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• The underlying links between persistent
free radicals and catechol were clariﬁed.
• Signiﬁcant amounts of EPFRs were
formed via thermochemical reactions
of catechol.
• The effects of metal oxides were clariﬁed by X-ray photoelectron spectroscopy.
• The knowledge will enable better control of the EPFR formation from
catechol.
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a b s t r a c t
In many anthropogenic activities, catechol as a widespread organic chemical could be released and also environmentally persistent free radicals (EPFRs) can be unintentionally formed. However, the underlying links between
EPFRs and the role of catechol as an important precursor are not well understood. In this study, EPFR formation
from catechol during heating was monitored online by electron paramagnetic resonance spectroscopy. It was
found that catechol can produce signiﬁcant amounts of EPFRs via thermochemical reactions. The EPFR species
formed from catechol on metal oxides were oxygen-centered phenoxy and semiquinone radicals. Their halflives were evaluated to be in the range of 113–909 h. The promotional effects of CaO and CuO on EPFR formation
from catechol were stronger than that of Fe2O3. The promotional abilities and underlying mechanisms of various
metal oxides in EPFR formation were clariﬁed by X-ray photoelectron spectroscopy. Signiﬁcant EPFR formation
was observed during the cooling stage of a heating reaction system when CaO was used as the reaction medium.
The obtained knowledge on the formation of EPFRs from catechol and the key factors involved will enable better
control of the formation of EPFRs from anthropogenic activities.
© 2021 Elsevier B.V. All rights reserved.
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Environmentally persistent free radicals (EPFRs) are emerging environmental pollutants and can induce DNA damage (Gehling et al., 2014;
Kelley et al., 2013; Khachatryan et al., 2011; Lubick, 2008; Tohidi and
Cai, 2015; Valavanidis et al., 2013; Yang et al., 2017). The half-lives of
EPFRs are many orders of magnitude higher than those of normal reactive oxygen species (ROS) (Gehling and Dellinger, 2013; Niu et al.,
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2.2. Electron paramagnetic resonance (EPR) spectroscopic parameters

2007). It has been suggested that EPFRs can lead to ROS formation in
simulated lung (Tong et al., 2017). The health risks associated with
EPFRs in PM2.5 have been reported to be similar to those of cigarette
smoking (Dellinger, 2008; Pryor et al., 1983). The health risks arising
from EPFR inhalation along with PM2.5 are emerging concerns.
Phenols are important precursors for the formation of EPFRs and
other highly toxic organic pollutants such as carcinogenic dioxins.
(Burcat et al., 2003; Choi et al., 2008; Cook et al., 1956; Evans and
Dellinger, 2005; Nishinaga et al., 1977; Steelink, 1965) Catechol is an
important organic chemical and is widely used as a chemical intermediate, antibacterial agent, preservative, and as an additive in industrial
processes such as rubber production and galvanizing.(Sedo et al.,
2013) Catechol can be produced and released from anthropogenic activities such as cooking, coal and biomass combustion, chemical
manufacturing, waste incineration, metallurgical industries, and other
industrial sources.(Dorrestijn et al., 2000; Kibet et al., 2015; Sedo et al.,
2013) Catechol is therefore an important and widespread organic precursor in anthropogenic activities.
Although both EPFRs and catechol can be formed and released from
waste incineration, metallurgical processes, combustion of coal and biomass, and other anthropogenic activities (Dorrestijn et al., 2000; Kibet
et al., 2015; Sedo et al., 2013), the underlying links between EPFRs
and catechol during such activities are not fully understood. Therefore
it is important to clarify the potential for formation of EPFRs from catechol and the factors that affect their formation during anthropogenic activities. This will enable improved source control and risk reduction of
EPFRs.
Organic precursors, metal compounds, and suitable reaction conditions are considered to be the basis for EPFR formation.(Lomnicki,
2008; Mas-Torrent et al., 2012; Vejerano et al., 2011) Reactions that
are caused by heating, e.g., during waste incineration, metallurgical processes, and coal and biomass combustion, are the most important characteristics for primary sources of EPFRs. It is therefore essential to
consider the effects of heating on EPFR formation from catechol. This
could well reﬂect the conditions for EPFR formation from primary
sources. The pivotal effects on EPFR formation from catechol of various
metal compounds that are generally involved in these anthropogenic
activities have not yet been clariﬁed. These need to be clariﬁed to identify the key inﬂuencing factors and to guide development of control
techniques.
In this study, catechol was selected as a typical organic precursor because it is found in the majority of anthropogenic emissions. The potential for EPFR formation from catechol was evaluated under heating and
in the presence of metal oxides, which are common features of systems
that are primary sources of EPFRs. The results of this study will improve
our understanding of EPFR formation from catechol during anthropogenic activities. They will provide practical guidance for source control
and risk reduction of emerging EPFRs.

Electron paramagnetic resonance (EPR) spectroscopy, which
enables direct detection of free radicals, was used to monitor EPFR formation and changes. All EPFR detection was conducted with a Bruker
EMX-plus X-band EPR spectrometer (Bruker Instruments, Billerica,
MA, USA). The EPR operating parameters for examining solid-phase
samples were set as follows: microwave frequency, 9.78 GHz; modulation frequency, 100 kHz; modulation amplitude, 1.0 G; receiver gain,
30 dB; center ﬁeld, 3500 G; sweep width, 100 G; time constant,
0.01 ms; sweep time, 5.24 s; and microwave power, 0.63 mW.
Free-radical formation reactions were triggered by in situ heating. A
Dewar was inserted into the EPR cavity for in situ detection of free radicals during the thermochemical reactions of catechol from 298 to
600 K.
2.3. Characterization of metal compounds in samples
X-ray photoelectron spectroscopy (XPS) was used to characterize
the changes of the metal oxides before and after thermochemical reactions. The valence states and compositions of the metal compounds
were identiﬁed by using an ESCALAB 250Xi instrument (ThermoFisher)
with a monochromatic light source–Al Kα source (hv = 1486.6 eV) at
40 eV. The energy step size was 0.05 eV and the binding energy was
corrected by using the C 1s peak (284.6 eV) as a reference.
3. Results and discussion
3.1. Thermochemical formation of EPFRs from catechol
Thermochemical reactions are the most important processes in industrial manufacturing and routine anthropogenic activities. Catechol
is widely produced during industrial processes and anthropogenic activities. Clariﬁcation of the formation mechanism of free radicals from
catechol under heating is therefore of practical signiﬁcance for controlling free-radical reactions and thereby reducing EPFR emissions. Free
radical formations are monitored during a thermochemical process on
the reaction system of catechol on SiO2, with or without metal oxides.
The generation of free radicals from catechol in the presence of
Fe2O3, CuO, and CaO on SiO2 under heating is shown in Fig. 1. EPFRs
can be produced from catechol during thermochemical processes at
298 to 600 K, with or without the effects of a metal oxide on SiO2 particles. Signiﬁcant formation of free radicals (g = 2.004 ± 0.0001; Δ Hpp = 5.5187G) was observed from about 450 K for a CT/Fe2O3/SiO2 (CT:
catechol) system. The free-radical signals (g = 2.00399, Δ Hp-p =
5.9572G) were still detected for up to 90 h after heating stopped. This
indicates that the formed free radicals were persistent on the Fe2O3/
SiO2 matrix. Signiﬁcant free-radical formation began at 366 K for a CT/
CaO/SiO2 system. Formation of free radicals began at 385 K for a CT/
CuO/SiO2 system. The free-radical signals became stronger with increasing temperature in the CT/CuO/SiO2 system. This indicated that the temperature is important for initialing the fast formation of free radicals
under the effects of different metal oxides. At 298–500 k, the increasing
rate of EPFR concentration was gentle and, when reaching to 500 k, a
rapid increase of EPFR yield occurred suggesting more free radicals
were produced at high temperature. When the temperature decreased,
the amount of formed free radicals clearly decreased.

2. Materials and methods
2.1. Materials
Catechol (purity 99%) was obtained from J&K Scientiﬁc Ltd., Beijing,
China, and used as received. Three common metal oxides, namely Fe2O3,
CuO, and CaO, which are commonly involved in anthropogenic activities, were used. α-Fe2O3 (99.5% purity) was obtained from the Macklin
Biochemical Technology Co., Ltd., Shanghai, China. CuO was obtained
from Alfa Aesar China, Shanghai, China. CaO (purity 98%) was purchased
from the Sigma-Aldrich Co., St. Louis, MO, USA. SiO2 (100–200 mesh)
was obtained from J&K Scientiﬁc Ltd., Beijing, China. Experiments
were prepared by loading catechol (5% mass fraction) and metal oxide
(5% mass fraction) /SiO2 into the EPR quartz tube (internal diameter =
4 mm, external diameter = 5 mm, length = 10 cm) to a height of 1 cm.
The quartz tube was putted into the dewar for in situ heating and in situ
detection.

3.2. Effects of metal oxides on formation of EPFRs from catechol through
thermochemical reactions
The effects of three common metal oxides including CaO, CuO, Fe2O3
and their combination on the formation of free radicals during heating
were evaluated. The effects of different metal oxides on free-radical formation are shown in Fig. 2. The ﬁgure shows that all the metal oxides
promoted free-radical formation. The order of the promotional effects
2
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Fig. 1. Electron paramagnetic resonance spectra of (a) catechol on Fe2O3/SiO2, (b) blank: CaO/CuO/Fe2O3/SiO2 (c) CT /SiO2, (d) CT/Fe2O3/CaO/SiO2, (e) CT/ CaO/SiO2 (f) CT/CuO/SiO2 during
thermochemical reactions from 298 K to 600 K.

control. The addition of catechol to the PM also increased the amount
of free radicals formed during heating compared with that formed without spiking catechol. A comparison of PM without catechol and a blank
ﬁlter membrane loaded with catechol showed that the free-radical spin
levels of PM loaded with catechol were much higher. This suggests that
a synergistic reaction occurs between catechol and PM under thermochemical conditions, and this promotes EPFR generation.

during heating was CaO > CuO > Fe2O3. The promotional effect of combinations of Fe2O3 and CaO was higher than that of Fe2O3 only, but lower
than that of CaO only.
It was found that CaO greatly promoted free-radical formation during heating. It is generally considered that CaO can inhibit the formation
of organic pollutants (Liu et al., 2005). However, CaO plays an important
role in free-radical formation. The concentrations of EPFRs in samples
with added CaO increased after cooling to 298 K compared with the
concentrations at a constant temperature of 600 K. This is the converse
of the situation for samples without added CaO. This suggests that
spraying CaO into the cooling zone during a thermal process causes formation of EPFRs. Spraying CaO into the cooling stage during industrial
thermal processes is therefore a cause for concern because this promotes EPFR formation.
Particulate matter (PM) emissions from anthropogenic activities are
important sources of airborne PM. Airborne PM can therefore represent
mixed PM from various anthropogenic activities. The effects of mixed
PM on free-radical formation during heating were therefore evaluated.
As shown in Fig. 3, a PM matrix signiﬁcantly increased free-radical formation from catechol compared with that achieved with quartz as a

3.3. Mechanisms and effects of metal oxide on EPFR formation by XPS
characterizations
XPS was used to characterize the metal oxides before and after thermochemical reactions. As shown in Fig. 4(a), the XP spectra of CT/CuO/
SiO2 before and after heating clearly differed. The typical XPS satellite
peak at binding energies from 940 to 945 eV, which corresponds to
Cu2+, disappeared after thermochemical reactions of CT/CuO/SiO2.
This indicates possible electron transfer from catechol to CuO during
thermochemical reactions (Fig. S1). CuO deﬁnitely participated in the
thermochemical reactions that led to EPFR formation. The O1s XP spectrum of CT/CuO/SiO2 was deconvoluted into four peaks (Fig. 4b):

Fig. 2. (a). Concentration curves of EPFRs on the surface of SiO2 loaded with Metal oxide (Fe2O3, CaO, CuO) and catechol (CT) variation with temperature during thermal processes at
temperatures ranging from 298 to 600 K. CT-Catechol. (b) The concentration of EPFRs on the surface of SiO2 loaded with metal oxide (Fe2O3, CaO, CuO) and catechol (CT) during
thermal processes at temperatures stable keeping in 600 K and return to 298 K.
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Fig. 3. (a) Concentration curves of EPFRs on atmospheric particulate matter variation with temperature during thermal processes at temperatures ranging from 298 to 600 K. PMParticulate Matter, CT-Catechol, BFM-Blank Filter Membrane. (b) The concentration of EPFRs on mixed PM during thermal processes at temperatures stably keeping in 600 K and
return to 298 K.

and 346.7 eV, which correspond to Ca(II)O and Ca(II)(OH)2, respectively
(Sugama et al., 1989; Vandoveren and Verhoeven, 1980). The proportion of Ca(OH)2 increased from 7% to 93% after the thermochemical reactions as shown in Fig. 4. This suggests EPFRs can be formed through
elimination of H2O during thermochemical reactions of catechol and
calcium oxides.(Lomnicki, 2008) It has been reported that CaO decreases the activation energy required for a reaction during heating.
This might contribute to boosting of the ability to generate EPFRs.
(Wang et al., 2020).

533.51 eV (Si–O–Si of SiO2 matrix), 532.23 eV (C_O of benzoquinone),
532.79 eV (Cu–O–C), and 533.59 eV (C–O–H of phenolic hydroxyl). The
peak at 532.79 eV corresponds to hydroxyl species from catechol on the
CuO surface.(Trinh et al., 2018) EPFR formation during thermochemical
processes therefore involves complete electron transfer and Cu–O–C
bond formation.(dela Cruz et al., 2011).
The Fe 2p XP spectrum of CT/Fe2O3/SiO2 is shown in Fig. 4(d). The Fe
(III) valence state was unchanged by heating of CT/Fe2O3/SiO2. This indicates that its ability to gain electrons is poorer than that of Cu(II).
This might explain the weaker promotional effect of Fe2O3 on EPFR formation compared with that of CuO. Vejerano et al. reported that the
higher oxidation potential of Fe(III)2O3 results in greater decomposition
of the adsorbate, which results in lower EPFR yields. (Vejerano et al.,
2011) This is supported by our observations in this study.
The Ca 2p3/2 XP spectra (Fig. 4c) of CaO/CT/SiO2 before and after
thermochemical reactions contain peaks at binding energies of 347.3

3.4. Structural identiﬁcation of EPFRs and their stabilities
EPFRs are produced from catechol by thermochemical reactions at
298 to 600 K. The EPR spectra are complex, which indicates the presence
of possibly more than one type of radical. Xenone software was used to
mathematically deconvolute the EPR spectra, and three different

Fig. 4. XPS spectra of (a) CT/CuO/SiO2 Cu 2p spectra, (b) deconvolution of O 1s spectra of CT/CuO/SiO2 after thermochemical reaction, (c) CT/Fe2O3/SiO2 Fe 2p spectra (d) deconvolution of
Ca 2p3/2 spectra of CT/CaO/SiO2 before and after thermochemical reactions.
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the overall number of radicals increased with increasing temperature,
and decreased with decreasing temperature. However, CaO-catalyzed
free-radical formation, in which a metal F-center was detected, increased with decreasing temperature. This indicates that the radical
species formed on the CaO/SiO2 surface were different from those
formed on CuO/SiO2 and Fe2O3/SiO2.
The half-life is a key parameter in the stability of EPFRs. In this study,
the samples were periodically examined within a month and their 1/e

radicals were proposed, denoted by g1, g2, and g3, with g values of approximately 2.0020–2.0030, 2.0040–2.0050, and greater than 2.0050,
respectively (Fig. 5 and Table S1 in the Supporting material). A metal
F-center, which can be formed by electron transfer from catechol to
the metal oxide, was observed for CuO and CaO added samples, but
was not detected in samples with Fe2O3 or no metal oxide. The main
free radicals formed were oxygen-centered phenoxy and semiquinone
radicals (g2 and g3). For samples with CuO, Fe2O3, and no metal oxide,

Fig. 5. The ﬁtting EPR spectrum of (a) CT/SiO2, (b) CT/Fe2O3/SiO2, (c) CT/CuO/SiO2, (d) CT/CaO/SiO2 during thermochemical reactions after spectral deconvolution.
5
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4. Conclusions
Catechol is a widespread precursor in anthropogenic emissions. Understanding the transformation of precursors into EPFRs is pivotal for
guiding source control and the risk reduction of EPFRs produced from
catechol under the heating effects. This study found that signiﬁcant
EPFRs were produced through the heating effects of catechol under
metal oxides. The ability of promoting effects on free radicals formation
was in the order of CaO > CuO > Fe2O3. The promotional abilities and
underlying mechanisms of various metal oxides in EPFR formation
were clariﬁed by XPS and EPR. Obvious changes of valence state were
observed in CT/CuO/SiO2 after thermochemical reaction compared to
that in CT/Fe2O3/SiO2, which indicating the stronger promoting ability
of CuO than Fe2O3. Moreover, the half-life time of EPFRs produced
from catechol was up to 1.3 months, indicating their stability and thus
potential adverse effects on human due to inhalation along with air inhalation or diet intake. The thermochemical formation mechanism clariﬁed in this study might provide helpful knowledge to inhibit the
formation and release of EPFRs from primary sources including incineration, metallurgy and other anthropogenic activities.
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