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Advanced oxidation processes (AOPs) have drawn intensive
attention in wastewater treatment areas for the efficient degrada-
tion of organic pollutants owing to abundant reactive species pro-
duction and rapid reaction kinetics [1]. Among them, AOPs based
on peracetic acid (CH3C(=0)O0H, PAA), which is applied as a sub-
stitute for H,0,, have been considered as a promising technology
recently [2]. Compared with H,0, (1.45 A and 213 kJ mol™),
the longer bond length (1.49 A) and lower bond energy
(159 k] mol~!) of peroxy bond in PAA result in easier activation
to generate radicals [2,3]. Therefore, the oxygen-centered radicals
including hydroxyl radical (-OH), alkoxy radicals such as acetylper-
oxyl radical (CH3C(=0)00-) and acetyloxyl radical (CH3C(=0)0-), as
well as carbon-centered radicals like methyl radical (-CHs), will be
produced after activation [4]. In addition, some secondary radicals
such as hydrogen peroxide radical (-OOH), CH3-CHOH, and CH5-C
(=0) can also be generated after radical-chain reactions in water
[4]. UV light can realize homogeneous PAA activation through
the generation of excited triplet states, where the difference in pro-
duced radicals generally results from the induced activation routes
by different lights [5]. Specifically, PAA activation induced by UV
light (254 nm) declares that -OH, CH5C(=0)00., and CH5C(=0)O-
are formed and dominantly contribute to organic pollutants degra-
dation [6], among which CH3C(=0)0O0-. is calculated as the most
abundant radical according to kinetic modeling [4]. Thus, it holds
great importance to clearly understand the reaction characteristics
of produced radicals and their transformation behaviors in
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UV-induced PAA (UV/PAA) AOPs, so accurate identification of the
produced radicals is the prerequisite knowledge [7].

A fact is that it is very hard to provide direct evidence of the
existence of radicals (especially alkoxy and alkyl radicals) in
PAA-based AOPs, considering their complicated production and
transformation behaviors [8]. Recent studies mainly focus on the
degradation efficiency of organic pollutants, but solid evidence
on the generation of different radicals is lacking [9,10]. The widely
used scavenger quenching experiments cannot directly verify the
presence of radicals [7]. Moreover, although electron paramagnetic
resonance (EPR) spectroscopy can directly obtain radical signals
with spin-trapping reagents like 5,5-dimethyl-1-pyrrolidine-N-
oxide (DMPO), precise capture and analysis of EPR spectra still pose
challenges for accurate identification due to the variety of species
and complicated transformation process [11]. It is impressive that
the development of computational calculation methods may take
new insights into the radical formation and transformation mech-
anism. Theoretical calculation is a widely used and powerful tool in
chemistry, offering deep insights into reaction mechanisms and
intermolecular interactions, particularly in cases where experi-
mental conditions are challenging to fully control or directly
observe. Among them, a theoretical calculation based on density
functional theory (DFT) is an efficient and versatile computational
method that can provide reliable predictive results across a wide
range of chemical systems [12]. For UV/PAA AOPs, DFT calculation
can provide orbital energy level and charge distribution informa-
tion, providing visual analysis on excited state transitions and rad-
ical formation process [12].

Herein, we developed an in-situ EPR method to accurately iden-
tify the radicals produced in UV/PAA systems. UV light irradiation
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Fig. 1. In-situ EPR workflow and radical identification in UV-induced PAA activation systems. (a) PAA activation and radical generation reactions in UV/PAA system. (b) In-situ
EPR analytical system equipped with UV light. (c) Radical capture process and hyperfine splitting coupling of DMPO adducts, where “R” represents the radical functional
group such as OH, CH3, and CH3C(=0)0O0- (d) EPR spectra of radicals in UV;s4/PAA system captured by DMPO in water. (e) The hot map of captured DMPO--OH and DMPO--CH3
signals in UV,s4/PAA system in water. (f) EPR signals of radicals in UV,54/H,0, system captured by DMPO in water and ethanol solution. (g) EPR spectra of radicals in
UV,54/PAA system captured by DMPO in organic solvents. (h) Captured radical signals in UV/PAA systems with different light wavelengths in water. (i) Captured radical
signals in UV,s4/PAA and UV;gs/PAA systems in different organic solvents. Test conditions: [PAA] or [H,0,] = 10.0 mmol L~!, [DMPO] = 100 m mol L~!, pH 5, light

intensity = 10 mW cm™2

at wavelengths of 185, 254, and 365 nm was conducted for PAA
activation and generation of radicals (Fig. 1a), which are the three
most used UV-AOPs in the water treatment area. DMPO was used
to track the different radicals and corresponding measurement
conditions were systematically established. The in-situ EPR system
equipped with UV light source and reactant injector was con-
structed to track the signals of generated radicals (Fig. 1b). The
simulation and analysis of EPR signals were carried out on MATLAB
software and EasySpin package based on the hyperfine coupling
constants of DMPO adducts (Ay and Ay) (Fig. 1c¢). DFT calculation
was further employed to deeply unravel the PAA activation mech-
anism under UV light irradiation. This work can greatly advance
the understanding of complicated radical behaviors in UV/PAA sys-
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tems, and the aim of this study is to achieve: (1) accurate identifi-
cation and in-situ analysis of complex radicals (especially alkoxy
and alkyl radicals) in PAA-based AOPs activated by UV lights with
different wavelengths; (2) clear illustration the generation mecha-
nism and the process of key radicals in UV/PAA systems by means
of DFT calculations.

The molar absorption coefficient of PAA was determined as
10.01 mol L™! cm™ (254 nm), with a higher quantum yield of
1.20 mol Einstein™! than that of H,0, (18.7 mol L™! cm™,
0.5 mol Einstein™") for light activation [6]. Therefore, at the same
concentration, the homogeneous cleavage of PAA was the predom-
inant photolysis pathway to generate radicals (Eq. (1)). In water,
PAA did not react with DMPO in dark, and thus no signals were



L. Chen et al.

observed (Fig. 1d). Under UV light irradiation at 254 nm (UV3s4),
the signals assigned to DMPO--OH and DMPO--CH3; were detected.
The typical quartet signal with the intensity ratio of 1:2:2:1 corre-
sponded to DMPO--OH (Ay = Ay = 14.9 G), while the six equidistant
peaks with the spectral feature of Ay = 16.0 G and Ay = 23.6 G were
assigned to DMPO--CHs. Under light irradiation, the homogeneous
cleavage of peroxy bond in PAA firstly occurs to produce CH3C(=0)
0- and -OH (Eq. (1)), followed by hydrogen atom abstraction (HAA)
reactions with PAA to generate CH3C(=0)OO. (rate constant of
1 x 107 L mol™! s7! for Eq. (2) and 1.3 x 10° L mol™! s7! for Eq.
(3)) [6]. CH3C(=0)0O- will also rapidly undergo unimolecular
decomposition to form -CHs; with a high reaction rate constant of
2.3 x 10° s7! [2], especially under UV light irradiation (Eq. (4)).
Therefore, the existence of -CH3 can demonstrate the generation
of CH3C(=0)0- in the light activation system. With the increase
of irradiation time, the signal intensity of DMPO--OH and
DMPO--CHs3 synchronously increased (Fig. 1e). The lower intensity
of DMPO--CH; was attributed to -CH; belonging to a secondary
radical transformed from CH3C(=0)O- (Eq. (3)), and -CH3; would
be further oxidized to a peroxyl radical (-OOCHs) after reacted with
0, (reaction rate constant of 4.7 x 10° L mol~! s71) (Eq. (5)).

CH;C(= 0)00H % CH;C(= 0)0- +-OH (1)

OH + CH;C(= 0)00OH — CH;C(=0)00- + H,0

CHsC(= 0)0- + CH5C(= 0)OOH
— CH3C(= 0)00- + CH3(C = 0)OH

CH;C(= 0)0- — -CH; + CO,

-CH3 + O, — -O0CHj3

H,0,% 2.0H

OH + H,0, — -00H + H,0 (7)

Meanwhile, the background H,0, can also be activated by UV
light to generate -OH and subsequent -OOH (Egs. (6)-(7)
and Fig. 1f). In water, only DMPO--OH was detected in the
UV354/H50, system, and the relatively lower signal intensity than
that in UV;54/PAA system was observed for a lower quantum yield.
The contribution of DMPO--OH from background H,O, can be
determined as only 17.6% through the ratio of signal intensity
after EasySpin simulation (Fig. S1 online). It is worth noting that
CH3C(=0)0O0- can also be recognized as a secondary radical trans-
formed from -OH/CH3C(=0)O- reacting with PAA (Egs. (2)-(3)).
The difficulty in identifying these organic radicals lies in the slow
capture rate by DMPO and the rapid conversion of DMPO adducts
[11]. The introduction of organic solvents such as ethanol and tert-
butyl alcohol (TBA) can achieve formation of DMPO adducts with a
higher lifetime. After the addition of 10% TBA (v/v) in the test solu-
tion, the signals of DMPO--OH and DMPO--CH3 were still observed,
attributing to the photoinduced hydrolysis reaction of DMPO-CH5C
(=0)0O0- (Fig. S2 online). A similar result was also obtained after the
addition of 10% ethanol (v/v). The replacement of organic solvents
was used to extend the lifetime of DMPO adducts or avoid the
hydrolysis reaction of DMPO adducts. However, after the solvent
was totally replaced from H,O to TBA or ethanol, the signal of
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CH5C(=0)00- was clearly captured, with a characteristic parameter
of 13.5 G for Ay and 9.0 G for Ay (Fig. 1g). Therefore, the identifica-
tion of organic radicals needs different detection methods, where
-CH3 and CH3C(=0)00- can be detected in water and alcohol solu-
tion (TBA or ethanol), respectively. Besides, all radicals may
undergo coupling termination to form dimers, thereby terminating
the radical chain reaction [2].

The activation of PAA and bond cleavage pathways are highly
related to the input photon energy (i.e., different light wave-
lengths). Electronic excited state analysis is conducted to reveal
the PAA activation mechanism after receiving photo-energy. In this
study, some high-energy excited states of PAA would be generated
in the UV;g5/PAA activation system, which may not exist in the
UV;54/PAA and UV5g5/PAA systems with the lower photon energies,
resulting in the generation of different types of radicals in the three
UV/PAA systems. The EPR analysis effectively identified the types
of radicals through hyperfine coupling constants, while DFT calcu-
lations based on excited-state theory can analyze the processes of
radical generation under different UV wavelengths. PAA molecule
will be excited to a singlet state after light absorption (Eq. (8)),
then convert to a more stable triplet state with lower energy
through intersystem crossing (Fig. 2a), thereby generating radicals.
The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) have been calculated
(Fig. 2b). The LUMO and HOMO are distributed throughout the
entire PAA molecule, not just in the peroxy bond region, with a
LUMO-LUMO gap of 7.63 eV higher than the photo-energy of
UVs4 light (4.88 eV). The bond dissociation energy (BDE) of peroxy
bond is further calculated as 44.8 kcal mol~! (1.94 eV) using B3LYP/
cc-pVTZ (Fig. S3 online), which is a little higher than the reported
value (38 kcal mol~!, 1.65 eV) using the Spartan program Model
LSDA/pBP86/DN**, In comparison, the calculated BDE of the peroxy
bond (1.94 eV) is much smaller than the photo-energy of UV,s4
light (4.88 eV). For the activation of PAA and bond cleavage, the
photon energy must match the BDE, and the energy should be able
to promote PAA molecule to a suitable excited state. The theoreti-
cal UV-vis absorbance spectra are obtained by excited states calcu-
lations using time-dependent density functional theory (TDDFT)
(Fig. 2b), accompanied by the wavefunction information of orbitals.
Additionally, the experimental UV-vis spectra of PAA also indicate
that low light absorption at 254 nm was observed (Fig. S4 online).
Theoretical calculation and experimental results both confirmed
that PAA showed a main absorption peak at the light wavelength
of < 254 nm. However, the limited light absorption would also
allow PAA to capture photo energy, undergoing non-radiative
relaxation and excited-state dissociation to generate radicals. The
energy gap of the first singlet state (S1) of PAA is calculated to be
5.82 eV (213.1 nm) using TDDFT and corrected to 4.71 eV
(263.3 nm) using the equation of motion-coupled cluster singles
and doubles (EOM-CCSD). This directly indicated that PAA can be
effectively excited by UV,s4 (4.88 eV) to generate -OH and CHsC
(=0)0-, which is consistent with the EPR result (Fig. 1d). The tran-
sition density of S1 state is mainly concentrated in the peroxy bond
region (Fig. 2b). D index is calculated to measure the distance
between the mass center of holes and electrons, which is quite
small for the S1 state of PAA (0.31 A), only 20.8% of the length of
peroxy bond (1.49 A) (Fig. 2c). However, the larger Sr index
(0.51) measuring the degree of overlap between holes and elec-
trons indicates a 51% overlap, similar to the spectra of charge den-
sity difference (Fig. S5a online) [13]. Opole aNd Geectron iNdexes
(measuring the overall distribution breadth) show a similar spin
distribution breadth of holes and electrons (Fig. S5b online), fur-
ther confirming the local excitation process of S1 state. The major
transitions sorted by absolute contributions to S1 state are calcu-
lated in Fig. 2d, where the transition from HOMO to the molecular
orbitals of M027 (22.9%), M029 (18.9%), M0O30 (16.8%), M022
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Fig. 2. DFT calculation for the excited states of PAA. (a) Schematic diagram of excited states (singlet states and triplet states) in UV-induced PAA activation system. (b)
Simulated UV-vis spectra of PAA molecule calculated by TDDFT at the B3LYP/aug-cc-PVTZ level. (c) Calculated the isosurface of transition density, S; index, as well as integral
of hole and electron of the first excited singlet state (S1), second excited singlet state (S2) and third excited singlet state (S3) of PAA (isosurface = 0.001, the positive and
negative phase parts of the orbital wave function are represented in blue and green, respectively). Sr index is determined to measure the degree of overlap between holes and
electrons of S1 state; ¢ index is determined to measure the overall distribution breadth of holes or electrons of S1 state; D index is determined to measure the distance
between the center of mass of holes and electrons of S1 state. (d) The contribution of major molecular orbital (MO) transition in the S1 state (isosurface = 0.05), where M022,

MO027, M029, M0O30 and MO37 are the molecular orbitals higher than HOMO.

(14.3%) and MO37 (7.7%) are considered as the predominant con-
tribution for the similar overlapping orbitals.

CH;C(= 0)00H & CH;C(= 0)OOH" (excited state) (8)

Based on the light-induced PAA activation mechanism above, it
is known that the wavelength of UV light obviously affects PAA
activation due to the difference in photon energy. Then, radical
production behaviors were compared using UV lights with differ-
ent primary wavelengths (185, 254, and 365 nm). Compared with
UV;54/PAA system, the signal of DMPO--OH in UV, g5/PAA system
was greatly enhanced (Fig. 1h). Generally, the high molar extinc-
tion coefficient of UV;gs5 for H,0 (1.53 cm™!) leads to violent reac-
tions in water, including homogeneous cleavage and
photoionization of H,O molecule, leading to efficient production
of -OH, hydrogen atoms (-H) and hydrated electrons (e.q) (Eqgs.
(9)-(10)) [14]. Besides PAA activation, -OH in UV,g5/PAA system
could also be produced through H,0, activation and water photol-
ysis [14]. DMPO--CHs was also detected in UV;g5/PAA system, with
a lower signal intensity than that in UV;s54/PAA system (Fig. 1h).
This may be attributed to fewer photons being used for the cleav-
age of the peroxy bond (Egs. (1) and (4)), where high-energy pho-
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tons can also break other bonds in PAA or the coexisting H,0,/H,0
molecules [5]. In addition, the signal of DMPO--OH was relatively
lower in UV;g5/H,0, system than in UVigs5/PAA system (Fig. S6a
online), further demonstrating the efficient activation of PAA than
H,0,. In TBA solution, a weak signal assigned to DMPO-CH3C(=0)
00- was also captured in UV;g5/PAA system (Fig. 1i). Moreover,
two groups assigned to DMPO oxides were observed, i.e., DMPOO
and DMPO-OR (Fig. S7b online). DMPOO (Ay = 15.5 G, g = 2.0059)
was the photoinduced oxidation product (Fig. 1i), assigned to the
reactivation reaction of DMPO-CH3C(=0)0O0-, because the similar
peroxy bond also can be activated by UV light (Fig. S7a online).
DMPOO-OR (“OR” represents open ring) was the product of
DMPOO after the ring-opening reaction, and was ascribed to the
oxidation of DMPOO or the oxidation of DMPO-CH3C(=0)0O0O-
(Fig. S7a online), with a very small hyperfine coupling constant
(AN = 8.0 G, g = 2.0070) for the offset of g-value (Fig. S6b online).
The emergence of DMPO oxides only indicated an oxidative envi-
ronment was formed after PAA activation, but cannot imply the
formation of any radicals [11,15]. Similarly, the DMPOO signal
was observed in the ethanol solution. The captured DMPO-
CH3-CHOH signal (Ay = 15.2 G, Ay = 21.8 G, standard spectrum sim-
ulated in Fig. S6¢ online) was assigned to the hydrogen atom
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abstraction products of PAA via radical attack by -OH, CH3C(=0)00-
and CH5C(=0)0O- under photoinduction. Moreover, DMPO-CH5-C
(=0) (AN = 14.5 G, Ay = 17.8 G) was also captured in the ethanol
solution, which was an unsaturated carbonyl carbon-centered rad-
ical. Thus, it is indicated that UV;g5 with higher photon energy
(6.70 eV) can break C-0 bond in PAA, resulting in the generation
of CH3-C(=0) (Eq. (11)). In comparison, UV,s4 with lower photon
energy (4.88 eV) cannot mediate this reaction. The existence of car-
bonyl group in CH5-C(=0) reduced the hyperconjugation effect,
leading to a small Ay lower than 21.0 G. For the PAA activation
mechanism, the electron transition induced by UV,s4 is attributed
to the local excitation from non-bonding orbital to ©t* orbital dom-
inated by S1 state (Fig. 2¢). In contrast, the transition induced by
UV,g5 is ascribed to the C-0/C=0 group transition and Rydberg
excitation dominated by S2 state (7.17 eV, 172.9 nm) and S3 state
(7.37 eV, 168.2 nm), respectively (Fig. S8 online). This is because of
the higher photon energy and more efficient light absorption
(Fig. S4 online). The BDE of the C-0 bond is calculated as 79.5 kcal
mol~! (3.45 eV) (Fig. S3 online), which is much lower than the
photo-energy of UV, light. Then, the formation of S2 state results
in the cleavage of C-O bond to generate CH5-C(=0), where the
hole-electron separation is feasible. Meanwhile, the Rydberg
excitation to S3 state can also lead to the generation of -OH and
CH3C(=0)0., where the hole and electron are distributed in the
peroxy bond (Fig. 2¢). In comparison, in UV3g5/PAA system, only
DMPO--OH signal with lower intensity was observed (Fig. 1Th and
Fig. S6d online), because low activation efficiency for PAA occurred
due to the much lower photon energy of UV3gs (3.40 eV).

H,0 ™% .OH + H- 9)
UViss + -

H,0 ™ .OH + H' + e, (10)

CH5C(= 0)00H " CH,-C(= 0) + -OOH (11)

In conclusion, we established an in-situ EPR detection method
for accurate identification of the radicals generated in typical UV/
PAA activation systems, combined with DFT calculation to deeply
explain the generation mechanism of radicals. The concentration
and type of radicals are dominated by photo-energy levels, namely
light wavelength. The formation of -OH, -CH3 and CH3C(=0)0O0- in
UV;54/PAA and UV,g5/PAA systems was directly confirmed by
EPR spectra obtained in water or organic solvents. In addition,
-OH and the specific CH3-C(=0) with higher concentrations were
tracked in UV;g5/PAA system. In comparison, only -OH with a much
lower concentration was detected in UV3g5/PAA system. Different
radical behaviors in the UV/PAA systems are attributed to the dif-
ference in local excitation (254 nm) and Rydberg excitation
(185 nm) mechanism. The identification of CH;-C(=0) and -OH with
higher concentrations in the UV;g5/PAA activation system is valu-
able for advancing the practical application of vacuum UV-
induced AOPs in water treatment area. The integration of DFT cal-
culations with EPR detections provides deep insights into the iden-
tification and generation mechanism of radicals in PAA-based
AOPs, instructing the regulation of radicals for specific organic pol-
lutants degradation.
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