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Singlet oxygen ('O,) plays a pivotal role in numerous catalytic oxidation processes
utilized in water purification and chemical synthesis. The spin-trapping method based
on electron paramagnetic resonance (EPR) analysis is commonly employed for 'O, detec-
tion. However, it is often limited to time- 1ndependent acquisition. Recent studles have
raised questions about the reliability of the 'O, trapper, 2,2,6,6-tetramethylpiperidine
(TEMP), in various systems. In this study, we introduce a comprehensive, kinetic exam-
ination to monitor the spin-trapping process in EPR analysis. The EPR intensity of the
traPpmg product was used as a quantitative measurement to evaluate the concentration
of 'O, in aqueous systems. This in situ kinetic study was successfully applied to a clas-
sical photocatalytlc system with exceptional accuracy. Furthermore, we demonstrated
the feasibility of our approach in more intricate 'O,-driven catalytic oxidation processes
for water decontamination and elucidated the molecular mechanism of direct TEMP
oxidation. Thls method can avoid the false-positive results associated with the conven-
tlonal 2D 'O, detection techniques, and provide insights into the reaction mechanisms
in 'O, —dommated catalytic oxidation processes. This work underscores the necessity of
kmetlc studies for spin-trapping EPR analysis, presenting an avenue for a comprehensive
exploration of the mechanisms governing catalytic oxidation processes.

catalytic oxidation processes | electron paramagnetic resonance | kinetic study |
singlet oxygen | direct TEMP oxidation

Singlet oxygen ('O,) is the first excited electronic state of dioxygen and is ubiquitously
generated in both natural and engineered environments (1) playing a crucial role in
various oxidation processes (2, 3). As a nonradical oxidant, O has garnered significant
interest in numerous catalytic oxidation processes for water purlﬁcatlon (4) and selective
chemical synthesis (5). Notably, in the treatment of organic wastewater under high salinity
conditions, such a nonradical may act as the primary reactive species for pollutant removal
(6). Unlike radicals present in advanced oxidation processes (AODPs), 02 exhibits a longer
lifetime and a larger diffusion distance, rendering it suitable for durable oxidation and
robust stability in complex environmental matrices (7). Although 'O,-dominated reactions
have been extensively developed to improve the resxstance of decontammatlon systems
(7-9), current methods for directly monitoring 'O, production in catalytic oxidation
processes remain inadequate.

A well-established process-oriented approach for identifying 'O, involves i) quenching
experiments, ii) solvent exchange, and iii) spin trapping (10). However, the conventional
method of measuring model pollutants and targeted products using chromatographlc
techniques results in limited data due to ex situ quantification. Also, typlcal O, quenchers
may directly react with the oxidants, leading to false-positive results in 'O, 1dent1ﬁcat10n
For instance, furfuryl alcohol (FFA) and azide are commonly used as quenchers for '0,,
but they have been demonstrated to be nonselective for 'O, quenching (11). Reportedly,
peracetic acid (PAA), a recently developed AOP oxidant, is reported to oxidize FFA without
a catalyst (12). Likewise, previous studies have documented direct reactions between per-
sulfate and a21de (13). Consequently, the feasibility and reliability of conventional methods
for detecting 'O, in catalytic oxidation processes should be reevaluated, and alternative
appropriate methods should be developed to investigate 'O, generation kinetics.

The formation of 'O, in organic synthesis and biosystems has been extensively studied
(14, 15). Nevertheless, direct detection methods such as two-photon microscopy and time-
resolved phosphorescence have significant limitations, including poor antl—mterference capacity
and low sensitivity in aqueous solutions (16, 17). In situ detection of 'O, using specific dyes
as spectroscopic probes is feasible but hampered by poor selectivity in complex catalytic oxi-
dation processes (18, 19). Electron paramagnetic resonance (EPR) spectroscopy can identify
active species using dlfferent spin trappers (20). Typically, 2,2,6,6-tetramethylpiperidine
(TEMP) is a commonly used 'O, trapper, which forms a stable aminoxyl radical in the presence
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of ! O, with a characteristic trilinear EPR signal (i.e., TEMPO) (21).
Consequently, the EPR intensity of TEMPO can indicate the yield
of '0,, but this method is still hindered by some interferences.
Reportedly, TEMPO generation could result from the direct oxida-
tion of TEMP by peroxymonosulfate (PMS), rather than from the

O,-induced process, which raised concerns about the direct mutual
validation between the EPR analysis and quenching experiments
(10, 11). Therefore, a kinetic study of TEMPO generation is neces-
sary to distinguish false-positive results and reliably evaluate 'O,
production.

Recently, in situ EPR spectroscopy has emerged as a useful and
reliable tool for monitoring O in nonaqueous systems (22, 23)
and has also been extended to kmetrc studies in photocatalytic
systems (24). Despite its potential, the application of kinetic EPR
analysis in complex catalytic oxidation processes involving perox-
ides as oxidants has not been fully explored Therefore, this work
aims to conduct a kinetic investigation of 'O, production in aque-
ous systems as a representative model. Initially, the feasibility of
quantifying 'O, using EPR intensity was explored Subsequently,
its applicability was verified by monitoring the 'O, production in
well-established catalytic oxidation systems (8, 9) Furthermore,
we examined the complex behavrors of catalytic oxidation systems
that generate 'O, to revisit the 'O,-dominated catalytic reactions
and correct the misleading results reported in previous studies.
Our findings provide insights into the mechanisms underlying
the complex catalytic oxidation processes.

Results and Discussion

Kinetic Studies Using EPR Spectra. Despite its use in monitoring
'0, production in photocatalytic processes (25), the quantitative
capabilities of EPR analysis and its potential contribution to
mechanistic investigations have not been fully explored. As illustrated
in the data analysis process schematic (Fig. 14), the kinetic constant
(k) of 'O, generation can be calculated by analyzing the changing
profiles obtained from in situ EPR analysis. These £ values facilitated
the comparison of 'O, productions in different systems. Also, the
elimination of false positives resulting from noncatalytic processes
can be achieved by subtracting the rate of TEMPO generation.
Distinct kinetic characterrstlcs may also provide insights into the
underlying mechanism of 'O, generation.

To demonstrate the reliability of EPR analysis for kinetic stud—
ies, we monitored 'O, generation in a typical photodynamic 'O,
production system (Frg 1B). In such a photo-induced methylene
blue (MB) system, 'O, can be generated through the energy trans-
fer process between the dissolved molecular oxygen (°O,) and the
photo-induced ‘MB" (triplet) (26). The 'O, production initially
followed pseudo-zero-order kinetics (S7 Appendix, Fig. S1), indi-
cating a quasi-steady-state concentration of dissolved dioxygen.
By calculating the slopes of the linear interval, we identified that
the reaction rate was linearly correlated with MB concentration
(R* = 0.989) and light irradiation intensity (R* = 0.996) (Fig. 1
Cand D). The EPR i rntensrty of TEMPO was used to quantify
the formation of the 'O, captured product, suggesting that EPR
intensity could provide a relatively quantitative analysis of 'O,
yield. Consequently, the time-dependent changing profiles of EPR
spectra could enable reliable kinetic analysis and be used to track

'0, formation in complex systems, such as catalytic oxidation
systems. However, the EPR intensity might be affected by the
loading volume and tuning condrtron of the EPR instrument
(27), and the efficiency of the 'O, trapping by TEMP may not
reach 100%. To avoid further errors, the TEMPO concentration
was not measured in this experiment for absolute quantitative
analysis.
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We examined the effects of EPR active Mn**, Cu**, and Fe**
on the EPR-based quantitation, considering their wide use in
catalytrc oxidation processes (SI Appendix, Fig. S3). Although
Mn?* caused noticeable interference with the TEMPO signal, the
three-line EPR signal of TEMPO remained distinguishable.
Furthermore, the obtained EPR intensities exhibited excellent
linear correlatrons with the TEMPO concentratlon in the presence
of Mn** and Cu**. However, dosing Fe** resulted in a reduction
of the EPR intensity of TEMPO, Wl’llCll might be ascribed to the
acidic conditions induced by Fe** and its contribution to the
decomposrtron of TEMPO (28). Therefore, when identifying 'O,
in the Fe’*-abundant systems, it is imperative to comprehensrvely
consider the effect of pH on reaction the mechanism and 'O,

trapping.

Tracking the 102 Generation in Catalytic Oxidation Systems.
Notably, conventional AOPs for pollutant degradation
predominantly rely on free radicals or high-valent metal-oxo
species, rather than 'O, (6, 10). To demonstrate the applicability
of this method for krnetrcally trackmg O, in catalytic oxidation
processes, we monitored the variations in EPR intensities in a well—
established system exhibiting high selectivity in generating 'O,
(8). Specifically, Fe,O; nanoparticles were loaded onto the inner
surface of CNTs (Fe CNTs-]) to efficiently activate H,O, and
selectively generate 'O,. Conversely, when Fe,O, nanopartrcles
were decorated onto the outer surface of CNTs (Fe-CNTs-O),
'0, generation was hindered.

The results of the kinetic EPR analysis showed continuous 'O,
generatron in the Fe-CNTs-I/H,O, system (k = 44.8 + 0.4 x
107 min"", R = 0.997), while no steady TEMPO generation was
observed in the Fe-CNTs-O/H, O, system (Fig. 1E). Since the con-
version from TEMP to TEMPO was not highly selective, the oxi-
dation of TEMP and TEMPO in such an oxidative system could
potentially cause variations in the EPR intensity of TEMPO.
Therefore. the EPR intensities of TEMPO obtained in the
Fe-CNTs-O/H,0, system also varied slightly, which might impact
the identification of 'O, and lead to ambiguous results. However,
our EPR analysis clearly revealed the changing profiles of the
TEMPO signal and convincingly distinguished the steady and con-
tinuous formation of spin-trapping products in complex systems.

Differing from H,0O,, the direct oxidation of TEMP into
TEMPO by PMS has been explicitly recognized (10, 11), which
highlighted the importance of eliminating false positives in EPR
analysis. Benzoquinone (pBQ) was reported to efficiently activate
the PMS system to generate O (29, 30). In this pBQ/PMS sys-
tem, we demonstrated the advantages of kinetic EPR analysis over
conventional field sweep two dimensional (2D) EPR measure-
ment. The kinetic studies reveal that the effect of [pBQ] on
TEMPO generation was pH-dependent (Fig. 1F). At pH 3.35,
the TEMPO generation was entirely inhibited, consistent with
the previously reported OH -assisted mechanism (29). At pH
10.26, TEMPO generation srgnrﬁcantly accelerated after dosing
pBQ, indicating the generation of 'O,. Conversely, dosing pBQ
did not significantly affect the generation of TEMPO at pH 11.25,
indicating that the TEMPO was mainly generated from the direct
oxidation by PMS. These results unveil the diverse oxidation path-
ways in the pBQ/PMS system, which were primarily governed by
pH conditions. At high pHs, PMS is strongly activated, resulting
in the generation of ROS through alkaline activation or direct
oxidation of specific substances. Such an intricate mechanrsm can
casily lead to false-positive results in the identification of 'O, using
conventional EPR analysis, which has also engendered some con-
troversy (31). However, the time course of EPR spectra enabled
a detailed comparison of the kinetic characteristics of TEMPO
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(A) Schematic representation of the procedure used to convert time-dependent EPR spectra into kinetic data. (B) The mechanism for the photoconversion

of dioxygen into 'O, using MB as a photosensitizer and the experimental setup for in situ EPR analysis of photodynamic 'O, generation. Linear correlation curves
of the measured kinetic constants for 1O2 generation (k102) vs. (C) MB concentrations and (D) light irradiation intensities. (£) Time-dependent changing profiles of
EPR intensities for TEMPQ in the previously reported Fe,0,/CNTs/H,0, system with selective 'O, production. (F) Changing profiles of TEMPO generation in pBQ/PMS

systems with different pBQ concentrations at different pH values.

generation, providing reliable evidence for the formation of 102.
Lower pH conditions promoted the protonation of PMS, thereby
enhancing its stability and inhibiting the nucleophilic attack by
BQ. Consequently, the generation of 'O, occurred within a nar-
row pH range under weak alkaline conditions. Moreover, the
reaction mechanism of pBQ/PMS system exhibited complexity,
which showed the [pBQ]J-dependence of the preference of ROS
generation (S/ Appendix, Fig. S4). Dosing a high concentration
of pBQ (ImM) resulted in a clear signal of the DMPO-OH
adduct. Conversely, when reducing the concentration of pBQ to
0.1mM, the generation of "OH was found to be negligible.

Uncovering Oz-lndependent TEMP Oxidations. The prev1ous

results revealed that TEMPO could be generated through O,-

independent pathways in catalytic oxidation systems, raising

PNAS 2023 Vol.120 No.30 e2305706120

concerns about the reliability of the conventional procedures based
on EPR analy51s To further investigate the effects of direct TEMP
oxidations on 'O, identification, we monitored the changes in
TEMPO concentration under different operating conditions.
The selectivity of direct oxidation was elucidated by using H,0,,
peroxydisulfate (PDS), PMS, and PAA as oxidants. We observed
that similar to the direct reaction of TEMP and PMS (k£ = 91.1

+4.2 x 10”°min™"), PAA was also effective in oxidizing TEMP
(/e 33.0 + 1.1 x 107 min™") (Fig. 2B). These results indicate
that asymmetric oxidants, such as PAA, can effectively oxidize
TEMP to produce TEMPO, which might be attributable to the
high reactivity of the peroxide bond. Such misleading TEMPO-
generation reactions exhibit considerable rates in PMS- and
PAA-based systems, and the rate constants are in the same order
of magnitude as those of O -induced TEMPO generation.

https://doi.org/10.1073/pnas.2305706120 3 of 10
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(A) Direct oxidation of TEMP by asymmetric oxidants: structures of symmetric oxidants (i.e., H,0, and PDS) and asymmetric oxidants (i.e., PAA and PMS).

(B) The changing profiles of EPR intensities in the TEMP/oxidant systems, and the calculated kinetic constants of TEMPO generation (kgvpo); Conditions: [oxidants] =
800uM, [TEMP] =10g L™". The effects of the (C) [PMS] and (D) [PAA] on the kreypo Values. (F) Comparison of the predicted krgypo Values and measured krgypo Values.

Opverlooking the time dependence of chemical reactions,
conventional EPR analysis may be severely interfered by direct
TEMP oxidation.

The reaction rates of the PMS-TEMP and PAA-TEMP reac-
tions also showed variation with different oxidant concentrations.
As shown in Fig. 2D, the k value of the PAA-TEMP reaction was
positively correlated with the PAA concentration, while the £ value
of the PMS-TEMP reaction initially increased linearly and then
decreased with increasing PMS concentration. Considering that
TEMPO could not react with PMS (SI Appendix, Fig. S5), we
hypothesized that the intermediate products might be further
attacked instead of being oxidized into TEMPO. By simulating
the % value based on the 4-[PMS] relationship at low PMS con-
centrations (<400uM), the reaction rate of the intermediate decay
could be estimated (Fig. 2E).

Mechanism of Direct TEMP Oxidation. Kinetic EPR analysis
provides an in-depth insight into the mechanism of direct TEMP
oxidation. The inhibition of TEMPO generation in the PMS/
TEMP system by acid dosing revealed that the oxidation of TEMP
in this system was attributed to alkaline conditions (Fig. 3 A and
B). This alkaline environment is induced by TEMP itself, as it is
a cyclic amine (32). However, the result of the solvent exchange
experiment (H,O to D O) suggests a distinction between the
PMS-oxidation and the O -trapping processes. Increasing the
volume ratio of D,0 in the solvent significantly accelerated the
production of 'O, in the photo-induced MB system (ST Appendix,

40f 10 https://doi.org/10.1073/pnas.2305706120

Fig. S6A) while suppressing the direct oxidation of TEMP by
PMS (SI Appendix, Fig. S6C). The effect of D O on other direct
oxidation pathway beyond the lifetime of 02 might result in
a different kinetic time course from the 'O, trapping process
(33). Although the base activation of PMS has been reported to
produce O, (34), further investigation is warranted to elucidate
the specific 0x1dat10n mechanism in the presence of TEMP.

To capture the possible radicals in the TEMP/PMS system, we
dosed 5,5-dimethyl-1-pyrroline-V-oxide (DMPO) into the
TEMP/ PMS system as a radical trapper. The TEMP trapping of

'O, was reported to generate HO" as a by-product (35), which
was also trapped in our experiment (Fig. 3B). The kinetic studies
suggest that the generation of TEMPO was gradually accelerated,
while the reaction underwent pseudo-zero-order kinetics after
dosing DMPO (Fig. 3C). Moreover, the TEMPO generatlon was
not affected at the initial stage [/ebla = (130.0 £4.7) x 10 min”",
koo = (127.3 £ 2.6) x 10 °min '], implying a self-accelerating
mechanism that was quenched by DMPO. To better explain the
formation of DMPO-OH, we dosed dimethyl sulfoxide (DMSO)
and ethanol (EtOH) to quench the possibly generated SO, and
HO" radicals (36). These two quenchers exhibited different effects
on the EPR signal of the TEMP/PMS/DMPO system. EtOH
completely suppressed the DMPO-OH generation, but even
slightly promoted the productlon of TEMPO [kpyposron =
(140.4 £ 1.6) x 10 °min""]. However, DMSO entirely sugpressed
the TEMPO generation [£pypo.omso = (19.7 £ 0.7) x 10 min™'],
but remarkably promoted the production of DMPO-OH. These

pnas.org
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(A) Changing profiles of EPR intensities showing the direct oxidation of TEMP by PMS and (B) the corresponding cyclic voltammogram at different pH

values. (C) EPR signal obtained after TEMP and DMPO were dosed into PMS as a spin trapper. (D) The changing profiles of EPR intensities of TEMPO and DMPO-

OH in the TEMP/DMPO/PMS system.

results indicate that DMPO-OH was created through a nonrad-
ical pathway in the TEMP/PMS/DMPO system, not by the trap-
ping reaction between DMPO and SO, and HO radicals.

Two pathways of TEMPO generation were proposed and illus-
trated in Fig. 4A. Initially, TEMP undergoes hydroxylation, gener-
ating the EPR-silent TEMPO-H (37), which is then further oxidized
by PMS to TEMPO-OH (38). TEMPO-OH can react with
TEMPO-H, forming two molecules of TEMPO (Pathway 1).
The self-catalyzed oxidation process began with the generation of
TEMPO (Pathway 2). TEMPO could react with TEMPO-OH,
generating an EPR-silent oxoammonium salt (TEMPOnium) and
anew TEMPO molecule. Subsequently, TEMPOnium would react
with TEMPO-H, ultimately producing a protonated TEMPO and
another TEMPO (37, 39). When dosed in the TEMP/PMS system,
DMPO could react with the TEMPOnium, quenching the
self-catalyzed pathway and generating DMPO-OH.

An acidic solution would protonate amine (TEMP), forming
ammonium salt (TEMPH") and inhibiting its reaction with PMS.
Also, alow pH inhibits the proton-leaving step in PMS oxidation.
Therefore, the inhibition of TEMPO generation at low pH values
could be explained. Moreover, it was observed that the overdosed
PMS would inhibit the generation of TEMPO (Fig. 2 Cand E),
which was ascribed to the direct oxidation of TEMP to the
TEMPOnium by PMS in the proposed mechanism. Thus, the
pH- and [PMS]-dependences of direct TEMP oxidation can be
explained. Moreover, the overdosed PMS might directly oxidize
TEMP to TEMPOnium, thus decreasing the generation of
EPR-active TEMPO.

Effect of Buffer on the TEMPO Generation. Buffers are widely used
in catalytic oxidation processes to maintain a relatively constant
pH value, which might significantly alter the reaction mechanisms
(4, 9, 40). Therefore, we examined the effects of different buffers
on the TEMPO generations from both 'O,-independent TEMP
oxidation and 'O,-trapping. The difference between the effects
of buffers on TEMPO generations in the TEMP/peroxides and
TEMP/'O, systems confirms that PMS could direct oxidize
TEMP into TEMPO without the production of 'O,.

PNAS 2023 Vol.120 No.30 e2305706120

The effect of pH on direct oxidation has been elucidated (Fig. 3
Aand B). We measured the £ values in buffering agents at different
pHs to gain further mechanism insight. The trends of pH effects
in the TEMP/PMS and TEMP/PAA systems varied (Fig. 4B),
suggesting divergent mechanisms in these two direct oxidations.
A high pH value facilitated TEMP oxidation by PMS, whereas it
inhibited the PAA-driven oxidation. In buffered PMS systems,
almost all the kg po values were lower than those in pure PMS
solution, indicating that the buffer ions and the pH values exerted
a combined inhibitory effect. However, in the acetate-buffered
TEMP/PAA system, acetate could not further suppress the
TEMPO generation due to its intrinsic content. Thus, in such a
system, the response of gy po to pH change clearly exhibited the
effect of pH value on the direct TEMP oxidation by PAA, sug-
gesting that high pH inhibits the direct TEMP oxidation. These
findings imply that the commonly used buffers can affect the
oxidation processes, which should be considered especially when
investigating the effect of pH on catalytic oxidation processes.

We also proposed a different oxidation mechanism of the direct
TEMP oxidation by PAA based on the aforementioned results
(Fig. 4C). The acidic condition could accelerate the reaction
between TEMP and PAA, suggesting that this reaction might not
rely on a separate proton-leaving step. Unlike the SO, generated
in PMS-based oxidation, the residual CH;COO™ could accept H*
to form a weak acid (CH;COOH, pKa = 4.8). These reactions
might be assisted by the intramolecular hydrogen bond in the
PAA molecule, which has been reported to enhance proton trans-
fer efficiency (41). In addition, a high pH value would promote
the ionization of PAA (CH;COOOH, pKa = 8.2), leading to
increased spontaneous decomposition of PAA (42). This compet-
itive consumption of PAA would inhibit the TEMPO generation
via direct TEMP oxidation.

Next, we evaluated the effects of buffers on 'O, trapping in the
photo-induced MB system. As shown in Fig. 5, borate buffer
remarkably inhibited the TEMPO generation, and two carboxy-
late buffers, including acetate and phthalate buffers, also decreased
the generation rate of TEMPO. However, the probably generated
CO, might interfere with the acquisition of EPR spectra in
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bicarbonate, thus showing a fluctuating effect on the TEMPO
generation (S Appendix, Fig. S10). Phosphate buffer, dosed at
different concentrations, exerted a neghglble influence on TEMPO
generation. Notably, phosphite (HPO,>), which is known to
possess con51derable reductive ability (43) was unable to quench
the generatlon of '0,, indicating a chemically selective reaction
Wlth O2 Therefore, considering their limited reductive abilities,
the 'O, induced by buffers is likely attributed to a physmal
quenchmg mechanism. This mechanism involves the suppression
of 'O, through energy transfer, facilitated by the spin-orbit-induced
intersystem crossing (44). This finding suggests that the use of
buffers might commonly affect "O, generation not only through
pH control but also through physical quenching, potentially lead-
ing to a shift in the mechanism of catalytic oxidation processes.
In catalytic oxidation processes, the presence of other solutes,
including i 1norgan1c ions and dissolved organic matter, also poten-
tlally affect the 'O, generation. In the MB system, CI", NO;, and
SO4 exhibited negligible effects on the generatlon and trapping
of 'O, (SI Appendix, Fig. S12). However, K Ca”™" resulted in a
slight reduction in the generation of OZ, which could be
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attributed to their large i 1on1c radius. Furthermore, Mg”™* effectively
quenched the generation of 'O, likely due to its inherent acidity.
While the previous studies primarily focused on the effects of
anions, limited attention has been given to the 'O, decay and pH
interference resulting from cations (6, 45). The complex effects
exerted by chemically stable cations warrant in-depth investiga-
thIlS Besides, humic acids (HAs) exhibited a slight inhibition on
the 'O , generation (Fig. 5F), Wthh might be attributed to factors
such as light shadlng and slight 'O, decay. This result hlghhghts
the selectivity of 'O, in the presence of complex dissolved organic
matters, offering a potentlal for effective pollutant degradation in
practical wastewater treatment.

Effect of Solvent on 102 Trapping. In typical AOP studies, solvent
exchange (i.e., conducting the reaction in D,0) and chemically
quenching are commonly used to identify the generated reactive
species (10). Thus, we examined the solvent effects of D,O and
aliphatic alcohols serving as radical quenchers on 'O, productlon
in this study. When increasing the volume ratio of D,O in the
solvent, a remarkably accelerated 'O, production could be
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concentrations on the kinetics of TEMPO generation when trapping photo-
induced 'O, in MB solution. Conditions: [MB] = 100uM, [TEMP] = 10g L™".

observed in the changing profiles of EPR intensities, and the
calculated kinetic constants at the initial zero-order stage linearly
correlated with the ratio of D,O (SI Appendix, Fig. S6A). The
kinetic EPR studies can describe the generation processes of
TEMPO in detail, further enabling more accurate quantitative
analysis compared with conventional field sweep 2D EPR spectra
(SI Appendix, Frg S6 A and B).

The lifetime of ! O, could be lengthened in methanol (MeOH)
(ky(H,0) = 2.5 x 10°s7", £y(D,0) = 1.5 x 10%™, £,(MeOH) =
1.1 x 1055 ") (11). However, an increase in MeOH concentration
would not linearly increase the kinetic constant of TEMPO gen-
eration, differing from the effect of D,O (Fig. 6A4). In detail, low
concentrations of MeOH remarkably inhibited the generation of
TEMPO and even promoted the photo-reduction of the initially
existing TEMPO (87 Appendix, Fig. S11). Increasing the volume
ratios of MeOH conversely enhanced TEMPO formation. In
addmon, different aliphatic alcohols exhibited similar effects on
the 'O, trapping process. These results reveal the complex effects
of alcohols on the TEMPO formation in 'O, trapping. Ahphatlc
alcohols are widely used as quenchers for SO, and HO' radicals

PNAS 2023 Vol.120 No.30 e2305706120

(36), but their effects on the potentially generated 'O, have not
been recognized before, which might mislead the identification
of the dominated ROS.

The dosed alcohols at high concentration mainly exhibited sol-
vent effects on the photocatalytic reaction. To show the chemical
interaction between these alcohols and the 'O O,-trapping process,
the kinetic analysis was further conducted under low alcohol con-
centrations (Fig. 68). EtOH and PrOH exhibited only a slight
inhibition on TEMPO generation, with the pseudo-zero-order
kinetics consistently maintained throughout the entire process. In
contrast, MeOH substantially altered the kinetics of TEMPO gen-
eration, particularly affecting the reaction at the initial stage. At a
concentration of MeOH of 40pM, a noticeable difference in the
reaction rate at the initial stage was observed in comparison to the
subsequent pseudo-zero-order process (after 4-min reaction). When
[MeOH] reached 70uM, the generation of TEMPO was completely
inhibited at the initial stage, and the existing TEMPO was
photo-reduced. Subsequenty, TEMPO accumulation gradually
resumed and the reaction was transitioned into a pseudo-zero-order
process. These ﬁndmgs suggest that MeOH could srgmﬁcantly affect
the generation of 'O,. Hence, to obtain reliable results, it is advisable
to avoid the use of MeOH in quenching experiments. In addition,
when employing other alcohols as quenchers, the results should be
discussed in conjunction with a detailed kinetic EPR analysis.

Furthermore we conducted an investigation into the kinetic
profiles of 'O, generation in pure solvents (Fig. 6C), which
revealed the crucral role of solvent polarity in governing the reac-
tion rate (SI Appendix, Fig. S15). Solvents exhibiting moderate
polarity, such as MeCN and BuOH, demonstrated an optimal
condition for 'O, generation in the photocatalytic MB system.
Such a solvent preference could be attributed to the combined
effects of facilitating electron transfer in the rate-limiting step and
preventing the formation of unstable solvent-separated MB ions
(46). Among the alcohols examined, we observed an increase in
the krpypo value from 91 1t05718.1 x 10 min"" as the C num-
bers increased. The 'O, generation in MeOH was found to be
comparatrvely slower than that in aqueous solution (frpypo =
212.3 x 10”min""). This result indicates a 51gn1ﬁcant influence
of the carbon chain length of alcohol solvents on 'O, generation
in the MB/hv system, which potentially changed the distribution
and mobility of photocatalysts through their aggregation (47).
Moreover, it has already been reported that methanol dlsperses
completely in water and cannot form a solvent cage to protect 'O,
(48). Therefore, the collaborative interplay between solvent polar—
ity and aggregatlon behavior plays a pivotal role in determining
the rate of 'O, generation.

Quenching Effects in Kinetic EPR Analysis. We also evaluated the
potential side effects of commonly used 'O, quenchers, similar to
the radical quenchers The effects of NaNg, FFA, and tryptophan
(TRP) on the 'O, trapping in the photo-induced MB system
were examined, drsplaylng distinct behaviors (Fig. 6D). These
results provide clear insights into the different characteristics of
the physical quencher (49) and chemical quenchers (50, 51).
NaNj efficiently inhibited the generation of TEMPO while
leaving the initially present TEMPO in the commercial TEMP
unaffected. This behavror confirms its role as a physical quencher,
effectively suppressing 'O, through an energy transfer process
without involving any redox reaction. In contrast, when dosing
FFA and TRP into the photo-induced MB system, both TEMPO
generation inhibition and reduction of TEMPO to EPR-silent
products were observed. The presence of these chemical quenchers
significantly changed the kinetic proﬁles, indicating the dual
effects of chemical quenchers on the 'O,-trapping process.
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An ideal quencher should exclusively quench the generated 'O, ~ "MB*, enabling the photocatalytic cycle to continuously reduce

while remaining inert toward other reactions. However, both FFA TEMPO into EPR-silent products (SIAppendix, Fig. S17).
and TRP, as chemical quenchers, could react with the oxidative ~ Although these quenchers could efficiently quench 'O, through a
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redox reaction, the reductive quenching of TEMPO would intro-
duce the misinterpretation of O, identification. For instance, the
substantial reduction in TEMPO signal observed upon the addi-
tion of these chemical quenchers can result in a higher TEMPO
intensity in the unquenched system compared to the quenched
system, potentially leading to a mistaken indication of 'O, gener-
ation. Also, the decline in substrate removal efficiency during the
quenching experiments might be attributed to the competitive
reactions between PMS and FFA or between PAA and TRP, which
do not support the presence of a 'O,-dominated pathway (11, 52).

Role of '0, in Pollutant Degradation. To obtain reliable 'O,
identification results, a conventional kinetic experiment regarding
pollutant degradation was in the previously studied pBQ/PMS
system. PMS could efficiently react with pBQ to generate 'O,
via the nucleophilic attack of PMS on the carbonyl carbons of
»BQ (29, 30). The MB degradation and TEMPO generation
exhibited different responses to pH change (57 Appendix, Fig. S18),
suggesting that 'O, was not the dominant ROS responsible for MB
degradation. Moreover, the effect of [pBQ] on TEMPO generation
was pH-dependent. At pH 3.35, both TEMPO generation and
MB degradation were entirely inhibited, which is consistent to the
previously reported OH -assisted mechanism(29). At pH 10.26,
TEMPO generation was remarkably accelerated after dosing
pBQ, indicating the generation of 'O,. However, MB was slowly
removed, implying the poor reactivity of the generated 'O, with
MB in the pBQ/PMS system. At pH 11.25, dosing pBQ did
not remarkably affect the generation of TEMPO, suggesting that
TEMPO was primarily generated from the direct oxidation by
PMS under alkaline activation. Also, the absorbance kinetics
suggest a negligible impact of pBQ on MB degradation. Therefore,
the MB degradation might be dominated by another mechanism,
such as oxygen-centric radicals or direct oxidation (30).

These results reveal the diversity of oxidation pathways in cat-
alytic oxidation systems and the consequent complexity of pol-
lutant degradation. Considering that the reactivity of a specific
pollutant with 'O, was governed by its chemical structure and
experiment parameters, a quenching experiment should be con-
ducted to evaluate the contribution of 'O, to its degradation.

Conclusions

The time course of EPR spectra enabled continuous tracking of
TEMPO generation, offering more in-depth kinetic information
than conventionally used 2D EPR spectra. By varying the experi-
mental parameters, the effects of the solvent or solutes on TEMPO
generation could be directly monitored, facilitating reliable mech-
anistic investigations. With this approach, we distinguished the
mechanism differences between direct TEMP oxidations and
TEMPO generation after 'O, trapping by revealing their distinct
kinetic behaviors. Moreover, the time-dependence tracking of
TEMPO enabled a detailed kinetic analysis of 'O, generation
under various conditions, providing more direct evidence for the
presence of 'O, and its role in pollutant degradation. Our work
demonstrates that kinetic EPR analysis can serve as a promising
strategy for investigating the generation of reactive species from a
kinetic perspective and may offer valuable insights into the mech-
anisms of catalytic oxidation systems.
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Materials and Methods

Chemicals. Unless otherwise stated, all reagents in this work were purchased
from Macklin Biochemical Co., China. The spin trap reagent for singlet oxygen
('0,), 2,2,6,6-tetramethylpiperidine (TEMP, >98%), and PAA solution (15%) were
purchased from Aladdin Industrial Co., China.

Generation of '0, in a Photodynamic System. To explore the feasibility of quan-
tifying the generated TEMPO by EPR intensity, we monitored the '0, generation
in a typical photodynamic system. MB is widely used as a photosensitizer to stably
generate '0, (Fig. 1B). In our experiment, an in situ photocatalytic experiment was
conducted in the cavity of the EPR spectrometer. The MB solution was siphoned into
a capillary tube and irradiated with a 300W Xenon lamp (PLS/SXE 300D/300DUV,
Beijing Perfect light Co., China) equipped with a 420-nm cutoff filter. Time-resolved
EPR spectra of TEMPO were obtained simultaneously after the start of the photoreac-
tion. By adjusting the distance between the lamp and the capillary tube, we changed
the irradiation intensity to the capillary and measured the corresponding intensities
using an optical power meter (PD100D, Thorlabs Inc., Germany).

Kinetic EPR Spectra for Detecting ' 0,. TEMP was used as atrap for '0, to produce
TEMPO with a characteristic three-line EPR signal (53). Before EPR acquirement,
the 0, generation system and the spin trapper were mixed into a 2-mL vial and
transferred into EPR capillary tube (Tmm inner diameter). The capillary tube was
immediately inserted into the cavity of the EPR spectrometer. The TEMPO signals
were acquired by an EMX Plus EPR spectrometer (Bruker Co., Germany). The mod-
ulation amplitude, microwave power, and microwave frequency were setat 2.0 G,
2.0mW,and 9.8422GHz, respectively. All scans were performed atambient tempera-
ture with the following EPR instrument settings: sweep width, 120 G; power, 2.0 mW;
modulation amplitude, 2.0 G; time constant, 10.24ms; conversion time, 6.94ms; and
sweep time, 24.98s. The spectra were continuously acquired without delay.

Data Analysis. A typical procedure for converting time-resolved EPR spectra
into kinetic data was shown in Fig. 14. The procedure involves the extraction
of the EPR signal intensities at different time intervals and the fitting of these
data to determine the kinetic constant of '0, generation. The EPR intensity (i.e.,
peak-to-peak amplitude) has been recently used as an indicator for quantifying
EPR-active species (54-56). Herein, the amplitudes of the three peaks of the
generated TEMPO were measured in each of the obtained time-resolved EPR
spectra. The average intensities were used to estimate the relative concentration
of TEMPO and then indicate the '0, generation. Thus, by kinetically analyzing
the accumulated TEMPO, the '0, generation rate could be readily calculated.

Monitoring 102 Generation in Catalytic Oxidation Systems. To Verify the
proposed method, we monitored the '0, generation in a typical photodynamic
system and two catalytic oxidation systems, namely Fe-CNTs (carbon nanotubes)-I/
H,0, and BiOBr-OV/PMS systems. The corresponding procedures are described
in detail in S/ Appendix. After constructing the above catalytic oxidation systems,
the reaction solution was mixed with TEMP solution (10g L™") ata volume ratio
of 1:1. Such a mixture was drawn into a capillary tube and then placed into the
EPR cavity, and kinetically monitored the reaction.

Data, Materials, and Software Availability. All data are included in the article
and/or S/ Appendix.
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