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Abstract
Previous studies have indicated Environmentally Persistent Free Radicals (EPFRs) are formed
when hydroxyl- and chlorine-substituted aromatics chemisorbed on Cu(II)O and Fe(III)2O3
surfaces and were stabilized through their interactions with the surface metal cation. The current
study reports our laboratory investigation on the formation and stabilization of EPFRs on an
Ni(II)O surface. The EPFRs were produced by the chemisorption of adsorbates on the supported
metal oxide surface and transfer of an electron from the adsorbate to the metal center, resulting in
reduction of the metal cation. Depending on the temperature and the nature of the adsorbate, more
than one type of organic radical was formed. A phenoxyl-type radical, with g-value between
2.0029 and 2.0044, and a semiquinone-type radical, with g-value from 2.0050 to as high as
2.0081, were observed. The half-lives on Ni(II)O were long and ranged from 1.5 to 5.2 days,
which were similar to what were observed on Fe(III)2O3,. The yields of the EPFRs formed on
Ni(II)O was ~ 8x higher than on Cu(II)O and ~50x higher than on Fe(III)2O3.

Introduction
The relationship between the exposure to airborne fine particles (PM2.5) and chronic disease
has been the subject of many studies, but, due to the complexity of the composition of fine
particles, the direct mechanism of PM2.5 toxicity has proven elusive [1, 2]. Transition
metals are thought to mediate production of reactive oxygen species (ROS) and have been
implicated in the toxicity of particulate matter (PM) [3–5].

Copper and iron are usually the highest concentration metals in airborne PM2.5 [6–8], with
typical concentrations of 31.7 and 44.6 µg/L, respectively [9]; however, nickel is usually a
significant component. Nickel is recognized as a potential human carcinogen [10, 11], can
cause allergic reactions [12, 13], and can induce cancer in animals [13, 14]. Nickel in
airborne PM is mainly derived from rock weathering and volcanic eruptions, but may also
originate from combustion of oil additives and metallurgical processes [15, 16]. In fly ash,
nickel has been reported at 240 mg/kg and its concentration in ambient urban air particulate
matter ranges from 5 to 50 ng/m3 [17]. A clear link between the concentration of nickel in
airborne particulate matter and combustion of heating oil has been identified [18]. Nickel is
also a significant component of the oil used in the steam generating units of power plants
(30–40 mg/Kg), which results in Nickel stack emissions of up to 1000 ug/Nm3 [19, 20].
Importantly, Nickel in ambient PM has been observed to correlate with symptoms of
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respiratory distress, such as wheeze and cough [21]. Chemical analyses suggest nickel exists
as metal, sulfides, and oxides, with the oxide accounting for ~50% of the total nickel in
airborne PM [17].

Previous studies with Cu(II)O and Fe(III)2O3 supported on silica particles demonstrated that
chlorine- and hydroxyl-substituted aromatics chemisorb to the metal oxide surfaces in
combustion and thermal processes under post-flame conditions between 150 and 400 °C.
Electron transfer from the adsorbate to the metal ion center results in concomitant formation
of an environmentally persistent free radical (EPFR) and reduction of the metal cation [22].
Biochemical and biomedical studies of copper-EPFR complexes indicated these surface-
associated EPFR-metal complexes are potent ROS generators, resulting in pulmonary and
cardiovascular dysfunction in mouse and rat models [23] [24]. Our reports of EPFR-metal
complexes suggest a new mechanism of cardiopulmonary dysfunction due to induction of
oxidative stress induced by catalytic cycles involving the EPFRs and reduced metals [25].
Nickel, like iron and copper, may act as a surface catalyst where EPFRs can be formed and
stabilized upon adsorption of organic compounds.

In this manuscript, we report the results of a laboratory study of the formation, structure, and
persistence of EPFRs formed from aromatic molecular adsorbates on particles consisting of
5% Ni(II)O on silica. Since they are common by-products of combustion processes and have
been previously proven to form EPFRs, catechol, 1,2-dichlorobenzene, monochlorobenzene,
2-monochlorophenol, hydroquinone, and phenol were selected as potential precursors/
adsorbates.

Experimental
Surrogate sample synthesis

Samples (5% Ni(II)O (3.9% Ni) by weight supported on silica) were prepared by
impregnation of silica gel with nickel (II) nitrate hexahydrate (Sigma-Aldrich, nickel (II)
nitrate hexahydrate, 99+%) using the method of incipient wetness followed by calcination.
Silica gel powder (Sigma-Aldrich, grade 923, 100–200 mesh size) was introduced in a
sufficient amount into a 0.378 M aqueous solution of the nickel (II) nitrate for incipient
wetness to occur. The resulting suspension was allowed to equilibrate for 24 h at room
temperature and dried at 120 °C for 12 h before calcination in air for 5 h at 450 °C.

EPFR formation experiments
The adsorbate chemicals, catechol—CT (Aldrich, 99+%), hydroquinone—HQ (Aldrich, 99+
%), phenol—PH (Aldrich, 99+%), 2-monochlorophenol—2-MCP (Aldrich, 99+%),
monochlorobenzene—MCBz (Aldrich, 99.8% anhydrous), and 1,2-dichlorobenzene—1,2-
DCBz (Sigma-Aldrich, 99% HPLC grade) were used as received without further
purification.

The particulate samples were exposed to the vapors of the adsorbates using a custom-made
vacuum exposure system [22], consisting of a vacuum gauge, dosing vial port, equilibration
chamber, and 2 reactors. Prior to adsorption, the supported metal oxide sample was activated
in air in situ at 450 °C for 30 min. Vapors of the molecular adsorbates were introduced into
the equilibration chamber at the desired pressure (~10 Torr), and the particles were exposed
to the adsorbate vapors for 5 min over the selected temperature (150 to 400 °C). Upon
completion, the port and dosing tube were evacuated for 1 h at the dosing temperature and
pressure of 10−2 Torr. The reactor was then sealed under vacuum, and the sample was
cooled to room temperature prior to EPR measurements.
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Electron Paramagnetic Resonance
All EPR measurements were performed using a Bruker EMX-2.0/2.7 EPR spectrometer with
dual cavities, X-band, 100 kHz and microwave frequency, 9.53 GHz. The spectra were
obtained at room temperature. The typical operating parameters were: microwave power 1
mW, modulation amplitude 4 G, sweep width 200 G, time constant 40.960 ms, and sweep
time 167.7 s. The non-derivative absorption spectra were deconvoluted using the Origin 7E
Peak Fitting module. The overall fit was compared with both the original absorption spectra
as well as the first-derivative spectra.

Radical decay
Kinetic studies were performed to determine the persistence of the EPFRs in air. EPFR-
Ni(II)O/silica samples prepared at 230 °C were continuously exposed to ambient air at room
temperature, and the EPR spectrum was measured periodically to determine the radical
concentration as a function of time. Some samples were extracted with 1 mL of methanol or
dichloromethane for 1 h and subjected to GC-MS analyses to identify molecular products
[26]. The particles were dried under vacuum after extraction and the EPR spectra of both the
dried particles and the solution extracts were acquired.

Results and Discussion
The adsorption of various aromatic molecular adsorbates on the surface of 5% Ni(II)O/silica
particles from 150 to 400 °C resulted in asymmetrical EPR spectra, indicating the presence
of one or more types of EPFRs (cf. Figure 1). The EPFR yields from various adsorbates
exhibited a maximum at 250–300 °C, with the exception of phenol and monochlorobenzene,
which had maxima at 350 °C. Deconvolution of the EPR spectra allowed identification of
three different spectral components, denoted as g1, g2, and g3, with g-values of
approximately 2.0010, 2.0030, and >2.0045, respectively, as was the case of previously
reported EPFRs on copper and iron oxides [22, 27]. The shape of the EPR spectra and the
relative intensities of the g1, g2, and g3 signals generally varied with adsorption
temperature. Table 1 presents deconvolution results of the spectra obtained for EPFRS
formed between 150 and 400 °C.

Our previous studies with copper and iron have shown EPFRs are formed when the
molecular adsorbate physisorbs on the metal’s surface-hydroxide terminal groups of and
chemisorbs by elimination of HCl or H2O, leading to formation of an organic-metal oxide
complex [22, 27]. Concomittant or subsequent electron transfer from the oxygen atom to the
metal ion reduces the metal ion and forms a surface-stabilized EPFR. The general scheme
for the reaction is presented for 2-monochlorophenol at Ni2+ sites on Ni(II)O/silica particle
surfaces (cf. Scheme 1)

Metal F-center Formation
Previous studies with Cu(II)O and Fe(III)2O3 on silica particles indicated the formation of
an F-center, which is an electron trapped in anionic vacancies of the crystal lattice [22, 27].
The deconvolution of their EPR spectra reveals a g1 signal, which we ascribe to the
formation of an F-center [28]. The F-centers are more readily observed from the adsorption
of catechol, hydroquinone, monochlorobenzene, and 2-monochlorophenol. The typical g-
values of F-centers for the different adsorbates ranged from 1.9970 to 2.0020. 1,2-
Dichlorobenzene and phenol showed no detectable amount of F-center at all temperatures.
The fact that F-centers were not detectable for some of the adsorbates does not suggest they
are not formed, but rather the limitations of deconvolution to discern the low concentrations
of F-centers.
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g2 and g3 Radical Formation
Depending on the nature of the adsorbates and the number of substituents, one or two type
of EPFRS are formed [22]: g2-type signals, which are attributed to a phenoxyl-type EPFRs
and g3-type signals, attributed to semiquinone-type EPFRs.

Phenol—Previous studies with phenol on Cu(II)O and Fe(III)2O3 on silica showed one
predominant EPFR was formed. Analyses of the EPR spectra for phenol adsorbed on
Ni(II)O/silica exhibited similar behavior. A small asymmetry of the resulting EPR spectra
was observed due to the presence of g3 species for adsorption temperature below 300 °C.
The observed g2-value oscillated between 2.0035 to 2.0040 for adsorption temperature of
150–400 °C , suggesting a phenoxyl EPFR. Since phenol has only one hydroxyl substituent
capable of chemisorbing to form the surface-associated phenoxyl EPFR, this is as expected
[22, 27, 29]. However, it is quite surprising to observe the formation of small amounts of g3
species from phenol at adsorption temperatures below 300 °C. The g-value of g3 (<2.0050)
suggests the formation of para-semiquinone species (cf. discussion of hydroquinone). Such
species can be formed by adsorption of the phenol molecule through a parallel orientation to
the surface, followed by the reaction of ring carbon with surface hydroxyl. However,
parallel phenol adsorption is rather unusual for polar surfaces such as metal oxides and is
more typical for metallic surfaces [30]. Calculations of chlorinated phenols adsorption on
copper oxides have shown flat adsorption of phenol is possible [31]. As a result, a very
weakly-bonded molecular adsorbate complex is formed. However, neither dissociation, nor
electron transfer was suggested as the driving mechanism [31]. The absence of p-
semiquinone radicals above 300 °C indicates an easy decomposition of the flat-adsorbed
species.

The phenol EPFR yield increased from 150 to 350 °C and declined at 400 °C. The decrease
in EPFR yield above 350 °C was likely due to decomposition of the phenoxyl radical to
cyclopentadienyl radical, which is consistent with the reported behavior of phenol on all the
metal oxide surfaces [32]. The yield of EPFR from adsorption of phenol is the lowest among
all the adsorbates (cf. Figure 2).

Monochlorobenzene—Monochlorobenzene chemisorbs by elimination of HCl, rather
than H2O. Its EPFR yield curve is similar to phenol, but much larger at each reaction
temperature above 150 °C. 2-monochlorophenol also formed phenoxyl radicals with g-
values ranging from 2.0031 to 2.0038. An analysis of the GC-MS extracts of EPFRs from
monochlorobenzene indicated the major molecular product formed at all temperatures was
phenol. No EPFRs with g-values in the range of 2.0040–2.0050 were detected; suggesting p-
semiquinone EPFR was not formed. However, a g3 signal, with higher g-values of ~ 2.0060,
was observed at all temperatures but with much higher intensities at temperatures of 300 –
400 °C. (At 230 °C, the g3 g-value was assigned as 2.0081.) The g-values were similar to
the those observed on Cu(II)O, but were higher than those reported for Fe(III)2O3, whose g-
value ranged from 2.0053 to 2.0060 [27]. The formation of the o-semiquinone-type EPFR
occurs much more readily than the p-semiquinone EPFR in the case of phenol.
Monochlorobenzene upon dissociative chemisorption, releases chlorine which forms surface
hypochlorite species [28]. These species are very strong chlorinating agents and result in
chlorination of monochlorobenzene to 1,2-dichlorobenzene [28, 33, 34]. A similar reaction
was observed for monochlorobenzene on Cu(II)O and Fe(III)2O3/silica surface [22, 27].
This suggest in situ formed 1,2-dichlorobenzene can be a precursor to formation of ortho-
semiquinone radicals, which is consistent with observed higher g3 values. This is also
confirmed by the analyses of the GC-MS extracts of the 300 to 400 °C samples, revealing
the presence of 1,2-dichlorobenzene on the sample. Thus, the high g-value signal is
attributed to the formation of an o-semiquinone-type EPFR. The observed 2.0081 g-value
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for one temperature cannot be explained at the moment. Because of a significant shift of g-
value, one cannot exclude the contribution of other unidentified radical species formed on
the surface.

1,2-Dichlorobenzene and 2-monochlorophenol—1,2-Dichlorobenzene adsorption on
a Ni(II)O/silica surface resulted in the highest EPFR yield of all adsorbates below 350 °C
(cf. Figure 2) with a maximum yield at 300 °C. EPR spectral deconvolution revealed
presence of two adsorbed species: a g2 signal with g-values ranging from 2.0034 to 2.0041,
and a g3 signal, with g-values between 2.0050 to 2.0071. In contrast to 1,2-dichlorobenzene,
2-monochlorophenol exhibited monotonic increase in EPFR yields from 150 to 400 °C (cf.
Figure 2). 2-Monochlorophenol produced three EPR signals: an F-center (g1, as described
previously), a g2-type signal with very narrow g-value range of 2.0042 to 2.0043, and a g3-
type signal with g-values ranging from 2.0049–2.0059. For both 1,2-dichlorobenzene and 2-
monochlorophenol, the g2-type radical was assigned to a 2-chlorophenoxyl radical and the
g3 signal to an o-semiquinone radical. Based on our previous research, typical g-values for
surface bound o-semiquinone radicals are 2.005 and higher [22, 27]. For 1,2-
dichlorobenzene, the ratio of phenoxyl-type radical to o-semiquinone-type radical was
constant at ~2 (cf. Figure 3), indicating more phenoxyl species formed. For 2-
monochlorophenol, phenoxyl radical yield increased as temperature increased, with a
maximum yield at 400 °C, while o-semiquinone radical yield remained constant. Species g2
formed from adsorption of 1,2-dichlorobenzene have, on average, much lower g-values
(2.0035) compared to those formed from 2-monochlorophenol (2.0045) (cf. Table 1). In the
case of g2 radicals formed from 2-monochlorophenol, the presence of the chlorine
substituent in the benzene ring is known to increase the g-value, and thus, 2-chlorophenoxyl
species formation is consistent with both g-values and the parent adsorbate molecule [28]. In
contrast, g2 species formed from 1,2-dichlorobenzene adsorption exhibit a typical g-value
for a phenoxyl species. Adsorption of 1,2-dichlorobenzene proceeds through a bidentate
species (V) in Scheme 1, forming an o-semiquinone radical with significant yield, and its
decomposition leads to formation of g2 phenoxyl species. This is consistent with the shift of
the maximum yield from 250 °C for g3 to 300 °C for g2.

Catechol and Hydroquinone—The yield of EPFRs from adsorption of catechol on
Ni(II)O/silica increased from 150 to 300 °C, followed by a slow decline at higher
temperatures. The EPFR yield from hydroquinone adsorption was lower; however, it
exhibited a monotonic yield increase with temperature up to 400 °C (cf. Figure 1). EPR
spectral deconvolution of catechol adsorption revealed two EPFR signals. The g3 signal for
catechol, with g-values from 150 to 400 °C, ranged from 2.0051 to 2.0065, which was
consistent with our previous study of catechol adsorption on Cu(II)O and Fe(III)2O3 [22,
27], and indicated formation of o-semiquinone EPFRs. Another EPR signal, g2, with g-
values ranging from 2.0031 to 2.0043 was observed at all temperatures. As was the case for
adsorption of catechol on Cu(II)O and Fe(III)2O3, the g2 and g3 EPFR yields were almost
equal. A g2-type EPFR was formed, similar to 1,2-dichlorobenzene through decomposition
of a bidentate species. This is supported by GC-MS analyses of the EPFR-particle extract,
which revealed phenol was a molecular product at all temperatures.

EPR spectral deconvolution revealed only one signal for hydroquinone adsorption, with g-
values ranging from 2.0044 to 2.0057, which assigned to a g3-type, p-semiquinone radical.
The formation of only one signal for hydroquinone was expected and was similar to the
study on copper and iron surfaces. The g-value of the g3 signal was similar to the 2.0045–
2.0060 reported in the literature for p-semiquinone radical anion in solution [35, 36]. The
single EPR species from hydroquinone adsorption is consistent with its structure. Assuming
perpendicular physisorption, chemisorption will only occur at one of the hydroxyl
substituents . Analyses of the GC-MS extracts of hydroquinone showed no formation of
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phenoxyl-based molecular products, which further corroborates the EPR spectral
assignment.

Persistence and Lifetime of EPFRs
Organic radicals are typically very reactive or unstable and short-lived species. However, we
have previously reported radicals bound to copper and iron oxides and formed from selected
organic molecules are persistent and are relatively long-lived in the environment, i.e.
environmentally persistent.

When exposed to ambient air at room temperature, surface-bound EPFRs associated with
Ni(II)O exhibited slow decay (cf. Figure 4). The half-lives of the unchlorinated EPFRs of
catechol were ~ 2.8 days. Phenol exhibited two decay regimes - a “fast” decay, with a half-
life of 0.56 days, and a second, slow decay, with a half-life of 5.2 days. This was the longest
half-life observed for all the adsorbates. Radicals formed from phenol were also observed to
have the longest half-lives on copper and iron oxides, suggesting phenoxyl radicals were the
least reactive of all the EPFRs. The faster decay is attributed to decomposition of phenoxyl
radical to cyclopentadienyl radical on highly reactive surface sites [32].

The half-lives of the EPFRs for the chlorinated adsorbates on Ni(II)O/silica were much
longer than the corresponding species on Cu(II)O/silica. The half-lives were: 1.7 days for
1,2-dichlorobenzene, 2.4 days for monochlorobenzene, and 3.8 days for 2-
monochlorophenol. The persistency of the radicals on the Ni(II)O surface was 2 orders of
magnitude greater than on copper oxide. One has to remember, however, that the observed
half-lives are for all the radicals present on the surface. In most cases, a mixture of
phenoxyl- and semiquinone-type radicals was present, and it was very difficult to assess the
persistency of the individual EPFR species. However, the results suggest the more surface
phenoxyl species are formed, the more persistent the EPR signal. This suggests the
persistency may be driven by the presence of phenoxyl or chlorophenoxyl radicals.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Temperature dependence of the first-derivative EPR spectra for Ni(II)O for different
adsorbates.
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Figure 2.
Total relative concentration of organic EPFRs (g2+g3) adsorbed on 5% Ni(II)O for different
adsorbates and dosing temperatures.
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Figure 3.
Yield of the g2 and g3 radicals for different precursors and various dosing temperatures.
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Figure 4.
EPFR disappearance and half-lives in ambient air at room temperature. First-order decay
profiles of EPFRs on Ni(II)O /silica surface formed from different adsorbates dosed at
230°C.
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Scheme 1.
General Mechanisms of EPFR Formation from 2-monochlorophenol at Ni2+ Sites on a
Ni(II)O/Silica Particle.
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