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Abstract: Environmentally persistent free radicals (EPFRs) were previously considered an unrec-
ognized composition of air pollutants and might help explain the long-standing medical mystery
of why non-smokers develop tobacco-related diseases such as lung cancer. However, there is no
investigated on EPFRs in Xuanwei rural areas, especially in high prevalence of lung cancer areas.
In this study, we selected six types of coal and three types of biomass in Xuanwei, then conducted
simulated combustion, and six group of atmospheric particulate matters (APMs) to explore the
content and particle size distribution pattern of EPFRs and a new health risk assessment method to
evaluate the risk of EPFRs in PM for adults and children. Our results show that the contribution
of EPFRs for biomass combustion, coal combustion and APMs were mainly distributed in the size
range of <1.1 µm, which accounted for 76.15 ± 4.14%, 74.85 ± 10.76%, and 75.23 ± 8.18% of PM3.3.
The mean g factors and ∆Hp-p indicated that the EPFRs were mainly oxygen-centered radicals in
PM in Xuanwei. The results suggest that the health risk of EPFRs is significantly increased when
the particle size distribution of EPFRs is taken into account, and coal combustion particulate matter
(174.70 ± 37.86 cigarettes for an adult, 66.39± 14.39 cigarettes per person per year for a child) is more
hazardous to humans than biomass combustion particulate matter (69.41 ± 4.83 cigarettes for an
adult, 26.37 ± 1.84 cigarettes per person per year for), followed by APMs (102.88 ± 39.99 cigarettes
for an adult, 39.10 ±15.20 cigarettes per person per year for) in PM3.3. Our results provides a new
perspective and evidence for revealing the reason for the high incidence of lung cancer in Xuan-
wei, China.

Keywords: environmentally persistent free radicals; lung cancer; health risk assessment; g fac-
tors; Xuanwei

1. Introduction

Lung cancer remains the most prevalent cancer (11.6% of all cases) and the leading
cause of cancer deaths worldwide (18.4% of all cancer deaths) [1]. Smoking is the largest
preventable cause of lung cancer and contributes to more than 80% of cases of this disease
on a global scale [2]. However, women have the highest incidence of lung cancer among
non-smokers in Xuanwei, China [3]. The mortality of lung cancer in Xuanwei’s rural areas
are 27.7/100,000 for men and 25.3/100,000 for women, almost five times that of China’s
national average (4.97/100,000 for both sexes) [4], it ranks among the top in the world
for female lung cancer mortality [5]. However, the etiology of lung cancer in the region
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remains unclear and known or suspected risk factors such as tobacco [6], potentially toxic
metals [7–9], PAHs [10], and SiO2 [11,12] may account for only a small fraction of lung
cancer cases, necessitating further study.

Induced oxidative stress in the lung has been considered to be one of the most common
toxic mechanisms of exposure of humans to atmospheric particulate matters (APMs) [13,14].
Reactive species present within atmospheric particulate matters (APMs) constitute one
of the more important aerosol-based factors that affect human health [15–17]. Among
different size particles, it has also been established that fine particles, are potentially the
most dangerous due to their small size, large surface area, deep penetration and ability to
be retained in the lung, and high content of redox cycling organic chemicals [18].

Environmentally persistent free radicals (EPFRs) are a novel class of emerging con-
taminants, which are similar to carcinogenic tar paramagnetic species in cigarettes that
can damage normal cells in the body, induce DNA mutations, accelerate the rate of ageing
and increase the risk of disease [19]. Several studies have shown that the concentration of
EPFRs in the atmosphere were spatially and temporally inhomogeneous, which is mainly
caused by different contributions of emission sources, such as residential fuel, vehicles,
and industrial activities [20,21]. They are more environmentally persistent than short-lived
radicals and can persist in the medium for long periods of time without even disappear-
ing [22]. The most possible mechanisms of EPFRs are formed at transition metal centers
that can be easily reduced when an organic compound chemisorbs. Subsequently, an elim-
ination of water or hydrogen chloride results in chemisorption of the organic molecular
adsorbate, and then a single electron transfer from the organic molecule to the transition
metal center, which leads to the simultaneous reduction in metal and the formation of
EPFRs [23]. Scientists have recently begun to assume that environmentally persistent free
radicals within PM, which are a class of strongly oxidizing substances, are possible factors
that may be responsible for human acute or chronic pneumonia and lung cancer [16,24].
The toxicity of EPFRs stems from their persistence in the environment coupled with their
ability to generate OH, which may lead to the downstream generation of other reactive
oxygen species (ROSs) [25] including peroxyl (RO2) and alkoxyl (RO) radicals. APM-bound
EPFRs may directly result in oxidative stress in the lung when exposed to APMs [26]. One
possible mechanism for this type of health damage is the continuous conversion of O2
molecules into reactive oxygen species (ROS) by EPFRs [27].

After an extensive literature survey, we found that the risks posed by PM have
been extensively researched [28,29], but the risk attribution of specific components of
APMs is far from being fully understood. Observations of EPFRs in PM may provide
the key to understanding the carcinogenic behaviour of these particles [27,30,31]. To
our knowledge, coal burning, biomass burning, and APMs are considered an important
sources of EPFRs [32,33]; furthermore, there is few information available for personal
exposure levels of inhaled EPFRs in the high lung cancer incidence areas of Xuanwei,
China. Therefore, there is a need to assess exposure to EPFRs. In this study, we selected six
types of coal and three types of biomass in Xuanwei, then conducted simulated combustion
experiments, and six group of APMs using an Andersen high volume air sampler (Shibata
Science Co., Ltd., Saitama, Japan) to explore the content and particle size distribution
pattern of EPFRs and health risk assessment of EPFRs in particulate matter produced by
different sources, providing new perspectives and evidence to reveal the high incidence of
lung cancer in Xuanwei.

2. Materials and Methods

Xuanwei country located in Yunnan Province, southwest China, has the highest
incidence and mortality rate of lung cancer [34]. After field investigation and data search,
we found that wild pine and poplar trees are widely distributed, and 1.78 million hectares
of corn was planted in Yunnan, accounting for 25.61% of the crop area in 2019 (http:
//stats.yn.gov.cn/; accessed on 22 September 2021). In 2019, about 0.67 billion tons of coal
were consumed, which contributed about 23.39% of the national primary energy source and
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34.57% of total energy consumption in Yunnan Province, China (http://stats.yn.gov.cn/;
accessed on 22 September 2021).

2.1. Sample Collection

Three types of raw biomass (Pine, Corncob, Poplar) from Zhongan Town, and six types
of residential raw coal from Bole Town (Luomu coal (LM) and Bole coal (BL)), Houshou
Town (Lijiawu coal (LJW)), Laochang Town (Shunfa coal (SF)), Laibin Town (Guangming
coal (GM) and Zongfan coal (ZF)), and six groups of APMs (Houshou Town) were collected.
The sampling sites were shown in the Supplementary Materials Figure S1.

Then, simulated combustion on raw coal and biomass was conducted via a burning
system, which was simulated according to local residents’ combustion mode in our labo-
ratory (in the Supplementary Materials Figure S2). In addition to the above, six sample
groups of APMs (A–H) were conducted by a high-volume air sampler (Shibata Science
Co., Ltd., Saitama, Japan) at a flow rate of 566 L/min in Xuanwei local rural residences
in February and March in 2017 (Table S1), and the aerodynamic diameters were <1.1 µm,
1.1–2.0 µm, 2.0–3.3 µm, 3.3–7.0 µm, and >7.0 µm. The detailed information of raw coal,
biomass, and APMs is shown in Table 1. More information on the burning system and
pre-treatment and post-treatment of samples can be found in our previous study [28].

Table 1. The detail information of raw coal, biomass and APMs from Xuanwei.

Types Mine Sample
Groups Location Altitude/m Latitude Longitude

Coal

Luomu LM Bole Town 1793 26◦29′34.09” 103◦46′9.17”
Bole BL Bole Town 2104 25◦47′15.32” 104◦07′32.32”

Zongfan ZF Laibin Town 2024 26◦17′58.25” 104◦05′42.49”
Guangming GM Laibin Town 1987 26◦19′46.55” 104◦09′36.43”

Shunfa SF Laochang Town 1994 25◦13′31.13” 104◦31′22.42”
Lijiawu LJW Housuo Town 2078 25◦79′99.21” 104◦28′60.06”

Biomass
Corncob Zhongan Town 1831 25◦39′58.85” 104◦15′8.20”

Pine Zhongan Town 1831 25◦39′58.85” 104◦15′8.20”
Poplar Zhongan Town 1812 25◦40′38.06” 104◦15′9.59”

APMs
A~D Housuo Town 2023 25◦50′59” 104◦23′22”
E~F Housuo Town 2267 25◦49′37” 104◦14′15”

2.2. Detection of EPFRs

Electron spin resonance (ESR) spectroscopy was used to determine EPFRs. To deter-
mine EPFRs, quartz fiber filters were cut into strips of 3–4 mm, then added to a quartz
EPR tube and measured on the corresponding instrument. The relevant parameters were
as follows: sweep time, 120 s; center field 324.74 mT; sweep width, 25 mT; modulation
frequency, 100 kHz; modulation Width, 0.05 mT; microwave frequency 9105.26 MHz; and
microwave power, 0.998 mW.

2.3. Data Processing and Calculation of the Absolute Number of Spins

ESR tests were performed on standards containing Mn (II) to calibrate the absolute
number of spins and then characteristic parameters such as the g factor, and ∆Hp-p of the
EPFRs were obtained. The formula used to calculate the spin numbers and g factors are
shown in Equations (1) and (2) [35–37]:

g = 0.07145 × ň (MHz)/H (mT) (1)

Spinssample (spins/g) = 3.02 × 1014 (spins/g) × Integralsample/Integralstandard (2)

where g is the electron spin g-factor of the particle, ň (MHz) represents the microwave
frequency, H (mT) is the resonance magnetic field strength during the measurements;
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3.02 × 1014 is the total spins of the standard Mn, Spinssample is the spin concentration of
the unknown sample, Integralsample and Integralstandard represent the signal integration
areas of the sample and Mn (II) standard, respectively [37]. The sample atmospheric spin
concentrations of EPFRs (spins/m3) were calculated as the total spin divided by the total
sample volume. The EPFR spin concentrations in PM masses (spins/g) were determined
as the total spin divided by the collected PM mass.

2.4. EPFRs Exposure Evaluation

To date, there is no internationally accepted method to assess the health risk of EPFRs
in PM. Several methods are used to assess the health risks of EPFRs [33,38–40]; however,
all of them evaluate EPFRs inhalation risk for adults, not children. In our study, we use the
equivalent number of cigarettes to evaluate the potential health risks of EPFRs in PM for
Xunawei residents [31].The exposure level is provided in Equations (3) and (4):

InhPM = RCPM × F × Fr × PCPM × Rinhalation (3)

Ncig = 30 × InhPM/RCcig × Ctar (4)

where InhPM is the daily EPFRs exposure from inhaled PM (spins/g/day); F is the con-
version from g to micrograms (1 × 10−6) [31], Fr is the alveolar fraction retained in
the lung (0.75). PCPM is the concentration of PM (µg/m3) and R inhalation represents
the daily amount of air inhaled (20 m3/day for an adult [41], 7.6 m3/day for a child)
(https://www.epa.gov/risk/risk-assessment-guidance-superfund-rags-part; accessed on
24 September 2021). Ncig represents the number of cigarettes (person/year), 30 represents
30 days per month. RCcig (4.75 × 1016 spins/g) [38] indicates the concentration of free
radicals in cigarette tar, and Ctar (0.013 g/cig) indicates the amount of tar per cigarette [31].

3. Results and Discussion

The size of particulate matter is directly related to their potential to cause health
problems. Fine particles (PM2.5) pose the greatest health risk. These fine particles can
penetrate deep into the lungs and some may even enter the bloodstream, and can affect a
person’s lungs and heart. Coarse particles (PM2.5–10) are of less concern, although they can
irritate a person’s eyes, nose, and throat. Therefore, in this study we focus on particle sizes
<1.1 µm, 1.1–2.0 µm and 2.0–3.3 µm. Numerous studies have been conducted on EPFRs
in atmospheric particulate matter [22,26,32,42], but there is a lack of studies on EPFRs in
particulate matter emitted directly from raw coal combustion and biomass combustion.

3.1. EPFRs and PM Concentrations in Atmospheric Particulate Matter and Solid Fuel
Combustion Particles
3.1.1. EPFRs and PM Concentrations in Biomass Combustion Particles

The concentration distributions of EPFRs and PM in simulated particulate matter
emitted from biomass combustion (corncobs, pine, poplar) were provided in Figure 1 and
Table S2. The concentrations of EPFEs and PM emitted from the three-biomass combustion
were significantly different in the particle size ranges <1.1, 1.1–2.0 and 2.0–3.3 µm. Both
the EPFRs and the PM concentration reach their maximum at <1.1 µm, while the lowest
concentration is found at the particle size 2.0–3.3 µm. The atmospheric concentrations
of EPFRs percentage mean value of PM1.1, PM1.1–2.0, and PM2.0–3.3 were 76.25 ± 4.14%,
13.69 ± 3.95%, and 10.06 ± 0.23%, which corresponded to PM mass concentrations were
2948.77 ± 1438.66 µg/m3, 1415.44 ± 712.85 µg/m3 and 1087.57 ± 504.44 µg/m3, respec-
tively (Table 2). The atmospheric concentrations of EPFRs in the PM1.1 were 4.51 × 1017,
4.27 × 1017 and 3.26 × 1017 spins/m3 for corncob, pine, and poplar, respectively, while
the mean atmospheric concentrations in PM1.1 were found to be several times PM1.1–2.0
(6.34 ± 2.67) and PM2.0–3.3 (7.60 ± 0.57). The EPFR concentrations in the PM1.1 at the three
sites were 3.11 × 1015, 3.37 × 1015 and 1.08 × 1015 spins/g for corncob, pine and poplar,
respectively (shown in Table S2). It has been reported that the EPFR concentrations in PM2.5
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from the corn straw, rice straw, jujube wood, and pine wood (four biomass, purchased from
Jiangsu province) were in the range of 0.9 × 1019 spins/g to 6.1 × 1019 spins/g [33], the
average radical intensities in PM emissions from fatwood and pine wood were 1.2 × 1018,
and 9.1 × 1017 spins/gram, respectively [43]. Compared with previous studies, the EPFR
concentrations in PM3.3 (the range of 1.99 × 1015 spins/g to 5.50 × 1015 spins/g) were
2–4 orders of magnitude lower than those reported in a previous study. EPFRs were mainly
concentrated in the size range of <1.1 µm, which accounted for 76.25 ± 4.15% of PM3.3,
indicating that the PM1.1 emitted biomass combustion is more harmful to the human body
than PM2.0–3.3 and PM2.0–3.3; therefore, deserves more in-depth study.
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concentrations; the right: EPFRs concentrations in PM). 

3.1.2. EPFRs and PM Concentrations in Coal Combustion Particles 
Table 3 lists the size distribution of EPFRs and PM in simulated coal combustion par-

ticles (%). Figure 2 and Table S3 shows the EPFRs and PM concentrations in coal combus-
tion particles. The atmospheric EPFRs concentrations in PM1.1, PM2.0–3.3 and PM2.0–3.3 make 
the contribution to PM3.3 74.85 ± 10.76%, 13.10 ± 7.66%, and 12.05 ± 7.25%, respectively. The 
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pheric concentrations of EPFRs in the PM1.1, PM2.0–3.3 and PM2.0–3.3 were 2.16 × 1017 ± 5.82 × 

Figure 1. EPFRs and PM concentrations in biomass combustion particles from Xuanwei (the left: the atmospheric EPFRs
concentrations; the right: EPFRs concentrations in PM).

Table 2. Size distribution of EPFRs and PM in simulated biomass combustion particles from Xuanwei (%).

Sample Groups
PM1.1/PM3.3 (%) PM1.1–2.0/PM3.3 (%) PM2.0–3.3/PM3.3 (%)

Spins/m3 Spins/g µg/m3 Spins/m3 Spins/g µg/m3 Spins/m3 Spins/g µg/m3

Corncob 73.11 58.26 49.66 16.86 24.35 27.48 10.03 17.38 22.86
Pine 82.10 61.40 58.39 8.11 15.10 23.49 9.79 23.50 18.13

Poplar 73.56 54.33 54.14 16.09 24.45 26.33 10.36 21.23 19.52
Average 76.25 57.99 54.06 13.69 21.30 25.77 10.06 20.70 20.17

Min 73.11 54.33 49.66 8.11 15.10 23.49 9.79 17.38 18.13
Max 82.10 61.40 58.39 16.86 24.45 27.48 10.36 23.50 22.86
STD 4.14 2.89 3.56 3.95 4.38 1.68 0.23 2.52 1.99

3.1.2. EPFRs and PM Concentrations in Coal Combustion Particles

Table 3 lists the size distribution of EPFRs and PM in simulated coal combustion
particles (%). Figure 2 and Table S3 shows the EPFRs and PM concentrations in coal com-
bustion particles. The atmospheric EPFRs concentrations in PM1.1, PM2.0–3.3 and PM2.0–3.3
make the contribution to PM3.3 74.85 ± 10.76%, 13.10 ± 7.66%, and 12.05 ± 7.25%, re-
spectively. The average atmospheric concentrations in PM1.1 were found to be several
times the PM1.1–2.0 (8.81 ± 6.70) and PM2.0–3.3 (8.07 ± 3.68). The concentration distribu-
tion of EPFRs and PM in coal combustion emission particulate matter is similar to that
of biomass combustion particulate matter, both mainly concentrated in the <1.1 um par-
ticle size. The mean atmospheric concentrations of EPFRs in the PM1.1, PM2.0–3.3 and
PM2.0–3.3 were 2.16 × 1017 ± 5.82 × 1016 spins/m3, 3.70 × 1016 ± 2.32 × 1016 spins/m3

and 3.67 × 1016 ± 2.89 × 1016 spins/m3, which corresponded to PM mass concentrations
3806.19 ± 2105.99 µg/m3, 1537.84 ± 565.64 µg/m3 and 1404.60 ± 672.75 µg/m3, respec-
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tively (shown in Table S3). Compared with previous studies, the EPFR concentrations in
PM3.3 (the range of 4.13 × 1015 spins/g to 1.78 × 1016 spins/g) which were 1–4 orders
of magnitude lower than those reported in a previous study for the total particular mat-
ter from bituminous coal (4.4 × 1017 spins/g), anthracite (2.3 × 1017 spins/g) [43], and
bituminous (1019 spins/g), which were purchased from Henan Province.

Table 3. Size distribution of EPFRs and PM in simulated coal combustion particles from Xuanwei (%).

Sample
Groups

PM1.1/PM3.3 (%) PM1.1–2.0/PM3.3 (%) PM2.0–3.3/PM3.3 (%)

Spins/m3 Spins/g µg/m3 Spins/m3 Spins/g µg/m3 Spins/m3 Spins/g µg/m3

BL 58.15 51.66 40.00 14.00 18.72 26.58 27.85 29.61 33.42
LM 63.74 52.12 46.46 28.09 28.37 37.62 8.17 19.51 15.92
SF 81.77 56.06 56.29 7.07 8.66 31.50 11.16 35.27 12.21

LJW 89.86 81.85 43.81 4.03 4.14 38.77 6.12 14.01 17.43
GM 78.85 71.34 42.23 10.76 12.24 33.60 10.39 16.42 24.17
ZF 76.76 58.53 50.35 14.64 15.16 37.10 8.60 26.31 12.55

Average 74.85 61.93 46.52 13.10 14.55 34.19 12.05 23.52 19.28
Min 58.15 51.66 40.00 4.03 4.14 26.58 6.12 14.01 12.21
Max 89.86 81.85 56.29 28.09 28.37 38.77 27.85 35.27 33.42
STD 10.76 11.05 5.45 7.66 7.71 4.22 7.25 7.53 7.46

STD: Standard Deviation.

Atmosphere 2021, 12, x FOR PEER REVIEW 6 of 14 
 

 

1016 spins/m3, 3.70 × 1016 ± 2.32 × 1016 spins/m3 and 3.67 × 1016 ± 2.89 × 1016 spins/m3, which 
corresponded to PM mass concentrations 3806.19 ± 2105.99 μg/m3, 1537.84 ± 565.64 μg/m3 
and 1404.60 ± 672.75 μg/m3, respectively (shown in Table S3). Compared with previous 
studies, the EPFR concentrations in PM3.3 (the range of 4.13 × 1015 spins/g to 1.78 × 1016 
spins/g) which were 1–4 orders of magnitude lower than those reported in a previous 
study for the total particular matter from bituminous coal (4.4 × 1017 spins/g), anthracite 
(2.3 × 1017 spins/g) [43], and bituminous (1019 spins/g), which were purchased from Henan 
Province. 

Table 3. Size distribution of EPFRs and PM in simulated coal combustion particles from Xuanwei (%). 

Sample 
Groups 

PM1.1/PM3.3 (%) PM1.1–2.0/PM3.3 (%) PM2.0–3.3/PM3.3 (%) 
Spins/m3 Spins/g μg/m3 Spins/m3 Spins/g μg/m3 Spins/m3 Spins/g μg/m3 

BL 58.15 51.66 40.00 14.00 18.72 26.58 27.85 29.61 33.42 
LM 63.74 52.12 46.46 28.09 28.37 37.62 8.17 19.51 15.92 
SF 81.77 56.06 56.29 7.07 8.66 31.50 11.16 35.27 12.21 

LJW 89.86 81.85 43.81 4.03 4.14 38.77 6.12 14.01 17.43 
GM 78.85 71.34 42.23 10.76 12.24 33.60 10.39 16.42 24.17 
ZF 76.76 58.53 50.35 14.64 15.16 37.10 8.60 26.31 12.55 

Average 74.85 61.93 46.52 13.10 14.55 34.19 12.05 23.52 19.28 
Min 58.15 51.66 40.00 4.03 4.14 26.58 6.12 14.01 12.21 
Max 89.86 81.85 56.29 28.09 28.37 38.77 27.85 35.27 33.42 
STD 10.76 11.05 5.45 7.66 7.71 4.22 7.25 7.53 7.46 

STD: Standard Deviation. 

0

1000

2000

3000

4000

5000

6000

7000

0.0 

3.0 × 1017

1.0 × 1017

A
tm

os
ph

er
ic

  C
on

ce
nt

ra
tio

ns
 o

f E
PF

R
s (

sp
in

s/m
3 )

Aerodynamic diameters (μm)

 Atmospheric  Concentrations of EPFRs

LM BL SF LJW GM ZF3.5 × 1017

2.5 × 1017

2.0 × 1017

1.5 × 1017

5.0 × 1016

<1
.1

1.1
−2

.0
2.0

−3
.3

<1
.1

1.1
−2

.0
2.0

−3
.3

<1
.1

1.1
−2

.0
2.0

−3
.3

1.1
−2

.0

<1
.1

2.0
−3

.3

1.1
−2

.0

<1
.1

2.0
−3

.3

1.1
−2

.0

<1
.1

2.0
−3

.3

<1
.1

2.0
−3

.3

1.1
−2

.0

<1
.1

2.0
−3

.3

1.1
−2

.0

<1
.1

1.1
−2

.0
2.0

−3
.3

<1
.1

1.1
−2

.0
2.0

−3
.3

<1
.1

1.1
−2

.0
2.0

−3
.3

<1
.1

1.1
−2

.0
2.0

−3
.3

PM
 C

on
ce

nt
ra

tio
n 

(μ
g/

m
3 )

 PM Concentration

0

1000

2000

3000

4000

5000

6000

7000

0.0 

1.4 × 1016

1.2 × 1016

1.0 × 1016

8.0 × 1015

6.0 × 1015

4.0 × 1015

2.0 × 1015

EP
FR

s C
on

ce
nt

ra
tio

n 
in

 P
M

 (s
pi

ns
/g

)

 EPFRs Concentration in PM 

LM BL SF LJW GM ZF

<1
.1

1.1
−2

.0
2.0

−3
.3

1.1
−2

.0

<1
.1

2.0
−3

.3
<1

.1
2.0

−3
.3

1.1
−2

.0

<1
.1

1.1
−2

.0
2.0

−3
.3

<1
.1

2.0
−3

.3

1.1
−2

.0

<1
.1

1.1
−2

.0
2.0

−3
.3

Aerodynamic diameters (μm)
PM

 C
on

ce
nt

ra
tio

n 
(μ

g/
m

3 )

 PM Concentration

 
Figure 2. EPFRs and PM concentrations in coal combustion particles from Xuanwei (the left: the atmospheric EPFRs con-
centrations; the right: EPFRs concentrations in PM). 
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9.67% of the PM3.3 mass, which indicated that much more PM in the atmosphere was pre-
sent in smaller size fractions. 

The mean atmospheric concentrations of EPFRs in PM1.1, PM1.1–2.0, and PM2.0–3.3 were 
7.03 × 1015 ± 5.29 × 1015 spins/m3, 9.05 × 1014 ± 2.50 × 1014 spins/m3, and 8.35 × 1015 ± 3.06 × 
1015 spins/m3, respectively, while the mean concentrations in PM were in the range of 2.16 
× 1017 ± 9.73× 1016 spins/g, 5.38 × 1016 ± 1.72 × 1016 spins/m3, and 8.35 × 1014 ± to 3.06 × 1014 
spins/m3, respectively. Several other studies have reported EPFR concentrations in atmos-
pheric particulate matter, in PM2.5 in Taif, Saudi Arabia. Saudi Arabia ranged from 1.6 × 

Figure 2. EPFRs and PM concentrations in coal combustion particles from Xuanwei (the left: the atmospheric EPFRs
concentrations; the right: EPFRs concentrations in PM).

3.1.3. EPFRs and PM Concentrations in Atmospheric Particulate Matters

The mass concentrations of three PM fractions classified as PM<1.1, PM1.1–2.0, and
PM2.0–3.3, were 42.92 ± 16.50 µg/m3, 26.33 ± 5.66 µg/m3, and 20.42 ± 2.68 µg/m3, respec-
tively (shown in Figure 3 and Table S4). As shown in Table 4, the PM1.1 fraction contributed
46.56% ± 9.67% of the PM3.3 mass, which indicated that much more PM in the atmosphere
was present in smaller size fractions.

The mean atmospheric concentrations of EPFRs in PM1.1, PM1.1–2.0, and PM2.0–3.3
were 7.03 × 1015 ± 5.29 × 1015 spins/m3, 9.05 × 1014 ± 2.50 × 1014 spins/m3, and
8.35 × 1015 ± 3.06 × 1015 spins/m3, respectively, while the mean concentrations in PM
were in the range of 2.16 × 1017 ± 9.73× 1016 spins/g, 5.38 × 1016 ± 1.72 × 1016 spins/m3,
and 8.35 × 1014 ± to 3.06 × 1014 spins/m3, respectively. Several other studies have
reported EPFR concentrations in atmospheric particulate matter, in PM2.5 in Taif, Saudi
Arabia. Saudi Arabia ranged from 1.6 × 1016 to 5.8 × 1016 spins/m3 [44], and in PM2.5
in Xuanwei, China ranged from 3.20 × 1017 to 3.10 × 1019 spins/g [45]. In PM2.5 in Xi’an
ranged from 9.8 × 1011 to 6.9 × 1014 spins/m3 [38]. In PM2.5 samples from Baton Rouge,



Atmosphere 2021, 12, 1467 7 of 13

ranged from 2.46 × 1016 to 2.79 × 1017 spins/g [31]. The concentrations of EPFRs were
lower. The level of EPFR concentration in PM in Xuanwei was several times smaller than
that in previous studies. However, in our study, the levels of EPFRs in the PM were dozens
of times lower than previous reported EPFR concentrations. EPFRs were mostly present in
the PM1.1 fraction, in which the EPFR concentration was 3.43–19.85 times higher than that
in PM1.1–2.0 and 4.09–15.47 times higher than that in PM2.0–3.3, which were in agreement
with previous research [46]. In addition, it is worth noting that PM2.0 can enter the lungs
and even the bloodstream more deeply than coarse particles, which may induce harmful
reactive oxygen species (ROS) and DNA damage [47].
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Figure 3. EPFRs and PM concentrations in atmospheric particulate matters from Xuanwei. (The left: the atmospheric EP-
FRs concentrations; the right: EPFRs concentrations in PM). 

In our study, the simulated combustion experiments with raw coal and biomass were 
carried out in a relatively closed room, so the mass concentrations of collected particulate 
matter were much higher than those collected in open areas. Our results indicate that EP-
FRs attach more readily to fine particles, which may be due to the fact that fine particles 
have larger surface areas and more porous surfaces, leading to higher adsorption and re-
tention of EPFRs [17,46,48]. The distribution pattern in Figures 2–4 showed that EPFR con-
centrations in each PM fraction increased as the particle size decreased. The main reason 
for the low concentration of EPFRs in our samples may be that our samples have been 

Figure 3. EPFRs and PM concentrations in atmospheric particulate matters from Xuanwei. (The left: the atmospheric EPFRs
concentrations; the right: EPFRs concentrations in PM).

Table 4. Size distribution of EPFRs and PM in atmospheric particulate matters from Xuanwei (%).

Sample
Groups

PM1.1/PM3.3 (%) PM1.1–2.0/PM3.3 (%) PM2.0–3.3/PM3.3 (%)

Spins/m3 Spins/g µg/m3 Spins/m3 Spins/g µg/m3 Spins/m3 Spins/g µg/m3

A 76.71 53.07 58.97 11.19 20.75 22.09 12.09 26.18 18.94
B 80.72 58.98 59.38 10.64 22.45 20.50 8.65 18.57 20.12
C 70.31 58.26 46.29 18.61 23.30 30.66 11.08 18.44 23.05
D 89.67 85.22 42.99 4.51 6.44 28.66 5.81 8.34 28.36
E 66.54 63.16 35.27 17.19 14.08 40.81 16.26 22.76 23.91
F 67.43 64.23 36.45 19.66 17.58 38.87 12.91 18.20 24.67

Average 75.23 63.82 46.56 13.63 17.43 30.26 11.14 18.75 23.18
Min 66.54 53.07 35.27 4.51 6.44 20.50 5.81 8.34 18.94
Max 89.67 85.22 59.38 19.66 23.30 40.81 16.26 26.18 28.36
STD 8.18 10.23 9.67 5.35 5.81 7.64 3.29 5.48 3.08

STD: Standard Deviation.

In our study, the simulated combustion experiments with raw coal and biomass were
carried out in a relatively closed room, so the mass concentrations of collected particulate
matter were much higher than those collected in open areas. Our results indicate that
EPFRs attach more readily to fine particles, which may be due to the fact that fine particles
have larger surface areas and more porous surfaces, leading to higher adsorption and
retention of EPFRs [17,46,48]. The distribution pattern in Figures 2–4 showed that EPFR
concentrations in each PM fraction increased as the particle size decreased. The main
reason for the low concentration of EPFRs in our samples may be that our samples have
been stored for too long, resulting in partial degradation. The above results suggest that
the concentration of EPFRs in atmospheric particulate matter varies across regions and
different combustion sources. However, to the best of our knowledge, the current studies on
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the concentrations of EPFRs in atmospheric particulate matter are limited to a few regions
and a limited number of samples. In addition, more studies on EPFRs concentrations in
atmospheric particulate matter samples from different regions, particle sizes, and sources
are needed.
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Figure 4. The mean g factor and ∆Hp-p of the EPFRs.

3.2. EPFRs Species Characteristics

The g-factor and peak width (referred to as ∆Hp-p, Gauss) were important parameters
for identifying the type of free radicals [17,44], the average ∆Hp-p was calculated to find the
distance between the maximum and minimum y-axis values on the x-axis [37]. According
to previous reports, carbon-centered radicals are generally less than 2.003, oxygen-centered
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radicals are generally greater than 2.0040, and g factors in the range of 2.0030–2.0040 are
believed to correspond to a mixture of carbon- and oxygen-centered radicals [23,49,50].

A comparison of the EPR spectra of EPFRs in different PMs (as shown in Figure 4)
indicates that the g-factors in PMs were different and the signal intensity of EPFRs is also
different (The g-value for the other samples can be seen in Figures S3–S5). The mean g
factor and ∆Hp-p of the EPFRs (Table S5) were ranged from 2.0036 to 2.0040 and 5.8519 to
5.8885 G for PM from coal combustion, ranged from 2.0040 to 2.0041 and 3.7846 to 6.9807 G
for PM from biomass combustion, and ranged from 2.0042 to 2.0043 and 5.6444 to 8.7616 G
for APMs, indicating that the samples were mainly oxygen-centered radicals (phenoxyl
and semiquinone radicals) in Xuanwei. In addition, the small ∆Hp-p variability of EPFRs
in biomass combustion particulate matter, raw coal combustion particulate matter, and
APMs also indicates that EPFRs are of the same type, but contains various organic species
or organometallic combinations [27,51].

Research found that coal has a high g-value of 2.0046 in Xuanwei [45], and the g-factors
of EPFRs in atmospheric particles vary from 2.0030 to 2.0047 and ∆Hp-p of 4.7–7.9 G [27],
which are typical of oxygen-centered or oxygen-containing EPFRs, for example, phenoxyl
and semiquinone radicals [45,46,52]. In general, both oxygen-centered and carbon-centered
radicals are present in atmospheric particulate matter, as oxygen-centered radicals tend to
adhere to fine particles, while carbon-centered radicals mostly adhere to coarse particles.
For fine particles, more of the porous structure is exposed, thus providing more available
active and adsorption sites for EPFRs [53].

Moreover, the presence of semiquinone and phenoxy radicals may lead to activated
species in the fine particulate matter in the environment [54,55]. Thus, oxygen-centered
radicals appear to be more toxic with fine particles because of their direct effects on the
human body; carbon-centered radicals on coarse particles should also be emphasized
because of their environmental impact [46,53].

4. Potential Health Risk of EPFRs

In our study, the main types of EPFRs in PM were phenoxyl and semiquinone radicals.
The spectral characteristics of EPFRs were compared with that of cigarette tar, both of
them were similar to semiquinone radicals, and identified as semiquinone radicals [56,57],
which associated with a quinone/hydroquinone redox cycle capable of producing reactive
oxygen species (ROS), to be involved in the carcinogenicity [40].

In this study, to assess the potential health risk of EPFRs in biomass combustion par-
ticulate matter, coal combustion particulate matter and APMs for Xuanwei residents,
we used the equivalent of cigarettes to represent the potential health risk of EPFRs
for adults and children per person per year (Table S6). Our results showed that the
average amount of EPFRs exposure were equivalent to 130.31 ± 35.06 cigarettes for
an adult, 49.52 ± 13.32 cigarettes for a child in PM1.1, 42.97 ± 43.51 cigarettes for an
adult, 16.33 ± 16.54 cigarettes for a child in PM1.1–2.0, and 22.09 ± 17.40 cigarettes for
an adult, 8.39 ± 6.61 cigarettes for a child in PM2.0–3.3 from coal combustion, respec-
tively. The exposure levels in PM1.1 were 1.00–22.32 times higher than in PM1.1–2.0,
and 2.09–14.69 times higher than in PM2.0–3.3 for both adult and child, which indicates
that EPFRs in PM1.1 are the most harmful to humans. Meanwhile, the estimated re-
sults of EPFRs emission biomass combustion showed that the average EPFRs exposure
was equivalent to 53.11 ± 6.65 cigarettes for an adult, 20.18 ± 2.53 cigarettes for a child
in PM1.1, 9.33 ± 2.26 cigarettes for an adult, 3.54 ± 0.86 cigarettes for a child in PM1.1–2.0,
and 6.97 ± 0.34 cigarettes for an adult, 2.65 ± 0.13 cigarettes for a child in PM2.0–3.3 per
year, respectively. In contrast, the average EPFRs exposure in APMs were equivalent
to 80.02 ± 37.37 cigarettes for an adult, 30.41 ± 14.20 cigarettes for a child in PM1.1,
31.57 ± 31.27 cigarettes for an adult, 12.00 ± 11.88 cigarettes for a child in PM1.1–2.0, and
11.44 ± 4.06 cigarettes for an adult, 4.35 ± 1.54 cigarettes for a child in PM2.0–3.3 per day,
respectively. Previous studies have shown that EPFRs inhaled from PM2.5 can cause human
health risks comparable with 0.4–0.9 cigarettes per day [31], 5.0 cigarettes in PM2.5 per
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person per day in Xi’an in 2017 [38], 46 cigarettes in PM2.5 per day in airborne particulate
matter in Beijing [19], 2.3–6.8 cigarettes per capita per day in Wanzhou, China [22]. The
above results indicate that the potential health risks of EPFRs in PM varies from region to
region and from one combustion source to another.

The results of this study suggest that the health risk of EPFRs is significantly increased
when the particle size distribution of EPFRs is taken into account, and coal combustion par-
ticulate matter is more hazardous to humans than combustion particulate matter, followed
by APMs.

5. Conclusions and Limitations of the Study

Coal combustion, biomass burning and APMs are considered to be important sources
of EPFRs, and in addition, there is little information on individual exposure levels of
inhaled EPFRs in the high lung cancer prevalence area of Xuanwei, China. However, the
most important thing is that the mechanism of the high lung incidence is not clear. In this
study, we conducted simulated combustion experiments (six types of coal, three types
of biomass), and six groups of atmospheric particulate matter were collected to explore
the content and particle size distribution pattern of EPFRs and potential health risk of
EPFRs for adults and children, providing new perspectives and evidence to reveal the high
incidence of lung cancer in Xuanwei.

5.1. Conclusions

(1) The contribution of EPFRs for biomass combustion, coal combustion and APMs were
mainly distributed in the size range of <1.1 µm, which accounted for 76.15 ± 4.14%,
74.85 ± 10.76%, and 75.23 ± 8.18% of PM3.3, respectively;

(2) The mean g factors were ranged from 2.0016 to 2.0043, 2.0039 to 2.0043 and 2.0039 to
2.0046 for biomass combustion, coal combustion and APMs, respectively, indicating
that the samples were mainly oxygen-centered radicals (phenoxyl and semiquinone
radicals) in Xuanwei;

(3) The potential health risks of EPFRs for adults and children in PM1.1 were equivalent
to 130.31 ± 35.06, 49.52 ± 13.32 cigarettes in coal combustion particles, 53.11 ± 6.65,
20.18 ± 2.53 cigarettes in biomass combustion particles, and 80.02 ± 37.37,
30.41 ± 14.20 cigarettes in APMs, respectively.The results suggest that the health
risk of EPFRs is significantly increased when the particle size distribution of EPFRs
is taken into account, and coal combustion particulate matter is more hazardous to
humans than biomass combustion particulate matter, followed by APMs.

5.2. Limitations of the Study

There are significant differences in the concentrations and potential health risks in
particles of different sizes, and these differences are due to the influence of the source and
generation process. In view of the complexity and diversity of the formation process of
EPFRs in the actual atmospheric particulates, and EPFR is a formation mechanism that
should be more comprehensively studied in the future. There is a lack of information
on the ROS generated by the EPFRs transition metal oxide combination through the
cellular matrices and tissue. Some attempts should be performed in cell-free and cell-based
experiments to obtain well-characterized information about the ROS generated by the
EPFRs transition metal oxide combination and to better address the health effects of EPFRs.
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Abbreviations

APMs Atmospheric particulate matters
BL Bole
Ctar The amount of tar per cigarette
EPFRs Environmentally Persistent Free Radicals
ESR Electron spin resonance
H Field strength
GM Guangming coal
LJW Lijiawu coal
LM Luomu
ň Microwave frequency
Ncig The number of cigarettes
Integralsample The signal integration areas of the sample
Integralstandard The signal integration areas of the sample
PCPM The concentration of PM
ROS Reactive oxygen species
RCcig The concentration of free radicals in cigarette tar
SF Shunfa coal
Spinssample The spin concentration of the unknown sample
ZF Zongfan coal
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