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Semiquinone free radicals (SFRs) exist signiﬁcantly in ambient particulate matters and threaten human health
due to their genotoxicity and stability compared to other radicals. Eﬃcient quantitative detection methods for
SFRs on particles are in great need. In this study, we proposed a quantitative detection method for semiquinone
free radicals on particles using electron spin resonance spectroscopy (ESR). We established the relationship
between free electron number (which is equal to the number of SFRs as one mole SFRs contain one mol free
electron) and corresponding ESR signal intensity, thus SFRs can be quantiﬁed by obtaining the ESR signal intensity. The calibration curve was obtained using 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution and has good
linearity with r2 of 0.9998. The proposed quantitative detection method reaches repeatability precisions of
2.69% ˜ 4.80% in three concentration levels and recovery ratios of 75.42% ˜ 86.99% for four kinds of SFRs. We
successfully used the method to determinate semiquinone free radicals on particles in two northern China cities,
Beijing and Jinzhong. The proposed quantitative detection method provides basis for further monitoring of
semiquinone free radicals that are existed on ambient particles as well as epidemiologic researches on human
exposure risk.

1. Introduction
Atmospheric particulate matter (PM) is the dominant air pollutant
in China in recent years and has attracted wide public concern (Mi,
Zhuang, Zhang, Gao, & Pei, 2019; Tian, Mo, Long, Luo, & Zhang, 2018;
Zhang et al., 2013; Zhao et al., 2015). It is associated with cardiovascular and respiratory diseases and ranks 4th among all the risk factors
for China disease burden in 2016 according to Global Burden of Disease
(GBD) study (Kim, Kabir, & Kabir, 2015; Qiu et al., 2017; Zanobetti &
Schwartz, 2009). Besides physical properties of particulate matter, researchers are now paying much eﬀort on chemical component analysis
as it is considered as an important factor which is closely related to
these health eﬀects (Harrison & Yin, 2000; Stevanovic et al., 2013).
Environmentally persistent free radical (PFR), which represents molecules containing at least one unpaired electron, is a recently discovered
class of pollutants having signiﬁcant health eﬀects (Vejerano, Rao,
Khachatryan, Cormier, & Lomnicki, 2018). PFRs will induce oxidative
stress and oxidative damages to humans and are commonly found in
ambient air (Arangio, Tong, Socorro, Poschl, & Shiraiwa, 2016; De Kok,
Driece, Hogervorst, & Briede, 2006; Gehling, Khachatryan, & Dellinger,

2014; Yang et al., 2017). Research proved that the aqueous extracts of
PM causes damage to human lung epithelial cells and myeloid leukaemia cells, which is impacted by semiquinone-typed free radicals
(Squadrito, Cueto, Dellinger, & Pryor, 2001). Semiquinone free radical
(SFR), as part of PFRs, is the anion intermediate produced by the reduction of quinones. It is mainly produced by combustion processes and
is most widely found in the mainstream of cigarette smoke (Dellinger
et al., 2007; B. Dellinger, Pryor, Cueto, Squadrito, & Deutsch, 2000;
Lyons & Spence, 1960; Maskos & Dellinger, 2008; Yu, Dzikovski, &
Freed, 2012). Semiquinone free radicals have relatively high boiling
points (for example, the boiling points of hydroquinone, 9,10-phenanthrenequinone are 287 °C and 360 °C, respectively) and several studies
have exposed the existence of semiquinone free radicals on particles
(Arangio et al., 2016; Balakrishna et al., 2009; Cho et al., 2004; Lu,
Zheng, Zhou, Yang, & Chen, 2013; Shaltout et al., 2015; Valavanidis,
Fiotakis, Vlahogianni, Papadimitriou, & Pantikaki, 2006). Shaltout detected semiquinone free radicals on the airborne particles at industrial,
residential and traﬃc sites in Saudi Arabia (Shaltout et al., 2015).
Dellinger detected the resonance signal of semiquinone free radicals on
particles with diameter less than 2.5 μm (PM2.5) in ﬁve diﬀerent sites in

⁎

Corresponding author at: Department of Building Science, Tsinghua University, Beijing, China.
E-mail address: mojinhan@tsinghua.edu.cn (J. Mo).
1
These authors contributed equally to this work.
https://doi.org/10.1016/j.scs.2019.101614
Received 31 March 2019; Received in revised form 18 May 2019; Accepted 19 May 2019
Available online 21 May 2019
2210-6707/ © 2019 Elsevier Ltd. All rights reserved.

Sustainable Cities and Society 49 (2019) 101614

L. Wang, et al.

the United States and indicated a possible association with polycyclic
aromatic hydrocarbon (PAH) quinones (Dellinger et al., 2001).
In-vitro studies which are performed on cell experiments have exposed biological toxicity of semiquinone free radicals. These radicals
will undergo redox cycling, possibly without enzymes owing to their
own electron transfer, and produce several superoxides and hydrogen
peroxides which are known to induce airways inﬂammation, DNA
strand breaks and lead to pulmonary oxidative damage (Cosgrove,
Borish, Church, & Pryor, 1985; De Kok et al., 2006; Dellinger et al.,
2000; Maskos & Dellinger, 2008; Montesinos, Sleiman, Cohn, Litter, &
Destaillats, 2015; Squadrito et al., 2001; Stone et al., 1995). Compare to
other PFRs, semiquinone free radicals are already partial oxidized, resonance stabilized and are able to stay stable in air for several seconds
(Dellinger et al., 2007; Jia et al., 2016; Pryor, Terauchi, & Davis, 1976).
Evidences proved that they will be further stabilized once adsorbed
onto particles. They can exist up to days in ambient air and can
transport further or into human body by particles (Nganai, Lomnicki, &
Dellinger, 2011). Besides, when particles are penetrated indoor, the
SFRs adsorbed on particles may be inﬂuenced by indoor environment
and react with varies indoor chemicals (Feng, Zhou, Xu, Ding, & Cao,
2018; Fischer, Langer, & Ljungström, 2014; Guo & Hubbard, 2015;
Wang et al., 2016). Thus the importance of toxicology researches of
SFRs should be further stressed.
However, there still lacks monitoring concentration data as well as
more convincingly established epidemiologic researches on in-vivo
health eﬀects for semiquinone free radicals on particles (Valavanidis
et al., 2006; Yang et al., 2017). Therefore, it is necessary to develop
highly selective and quantitative detection method of semiquinone free
radicals for monitoring and further researches.
Present detection methods for semiquinone free radicals include
high performance liquid chromatographic (HPLC) with ultraviolet
(UV), liquid chromatographic with mass spectrometry (LC–MS) analysis, gas chromatography with mass spectrometry detection (GC–MS)
and HPLC with chemiluminescence (HPLC-CL) detection (Ahmed et al.,
2009; Cho et al., 2004; Chung et al., 2006; Jakober, Charles, Kleeman,
& Green, 2006; Lintelmann, Fischer, Karg, & Schröppel, 2005; Tai, Xiao,
Zhao, Wu, & Han, 2014; Valavanidis et al., 2006). Due to the variety
and complexity of the components that are existed and adsorbed on
ambient particles, detection methods which use liquid chromatography
(LC) or gas chromatography (GC) as separation method may have the
problem of separating varieties of compounds (Harrison & Yin, 2000).
To ensure diﬀerent components in the extraction of particles are well
separated, long separation time is needed when GC and LC are applied
in the separation process. For components with similar properties, it is
diﬃcult for GC and LC to completely separate them. Besides, the long
separation time and the heated chromatography process will cause
mass loss for semiquinone free radicals as they are reactive and unstable.
Electron spin resonance spectroscopy (ESR; also known as electron
paramagnetic resonance, EPR, or electron magnetic resonance, EMR) is
regarded as the most valuable methods to test free radicals (Ahn,
Akram, & Kwon, 2012; Davies, 2016; Hawkins & Davies, 2014; Zhang,
Dai, & Yuan, 2018). It is able to detect ESR signal intensity, which is
deﬁned as double integrated value of ESR spectrum, of unpaired electrons directly and has considerable sensitivity. Each substance with
unpaired electron has its own ﬁxed responding magnetic ﬁeld as well as
feature g-value (Round factor), thus ESR can speciﬁcally identify radicals, including semiquinone free radicals (Balakrishna et al., 2009;
Dellinger et al., 2000, 2001; Lu et al., 2013; Yamanaka, Matsuda, &
Ikeya, 2005; Yang et al., 2017; Yu et al., 2012). Some studies have
collected particle samples and conﬁrmed the existence of SFRs
(Dellinger et al., 2007; Lu et al., 2013). However, these studies obtained
the ESR signal intensity rather than the amount of SFRs in the particle
samples, which is due to the diﬃculty to get the relationship between
the amount of SFRs and corresponding ESR signal intensity. As SFRs are
unstable, they may decompose in solution, which means that standard

Fig. 1. Structural formulas of four common SFRs (the dots stand for the unpaired electrons).

samples of SFRs with exact concentrations are diﬃcult to prepare. Thus,
the quantitatively calibration relationship cannot be established and
SFRs cannot be quantiﬁed. Presently, there still lacks validated quantitative detection method.
Fig. 1 shows the structural formulas of four common SFRs, indicating that one mole semiquinone free radicals contain one mole free
electron. Thus the concentration of semiquinone free radicals can be
obtained by measuring the number of free electrons indirectly. Hereby,
we developed a quantitative ESR method for semiquinone free radicals
on particulate matters. In this method, we got the calibration curve
between free electron number and the signal intensity of ESR using 2,2diphenyl-1-picrylhydrazyl (DPPH) solution, which is a stable nitrogencentered free radical (Karadag, Ozcelik, & Saner, 2009). This method is
validated by testing calibration linearity, repeatability precision and
accuracy precision. Based on the proposed quantitative ESR method, we
achieved the quantiﬁcation of semiquinone free radicals on particles.
2. Materials and methods
This overall description of the proposed method is divided into four
steps, as shown in Fig. 2.
Firstly, airborne particle sampling. The particles were collected with
Teﬂon membrane ﬁlters and particle sampler.
Secondly, in-situ ESR test. The Teﬂon membrane ﬁlters with PM2.5
samples were tested by ESR to preliminary conﬁrm the existence of
semiquinone free radicals. If the potential signals of semiquinone free
radicals are detected, the ﬁlters will then experience pre-treatment
process to get the extracted solutions of particles.
Thirdly, pre-treatment process and ESR analysis. The Teﬂon membrane ﬁlters with PM2.5 samples experienced pre-treatment process. We

Fig. 2. Overall description of the experiment.
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tested the extracted samples using ESR spectrometer and got the ESR
signal intensity of samples.
Fourthly, quantitative analysis. We used DPPH to get the calibration
relationship between free electron number and the corresponding ESR
signal intensity. The calibration linearity, repeatability precision, accuracy precision of the proposed method was tested. Based on the
principle that one mole semiquinone free radicals contain one mole free
electron, we can get the amount of SFRs using calibration curve and
tested ESR signal intensity.
2.1. Airborne particle sampling
Teﬂon membrane ﬁlters whose pore size was 0.45 μm and diameter
was 90 mm (Merck KGaA, Darmstadt, Germany) were used to collect
particulate matters. Before particle sampling, the Teﬂon membrane
ﬁlters were extracted by DCM for 30 min to remove any adsorbed organic matter. The ﬁlters were then evaporated to dryness by a vacuum
drying oven at 60 °C for 4 h. The dried ﬁlters were immediately placed
in a drier with controlled temperature of 25 °C and relative humidity of
0% for 24 h to maintain a stable state. Filters were then weighed by a
microbalance (MS105DU, Mettler-Toledo, Zurich, Switzerland) with
precision of 0.01 mg and were stored in ﬁlm clips until further sampling. After sampling process, the Teﬂon membrane ﬁlters with sampled particles were placed in the same dryer with same controlled environment for 24 h again to maintain the same stable state. The ﬁlters
were weighed by the microbalance again and then packed by aluminum
foil to keep them from light and stored at −35 °C until further analysis.
In this study, PM2.5 were collected by particle sampler XY-2200 G
(Xuyu Environmental Technology Co. Ltd., Qingdao, China) at a height
of 1.5 m in three sites in Northern China. One site is located in an oﬃce
on the campus of Tsinghua University, Beijing. Another two sites are
located in Taigu county, Jinzhong city, Shanxi province, with a distance
of 2 km between two sites. Detailed sampling information are shown in
Table 1.

Fig. 3. Pre-treatment process of the ﬁlter.

nitrogen sample concentrator (DC-24, Anpel Laboratory technology,
Shanghai, China). Another 0.5 ml DCM was added to the round ﬂask to
transfer the residue to the concentrator together. The concentrated
solution was then evaporated to dryness and the residue was dissolved
using 1 ml DCM. After 30s-vortex, the solution was stored in darkness at
-35 °C until further analysis. Samples were strictly protected away from
light to avoid decomposing of radicals in above processes. Same sample
pre-treatment process was carried out on Teﬂon ﬁlter membrane
without sampling as blank control group.
During pre-treatment process, dichloromethane (HPLC grade) for
the extraction of PM2.5 samples was purchased from Merck KGaA
(Darmstadt, Germany). The ESR spectrums were measured using an
ESR spectrometer (JES-FA200, JEOL, Tokyo, Japan). The ESR parameters in the SFRs detection process are shown as follows: power,
0.99800 mW; frequency, 9047.249 MHz; center magnetic ﬁeld,
322.437 m T; magnetic ﬁeld width, 5 m T; sweep time, 4 min; time
constant, 0.1 s. All the ESR spectrums were obtained at controlled
temperature of 25 °C to avoid the inﬂuence of temperature. During
measuring processes, Mn2+ was adopted as internal standard. The gvalues of semiquinone free radicals were calculated using interpolation
method by g-value of Mn2+ (g1, 1.981 and g2, 2.034) as reference.

2.2. Pre-treatment process and ESR analysis
The analysis process of sampled particles includes two parts. Firstly,
the Teﬂon membrane ﬁlters with PM2.5 samples were tested by ESR to
preliminary conﬁrm the existence of semiquinone free radicals. The
ﬁlters were cut into 5 cm-strips and placed in a quartz test tube for ESR
analysis. If the potential signals of semiquinone free radicals are detected, the ﬁlters will then experience the pre-treatment process as
shown in Fig. 3 to see the hyperﬁne structure of ESR spectrum and to
quantify the semiquinone free radicals on particles.
The ﬁlters after dryness were cut into several small pieces and were
then extracted ultrasonically using 30 ml dichloromethane (DCM) for
30 min at 0 °C. The extraction process was repeated for 3 times and all
the extracted organic layers were collected and combined together. The
combined extracted solution was ﬁltered twice using vacuum ﬁltration
unit with ﬁlter paper whose aperture were 0.45 μm and 0.2 μm, respectively. The solution was then transferred into a round ﬂask and was
dried by a rotary evaporator (RE-52A, Ya Rong biochemical instrument
factory, Shanghai, Beijing) at 30 °C until it was concentrated to about
0.5 ml. The concentrated solution was transferred into a termovap

2.3. Quantitative analysis
As one mole SFRs contain one mole free electrons, the concentration
of semiquinone free radicals can be obtained by measuring the number
of free electrons indirectly. In this research, calibration curve between
free electron number and the ESR signal intensity is studied for quantitative calculation.
Semiquinone free radicals are unstable and may decompose in the
solution because of the unpaired electrons. This brings diﬃculty to the
preparation of standard samples of SFRs with exact concentrations. 2,2diphenyl-1-picrylhydrazyl (DPPH) is a stable nitrogen-centered free
radical whose g-value is 2.0036 with its structural formula shown as
Fig. 4. Due to the resonance stabilization and the space obstacle of three
benzene rings, the reactiveness of the unpaired electron on the nitrogen
atom is decreased and can stably exist in solutions (Yordanov, 1996).
Thus in our study, DPPH was adopted to maintain the relationship
between free electron number and the ESR signal intensity.
0.0500 g DPPH was dissolved into DCM and then the solution was
diluted to 50 ml. The standard DPPH solution was then diluted to 8
concentration levels ranging between 1.5 μg/ml˜0.25 mg/ml. Diluted
DPPH solution were sampled by capillary tubes and tested by ESR.
According to the structural formula, one mole DPPH contain one mole
free electrons, the free electron number in tested DPPH solution can be
expressed as Eqs. (1) and (2).

Table 1
Sampling information.
Sample

Site*

Date

Sample period (h)

Flow rate (L/min)

#1
#2
#3

BJ_in
JZ_out_1
JZ_out_2

Jul., 2017
Feb., 2018
Feb., 2018

168
44
44

100
100
100

* BJ: Sampled in Beijing, China; JZ: sampled in Jinzhong, Shanxi, China; in:
sampled indoor; out: sampled outdoor.
3
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Fig. 4. Structural formula of DPPH (the dot stands for the unpaired electron).

mDPPH = ms × CDPPH / ρDCM

(1)

nfree electron = mDPPH × NA/ MDPPH

(2)

where, ms is the weight of the sampled DPPH solution in capillary tube,
ng; mDPPH is the mass of DPPH in sampled solution, ng; ρDCM is the
density of DPPH solution, ng/ml, which is taken as the density of dichloromethane due to the low concentration of DPPH; CDPPH is the
concentration of the DPPH solution, ng/ml; nfree electron is the number of
free electron; MDPPH is the molecular weight of DPPH, which is taken as
394.32 g/mol; NA is Avogadro constant whose value is 6.02 × 1023.
In the ESR test, an internal standard method was adopted using
Mn2+. The Mn2+ is ﬁxed inside the instrument as reference and is regarded as constant. The ESR signal intensitys (SI) are corrected with the
signal intensity of Mn2+ as Eq. (3), where SIradical,c represents the corrected signal intensity of tested sample; SIMn2+,s represents standard
ESR signal intensity of Mn2+, whose value is constant; SIradical represents the ESR signal intensity of the tested sample; SIMn2+ represents
the ESR signal intensity of Mn2+ during the sample test process. Considering the relationship in Eq. (3), the calibration curve can be established between free electron number and ESR signal intensity of
DPPH compares to that of Mn2+ (SIradical / SIMn2+), which is expressed
as Eq. (4), where Ne is the number of electron, a is the slope, b is the yintercept, a’ equals to a multiply by SIMn2+,s.

SIradical, c / SIMn2 +, s = SIradical / SIMn2 +

Fig. 5. Calibration curve.
Table 3
RSD of the proposed method.
Average SIradical/SIMn2+

RSD/%

462.78
11774.84
18554.77

4.560
271.810
389.415

4.80
2.69
3.88

prepared using anhydrous ethanol and sodium hydroxide to create an
alkaline reaction environment. Hydroquinone, 1,4-benzoquinone, 1,4naphthraquinone and 9,10-phenanthraquinone were added to the saturated solution, respectively. After phenol and quinone were completely dissolved, the solution was placed in dark at 25 °C for 30 min,
during which phenol and quinone were gradually oxidized to radicals
by oxygen in air. The solution was then centrifuged for 20 min at the
speed of 13,000 r/min at 5 °C. Clear supernatant extract was obtained
and stored in -35 °C in dark.
Replicated spiked samples (n = 4) were made by adding SFR solution to clean Teﬂon membrane ﬁlters separately and were then experienced the same pre-treatment process as the particle sample. Same
amount of SFR solution as added on the Teﬂon membrane was taken as
blank sample. Detected amount of semiquinone free radicals in standard radical solution and on corresponding spiked Teﬂon membrane
ﬁlters were w1 and w2, respectively. Recovery ratio of this method can
be expressed by Eq. (5).

(3)

Ne = a × SIradical, c + b = a × SIMn2 +, s × SIradical / SIMn2 + + b
= a′ × SIradical / SIMn2 + + b

Tested amount/ng

(4)

Repeated studies were carried out in three DPPH concentration levels, which are in the range of calibration curve, to obtain the repeatability precision of the proposed method. Replicated samples (n = 6)
were tested in each concentration level with same set of instrument
conditions and the relative standard deviation (RSD) were calculated
for each concentration level to get the repeatability precision.
Accuracy precision, which shows the error caused by pre-treatment
and analysis process of the proposed method, is evaluated by testing
recovery ratio. The recovery ratio (RR) shows the percent recovery by
the assay of known added amount of compound in the sample and was
obtained by spiked blank samples using solutions of four commonly
seen SFRs to simulate the pre-treatment process for SFRs on particles.
Four semiquinone free radicals, including hydroquinone radical, 1,4benzoquinone radical, 1,4-naphthoquinone radical, 9,10-phenanthrene
quinone radical were freshly prepared in this study by oxidization reaction of phenol and quinone. Saturated alkaline ethanol solution was

RR =

w2
w1

(5)

During quantitative analysis process, sodium hydroxide (guaranteed
reagent) and anhydrous ethanol (GC grade) were purchased from Merck
KGaA (Darmstadt, Germany). Ultra-pure water (MS grade) was supplied
by Fisher Chemical (Waltham, America). Hydroquinone, 1,4-benzoquinone, 1,4-naphthoquinone, 9,10-phenanthrene quinone were purchased from AccuStandard (New Haven, America) and were all of extra
pure reagent. 2,2-diphenyl-1-picrylhydrazyl (DPPH) was obtained from

Table 2
DPPH amount and the tested value of SIradical/SIMn2+.
Amount of DPPH/ng

229.14

1093.35

2951.47

9498.97

17043.23

29240.04

38555.92

Free electron number
SIradical/SIMn2+

3.50 × 1014
4.79

1.67 × 1015
15.54

4.51 × 1015
36.32

1.45 × 1016
113.24

2.60 × 1016
209.66

4.46 × 1016
367.08

5.89 × 1016
470.68
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Fig. 6. ESR spectrums of four semiquinone free radicals.

Fig. 7. Recovery ratios of four semiquinone free radicals.

Fig. 8. ESR spectrum of the ﬁlter with particles.
Fig. 9. ESR spectrum of extracted particle samples.

Alfa Aesar (Pittsburgh, America) and was extra pure grade.

is established. The DPPH amount, corresponding electron number and
the tested value of SIradical/SIMn2+ by ESR analyzation are shown in
Table 2.
The calibration curve is shown in Fig. 5. Linear relationship is observed between SIradical/SIMn2+ and free electron number with a good
correlation ( r2 = 0.9998). The repeatability precision of this method

3. Results and discussion
3.1. Linearity and repeatability precision of proposed method
Under detection parameter described in Section 2.1, the quantitative relationship between SIradical/SIMn2+ and the free electron number
5
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between free electron number and the corresponding ESR signal intensity. Thus the quantity of semiquinone free radicals in sample can be
calculated using tested ESR signal intensity and the calibration curve.
This method is validated by testing linearity, repeatability and accuracy precision. The proposed method has good calibration linearity,
with r2 of 0.9998. The repeatability precisions of 2.69% ˜ 4.80% in
three concentration levels and recovery ratios of 75.42% ˜ 86.99% for
four SFRs proved the satisfactory repeatability and accuracy of proposed method. This ESR method was applied to quantitatively test
semiquinone free radicals’ concentration on particles that were collected in two northern cities in China. Particles in both cities contain
semiquinone free radicals, which further validated the proposed
method. We also observed an obvious diﬀerence of the type and concentration of semiquinone free radicals that are adsorbed on particles in
two cities.
With simple sampling, pre-treatment and ESR analysis process, the
quantitative ESR method provides basis for monitoring of semiquinone
free radicals on particles as well as further researches assessing human
exposure risk. Inﬂuence of relevant details in real application including
sample storage time, sampling time will be further investigated.

Table 4
Concentration of SFRs on particles.
Sample

Site

Concentration mol/g

#1
#2
#3

BJ_in
JZ_out_1
JZ_out_2

(26.572 ± 3.037)×105
(0.203 ± 0.023)×105
(0.085 ± 0.009)×105

was examined at three diﬀerent DPPH levels: low (462.78 ng), middle
(11,774.84 ng) and high (18554.77 ng). As shown in Table 3, the relative standard deviations (RSD) in three levels (n = 6 in each level) are
all less than 5%, which validates good repeatability.
3.2. Recovery ratio of the method
Fig. 6 shows the ESR spectrum of hydroquinone radical, 1,4-benzoquinone radical, 1,4-naphthoquinone radical and 9,10-phenanthrene
quinone radical. The tested g-value of four semiquinone free radicals
are 2.00488, 2.00495, 2.00436 and 2.00422, respectively.
The recovery ratios obtained by replicated spiked samples are
shown in Fig. 7. For each semiquinone free radical, the recovery ratios
in three spiking amount levels are all larger than 75% and the RSD are
less than 4.5%. The proposed method obtains better recovery eﬀect at
high concentration, up to 86.99%. From the above, the proposed
method is validated by linearity, repeatability and accuracy precision
tests.

Conﬂicts of interest
There are no conﬂicts to declare.
Acknowledgements
The research was supported by the National Key R&D Program of
China, Research and Demonstration of Key Technology of Net-Zero
Energy Building (No. 2016YFE0102300-03) and the Natural Science
Foundation of China (Nos.51722807, and51521005).

3.3. ESR test of ﬁlter with PM2.5 samples
To preliminarily conﬁrm the existence of SFRs on particles, Sample
BJ_in was ﬁrstly tested by ESR without pre-treatment process. The ESR
spectrum of sample BJ_ in is shown as trace A in Fig. 8. For comparison,
the ESR spectrum of blank control group, which is Teﬂon membrane
ﬁlter without PM2.5, is shown as trace B. While the blank control group
shows no signal, the spectrum of PM2.5 sample presents a single unstructured peak with broad band spectrum. The g-value detected is
2.00473 and is in the range of four SFRs, thus it can be preliminarily
conﬁrmed that these particle samples contained semiquinone free radicals.
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