EFPFs and their corresponding g-factor and ΔHp-p in PM2.5 during non-
heating period and heating period in Urban Beijing and Urban Yuncheng in 2020 under simulated sunlight 
irradiation. 
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3.4 Possible reasons for the increase of EPFRs 
The formation process of secondary EPFRs in atmospheric particulate matter under sunlight exposure is very 

complicated. According to the report of Chen et al.8, HULIS-WSOC contributed 92% of the total secondary EPFRs 
generated under visible light irradiation, indicating that HULIS-WSOC may be an important particulate component 
of secondary EPFRs under light irradiation. In this study, in 2019, the mass concentration of WSOC and 
WSOC/OC in the particles in the non-heating period of Beijing urban area was obviously similar to the change of 
the secondary EPFR generation with the particle size. This may be reason for the different amounts of formation 
of secondary EPFRs in different particle sizes or in different periods. For the coarse particulate matter in Beijing 
urban area, the increase of secondary EPFRs during the non-heating period was about 25.9% less than that during 
the heating period, but there was basically no difference in the mass concentration of WSOC. This may be due to 
the higher content of POC in the particulate matter during the heating period. Therefore, it was inferred that 
WSOC-type organic carbon in particulate matter may contribute greatly to the formation of secondary EPFRs 
under visible light. In addition, different components of atmospheric particles can produce secondary EPFRs under 
simulated sunlight10. And organic matter mainly produces oxygen-centered free radicals, which may be the reason 
for the increase of g-factor of EPFRs after illumination.  
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