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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Coking EPFR concentration is an order 
of magnitude higher than metallurgy 
one.

• Fuel dominates the formation and 
properties of EPFRs from Coal industry 
zone.

• Fly ash yield gap is the core driver of 
differential atmospheric EPFR 
emissions.

• Thermal and light treatment effect EPFR 
concentration rather than g-factor or 
ΔHp-p.

• The g-factor or ΔHp-p is a stable tracer 
for atmospheric EPFR source 
identification.
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A B S T R A C T

Coal-based industrial thermal treatment processes are dominant sources of PM2.5-bound environmentally 
persistent free radicals (EPFRs), yet emission characteristics from pure coal versus coal-ore mixed sources remain 
unclear. Here, field measurements in coking and metallurgical industry zones coupled with laboratory simula
tions (bituminous coal vs. anthracite; thermal/light treatments) were conducted to elucidate structural trait and 
emission potential of EPFRs. Field data revealed that concentration of EPFRs in coking zone was an order of 
magnitude higher than that in metallurgy zone, dominated by carbon-centered and oxygen-centered radicals, 
respectively. Laboratory simulations demonstrated that the 6.5-fold higher fly ash yield of bituminous coal over 
anthracite under 500 ℃ thermal treatment drove this disparity, confirming that fuel governed the emission 
potential of EPFRs. Thermal treatment temperature and light intensity affected EPFR concentration, but did not 
alter the g-factors and ΔHp-p, which were intrinsically determined by the fuel. These conclusions were further 
validated through correlation analyses associating PM2.5 components (C, O, C––O, Ca, Si) from both zones with 
EPFR g-factors and ΔHp-p. Comprehensive analysis confirmed that the coking zone output EPFRs to the 
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surrounding environment, while metallurgical zone EPFRs were driven by exogenous mixed sources. This work 
provides a scientific basis for the source apportionment and control of industrial EPFRs.

1. Introduction

Coal, as a foundational fossil fuel, underpins global energy and heavy 
chemical industries [1], supplying 35% of global electricity in 2024 and 
meeting over 85% of energy and coke demand for China’s steel sector [2, 
3]. Industrial coal utilization falls into two distinct systems, including 
pure coal thermal treatment processing represented by coking [4] and 
coal-ore mixed thermal treatment processing represented by metallurgy 
[5,6]. Coal rank selection depends on industrial demands for calorific 
value, carbon content, and economic cost. Bituminous coal with high 
volatile matter serves as the primary fuel for coking and power gener
ation [3], while anthracite characterized by high fixed carbon and low 
reactivity is preferred for metallurgical smelting, as its high carbon 
content and low volatile matter content are critical for blast furnace 
reduction reactions [7]. While critical to global industrial infrastructure, 
coal thermal treatment processing is a dominant anthropogenic source 
of atmospheric fine particulate matter [8], hazardous organics, and 
heavy metals [9,10]. Stringent environmental regulations have drasti
cally reduced conventional pollutant emissions from coal-intensive re
gions via widespread desulfurization, denitrification, and 
high-efficiency dust removal technologies [11–13], shifting global 
research focus to emerging persistent pollutants with long environ
mental lifetimes and high chemical reactivity.

Among emerging persistent pollutants, environmentally persistent 
free radicals (EPFRs) have become as a critical research focus in atmo
spheric chemistry and environmental toxicology [14]. These 
particle-bound stable radicals exhibit half-lives ranging from days to 
months [15,16], and their strong oxidative activity triggers excessive 
reactive oxygen species generation in biological systems [17,18], posing 
substantial, well-documented risks to atmospheric quality and human 
respiratory health [19]. Previous mechanistic studies have revealed 
distinct EPFR formation pathways. The coking generating 
carbon-centered radicals dominated by bituminous coal organic pre
cursors [20,21], while metallurgical forms mixed carbon and 
oxygen-centered radicals via interactions between coal organics and 
ore-derived transition metals [22–24]. Despite these different mecha
nistic insights, a critical knowledge gap remains. Direct comparative 
evidence for divergent EPFR emission characteristics between pure coal 
and coal-ore mixed industrial systems is still lacking, which hinders the 
development of accurate source apportionment methods and 
source-specific pollution control strategies for atmospheric EPFRs.

The formation and environmental behavior of coal-derived EPFRs 
are jointly regulated by fuel, thermal treatment conditions, and envi
ronmental factors [25]. Fuel properties (coal rank, organic functional 
groups, elemental distribution) fundamentally determine EPFR struc
tural traits (g-factor and ΔHp-p) by dictating pyrolytic radical in
termediates [26–28]. For example, the biomass pyrolysis tends to 
generate oxygen-centered radicals (1014–1018 spins g− 1) [29–31], 
whereas coal thermal promotes higher concentrations of 
carbon-centered radicals (1017–1020 spins g− 1) [30,32,33], via organic 
precursor-transition metal synergies [9,26,34]. Thermal treatment 
conditions govern EPFR formation efficiency, the moderate tempera
tures (400–600 ℃, incomplete thermal treatment) optimize EPFR for
mation; over 700 ℃ induces radical quenching, and below 400 ℃ limits 
pyrolysis [31,35,36]. Environmental factors (e.g., light irradiation trig
gering concentration fluctuations, particle-bound transition metals 
enhancing stability) also modulate post-emission EPFR concentration 
dynamics [27,32,37,38]. However, existing studies focus on single fac
tors or isolated processes, lacking systematic cross-industrial EPFR 
characteristic comparisons and validation of the three factors synergistic 
effects under realistic conditions.

To address these critical knowledge gaps, this study selected coking 
(pure bituminous coal) and metallurgy (anthracite-copper ore mixtures) 
as representative coal-based industries. Integrating industrial z1 PM2.5 
field observations, lab thermal treatment simulations and photochem
ical aging experiments, we systematically characterized key EPFR pa
rameters (concentration, g-factor, ΔHp-p) and carrier particle 
physicochemical properties. We aimed to compare the two industries 
source-specific EPFR emission characteristics, elucidate synergistic 
mechanisms of fuel and thermal conditions governing initial EPFR for
mation, unravel light irradiation effects on post-emission EPFR evolu
tion, verify EPFR structural parameters as source tracers, and provide a 
scientific basis for targeted EPFR risk assessment and emission control.

2. Materials and methods

2.1. Sampling sites and methods

Atmospheric PM2.5 sampling was conducted in October 2020 and 
November 2021. Two industry-specific representative sites were 
selected for this study, including a large-scale coking industrial in 
Lvliang City, Shanxi Province, and a typical metallurgical industrial in 
Daye City, Hubei Province. The two industrial zones are separated by 
more than 1000 km, with no overlapping atmospheric transport path
ways for industrial pollutants. Both sampling campaigns were con
ducted in autumn and winter under typical stable atmospheric 
conditions, with similar meteorological backgrounds in terms of tem
perature (0–15 ℃) and wind speed regimes (Beaufort scale 1–2). The 
coking process in this study is dominated by oxygen-deficient incom
plete pyrolysis of bituminous coal, while the metallurgical process in
volves high-temperature incomplete combustion of anthracite for ore 
smelting reduction, both of which are classified as typical industrial coal 
thermal treatment processes (Fig. S1).

In the coking industrial (112.206◦− 112.296◦E, 37.541◦− 37.583◦N), 
11 sampling points were established. In the metallurgical industrial 
(114.542◦− 114.565◦E, 30.093◦− 30.113◦N), 10 sampling points were 
deployed (Table S1). The sampling method for PM2.5 is described in 
Appendix A Text S1–1.1. Based on their distance from the plant area, 
the sampling points were categorized into three zones: < 1 km (C1, M1), 
1–2 km (C2, M2), and > 2 km (C3, M3), where C and M denote Coking 
and Metallurgy, respectively (Fig. 1A). This study focused on capturing 
the spatial distribution characteristics of EPFRs around industrial zones, 
therefore adopted a multi-site spatial coverage strategy rather than 
replicate sampling at a single site. This design better reflects the spatial 
heterogeneity of industrial emissions within the 2 km buffer zone. Par
ticulate matter within 2 km is dominated by primary industrial emis
sions, which preserves the original chemical fingerprints of the emission 
sources. Meanwhile, this distance minimizes the combined interference 
from long-range transport, atmospheric aging, and secondary 
transformation.

2.2. Laboratory thermal treatment emission and photochemical aging 
experiments

Coking and metallurgical industrial processes were simulated in a 
tube furnace system under strictly consistent conditions, with raw ma
terial composition as the only variable. For coking simulation, standard 
bituminous coal (GBW− 11101) was used as the sole feedstock to 
replicate the oxygen-deficient bituminous coal pyrolysis core of indus
trial coking. For metallurgical simulation, standard anthracite 
(GBW− 11126) blended with basic copper carbonate (5–15 wt%) was 
used to simulate high-temperature coal-ore smelting, with the gradient 
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designed to isolate the influence of ore components on EPFR charac
teristics. Synchronous blank control experiments were conducted for all 
batches to eliminate background interference. All pyrolysis solid prod
ucts (cinder and fly ash) were collected, light-protected, and stored at 
− 20 ◦C until testing.

Atmospheric photochemical aging of pyrolysis residues was per
formed in a sealed reaction chamber equipped with 365 nm black light 
lamps. To ensure experimental reliability, the black light lamps were 
verified using a spectrometer (Fig. S2). Homogenized and sieved cinder 
were evenly exposed to controlled UV irradiation for set durations. Post- 
reaction samples were immediately sealed, light-protected, and stored at 
− 20 ◦C for subsequent analysis.

Full details of experimental operating parameters, instrument spec
ifications, and quality control protocols are provided in the Appendix A 
Text S1–1.2.

2.3. Analytical Methods for PM2.5 and EPFRs

The mass concentration of atmospheric PM2.5 was determined 
following the standard gravimetric method specified in U.S. EPA 40 CFR 
Part 50 Appendix L (Appendix A Text S1–1.3) [39]. The mass of filters 
before and after sampling was recorded as m1 and m2, respectively, and 
V represents the volume of sampled air converted to standard conditions 
(0 ℃, 101.325 kPa, m3). The mass concentration of PM2.5 (C, μg m− 3) 
was calculated as follows: 

C =
m2 − m1

V
× 1000 (1) 

Electron paramagnetic resonance (EPR) spectroscopy (Bruker 
EMXplus− 10/12) was used to directly detect EPFRs. All EPR measure
ments were completed within 30 days after sample collection/prepara
tion, and all samples were sealed and stored at − 20 ◦C in the dark 
throughout the period. The g-factor and ΔHp− p, which serve as critical 
parameters for the characterization of the EPFRs, were analyzed using 
WinEPR software [27,40]. The ΔHp− p was directly measured from the 
first-derivative EPR spectra, defined as the magnetic field distance be
tween the maximum and minimum peaks of the first-derivative signal. 
All spectra in this study exhibited predominantly Lorentzian line shapes. 
The g-factor was calculated using the following formula, where v is the 
actual test frequency (GHz) and B is the magnetic field intensity (G): 

g =
714.4773 × v

B
(2) 

The morphology of PM2.5, raw coal, and coal cinder samples was 
observed via optical microscopy and scanning electron microscopy 
(SEM), the functional group characteristics were analyzed using Fourier 
transform infrared spectroscopy (FTIR), and the elemental composition 
was determined via energy dispersive X-ray spectroscopy (EDS) and X- 
ray fluorescence spectroscopy (XRF). The detailed information on all 
characterization methods used in this study is provided in Appendix A 
Text S1–1.4.

3. Results and discussion

3.1. Characteristics of PM2.5 and EPFRs in coking and metallurgical 
industry zones

This section analyzes EPFRs in PM2.5 collected within a 2‑km radius 
of coking and metallurgical industry zones (sampling details are pro
vided in 2.1, Fig. 1A and Table S1). As illustrated in Figs. 1B and S3, the 
mass concentrations of PM2.5 in the coking and metallurgical industry 
zones ranged from 33.35 to 255.88 μg m− 3 and 43.13–154.47 μg m− 3, 
respectively. These results are consistent with PM2.5 concentrations re
ported around coking [41] and metallurgical [42] industries in previous 
studies, reflecting typical industrial emission characteristics. The con
centration ranges of EPFRs in the two zones (Fig. 1C and S3) were 
0.15–58.82 × 1018 spins g− 1 and 0.24–7.44 × 1017 spins g− 1, respec
tively. The results indicate that both PM2.5 and EPFRs loads emitted 
from the coking industry zone were significantly higher than those from 
the metallurgical industry zone, with EPFR concentrations differing by 
approximately one order of magnitude. The g-factor is governed by 
spin-orbit coupling, reflecting the chemical environment and atomic 
identity of the unpaired electron host. Higher g-values indicate stronger 
contributions from heteroatoms (e.g., oxygen-centered radicals) relative 
to pure carbon-centered radicals. Figs. S4-S6 indicate that the g-factor of 
EPFRs in the coking and metallurgical industry zones ranged from 
2.0022 to 2.0030 and 2.0021–2.0042, respectively. The EPFRs in the 
coking zone exhibited relatively low and narrow-range g-factors, indi
cating that they were dominated by typical carbon-centered radicals 
[43]. In contrast, the EPFRs in the metallurgical zone showed a wider 

Fig. 1. Overview of sampling sites and pollutant levels. (A) Map of sampling sites categorized as Coking and Metallurgy industry zones. (B) Average PM2.5 con
centrations across sites. (C) Average EPFR concentrations. (C = Coking, M = Metallurgy; Numerals (1− 3) denote buffer distances: < 1 km, 1–2 km, and > 2 km, 
respectively).
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distribution and higher overall g-values, suggesting a significantly 
higher proportion of oxygen-centered radicals and metal-coordinated 
radicals [26]. The ΔHp− p parameter, representing the sensitivity of un
paired electrons to their chemical microenvironment, acts as a spectral 
line width indicator-higher values typically correlate with greater EPFR 
diversity. The ΔHp-p of EPFRs in both these two zones ranged from 3 to 
13 G.

Compared to 2020, PM2.5 concentrations at C1 and C2 increased by 
24.76% and 7.98% in 2021, while C3 decreased significantly by 64.81%. 
Corresponding EPFR concentrations decreased by 58.40%, 4.66%, and 
96.38% at these sites. In contrast, all sites in metallurgical zone showed 
declining PM2.5 concentrations (28.13%, 5.02%, and 23.27% for M1, 
M2, and M3), but EPFR concentrations exhibited inconsistent trends 
(68.32% and 180.97% increases at M1 and M2, and 43.95% decrease at 
M3). Although PM2.5 acts as the primary environmental carrier for 
EPFRs, these completely mismatched interannual variation trends 
indicate no direct correlation between PM2.5 and EPFR concentrations in 
coking and metallurgical industry zones (coking: n = 22, Pearson 
r = − 0.248, p = 0.266; Spearman rs = − 0.268, p = 0.227, metallurgy: 
n = 20, Pearson r = − 0.039, p = 0.870; Spearman rs = − 0.056, 
p = 0.816). This decoupling phenomenon may be related to exogenous 
input from mixed atmospheric sources or atmospheric secondary pro
cesses [33,44], which will be further verified through principal 
component analysis of particulate chemical components in the following 
section.

The decoupling between PM2.5 mass concentration and EPFR abun
dance confirms that total particulate mass is not the dominant factor 
controlling EPFR formation, whereas the intrinsic chemical composition 
of PM2.5 may infect the industry differences in EPFR characteristics. 
FTIR characterization results (Figs. S7-S8) showed that the functional 
groups of PM2.5 from both zones were dominated by O-H, aromatic C-H, 
alkane C-H, C––O, and aromatic C––C. The relative abundances of O-H, 
aromatic C-H, and alkane C-H were comparable between the two zones, 
at approximately 40%, 5%, and 7%, respectively, while differences were 
observed in the relative contents of C––O and aromatic C––C. The C––O 
content was 16.7% and 4.3% for coking and metallurgical PM2.5, 
respectively, whereas the aromatic C––C content reached 29.2% in 
coking PM2.5 and 39.1% in metallurgical PM2.5. Elemental analysis via 
SEM and EDS (Figs. S9-S13) further validated the distinct compositional 
profiles of PM2.5 from the two zones. Coking PM2.5 was dominated by C, 
O, and Si, accounting for 28.3%, 35.9%, and 26.3% of the total 
elemental composition, respectively. In contrast, metallurgical PM2.5 
had a significantly lower carbon content (0.9%) but was highly enriched 
in O (56.1%) and Si (34.1%), with the total proportion of inorganic 
mineral elements including Ca, Al, Fe, and Mg exceeding 9% in both 
zones.

The observed differences in the chemical properties of ambient PM2.5 
are likely associated with the inherent differences in fuel and production 
technologies between the two industrial sources. The coking process is 
dominated by oxygen-deficient pyrolysis of bituminous coal at moderate 
temperatures [45], where coal matrix decomposition releases large 
amounts of volatile organic matter and forms carbon-rich fly ash parti
cles. In comparison, the metallurgical process involves 
high-temperature smelting reduction of anthracite-ore mixtures [46], 
where the fuel is dominated by high-carbonization anthracite and 
inorganic ore components, with limited release of organic volatiles 
during thermal. The compositional differences observed in field samples 
are fully consistent with these process characteristics. The high carbon 
content and abundant aromatic carbon groups in coking PM2.5 directly 
corresponded to the pyrolysis of bituminous coal rich in volatile com
ponents, while the low carbon content and high inorganic element 
abundance in metallurgical PM2.5 aligned with the ore-mixed smelting 
fuel system.

From the perspective of fuel chemistry and EPFR formation mecha
nisms, the bituminous coal used for coking is rich in labile volatile 
carbon and organic precursors [47,48], which readily undergo pyrolytic 

cleavage under oxygen-deficient conditions to generate abundant 
radical intermediates. These intermediates further bind to carbon-rich 
fly ash carriers to form stable carbon-centered EPFRs, which explains 
the high EPFR concentrations and low, narrowly distributed g-factors 
observed in the coking zone. Anthracite used in metallurgical processes 
in contrast has a dense structure, high carbonization degree and scarce 
active functional groups [49,50], which results in far fewer radical in
termediates generated during thermal treatment and thus lower EPFRs 
yields. The abundant transition metals including Si and high oxidation 
degree of organic matter in metallurgical PM2.5 promote the formation 
of oxygen-centered and metal-coordinated radicals [51], which is 
consistent with the wider g-factor distribution in the metallurgical. The 
diverse organic precursors in bituminous coal also generate a wider 
variety of radical species during pyrolysis, which leads to a more com
plex microchemical environment for unpaired electrons and higher 
ΔHp-p values in coking samples [31].

In summary, significant source-specific differences existed in the 
concentration, g-factor and ΔHp-p of EPFRs surrounding coking and 
metallurgical industries. The thermal treatment processes and fuel 
characteristics likely jointly determined the initial formation capacity of 
EPFRs.

3.2. EPFRs generated from thermal treatment of bituminous coal and 
anthracite

Given the findings in 3.1 indicating that fuel and thermal treatment 
conditions may influence the generation of EPFRs, this section presents 
laboratory-scale thermal simulations of coking bituminous coal and 
metallurgical anthracite conducted over a temperature range of 
200–700 ℃, followed by an evaluation of EPFRs characteristics within 
the resulting thermal residues (fly ash and coal cinder).

In this study, two types of thermal residues, namely fly ash and coal 
cinder, were collected from the thermal treatment of bituminous coal 
and anthracite, respectively. Thermal results showed that anthracite 
produced negligible fly ash during thermal treatment (Fig. 2A and 
Table S2), which is consistent with its inherent physicochemical prop
erties [52]. Meanwhile, the signals of EPFRs in raw coal, corresponding 
cinder and fly ash were detected (Fig. 2B). The g-factors of bituminous 
coal and its cinder were 2.0026 and 2.0026, respectively, while those of 
anthracite and its cinder were 2.0024 and 2.0026, respectively. How
ever, no obvious EPFR signal was detected in the anthracite fly ash, 
while a strong EPFR signal was observed in bituminous coal fly ash. 
Further FTIR, SEM and EDS analyses (Figs. 2C¡2D and S14-S15) 
confirmed a strong correlation in elemental composition (C/O) and 
organic functional groups (e.g., OH) between the coals, coal cinder, and 
PM2.5. Based on this analysis, coal cinder as the primary solid residue of 
thermal treatment, effectively links the simulated experiments to field 
conditions and thus serves as a representative matrix. Consequently, 
coal cinder was selected as the primary focus for subsequent 
experiments.

Since incomplete thermal treatment is a prerequisite for EPFR for
mation [38], this study systematically investigates the effects of key 
incomplete thermal treatment conditions (time and temperature) on the 
formation and characteristic evolution of EPFRs. Incomplete thermal 
treatment stages are widely present in the core process sections of both 
coking and metallurgical industries (Fig. S1). Time-dependence studies 
revealed that the EPFR concentration in coal cinder from bituminous 
coal tended to stabilize after 30 min of thermal treatment under 500 ℃ 
(Fig. S16), establishing this duration as the standard temperature for 
subsequent experiments. Temperature-dependence studies demon
strated that within the 200–500 ℃ range (Fig. S17A-S17E), the EPFR 
concentration in coal cinder continuously increased with rising tem
perature, reaching a peak at 500 ◦C (bituminous coal: 50.4 × 1018 spins 
g− 1; anthracite: 72.2 × 1018 spins g− 1). The reason why 500 ◦C is the 
optimal temperature for EPFR formation is that this temperature range 
not only provides sufficient thermal energy for the pyrolysis of organic 
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precursors in coal to generate radical intermediates, but also avoids 
excessive oxidation of intermediates [53]. Meanwhile, the metal oxides 
in coal are activated at this temperature, which can adsorb and stabilize 
radical intermediates to form EPFRs [24,54]. However, when the tem
perature was further increased to 600–700 ◦C, the EPFR concentration 
dropped sharply to below the detection limit, which is mainly due to the 
complete oxidation of organic precursors at high temperatures, the loss 
of radical generation sources, and the quenching of existing EPFRs 
caused by intense thermal treatment motion and oxidative reactions at 
high temperatures [55]. Notably, the g-factor (2.0024–2.0030) and 
ΔHp-p (4–6 G) of the EPFRs remained essentially constant across the 
entire temperature range, indicating that incomplete thermal treatment 
temperature primarily affects the generation concentration of EPFRs, 
rather than g-factor and ΔHp-p.

To simulate the raw material characteristics of the metallurgical 
industry, we added 5 wt%, 10 wt%, and 15 wt% basic copper carbonate 
to anthracite. The results showed that with increasing mineral content 
(Fig. S17F-S17H), the addition of 15 wt% basic copper carbonate, the 
EPFR concentration in anthracite cinder decreased by 55% compared 
with pure anthracite cinder under the same thermal treatment condi
tion, while the g-factor and ΔHp-p remained stability. This concentration 
reduction is primarily attributed to the dilution effect of malachite on 
the anthracite organic matrix [56], and we cannot rule out the potential 
quenching effect of copper ions on EPFRs, the copper ions may accept 
electrons from unpaired electrons of radicals, leading to the disappear
ance of free radical properties [57].

Laboratory simulation data (Fig. S17C-S17H) showed no significant 
fluctuation in the g-factor and ΔHp-p of EPFRs from bituminous coal, 
anthracite-Cu mixtures, and their derived cinders. These findings 
strongly suggest that the thermal treatment process does not signifi
cantly alter the g-factor and ΔHp-p of the EPFRs. This is supported by 
Zhang et al., who reported that thermal treatment temperature 

explained 50% and 19% of the variation in g-factor and ΔHp-p, respec
tively, while fuel accounted for 61% of the variation in ΔHp-p [31], 
further supporting the conclusion that fuel characteristics are the key 
determinants of EPFRs properties such as g-factor and ΔHp-p. While 
EPFR concentrations in coal cinders from bituminous coal and anthra
cite exhibited no order-of-magnitude difference, both significantly 
exceeded those found in PM2.5 from coking and metallurgical industry 
zones. This discrepancy is likely attributable to differential particle 
generation capacity during incomplete fuel thermal treatment. As 
shown in Table S2, thermal treatment of 1.5 g samples at 500 ℃ for 
30 min yielded 0.93 g and 1.38 g of cinder from bituminous coal and 
anthracite, respectively, but produced only 0.0052 g and 0.0008 g of 
thermal-derived particles. Crucially, bituminous coal demonstrated 
substantially greater particle generation capacity than anthracite 
(inherent fuel property). This directly accounts for the higher ambient 
PM2.5 levels and associated EPFR concentrations observed in coking 
operations compared to metallurgical processes (Fig. 1B-1C). Therefore, 
the capacity of industry-specific fuels to generate particulate matter 
during thermal treatment governs their atmospheric EPFR emission 
potential, the actual stack emission factors should be further tested in 
future on-site measurements.

In summary, fuel not only determined the electronic structure of 
EPFRs but also, by influencing the form (coal cinder vs. particulate 
matter) and yield of thermal products, ultimately determined their 
concentration levels in environmental media.

3.3. Characterization of PM2.5 composition and EPFRs based on principal 
component analysis

In this section, we performed principal component analysis (PCA) on 
elemental composition, functional groups and EPFR-related parameters 
of coking and metallurgical samples, combined with laboratory 

Fig. 2. Characterization of combustion products from bituminous coal and anthracite. (A) Photographic and microscopic morphology of fly ash. The left and right 
panels show collection filters loaded with fly ash from bituminous coal and anthracite combusted at 500 ℃ for 30 min, respectively. The middle and two circular 
insets display the visual and microscopic (20 × objective) details of the corresponding fly ash samples. (B) EPR signals are compared between combustion products 
(cinder, fly ash) of bituminous coal (top panel) and anthracite (bottom panel) at 500 ◦C. (C) Elemental composition and (D) Functional group of raw coal, cinder (500 
℃), and ambient PM2.5. “A + Cu” denotes a mixture of anthracite and basic copper carbonate.
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simulation data to verify the link between fuel composition and EPFR 
formation and to clarify source-specific pollution traits, component- 
EPFR correlations and interannual variations of PM2.5-bound EPFRs.

For coking field samples (Fig. 3A), PC1 and PC2 explained 31.2% and 
21.3% of total variance respectively, with clear separation between 
2020 and 2021 samples, indicating significant interannual shifts in 
PM2.5 compositional characteristics. The 2020 samples distributed in the 
positive PC1 direction, overlapping with loadings of total carbon (C), 
aromatic C––C/C-H, alkane C-H, Fe, Mg and PM2.5, reflecting a pollution 
profile dominated by primary carbonaceous and metal-bearing particles 
from coal pyrolysis and incomplete combustion. The 2021 samples 
clustered in the negative PC1 and positive PC2 direction, consistent with 
loadings of oxygen (O), C––O group, Ca, Si and ΔHp-p, indicating 
enhanced particulate oxidation and secondary transformation. This 
result directly explained the interannual variation phenomenon 
observed in 3.1 that PM2.5 concentration increased but EPFR concen
tration decreased in the coking industry zone in 2021. The increased 
proportion of secondary oxidation components and exogenous dust 
components in 2021 samples exerted a dilution effect on EPFRs enriched 
from primary combustion sources. This dilution effect of combustion 
source particles on ambient EPFRs has been widely reported in previous 
field studies on industrial and urban atmospheric EPFRs [58].

The loading arrows of EPFRs and g-factor were nearly collinear, 
showing a significant positive correlation with C, and a negative cor
relation with O, C––O group, Ca and Si. This indicated that EPFRs in the 
coking samples were dominated by the carbon-centered environment. 
The ΔHp-p was significantly positively correlated with O, and negatively 
correlated with C, indicating that the variation of radical line width was 
mainly affected by the oxidation degree of particulate matter and 
inorganic mineral components. This phenomenon can be ascribed to the 
accelerated spin-lattice relaxation rates induced by paramagnetic oxy
gen species adsorbed onto carbon surfaces [59]. Most importantly, the 
PCA results of coking field samples were highly consistent with the 
component characteristics of laboratory bituminous coal cinder 
(Fig. 2C¡2D), indicating that chemical components in coking derived 
coal cinder had a direct relationship with PCA results of coking field 
samples. This study is highly consistent with the classic formation 
mechanism of carbon-centered EPFRs from coal pyrolysis reported in 
previous studies [60,61].

For metallurgical field samples (Fig. 3B), PC1 and PC2 accounted for 
31.4% and 14.8% of total variance respectively, also showing distinct 
interannual differentiation. The 2020 samples distributed in positive 
PC1, close to loadings of organic carbon functional groups, Fe, Mg and 
PM2.5, reflecting primary organic-metal composite emissions. The 2021 
samples shifted to the negative PC2 direction, overlapping with EPFRs, 
Si, ΔHp-p and g-factor loadings, and approaching Fe, Mg, O and C––O 
loadings, indicating EPFR evolution was closely linked to metal- 

catalyzed oxidation and Si-containing minerals. This is consistent with 
the formation mechanism of metal-assisted radical generation in high- 
temperature metallurgical processes [38,62]. Unlike coking samples, 
the EPFRs and g-factor in metallurgical samples were positively corre
lated with Si and ΔHp-p but negatively correlated with Ca, with no pri
mary dependence on carbonaceous matrices. The g-factor was collinear 
with EPFRs and metal/oxidative components, indicating dominant 
oxygen-centered or metal-associated radicals, distinct from coking’s 
carbon-centered radicals. This finding aligns with previous studies 
demonstrating that mineral surfaces can stabilize transition metal ions 
and promote radical formation through surface-mediated electron 
transfer reactions [37]. In sharp contrast to the coking samples, the PCA 
results of metallurgical field samples had no obvious correspondence 
with the component characteristics of laboratory anthracite coal cinder 
(Fig. 2C¡2D), meaning that the opposite was true for metallurgical 
samples. This confirmed that the inherent property of anthracite with 
extremely low particulate matter generation capacity (Table S2). The 
poor correspondence between PCA results and coal cinder also indicates 
that single coal combustion simulation cannot effectively reproduce the 
actual EPFR characteristics of metallurgical industry zone.

The commonality was that EPFRs had no significant linear correla
tion with PM2.5 concentration in both industry zones (PM2.5 and EPFRs 
loadings were nearly perpendicular), indicating that the specific chem
ical composition of PM2.5, rather than total mass, dominated the for
mation and stabilization of EPFRs. The result is consistent with the 
results of multi region field studies on atmospheric EPFRs in China [58]. 
This finding confirms that PM2.5 concentration is not a valid proxy for 
EPFR pollution and health risk assessment. Both industry zones showed 
identical interannual trends, with primary emission dominance in 2020 
and significantly enhanced oxidation and secondary transformation in 
2021. This reflected that under the background of strengthened regional 
air pollution control, primary particulate matter emissions have been 
controlled to a certain extent, while the impacts of gas-phase and 
particle-phase oxidation processes as well as secondary transformation 
on the formation and evolution of EPFRs have become increasingly 
prominent. This interannual variation trend is in excellent agreement 
with previously documented evolution patterns of atmospheric partic
ulate components under the implementation of China’s Clean Air Ac
tions [63,64]. Against this background, the secondary transformation of 
EPFRs should also receive sufficient attention [65]. The core difference 
was that coking source EPFRs were carbon-centered radicals generated 
from bituminous coal pyrolysis, highly coupled with carbonaceous 
components, while metallurgical source EPFRs were oxygen-centered or 
metal-associated radicals regulated by transition metals, 
silicon-containing minerals and secondary oxidation processes, with 
weak dependence on coal-derived carbonaceous particles.

In summary, PCA analysis verified the intrinsic differences in origin 

Fig. 3. PCA between EPFRs and functional groups/elements. (A) coking industry, (B) metallurgical industry. The sample colors distinguish years (blue for 2020, red 
for 2021), and blue arrows indicate the direction and strength of variable loadings.
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and formation mechanism of EPFRs between coking and metallurgical 
industry zones from a multivariate statistical perspective. It further 
confirmed the decisive role of fuel on the core characteristics of EPFRs, 
and identified g-factor and ΔHp-p as stable source-specific fingerprints of 
industrial EPFRs.

3.4. Environmental risks of PM2.5-bound EPFRs from coking and 
metallurgical industry zones

Through cross-validation between field monitoring and laboratory 
simulation, this study identified the core mechanisms driving divergent 
emission characteristics of EPFRs from coking and metallurgical in
dustry zones (Fig. 4A). The concentration of EPFRs in PM2.5 around 
coking industry zone was approximately one order of magnitude higher 
than that around metallurgical industry zone, a discrepancy driven not 
by intrinsic differences in EPFR formation potential between the two 
industries, but directly by the gap in particulate matter generation ca
pacity of their respective fuels. Laboratory simulation confirmed that 
both bituminous coal and anthracite generated high levels of EPFRs on 
the order of 1019 spins g− 1 under incomplete thermal treatment at 500 
℃. However, the dense carbonaceous structure of anthracite yielded 
extremely low fly ash output, with the vast majority of generated EPFRs 
sequestered in coal cinder, resulting in negligible direct atmospheric 
emissions to surrounding areas. This finding revealed that even within 
coal-fueled industrial sectors, emerging pollutants presented funda
mentally distinct emission profiles and environmental fates. Specifically, 
as a high-intensity source of atmospheric EPFRs, the coking industry 
should prioritize source reduction of EPFR precursors during thermal 
treatment and in-process control of fly ash emissions. In contrast, while 
the metallurgical industry had minimal direct atmospheric EPFR emis
sions, its coal cinder harbored EPFRs at concentrations comparable to 
those from coking operations. Fly ash emission via stacks is the domi
nant primary pathway for atmospheric EPFRs from the coking industry, 
and the fugitive cinder dust is a non-negligible secondary pathway, 
especially for the metallurgical industry where cinder output is large, 
requiring targeted oversight of multi-media environmental release risks 
of this solid waste throughout its full lifecycle. These EPFRs can be 

released into the atmosphere via fugitive dust resuspension during 
stockpiling and transportation, leach into soil and groundwater via 
rainwater eluviation, and pose direct exposure risks during landfill 
disposal and resource recovery processes. A growing body of existing 
research also contended that it was inappropriate to treat all thermal 
treatment sources as a single homogeneous entity, and that more refined 
differentiation was warranted in source apportionment, risk assessment 
and regulatory oversight [30,32,66].

The distinct sector-specific emission profiles of EPFRs further raised 
the demand for reliable tracers to support accurate source identification 
of atmospheric EPFRs. While particulate matter acted as the primary 
carrier for EPFRs to enter the atmosphere [66], field monitoring data 
within a 2 km radius of facilities in both sectors consistently showed no 
significant linear correlation between ambient PM2.5 mass concentra
tions and EPFR abundances. This decoupling effect invalidated the use 
of PM2.5 mass concentration as a proxy indicator for atmospheric EPFR 
pollution levels and associated health risks. In comparison, this study 
confirmed that the g-factor and ΔHp-p, which were inherently deter
mined by the intrinsic chemical properties of fuels, should serve as 
robust and stable tracers for atmospheric EPFR source identification. 
Even within coal-fueled industrial sectors, coking and metallurgical in
dustries presented clearly distinguishable, sector-specific signatured in 
EPFR g-factor and ΔHp-p (Fig. 4B). Meanwhile, these two core structural 
parameters were solely governed by inherent fuel, while incomplete 
thermal treatment processing temperature and light irradiation (365 nm 
ultraviolet photolysis conditions) (Fig. S18) only induced fluctuations in 
EPFR concentrations without altering their intrinsic structural charac
teristics. This finding not only underscored the critical need for sys
tematic, sector-specific characterization of industrial EPFR emission 
profiles, but also provided a solid methodological basis for quantitative 
source apportionment and pollution tracing of atmospheric EPFRs. The 
real atmospheric aging involves complex heterogeneous oxidation by 
O3, ⋅OH and NO3⋅, as well as effects of humidity and secondary organic 
aerosol coating, which may have more complex impacts on EPFR evo
lution. Multi-factor simulated aging experiments are an important di
rection for future research.

The decoupling phenomenon between ambient PM2.5 mass 

Fig. 4. Release pathways, diagnostic markers, and environmental contributions of EPFRs from coking and metallurgical thermal treatment processes. (A) Con
centrations of EPFRs in cinder and fly ash. (B) Identification of characteristic factors for source apportionment. The g-factors distinguish carbon-centered radicals 
(coking) from oxygen-centered radicals (metallurgy). (C) Conceptual model of EPFRs within ~2 km of the source. The schematic illustrates the output from coking 
and input from metallurgy, integrated with contributions from traffic, residential, and other industrial sources.
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concentrations and PM2.5-bound EPFRs abundances observed in the two 
industrial in this study is closely associated with exogenous inputs from 
mixed atmospheric sources and atmospheric secondary transformation 
processes [67,68]. For the coking industry zone, the consistent detection 
of high EPFRs concentrations across all sampling sites and monitoring 
years confirmed that it acted as a stable and dominant emission source of 
atmospheric EPFRs in the surrounding ambient air. Relevant studies 
have verified that EPFR concentrations in ambient air surrounding 
coking plants were 1–2 orders of magnitude higher than those in urban 
background sites, identifying coking operations as one of the key con
tributors to atmospheric EPFRs within coal-fueled industrial sectors 
[60]. For the metallurgical industry zone, the vast majority of EPFRs 
generated during production processes were sequestered in coal cinder, 
with an extremely low proportion of EPFRs directly emitted to the at
mospheric environment via flue gas. This limited direct emission meant 
that metallurgical operations did not dominate the EPFR concentration 
levels in the surrounding ambient air. Existing source apportionment 
studies have reported that non-industrial combustion sources including 
vehicle traffic, residential coal combustion, and other scattered indus
trial [58,59,69] emissions collectively exogenous EPFR from long-range 
regional atmospheric transport [16] also exerted a significant super
imposed effect on ambient EPFR concentration levels. The observational 
results of this study further confirmed that exogenous input was the core 
factor driving the variation of EPFR concentrations in the metallurgical, 
as dense roads, industrial facilities, and residential areas were distrib
uted around both coking and metallurgical industries (Fig. S19). This 
stark contrast in source contribution patterns between the two industries 
further confirmed that the coking industry served as a stable endogenous 
emission source of EPFRs to the surrounding atmospheric environment. 
Based on current evidence including the negligible fly ash formation 
potential of anthracite and the mismatch between field samples and lab 
cinder in PCA, we infer that exogenous input from regional mixed 
sources is an important driver of EPFR levels in the metallurgical zone 
(Fig. 4C). However, quantitative source apportionment models (e.g., 
Positive Matrix Factorization, Chemical Mass Balance) and air mass 
trajectory analysis (e.g., Hybrid Single-Particle Lagrangian Integrated 
Trajectory) were not applied in this study. Therefore, the inference 
regarding exogenous EPFR input remains tentative and requires further 
validation in future work using more comprehensive source apportion
ment approaches.

4. Conclusions

This study systematically elucidated the emission characteristics and 
regulatory mechanisms of PM2.5-bound EPFRs from coking and metal
lurgical industry zones via 2020–2021 field observations and laboratory 
simulations. The 10-fold higher EPFR levels in coking zones are attrib
uted to bituminous coal labile organic precursors and higher fly ash 
yield compared to anthracite. We demonstrate that fuel properties 
dictate the structural traits (g-factor, ΔHp-p) of EPFRs, while thermal 
treatment conditions govern formation efficiency, with light merely 
inducing transient concentration fluctuations. PCA analysis further 
supported this conclusion, which the g-factors of coking EPFRs posi
tively correlated with C, but negatively with O, C––O, Ca, and Si, while 
ΔHp-p showed the opposite trend. The metallurgical EPFRs g-factor 
positively correlated with Si, but negatively with O, C––O, and Al, while 
ΔHp-p negatively correlated with Ca. Critically, we identify coking in
dustries as direct sources exporting EPFRs to the surrounding environ
ment, whereas metallurgical zone are influenced by exogenous mixing, 
while the elevated EPFR concentrations retained in coal cinder from 
both industries warrant significant attention. This study has non- 
negligible limitations including limited universal applicability from 
only covering two typical coal based heavy industries, the lack of syn
chronous site-specific meteorological data and field sampling replicates 
can lead to uncertainty in absolute concentration measurements, a small 
sample size may not be able to reliably detect weak correlations, and 

insufficient environmental factor selection in photochemical aging ex
periments. Overall, this work provides a solid scientific basis for source 
specific health risk assessment and precise emission control of industrial 
radicals, and future research will expand to more coal based industrial 
sectors.

Environmental Implication

This study reveals that fuel governs EPFR emissions from coking and 
metallurgical industry zones, with critical implications for revising 
current air pollution control frameworks. It confirms a complete 
decoupling between PM2.5 and EPFR concentrations, indicating that 
reducing PM2.5 alone cannot effectively mitigate the oxidative stress and 
respiratory health risks posed by EPFRs. The identified source-specific g- 
factor and ΔHp-p serve as reliable tracers for accurate atmospheric EPFR 
source apportionment. The coking industry is a high-intensity stable 
EPFR source, with fly ash emissions from bituminous coal pyrolysis 
requiring priority control. Risks from the metallurgical industry lie in 
full-lifecycle multi-media release of coal cinder. Notably, metallurgical 
zone act as exogenous EPFR receptors, highlighting the need for regional 
coordinated control.

Significance of This Work

Coal-based industrial thermal processes remain the dominant 
anthropogenic source of atmospheric fine particulate matter and asso
ciated emerging pollutants, including environmentally persistent free 
radicals (EPFRs). These radical species exhibit long environmental 
persistence and strong oxidative toxicity, posing non-negligible risks to 
atmospheric environmental quality and public health, and have become 
a key focus of atmospheric chemistry and pollution control research in 
recent years. While stringent clean air regulations have achieved sub
stantial reductions in conventional primary pollutants from coal-fueled 
industrial sectors, systematic understanding of the emission character
istics, driving mechanisms and environmental behaviors of EPFRs from 
typical coal-based heavy industries remains limited. In particular, few 
studies have conducted synchronous comparative analysis of EPFRs 
between pure coal pyrolysis systems represented by coking and coal-ore 
mixed combustion systems represented by metallurgy. This critical 
knowledge gap has hindered the accurate source apportionment of at
mospheric EPFRs and the development of source-specific pollution 
control strategies.

Our work addressed this gap by integrating field observations in 
typical coking and metallurgical industry zones, laboratory-scale ther
mal simulation experiments across a temperature gradient of 200–700 
℃, and photochemical aging experiments under controlled light in
tensities, to systematically characterize the key parameters of EPFRs and 
the physicochemical properties of their carrier particulate matter. Cross- 
validation between field monitoring and laboratory simulation revealed 
that the concentration of EPFRs in ambient air around the coking zone 
was an order of magnitude higher than that around the metallurgical 
zone. This discrepancy was not driven by intrinsic differences in EPFRs 
formation potential between the two fuel types, but directly by the 6.5- 
fold gap in fly ash yield between bituminous coal and anthracite during 
thermal processing. We further confirmed that the inherent properties of 
the fuel were the sole determinant of the core structural parameters of 
EPFRs, the g-factor and ΔHp-p, while thermal processing temperature 
and light irradiation only induced short-term fluctuations in radical 
concentration without altering their intrinsic structural characteristics. 
This result provides a stable and reliable tracer for accurate source 
identification of atmospheric EPFRs. Consistent field data from both 
industrial zones show no significant correlation between PM2.5 mass 
concentration and EPFRs abundance, indicating that the chemical 
composition of particulate matter, rather than total mass, dominates the 
formation and stabilization of these radicals.

This information should be of high interest to researchers in the 
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fields of Environmental Science and Engineering on Hazardous Mate
rials. Of course, these results are also of significant interest to the reader 
of "Journal of Hazardous Materials".
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