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Influence of PM2.5 extract concentration on the radical yield. 6 

To assess the influence of the PM2.5 extract concentrations on our results, we compared the mass-specific 7 

radical yields by different concentration of Beijing PM2.5 extracts. We found the yield difference is on 8 

average for 37% among all extract samples. However, we did not see clear trend from low to high 9 

concentration of PM2.5 extracts. Then we showed the PM2.5 extract concentrations of each sample as well 10 

as the radical yields by different concentration of PM2.5 extracts in Figure S1. Figures S1a-1c indicate that 11 

PM2.5 extract concentrations of Hyytiälä and Mainz samples have narrower range distribution than Beijing 12 

samples. Figure S1d and 1e showed that radical yields by 500 µg mL-1 fine PM2.5 overlapped the yields by 13 

250-6400 µg mL-1 PM. Thus, the concentration of the PM2.5 extracts has small impact on our results about 14 

RS yields. To evaluate the influence of PM2.5 extract concentrations on the relative yields of different 15 

radicals, we measured the relative yields of different radicals by Beijing PM2.5 (n=3) in 250, 500, and 1000 16 

µg mL-1 PM2.5 extracts. We found the relative yields of OH, O2
-, C- and O-centered organic radicals have 17 

standard deviations of ~10%, ~9%, ~2%, and ~2%, respectively. 18 

Estimation of the abundance of organic hydroperoxides and humic-like substances in PM2.5 19 

Based on the compiled abundance of humic-like substances in PM2.5 (Table S3), we obtained an averaged 20 

value of 7%, and we assumed that 15% of these PM2.5-bound humic-like substances are extractable humic 21 

acid-like substances (Katsumi et al., 2019). Given that the concentration of PM2.5 in aqueous extracts in this 22 

study ranged from 250 to 6500 µg mL-1, thus the estimated concentration of humic acid-like substances 23 

typically ranged from 3 to 70 µg mL-1. We assumed that 75% of the PM2.5-bound humic-like substances 24 

are attributable to humic acid-like substances, thus the estimated concentration of extractable fulvic acid-25 

like substances typically ranged from 15 to 350 µg mL-1. To simulate the RS formation by Mainz and 26 

Beijing PM2.5, we used 4 µg mL-1 humic acid standard. To investigate the influence of humic-like 27 

substances on the RS formation by Fenton-like reactions, we used 6-180 µg mL-1 humic or fulvic acid for 28 

surrogate mixture measurements. 29 

To estimate the abundance of organic hydroperoxide in ambient PM2.5, we assumed that the mass 30 

fractions of SOA in Hyytiälä, Mainz, and Beijing PM2.5 were 60%, 25%, and 15%, respectively (Jimenez 31 
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et al., 2009). We also assumed that 2%, 2%, and 1% of Hyytiälä, Mainz, and Beijing SOA mass are 32 

attributable to organic hydroperoxides (Tong et al., 2018), which was assumed to have an averaged 33 

molecular weight of 300 g moL-1 (Docherty et al., 2005). In this case, the estimated concentration of organic 34 

hydroperoxides in the PM2.5 extracts in this study was 5-35 µM. To simulate the RS formation by Hyytiälä, 35 

Mainz, and Beijing fine PM2.5, we used 50, 25, and 0 µM cumene hydroperoxide (CHP), respectively. To 36 

investigate the RS yield of Fenton-like reactions, we used 50-100 µM CHP. 37 

H2O2 yield of PM from other sources 38 

The air sample volume-specific and mass-specific H2O2 yields as well as total RS yields of fine PM from 39 

other sites that different from Hyytiälä, Mainz, and Beijing are shown in Figure S4 and Table S5. Therein 40 

the H2O2 yields were measured using p-hydroxyphenylacetic acid (PHOPAA) as probe, and the total RS 41 

yields were measured using dichlorofluorescin (DCFH) assay as probe (Lazrus et al., 1985;Wang and 42 

Joseph, 1999;Kalyanaraman et al., 2012). Figure S4a shows that the air sample volume-specific H2O2 yields 43 

of fine PM from CRC-AES and different districts of UCLA exhibit a positive correlation with the 44 

concentration of PM2.5 (R2=0.60). In contrast, the mass-specific H2O2 yields exhibit no correlation with the 45 

PM2.5 concentration (R2=0.02, Figure S4b). Moreover, the DCFH-based total RS yields were overall higher 46 

than the H2O2 (Table S5), agreeing with this study.  47 

Influence of H2O2 on the radical yield of Fenton-like reactions 48 

We investigated the influence of H2O2 concentration on the radical yield of Fenton-like reactions initiated 49 

by mixtures comprising 100 µM CHP, 300 µM Fe2+, 11 µg mL-1 HA, and 79 µg mL-1 FA. Figure S5a shows 50 

that as the concentration of H2O2 is increased from 0 to 300 µM, the concentration of total radicals increase 51 

from ~8.0 to ~18.4 µM, with the RF of OH and O-centered organic radicals increase from ~18 to ~69% 52 

and from ~7 to ~26% (Figure S5b), confirming the enhanced radical formation through Fenton-like 53 

reactions (Gligorovski et al., 2015). In contrast, the RF of C-centered radicals and O2
- decrease from ~25 54 

to ~2% and from ~51 to ~3%,  reflecting a plausible conversion of C-centered radicals to O-centered organic 55 

radicals via oxidation pathways (Chevallier et al., 2004;Tong et al., 2016). Thus, H2O2 can significantly 56 
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influence the total and relative yields of different types of radicals by Fenton-like reactions, and humic-like 57 

substances may co-mediate the radical formation.  58 

Influence of HA and FA on the radical yields of Fenton-like reactions initiated by Cu2+  59 

Figure S7a shows that the concentration of radicals formed by Cu2+ and cumene hydroperoxide (CHP) 60 

mixtures exhibited a positive correlation with the concentration of Cu2+. However, the Cu2+ played a less 61 

effective role than Fe2+ in initiating Fenton-like reactions via radical formation pathways, with 300 μM Cu2+ 62 

and 50 μM CHP produced ~1.8 μM radicals.  63 

Figure S7b shows that as the concentration of Cu2+ increased from 15 to 75 µM, the RF of OH and O2
- 64 

decreased from ~44% to ~18% and from ~1.6% to ~0.1%. However, the RF of C- and O-centered organic 65 

radicals increased from~39% to ~61% and from ~15% to ~21%, respectively. As the concentration of Cu2+ 66 

is increased further to 150 and 300 µM, the RF of OH, O2
-, C- and O-centered organic radicals varied 67 

slightly, reflecting a low reactivity of Cu2+ with CHP.  68 

Figure S7c shows that concentration of radicals formed by reactions of 100 µM CHP with 300 µM Cu2+ 69 

and HA decreased from ~2.3 to ~1.8 µM as the increasing of HA concentration from 0 to 180 µg mL-1. This 70 

might mainly be associated with the low catalytic effect of Cu2+ in initiating Fenton-like reactions (Figure 71 

S5a). Beyond this, humic-like substances have been found to exhibit strong copper-binding ability (Kogut 72 

and Voelker, 2001), and 8-fold more Cu2+ than Fe2+ ions from Melpitz (Germany) PM were expected to be 73 

complexed by humic-like substances (Scheinhardt et al., 2013). We thus inferred that the Cu-HA complex 74 

might significantly influence the reactivity of Cu2+ in Fenton-like reactions. Finally, partial of the radical 75 

yield decay in Figure S7a might be caused by the antioxidant effect of HA (Aeschbacher et al., 2012). 76 

Figure S7d shows that as the concentration of HA increased from 6 to 180 µg mL-1, the RF of OH and O-77 

centered organic radicals increased from ~17 to ~44% and from ~16 to ~28%, respectively. The RF 78 

variation of OH, C- and O-centered organic radicals in Figure S7d had a different trend from the results in 79 

Figure 6d, reflecting different impacts of HA on Cu and Fe initiated Fenton-like reactions. Compared to the 80 
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increasing RF of OH and O-centered organic radicals, the RF of C-centered radicals decreased from ~66 81 

to ~28%, and the RF of O2
- only varied slightly between 0.8 and 1.5%.  82 

Figure S7e shows that the radical yields of the mixtures consisting of 100 µM CHP, 300 µM Cu2+, and 83 

FA only varied from ~0.9 to ~0.4 µM as the increasing FA concentration from 6 to 180 µg mL-1, which 84 

may mainly be associated with the low catalytic effect of Cu2+ as well as the formation of Cu-FA complexes. 85 

Figure S7f indicates that as the concentration of FA increased from 0 to 180 µg mL-1, the RF of C-centered 86 

radicals steeply increased from ~57 to ~89%, whereas the RF of O-centered organic radicals and OH 87 

exhibited overall decrease from ~25% and ~16% to ~3%.  88 
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Table S1. Sampling information. 89 

City Location      Sampler 
Flow rate 

(L min-1) 

Sampling 

time (h) a 
Sampling period 

Sample 

numbers 

Hyytiälä  
61.51°N, 

24.17°E 

Dekati® PM10 

impactor (Finland) 
30 48-72 31 May-19 July 2017 11 

Mainz 
49.99°N, 

8.23°E 

MOUDI (MSP 

corporation, USA) b 
30 24-54 

 

22 Aug.-17 Nov. 2017 

23-31 Aug. 2018 

 

11 

Beijing 
116.31°E, 

39.99°N  

PM2.5 sampler (TH-

16, Tianhong 

company, China) 

30 5-24 

20 Dec. 2016-13 Jan. 

2017 

6 Nov. 2017-17 Jan. 

2018 

20 

a The sampling time is for one filter 90 
b MOUDI: Micro-Orifice Uniform Deposition Impactor (122R)  91 
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Table S2. The range of hyperfine coupling constants that used to fit the BMPO adducts. 92 

Spin adduct 

Hyperfine coupling constant (G) 

    aN    𝑎𝐻
𝛽

     𝑎𝐻
𝛾

 

BMPO-OH1 12-16  11-12  0.5-0.9  

BMPO-OH2 14-15  13-14  0.6-0.7 

BMPO-OOH1 13-14  8-10       ⸺ 

BMPO-OOH2 13-14 11-13        ⸺ 

BMPO-C-centered radicals 14-16  21-23        ⸺ 

BMPO-O-centered organic radicals 14-16  17-18       ⸺ 

  93 
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Table S3. Compiled abundance of humic-like substances in ambient PM2.5. 94 

Location Time/event 
 PM2.5 

(µg m-3) 

humic-like 

substances 

  (µg m-3) 

humic-like 

substances 

/PM2.5 (%) 

   Reference 

Lanzhou Winter   120.47       7.24         6.0 (Tan et al., 2016) 

Lanzhou Summer    34.12       2.15         6.3 (Tan et al., 2016) 

Lanzhou Annual    77.29       4.7         6.1 (Tan et al., 2016) 

Lanzhou Haze   182.08      10.06         5.5 (Tan et al., 2016) 

Lanzhou No-haze    51.65      3.49         6.8 (Tan et al., 2016) 

Lanzhou Snow   80.69      4.62         5.7 (Tan et al., 2016) 

PRDa  Annual 2007-2008   49      4.9         10.0 (Lin et al., 2010) 

Guangzhou Annual 2009   56      4.8         8.6 (Kuang et al., 2015) 

Beijing Winter 2011   108      8.9         8.2 (Lang et al., 2017) 

Beijing Summer    98      5.5         5.9 (Li et al., 2019) 

Beijing Autumn   58      5.6         9.4 (Li et al., 2019) 

Beijing Winter   150      12.3         7.9 (Li et al., 2019) 

Beijing Spring   120      6.5         4.8 (Li et al., 2019) 

Average     91.2      6.2         7.0   

PRD: Pearl River Delta Region in China  95 
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Table S4. The yields of different types of radicals and concentrations of different water-soluble 96 
transition metal species in PM2.5 extracts. 97 

Location 

Radicals (pmol m-3)  Water-soluble transition metals (pmol m-3) 

OH C-

centered  

O-

centered 

organic 

O2
-  Fe Mn Cu V Ni 

Hyytiälä 0.4 ± 0.2 2.2 ± 1.4 0.1 ± 

0.1 

0.02 ± 

0.01 

 26.0 ± 16.0 4.9 ± 4.8 3.1 ± 1.2 2.5 ± 

1.7 

0.04 ± 

0.01 

Mainz 2.1 ± 1.3 1.8 ± 0.7 0.2 ± 2 0.1 ± 

0.1 

 269.0 ± 

113.0 

28.0 ± 

12.0 

55.0 ± 

17.0 

2.9 ±0.8 1.2 ± 

0.4 

Beijing 3.6 ± 2.6 2.5 ± 1.7 0.3 ± 

0.2 

0.2 ± 

0.3 

 (3300.0 ± 

2300.0) 

640.0 ± 

531.0 

452.0 ± 

385.0 

23.0 ± 

23.0 

51.0 ± 

25.0 

Location 

Radicals (pmol µg-1)  Water-soluble transition metals (pmol µg-1) 

OH C-

centered 

O-

centered 

organic 

O2
-  Fe Mn Cu V Ni 

Hyytiälä 0.08 ± 

0.004 

0.5 ± 0.2 0.03 ± 

0.01 

0.01 ± 

0.01 

 5.5 ± 1.5 1.0 ± 0.5 0.7 ± 0.3 0.5 ± 

0.2 

0.01 ± 

0.003 

Mainz 0.2 ± 0.1 0.1 ± 0.07 0.02 ± 

0.02 

0.01 ± 

0.01 

 18.0 ± 4.9 1.9 ± 0.7 3.9 ± 0.6 0.2 ± 

0.03 

0.08 ± 

0.03 

Beijing 0.04 ± 

0.04 

0.02 ± 

0.02 

0.003 ± 

0.002 

0.002 ± 

0.002 

 20.0 ± 7.0 4.5 ± 2.6 2.3 ± 0.4 0.2 ± 

0.2 

0.5 ± 

0.5 

98 
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Table S5. Statistic of H2O2 or RS yields of ambient PM at different locations. 99 

Sampling site PM type PM (µg m-3) Sampling time Method Analyte 
H2O2 or RS 

(pmol m-3) 

H2O2 or RS 

 (pmol µg-1) 
Reference 

Hyytiälä PM2.5 5 ± 2 Jun-Jul 2017 MAK165 H2O2 10 ± 8 1.9 ± 0.9 This study 

UCLA Pacific coast Fine 13 ± 10 
May 2014-Jan 

2015 
PHOPAA+HRP H2O2 12 ± 9 1.0 ± 0.9 

(Arellanes et 

al., 2006) 

MPI-C at Mainz PM1.8 16 ± 2 Aug-Sep 2017 MAK165 H2O2 47 ± 17 3.3 ± 1.1 This study 

UCLA PM2.5 16 ± 7 2009-2010 PHOPAA+HRP H2O2 47 ± 21 3.0 ± 2.0 
(Wang et al., 

2012) 

CRC-AES, UC 

Riverside 
PM2.5 19 ± 6 Jun-Aug 2008 PHOPAA+HRP H2O2 (2.7 ± 2.1) × 102 1.4 ± 1.6 

(Wang et al., 

2012) 

UCLA freeway site Fine 23 ± 8 Jan-May 2004 PHOPAA+HRP H2O2 17 ± 90 0.7 ± 1.1 
(Arellanes et 

al., 2006) 

UCLA Pacific coast Coarse 26 ± 15 Jul 2004 PHOPAA+HRP H2O2 31 ± 9 1.2 ± 0.6 
(Arellanes et 

al., 2006) 

UCLA freeway site Coarse 27 ± 33 Jul 2004 PHOPAA+HRP H2O2 15 ± 9 0.6 ± 0.3 
(Arellanes et 

al., 2006) 

UC Riverside 

campus 
PM2.5 39 ± 22 Aug 2005 PHOPAA+HRP H2O2 (1.2 ± 1.1) × 103 28.0 ± 20.0 

(Wang et al., 

2012) 

UCLA campus Coarse 46 ± 22 Aug 2005 PHOPAA+HRP H2O2 (5.0 ± 2.4) × 102 14.1 ± 9.4 
(Wang et al., 

2010) 

UCLA upwind 

Riverside 
Coarse 97 ± 27 Jun-Aug 2008 PHOPAA+HRP H2O2 (1.0 ± 0.4) × 103 10.9 ± 5.3 

(Wang et al., 

2010) 

Beijing PM2.5 201 ± 160 
Dec 2016- Jan 

2017 
MAK165 H2O2 190 ± 120 3.4 ± 5.6 This study 

Taipei Coarse 7.5± 2.8 Jul-Sep 2000 DCFH+HRP RS 64 ± 33 8.5 ± 11.8 
(Hung and 

Wang, 2001) 

Bern PM2.5 10 ± 5 Nov 2014 DCFH+HRP RS (4.9 ± 2.9) × 102 50 
(Zhou et al., 

2018) 
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Atlanta PM2.5 10.5 ± 3.2 
12-17 Jul 

2012 
DCFH+HRP RS (1.6 ± 0.2) × 102 14.8 ± 4.5 

(King and 

Weber, 2013) 

Atlanta PM2.5 11.5 ± 4.3 
8-31 May 

2012 
DCFH+HRP RS (2.6 ± 0.1) × 102 22.6 ± 3.0 

(King and 

Weber, 2013) 

Atlanta PM2.5 13.2 ± 4.8 8-29 Jun 2012 DCFH+HRP RS (1.4 ± 0.1) × 102 10.6 ± 1.9 
(King and 

Weber, 2013) 

Atlanta PM2.5 13.2 ± 5.4 3-31 Jul 2012 DCFH+HRP RS (2.4 ± 0.1) × 102 18.2 ± 1.8 
(King and 

Weber, 2013) 

London PM2.5 5-28 not reported DCFH+HRP RS (0.4-2.4) × 104 not reported 
(Wragg et al., 

2016) 

Singapore (campus) PM2.5 19 ± 2 Dec 2005 DCFH+HRP RS (5.7 ± 0.7) × 103 0.3 
(See et al., 

2007) 

Taipei PM3.2 31 ± 15 Jul-Sep 2000 DCFH+HRP RS (5.4 ± 0.5) × 102 17.6 ± 29.2 
(Hung and 

Wang, 2001) 

Singapore (curbside) PM2.5 33 ± 6  Dec 2005 DCFH+HRP RS (1.5 ± 0.2) × 104 460 
(See et al., 

2007) 

Milan (traffic site) TSP 50 ± 7 July 2013 DCFH+HRP RS (1.4 ± 0.7) × 102 2.73 ± 1.29 
(Perrone et 

al., 2016) 

Milan (low emission 

zone) 
TSP 52 ± 19 Oct 2013 DCFH+HRP RS (2.0 ± 1.1) × 102 3.74 ± 1.41 

(Perrone et 

al., 2016) 

Milan (traffic site) TSP 57 ± 19 Oct 2013 DCFH+HRP RS (2.4 ± 1.3) × 102 4.02 ± 1.77 
(Perrone et 

al., 2016) 

Beijing PM2.5 5-110 Aug-Sep 2015 DCFH+HRP RS (0.2-3.6) × 104 not reported 
(Huang et al., 

2018) 

Beijing PM2.5 74 ± 58 Dec 2014 DCFH+HRP RS (1.3 ± 0.5) × 104 179.6 ± 87.8 
(Huang et al., 

2016) 

Beijing PM2.5 79 ± 59 Apr 2015 DCFH+HRP RS (5.8 ± 2.6) × 103 73.6 ± 43.4 
(Huang et al., 

2016) 

Milan (traffic site) TSP 129± 60 Jan-Feb 2013 DCFH+HRP RS (3.6 ± 0.8) × 102 2..99 ± 1.52 
(Perrone et 

al., 2016) 

Rubidoux, CA PM2.5 not reported Jul 2003 DCFH+HRP RS (4.7 ± 0.4) × 103 not reported 
(Venkatachari 

et al., 2005) 

Rochester, NY PM2.5 not reported Aug 2009 DCFH+HRP RS (8.3 ± 2.2) × 103 not reported 
(Wang et al., 

2011) 

 100 
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 101 

Figure S1. (a-c) Concentrations of PM2.5 in aqueous extracts of each filter samples. (d) Mass-specific 102 

radical yields by different concentrations of PM2.5 in water versus the concentration of ambient PM2.5 in air. 103 

(e) Air sample volume-specific radical yields by different concentrations of PM versus the concentration 104 

of ambient PM2.5. The error bars denote the standard errors (11-20 samples per location).  105 
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 106 

Figure S2. (a) Temporal evolution of H2O2 concentration in water extracts during the extraction process. 107 

Error bars represent standard deviation of duplicate measurements. (b) Temporal evolution of water-soluble 108 

transition metal concentration in water extracts during the extraction process. The H2O2 and transition metal 109 

concentrations became constant after ~15 min’s extraction. The filter used for these tests was collected at 110 

Mainz from 25 to 27 Oct. 2017. 111 
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  112 

Figure S3. (a) Air sample volume-specific and (b) mass-specific H2O2 yield of Hyytiälä and Mainz fine 113 

PM in neutral saline (yellow column) and pure water (blue column). The error bars represent standard 114 

deviations of mean (11-12 samples per location).  115 
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 116 

Figure S4. (a) Mass-specific and (b) air sample volume-specific H2O2 and RS yields of PM from different 117 

sites. The error bars represent standard deviation.  118 
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 119 

Figure S5. (a) Total radical yield and (b) relative fractions (RF) of individual radicals observed in aqueous 120 

surrogate mixtures of CHP, Fe2+, HA, FA, and H2O2. CHP: 100 µM. Fe2+: 300 µM. HA:  100 µg mL-1. FA: 121 

80 µg mL-1. H2O2: 0-300 µM. The error bars represent uncertainties of signal integration of EPR spectra 122 

(for y-axis) or experimental uncertainties of the solution concentration (for x-axis).  123 
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 124 

Figure S6. (a) Temporal evolution of total radical concentration and (b) relative fractions (RF) of individual 125 

radical species in aqueous mixtures of 100 µM CHP and 300 µM Fe2+. Error bars represent standard 126 

deviation of duplicate measurements.   127 
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 128 

Figure S7. (a, c, e) Concentration of totally formed radicals and (b, d, f) RF of individual radicals in aqueous 129 

mixtures comprising CHP, Cu2+, HA, or FA. The concentration of CHP in (a) and (b) is 50 µM. The 130 

concentrations of CHP and Cu2+ in (c-f) are 100 and 300 µM. The error bars in (a) to (d) represent standard 131 

errors of the mean (3 -5 samples per data point, a, b). The error bars for x- and y-axis in (e) and (f) represent 132 

experimental uncertainties of the solution concentration and signal integration of EPR spectra, respectively.  133 
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