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a b s t r a c t

Quenching experiments play an essential role in the probing of reactive oxygen species (ROS) in ad-

vanced oxidation processes (AOPs). However, inappropriate choice of quencher type and concentration

will affect the judgement of the contribution of ROS. Herein, we systematically explored the direct reac-

tion of quenchers with oxidants commonly used in AOPs (e.g., hydrogen peroxide (H2O2), peroxymono-

sulfate (PMS), and peroxydisulfate (PDS)). The experimental results showed that PMS had a noticeable

reaction with methyl phenyl sulfoxide, dimethyl sulfoxide and furfuryl alcohol, and the second-order re-

action rate constants between them were measured. Meanwhile, PDS and H2O2 were hardly consumed

in the presence of various quenchers. Moreover, high-performance liquid chromatography measurements

demonstrated that l-histidine, benzoquinone, and phenol would have the artifact of rapid PMS depletion

due to the limitations of the test method. Furthermore, in response to the problems with the quenching

experiments, some suggestions for the selection of quencher type and concentration were presented. This

work is of great reference value in guiding the appropriate selection of quenchers in AOPs, which in turn

facilitates the accurate investigation of ROS and reaction mechanisms.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, with the accelerating pace of industrialization,

the problem of water pollution and water scarcity has become

increasingly serious [1,2]. Advanced oxidation processes (AOPs),

which produce reactive oxygen species (ROS) with solid oxidiz-

ing properties, have been widely used for the removal of difficult-

to-degrade organic pollutants [3,4]. In typical AOPs, various ROS

(e.g., hydroxyl radicals (•OH), sulfate radicals (SO4
•−), singlet oxy-

gen (1O2), etc.) are generated and participate in the degradation of

pollutants [5–7]. Therefore, identifying the types and contributions

of different ROS is essential for inferring the mechanisms of catal-

ysis and degradation.

Currently, quenching experiments, electron paramagnetic reso-

nance (EPR) and probe methods are the most commonly used ap-

proaches for the identification of ROS in various AOPs [8–12]. EPR

is known for its high specificity and ability to detect radicals di-

rectly. However, EPR requires specialized operators and expensive

instrumentation. The EPR test may be interfered with by other
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substances, for example, the intensity of the reaction of 2,2,6,6-

tetramethylpiperidine (TEMP) with 1O2 to form TEMPO is consid-

ered to be proof of the presence of 1O2, whereas TEMP also reacts

directly with PMS to form TEMPO [13]. Moreover, multiple ROS

systems may result in overlapping EPR signals, making the analysis

difficult. The above issues limit the widespread use of EPR in ex-

ploring ROS. Probe methods are generally sensitive and straightfor-

ward to use, but not all ROSs have well-established specific probes

available, and therefore it may not be possible to comprehensively

assess the types and contribution proportions of all potential ROS.

Quenching experiments allow the determination of reaction rate

constants between ROS and specific quenching agents, thus indi-

rectly inferring the concentration of ROS. Moreover, the quenching

experiments are relatively direct and rapid, and the presence and

dynamics of ROS in the reaction system can be monitored in real

time if appropriate probes are selected [14]. Therefore, quenching

experiments are the most commonly used method to investigate

the reaction mechanism in AOPs.

Quenchers can react rapidly with specific ROS thus hinder-

ing the degradation of pollutants by ROS. However, some of the

quenchers react directly with peroxymonosulfate (PMS) to cause

a decrease in PMS concentration and thus inhibit the degrada-
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Fig. 1. Molecular structure of PMS, PDS and H2O2.

tion of the contaminant, and this phenomenon will mislead the

assessment of the ROS contribution. For example, commonly used

high-valent metal-oxo species quenchers are methyl phenyl sulfox-

ide (PMSO) and dimethyl sulfoxide (DMSO). However, PMSO and

DMSO react rapidly with PMS, so it is inappropriate for PMSO

and DMSO to be selected as a quencher of high-valent metal-

oxo species in the PMS system [15–17]. In addition, inappropri-

ate choice of quencher concentration can significantly affect the

quenching effect and mislead the judgement of ROS contribution

[18,19]. Therefore, to accurately identify and quantify the types of

ROS generated during AOPs and the extent of their respective con-

tributions, it is vital to systematically analyze suitable quencher

types and concentrations in AOPs.

Herein, we systematically explored the direct reactions between

commonly used oxidants (PMS, peroxydisulfate (PDS), and hydro-

gen peroxide (H2O2)) (Fig. 1) and quenchers of •OH, SO4
•−, 1O2,

superoxide radicals (O2
•−), high-valent metal-oxo species and sur-

face radicals, respectively. Moreover, the second-order rate con-

stants between the oxidizer and the quenchers that would signifi-

cantly deplete the oxidizer were determined. Furthermore, sugges-

tions for the selection of quencher types and concentrations for the

treatment of pollutants in AOPs were given. This work will provide

an essential reference for the quenchers selection and ROS identi-

fication in future AOPs.

At first, we tested the consumption of PMS, PDS and H2O2 by

different quenchers, which was an intuitive basis for determin-

ing the direct reaction between quenchers and oxidants. The con-

centrations of the oxidant and quencher were chosen based on

those commonly used in the literature, with the aim of guiding the

choice of quencher concentration in the experiments based on the

extent to which the oxidant was consumed. However, whether the

quencher and oxidant can actually react with each other and the

reaction rates have to be further determined by the second-order

rate constants between them.

In quenching experiments of •OH, tert–butyl (TBA) alcohol was

often used as a preferred quenching reagent to effectively compete

for and capture this highly reactive radical [20,21]. As shown in Fig.

S1 (Supporting information), PMS, PDS, and H2O2 did not exhibit

significant depletion in the presence of TBA at concentrations of

10, 50, and 100mmol/L, respectively, suggesting that there was no

direct chemical reaction between TBA and the above three com-

monly used oxidants under the experimental conditions. In addi-

tion, due to the ability of isopropanol (IPA), methanol (MeOH), and

ethanol (EtOH) to react rapidly with •OH and SO4
•−, these three al-

cohols were often used as reagents to effectively trap and quench
•OH and SO4

•− [5,22]. No consumption of PMS, PDS and H2O2 was

observed in the presence of different concentrations of IPA, MeOH

and EtOH (Figs. S2-S4 in Supporting information). The above phe-

nomena indicated that IPA, MeOH and EtOH can be used with con-

fidence in quenching experiments verifying the presence of •OH

and SO4
•− during AOPs without regard to their interactions with

the oxidants.

Furfuryl alcohol (FFA), l-histidine, β-carotene and tetram-

ethylpiperidine (TEMP) were effective in scavenging 1O2 to pre-

vent further oxidative reaction chains, so they were often used as

quenchers for 1O2 [23–25]. As shown in Figs. 2a and b, 10mmol/L

FFA consumed about 33% of PMS in 30min. Therefore, the effect

of initial PMS reduction on oxidation efficiency should be con-

Fig. 2. (a) PMS decomposition in the presence of different concentrations of FFA

and (b) corresponding pseudo first-order rate constants. (c) PMS decomposition in

the presence of different concentrations of l-histidine and (d) corresponding pseudo

first-order rate constants. (e) PMS decomposition in the presence of different con-

centrations of BQ and (f) corresponding pseudo first-order rate constants. Experi-

ment conditions: [PMS]0 =1mmol/L, T=25 °C.

sidered when using FFA as a 1O2 quencher, especially in high-

concentration FFA. In the PDS and H2O2 systems, the direct inter-

action of FFA with the oxidant was weak and could be neglected

(Fig. S5 in Supporting information). For l-histidine, which had a

robust consuming effect on PMS, this might make the contribu-

tion of 1O2 in the persulfate system exaggerated (Fig. 2c). How-

ever, when l-histidine was added, the consumption of PMS pre-

sented an anomaly that did not correspond to the kinetic pro-

cess (Fig. 2d), this phenomenon will be further investigated subse-

quently. In H2O2 and PDS systems, l-histidine could be employed

as a 1O2 quencher because it did not react with H2O2 and PDS (Fig.

S6 in Supporting information). The reactions between TEMP or β-

carotene with PMS, PDS, and H2O2 were all weak (Figs. S7 and S8

in Supporting information), so TEMP and β-carotene can be used

as an ideal 1O2 quencher in AOPs. It is noteworthy that although

β-carotene is almost insoluble in water, but its dispersion in water

under stirring is good. In addition, β-carotene hardly reacts with

ROS other than 1O2 and 1mmol/L β-carotene has been shown to

exert a good quenching effect in the 1O2 system [15,26]. Therefore,

β-carotene is considered an ideal 1O2 quencher.

To verify the contribution of O2
•− in AOPs, p-benzoquinone

(BQ), trichloromethane (TCM) and superoxide dismutase (SOD)

were commonly used as quenchers to capture O2
•− [27,28]. As dis-

played in Fig. 2e, the slight depletion of 10mmol/L BQ on 1mmol/L

PMS suggested the suitability of BQ as a quencher in PMS sys-

tem. In addition, like the l-histidine, the degradation of PMS in

BQ system showed an abnormal kinetic process, which needs to

be further demonstrated subsequently (Fig. 2f). Moreover, BQ did

not consume PDS and H2O2 significantly (Fig. S9 in Supporting in-

formation). However, it is worth noting that BQ itself has a yel-

low color, which may affect the results of the colorimetric method.
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Fig. 3. (a) PMS decomposition in the presence of different concentrations of DMSO

and (b) corresponding pseudo first-order rate constants. (c) PMS decomposition in

the presence of different concentrations of PMSO and (d) corresponding pseudo

first-order rate constants. (e) PMS decomposition in the presence of different con-

centrations of phenol and (f) corresponding pseudo first-order rate constants. Exper-

iment conditions: [PMS]0 =1mmol/L, T=25 °C.

Moreover, although TCM had no consumption of PMS, PDS and

H2O2 (Fig. S10 in Supporting information), it was worth noting that

TCM is not miscible with the aqueous solution, which makes it dif-

ficult to be completely dispersed during the reaction process thus

seriously affecting the mass transfer effect. Therefore, the feasibil-

ity of TCM as a quencher in AOPs needs to be further explored.

SOD was an important antioxidant enzyme that quenches super-

oxide radicals by catalyzing reactions. As depicted in Fig. S11 (Sup-

porting information), neither PMS, PDS, nor H2O2 was found to be

decomposed by SOD, thereby indicating that the presence of SOD

does not compromise the assessment of the system’s inherent ca-

pability to generate O2
•−.

Dimethyl sulfoxide (DMSO) or methyl phenyl sulfoxide (PMSO)

was easily oxidized to the corresponding sulfone product through

the oxygen atom transfer pathway in the presence of high-valent

metal-oxo species [29,30]. Therefore, DMSO and PMSO were com-

monly used quenchers of high-valent metal-oxo species. DMSO

(Figs. 3a and b) and PMSO (Figs. 3c and d) exhibited substan-

tial depletion of PMS, while there was almost no effect on the

concentrations of PDS and H2O2 (Fig. S12 in Supporting informa-

tion). Thus, the inhibition effect of DMSO or PMSO in the PMS

system could not be used as direct evidence for the presence

of high-valent metal-oxo species. Nevertheless, no other suitable

high-valent metal-oxo species quencher can be chosen to replace

PMSO and DMSO. Therefore, low concentrations of PMSO or DMSO

should be chosen as much as possible for quenching experiments

of high-valent metal-oxo species. In addition, 18O isotope labelling

experiments or EPR tests, etc. should be supplemented to compre-

hensively assess the contribution of high-valent metal-oxo species.

Phenol was thought to play an essential role in quenching sur-

face radicals [31]. As shown in Fig. S13 (Supporting information),

no oxidants were found to be consumed by phenol in the PDS and

H2O2 systems. While in the PMS system, like l-histidine and BQ,

there was a significant decrease in the initial concentration of the

oxidant when phenol was added. However, the oxidants remained

at the same concentration over time, suggesting that the decrease

in PMS concentrations might not be due to their direct reaction

with phenol (Figs. 3e and f). In addition, phenol, as an electron-rich

organic, could be efficiently degraded by both radicals and nonrad-

icals [22,32], and the addition of phenol as a quencher in AOPs is

highly likely to compete with the target pollutant for ROS and in-

terfere with the removal of the target pollutant.

For quenchers that consume oxidants significantly, the second-

order rate constants of quenchers and oxidants were determined

to guide the use of quenchers in quenching experiments. Unlike

previous studies [19,33], we did not add buffer salts during the

reaction. The main reasons are as follows: (1) Buffer salts (phos-

phate or borate) would interact with PMS and affect the reaction

between the quencher and PMS [21,34]. (2) PMS was easily acti-

vated by alkali under alkaline conditions [35]. (3) The PMS solution

was acidic, and PMS systems usually occur under acidic rather than

neutral conditions. Therefore, second-order rate constants were de-

termined by adding only PMS and quencher without any auxiliary

reagents, which made the determined second-order rate constants

more reliable.

When the oxidant is in large excess, the secondary reaction (Eq.

(1)) can be approximately treated as a "pseudo-first-order" reac-

tion, focusing solely on the concentration change of the quencher

and its impact on the reaction rate.

oxidant + quencher → products (1)

The rate equation for a second-order reaction is:

r = k
[
oxidant

][
quencher

]
(2)

Under the assumption that oxidant is in excess, [Oxidant] can

be regarded as a constant [Oxidant]0, thus simplifying the above

equation to:

r = k′[quencher
]

(3)

where k’= k[oxidant]0 represents an quencher-concentration-

dependent "pseudo-first-order" rate constant.

The change in quencher concentration over time can be mea-

sured experimentally and an apparent first-order rate constant

(kobs) can be obtained from this change. This "pseudo-first order"

rate constant can then be converted back to the true rate constant

for the second-order rate constant (k) in the following relationship:

kobs = d[quencher]

dt
= −k′[quencher

]
= −k

[
oxidant

]
0
[quencher] (4)

The true second-order reaction rate constant (k) can be inferred

through the formula:

k = kobs
[oxidant]0

(5)

The measured second-order rate constants of FFA, l-histidine,

BQ, PMSO, DMSO, and phenol with PMS were shown in Table 1.

As shown in Fig. 4a, the results showed that PMSO and DMSO had

faster reactions with PMS and FFA had a slower reaction rate with

PMS, which was in accordance with the experimental results that

the quencher consumed the oxidant. However, Fig. 4b displayed

that the reaction rates of l-histidine, BQ and phenol with PMS

were so slow as to be negligible, which did not match the previous

experimental results.

In addition, since the reaction of PMS with l-histidine and BQ

was widely accepted [36–38], and the consumption of PMS in l-

histidine, BQ, and phenol systems did not conform to the reaction

kinetics process (Figs. 2d and f, and 3f). We further validated our

3
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Table 1

Second-order rate constants of quenchers with PMS.

Quenchers Second-order rate constants

(L mol−1 s−1)

FFA 2.7×10−2

l-Histidine 4.7×10−4

BQ 9.5×10−4

PMSO 1.1×10−1

DMSO 1.3×10−1

Phenol 7.6×10−4

Fig. 4. (a) Changes in the concentration of different quenchers, and (b) correspond-

ing pseudo first-order kinetic plot under excess oxidants.

Fig. 5. Chromatograms of (a) l-histidine, (b) BQ, and (c) phenol detected in HPLC.

Experiment conditions: [PMS]0 =2mmol/L, [Quencher]=20 μmol/L, T=25 °C. (d)

ABTS+• consumption in the presence of FFA, l-histidine, BQ, DMSO, PMSO, and phe-

nol.

results by monitoring the change in quencher over time by high-

performance liquid chromatography (HPLC) in the presence of PMS

overdose. As shown in Figs. 5a-c, there was no significant change

in the intensity of the characteristic peaks of l-histidine, BQ, and

phenol with time, which further proved that the reaction between

PMS and l-histidine, BQ, and phenol was slow enough.

Since the reaction between PMS and l-histidine, BQ, and phe-

nol was almost negligible, the significant decrease in the concen-

tration of PMS might be due to the presence of quencher affecting

the results of the PMS test. 2,2′-azinobis(3-ethylbenzothiazoline-6-
sulfonic acid ammonium salt) (ABTS) reacted with oxidizing sub-

stances to form ABTS+•, which was often used to determine the

antioxidant capacity of a substance based on the weakening of the

ABTS+• peak intensity [39]. Thus, the strange phenomenon in l-

histidine/PMS, BQ/PMS and phenol/PMS systems might be due to

the depletion of ABTS+• by quenchers. As shown in Fig. 5d, we ex-

plored the consumption of ABTS+• by quenchers. l-histidine, BQ,

and phenol exhibited significant antioxidant capacity. Therefore,

the false appearance of PMS depletion by l-histidine, BQ, and phe-

nol might be due to the reducibility of the quencher in the detec-

tion method.

Quenching experiments have inherent limitations, the follow-

ing issues should be fully considered when selecting the type and

concentration of quencher to ensure the accuracy of the quench-

ing results. (1) Quenchers (such as FFA, DMSO and PMSO) will re-

act directly with oxidants. (2) Quenchers typically react with mul-

tiple ROS, which is often overlooked. This oversight will subse-

quently lead to the misjudgment of the quenching result. For ex-

ample, phenol reacts not only with surface radicals but also with

ROS such as •OH, SO4
•− and 1O2. (3) In aqueous solutions, solvents

that are not miscible with water (such as TCM) should be used

with caution. (4) The addition of quenchers may change the pH of

the solution or cause solvent effects, etc., altering the original reac-

tion or affecting the lifetime of the ROS. For example, the addition

of TEMP causes an increase in solution pH. Besides, the change in

solution density may also affect mass transfer.

For the choice of quencher type, it is required that the reac-

tion rate of the quencher with the target ROS is much greater than

the reaction rate of the quencher with other ROS. For example, the

second-order rate constant of TBA with •OH is about 6.0×108 L

mol−1 s−1, the reaction rate with SO4 is about 4.0×105 L mol−1

s−1, and the reaction rate with 1O2 or O2
•− is <104 L mol−1 s−1

[40,41], so TBA is usually used as a quencher of hydroxyl radical.

However, the reaction rate of MeOH with both •OH and SO4
•− is

greater than 107 L mol−1 s−1 [19,42], so MeOH is not suitable for

the detection of •OH in persulfate systems. In addition, if the se-

lectable quenchers all react with multiple ROS, it is necessary to

first exclude non-target ROS by quenching or probing methods, etc.

For instance, the demonstration of the presence of SO4
•− can be

done by first excluding the presence of •OH with a •OH quencher

(TBA, etc.) or probe (coumarin, etc.) and then demonstrating the

effect of SO4
•− with MeOH. Moreover, the choice of quencher type

should try to avoid quenchers that react strongly with oxidants or

other substances in the system. Furthermore, quenchers that are

not miscible with the solution should also be avoided as much as

possible.

Since high concentrations of quenchers tend to cause sol-

vent effects and other possible by-reactions, the concentration of

quenchers should be chosen as low as possible under the premise

of ensuring near-complete quenching of ROS. Therefore, it is es-

sential to calculate the appropriate quencher concentration prior

to the quenching reaction. The quenching of ROS by the quencher

is actually the process of competing ROS with the target pol-

lutant. The percentage of ROS quenched can be calculated by

Eq. 6 [43]. For example, previous work found that in a system of 8

μmol/L SMX, 50mmol/L TBA quenched 99.80% of •OH and 15.53%

of SO4
•−. And when the concentration of TBA was increased to

500mmol/L, •OH and SO4
•− were quenched by 99.98% and 64.77%,

respectively [21]. To demonstrate that the target ROS is the domi-

nant ROS, the quencher should scavenge as much of the target ROS

as possible (preferably >90%) and scavenge as little of the non-

target ROS as possible (preferably <10%). Under 95% •OH quench-

ing conditions, only 1.93mmol/L of TBA was required in the system

of 8 μmol/L SMX. Whereas TBA dosages reported in the literature

were usually in the range of 10–1000mmol/L [24,44], the excess

quencher may cause unpredictable effects on the reaction, so it is

recommended to prioritize the selection of quencher concentration

by calculating the appropriate quencher dose.

P(%) = k(ROS, quencher)[quencher]

k(ROS, pollutant)[pollutant] + k(ROS, quencher)[quencher]
×100% (6)

where P(%) represents the percentage of the ROS scavenged

by quencher, k(ROS, quencher) and k(ROS, pollutant) are the second-

4
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order rate constants of quencher and pollutant with ROS,

respectively.

In addition, try not to select quenchers that react directly with

the oxidant. If there is no other suitable choice of quencher, the

choice of quenchers that react directly with the oxidant should

be made carefully. Based on the calculated concentration of the

quencher, its efficacy in consuming oxidants needs to be as-

sessed through either formula-derived calculations (Eq. 7) or ex-

perimental measurements. If the oxidant is depleted excessively

or rapidly, this indicates that the quencher is ill-suited for appli-

cation within the given system. Conversely, if the oxidation im-

pact on the target pollutant degradation remains minimal despite

the oxidant consumption, it is recommended that the use of the

quencher be combined with further validation through comple-

mentary ROS detection methods, such as probe experiments or EPR

spectroscopy.

d[quencher]

dt
= d[oxidant]

dt
= −k[quencher][oxidant] (7)

In this work, the direct reaction of different quenchers with

commonly used oxidants (PMS, PDS and H2O2) in AOPs was ex-

plored. The results showed that FFA, DMSO and PMSO had more

pronounced depletion of PMS. For the l-histidine, BQ and phe-

nol, which are often incorrectly assumed to be depleted of PMS,

we demonstrated that their reaction rates with PMS were so low

as to be negligible. In particular, reasonable recommendations are

given for the choice of quencher type and concentration, relying on

competitive kinetics and second-order rate constants. Moreover, all

of the quenchers showed almost no depletion of PDS and H2O2.

The systematic investigation of the direct reaction between the

quenchers with the oxidants and recommendations for the selec-

tion of quencher type and concentration in this work will provide

an essential guideline for the selection of a suitable quencher in

AOPs, which will be beneficial for the accurate investigation of the

active species and the reaction mechanism.
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