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Abstract
Aromatic amines (AAs), ubiquitous in industrial applications, pose significant environmental hazards due to their resistance to 
conventional wastewater treatments. Peracetic acid (PAA)-based advanced oxidation processes (AOPs) have been proposed as 
effective strategies for addressing persistent AA contaminants. While the organic radicals generated in these systems are believed to 
be selective and highly oxidative, acetate residue complicates the evaluation of AA removal efficiency. In this work, we explored 
transformation pathways of AAs in a representative Co(II)-catalyzed PAA system, revealing five side reactions (i.e. nitrosation, 
nitration, coupling, dimerization, and acetylation) that yield 17 predominantly stable and toxic by-products. The dominant reactive 
species was demonstrated as Co–OOC(O)CH3, which hardly facilitated ring-opening reactions. Our findings highlight the potential 
risks associated with PAA-based AOPs for AA degradation and provide insights into selecting suitable catalytic systems aimed at 
efficient and by-product-free degradation of pollutants containing aromatic –NH2.
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Introduction
Aromatic amines (AAs) are widely used in pharmaceuticals, agri-

culture, and various industries (1, 2). Due to their inherent toxicity 

and persistence in soil and water bodies, AAs pose significant risks 

to human health and the environment (3). Advanced oxidation 

processes (AOPs) have been applied as a solution to treat waste-

water contaminated with ecotoxic AAs. However, the convention-

al Fenton process and the developed H2O2-based AOPs 

demonstrate limited oxidizing capabilities. Thus, highly oxidative 

radicals, such as sulfate radicals (SO4
•−), iodate radicals (IO3

•), and 

organic radicals (CH3C(O)OO• and CH3C(O)O•), are generated by 

activating different oxidants to effectively degrade chemically 

stable contaminants (4–6). Notably, organic radicals derived 

from peracetic acid (PAA) have been identified as a strong oxidant 

for removing sulfa drugs (7–10). Also, PAA has exhibited a similar 

oxidizing performance to peroxymonosulfate (PMS) in various 
water treatment scenarios (11, 12). Moreover, its residual product, 
acetate, is relatively harmless and poses minimal environmental 
risk.

However, the reactive nature of the aromatic amino moiety 
(–NH2) makes it highly susceptible to oxidation, leading to the for-
mation of unexpected by-products in the oxidative degradation of 
AAs (13, 14). The generation of nitrosation and nitration products 
has been identified as a critical factor contributing to the risks as-
sociated with the use of AOPs (15). Besides, compounds featuring 
azo bonds (–N=N–) are frequently detected in oxidative reactions, 
constituting highly toxic, carcinogenic, and mutagenic products 
(16). The electron-deficient characteristics of these azo com-
pounds render them resistant to conventional aerobic biological 
treatments, exacerbating the environmental risks of AA removal 
using AOPs (17). Therefore, an effective AOP system should be 
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capable of attacking the main chains of targeted pollutants, re-
sulting in chain leakage and ring-opening products (18).

Recently, when treating contaminants with –NH2 moiety, 
various toxicity-enhancing by-products, such as azo compounds 
and nitro(so) by-products, have been detected in different AOPs 
(18–21). Partial mineralization and unexpected oxidation of amines 
have also been recognized in other oxidation processes (22). 
However, the use of PAA as an oxidant could significantly increase 
the total organic carbon and chemical oxygen demand of the final 
effluent. While the substantial amount of residual organics may fa-
cilitate subsequent biological treatment, it hinders the necessary 
evaluation of the actual mineralization of organic pollutants (23). 
Thus, although chemically stable by-products have commonly 
been detected in PAA-based AOPs (7–9, 24, 25), the risks are further 
whitewashed. Hence, investigating the prevalence and intrinsic 
patterns of side reactions, pathways of –NH2 transformation, and 
the effects of substituents on preferences is crucial for treating 
AA-containing wastewater using catalytic oxidation strategies.

In this work, we investigated the side reactions of AAs in the 
Co(II)/PAA system with a focus on their universality and diversity. 
We compared the different transformation pathways of these re-
actions in detail and examined the effects of the substituents on 
the propensity for the side reactions. Furthermore, we identified 
the responsible reactive species for the unexpected oxidation of 
aromatic –NH2. The results from this work could serve as an im-
portant guide for the application of PAA-activated systems for 
the treatment of AA-containing wastewater.

Results and discussion
Transformations of sulfonamides  
in the Co(II)/PAA system
To gain insight into the transformation pathways of sulfonamides 
in the typical Co(II)/PAA system, we investigated the degradation 
of three representative sulfa drugs, including sulfamethoxazole 
(SMZ), sulfadiazine (SD), and sulfamerazine (SMR). The intermedi-
ate products were identified (Fig. 1), revealing similar fates of all 
three sulfonamides during oxidation. The decrease in sulfa con-
centration might be attributed mainly to –NH2 oxidations, includ-
ing nitrosation, nitration, and N-coupling. However, no further 
degradation of these by-products was observed.

We predicted the potential toxicities of the identified by- 
products generated in the Co(II)/PAA/sulfa systems using the 
ECOSAR program (Table S3). The obtained results show that the 
three initial sulfas exhibited toxicity toward daphnids and could 
induce severe chronic effects on the three organisms (i.e. fish, 
daphnia, and green algae). However, in the Co(II)/PAA system, ad-
vanced oxidation of sulfas formed potentially “very toxic” 
N-coupling by-products, such as A-SMZ with a ChV value of 
0.520 mg L−1 and OOA-SMR with a ChV value of 0.669 mg L−1, as 
determined by chronic toxicity analysis. Although the 
PAA-based AOPs have been commonly recognized as effective 
treatment methods for sulfas, their inefficient sulfonamide cleav-
age and the generation of harmful intermediates or by-products 
will greatly hinder their practical applications. This phenomenon 
is neglected in previous studies, and there is a lack of toxicity as-
sessment and mineralization of subsequent by-products with a 
single removal efficiency guarantee.

In general, the oxidation of –NH2 to –NO and –NO2 would not re-
markably affect the toxicity of sulfas. However, hydroxylation 
would increase their chronic toxicities. The oxidative coupling of 
–NH2 led to the formation of azo by-products, that were not pro-
duced in biodegradation (26), and generally exhibited higher 

toxicities than the parent sulfas. Moreover, the breakage of the 
S–N bond in the sulfonamide group resulted in the formation of 
less toxic C1-products (C1-SMZ, C1-SD, and C1-SMR). 
Conversely, the cleavage of the sulfo-group (–SO3H) resulted in 
the formation of highly toxic C2-products. In summation, the ma-
jority of the unforeseen side reactions were attributed to the oxi-
dative conversion of the aromatic –NH2. Consequently, it is 
imperative to thoroughly investigate the oxidation mechanism 
and preferences associated with these transformations.

Transformations of aniline in the Co(II)/PAA 
system
To further explore the reactions of aromatic –NH2 under the oxi-
dative condition in the Co(II)/PAA system, we examined the trans-
formation of the simplest AA, aniline (Fig. 2a). The hydroxylation 
products of aromatic compounds are reported to be harmful or 
toxic to organisms, but could be effectively removed by 
HO•-dominated AOPs (27). However, no further oxidation prod-
ucts of aniline were found in the Co(II)/PAA system. Moreover, 
similar to the aforementioned sulfa degradation, the –NH2 could 
be directly oxidized and thus transformed into various by- 
products. Notably, the hydroxylation products of azobenzene 
were detected. Such hydroxylation reactions might reduce the as-
sessed concentration of azobenzene, while in fact the azo by- 
products were not destroyed, thus posing a potential risk.

Due to the complex side reactions and their competition, the ef-
fect of reactant dosage on the relative yields of different by- 
products showed complex characteristics. At low aniline dosages 
(≤20 mg L−1), the yield of hydroxylated products remained at a 
relatively high level, but neither azobenzene (A-aniline) nor 
4-aminodiphenylamine (D-aniline) was detected (Fig. 2b). When 
the aniline concentration was increased, nitrobenzene 
(X-aniline) yield decreased, while the A- and D-product yields 
increased. This result indicates a cascade oxidative side reaction 
in the Co(II)/PAA/aniline system. The generation of the terminal 
–NH2-oxidation product, nitrobenzene, would be understandably 
suppressed when the oxidative active species were consumed in 
other side reactions. Also, the high concentration of aniline 
increased the probability of direct oxidative coupling and dimer-
ization. The by-products observed in the Co(II)/PAA system were 
found to be stable and resistant to further degradation. In con-
trast, the yields of Y-, X-, O-, and OA-products remarkably in-
creased with the increase in PAA dosage. Thus, the stable 
by-products were not a result of insufficient PAA, and the excess 
oxidant dose could not remove the formed long-lasting by- 
products (Fig. 2c). Both the –NO and –NO2 are strong 
electron-withdrawing groups, increasing the structural stability 
of the products and decreased the removal effectiveness (28). In 
addition, aromatic azo compounds have been reported to exhibit 
high chemical stability and cause severe environmental and 
health concerns (29).

When aniline was treated with the PAA-based system, the re-
sulting solution exhibited a significant color change (Fig. S1). 
Due to a low catalyst dose and negligible spectral interference, 
the Co(II)/PAA system would be a reliable platform for kinetic 
studies based on UV–Vis spectra. Spectroscopic kinetics were ac-
quired at 350 nm to indicate the generation of azobenzene chro-
mophores. Similar to the interactions observed in the Co(II)/PAA 
system, the Co(II)/PMS, the Fe(II)/PAA, and the Ru(III)/PAA sys-
tems also continuously transformed aniline into azo by-products 
(Fig. 3a), suggesting the ubiquity of such a side reaction. The Co(II)/ 
PMS system has been reported to efficiently degrade SMZ, and 
concurrently transform SMZ into –NH2-oxidation by-products 
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(30). Endowed with a terminal –O–OH group, PAA is recognized as 
a “PMS-like” oxidant. Therefore, the unwilling –NH2-oxidation side 
reactions, which pose a universal challenge in oxidative waste-
water treatment, might share a similar mechanism in these 
systems.

Although these azo by-products were expected to be removed 
by further oxidation processes (31), they exhibited relatively 
high stability in AOPs (32). A long-term monitoring shows that 

the absorbance of by-products at 350 nm did not decrease 
throughout the reaction, and dosing more PAA could not remove 
these by-products (Fig. 3b). The reaction exhibited pseudo- 
zero-order kinetics during the initial stage, while the reaction 
rate gradually decreased with the consumption of reactants. 
The calculated kinetic constants were linearly related to the anil-
ine and Co2+ concentrations (Fig. 3c and d). However, excess PAA 
did not substantially increase the kinetic constants, but instead 

c  sulfamerazine

a  sulfamethoxazole

b  sulfadiazine

Fig. 1. Transformation pathways of sulfa drugs. a) SMZ, b) SD, and c) SMR in the Co(II)/PAA system. Conditions: [sulfa] = 50 mg L−1, [PAA] = 800 μM, 
[Co2+] = 2 μM.
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prolonged the pseudo-zero-order stage (Fig. 3e). These results sug-
gest that the rate-determining step of the reaction was between 
aniline and the reactive Co species.

Transformations of AAs in the Co(II)/PAA system
The possible transformation pathways of different AAs are sum-
marized in Fig. 4. AAs with varying aromatic rings possess diverse 
bio- and medical-activities, depending on their distinct chemical 
structures. We found that the reactivity of –NH2 increased with 
the electron density of the aromatic ring, leading to the formation 
of various by-products in the Co(II)/PAA system (Table S4). Such a 
reactive –NH2 could also be substituted by –OH and further trans-
formed into a quinone. These by-products were found to be much 
more toxic than the original substances. However, in the presence 
of two –NH2 on the naphthyl ring (2,3-diaminonaphthalene, 
DAN), most of the aforementioned by-products became unstable 
in the oxidation process. On the contrary, the formations of two to-
tally –NH2-oxidized compounds could be observed, which were 
considerably stable in AOP systems but would be harmful to eco-
systems. Similarly, the biphenyl ring of 4-aminobiphenyl enabled 
the coupling or oxidation of –NH2 and promoted the hydroxylation 

reactions that generated nitrosation, nitration, and coupling prod-
ucts with –OH substitution.

In both natural and engineered systems, AAs with different 
heterocyclic aromatic rings are widely distributed and commonly 
detected. Heterocyclic atoms not only increase the reactivity of 
the –NH2 but also decrease the stability of the aromatic rings. 
Hence, some ring-opening products were detected in the degrad-
ation of 2-aminobenzothiazole, which were evaluated to be harm-
less. Furthermore, nucleic acid-related AA produced no coupling 
by-products under oxidative stress, showing limited toxicity 
when treated with the Co(II)/PAA system.

AA-derived pharmaceuticals commonly contain deactivating 
groups. In noncatalytic processes, the reactions between PAA 

and various AAs have been well studied, and the deactivating 

groups were found to reduce the electron density on –NH2 and in-

hibit its oxidation (33). Therefore, it is hypothesized that side reac-

tions such as nitrosation, nitration, and coupling of –NH2 are 

limited by the deactivating groups (34). However, this conclusion 

cannot be extrapolated to catalytic oxidation systems, because 

highly reactive species could readily reactivate the aromatic rings. 

The presence of strong deactivating groups, such as –NO2, limited 

the direct coupling between the 4-nitroaniline (NOA) molecules 
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Fig. 2. Side reactions of aniline degradation in the Co(II)/PAA system. a) Identified intermediates and by-products of aniline degradation. b) Variations in 
the concentration of the identified products (relative to the initial concentration of aniline) at different initial aniline dosages. Conditions: [PAA] = 800 μM, 
[Co2+] = 2 μM. c) Variation in the concentration of the identified products (relative to the initial concentration of aniline) at different dosages of PAA. 
Conditions: [aniline] = 100 mg L−1, [Co2+] = 2 μM.
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(Table S5). In the Co(II)/PAA/NOA system, the hydroxylation acti-
vation of –NH2 resulted in the formation of two extremely toxic 
by-products, OA-NOA and OOA-NOA. Also, substituting alkyl (– 
R) or alkoxy (–OR) groups could slightly increase the electron dens-
ity on the aromatic rings, thereby altering the possible side reac-
tions of the corresponding AAs. Among these side reactions, the 
coupling products were relatively toxic, while some nitrosation 
or nitration products might exhibit weaker toxicity than their par-
ent compounds.

Acidic groups, such as –SO3H, –COOH, and –AsO3H2, are usually 
classified as deactivating groups (35). However, their substitutions 
exhibited different effects on the side reactions of AAs. The pres-
ence of –SO3H and –COOH significantly reduced the electron dens-
ity on the benzene ring, thereby limiting the formation of 
by-products. Only after hydroxylation could sulfanilic acid and 
2-aminoterephthalic acid be coupled with other hydroxylated sub-
strates. Only azo products with two –OH groups (i.e. OOA-products) 
were identified. In contrast, the electron-withdrawing effect 
of –AsO3H2 was weaker than these two groups and could undergo 
various side reactions. –AsO3H2 was a good leaving group under oxi-
dative pressure, and nitrobenzene was also detected during the 
degradation of arsanilic acid (ASA), implying the generation of inor-
ganic arsenic species. Generating toxic As(V) species in AOP sys-
tems might pose severe risks to water safety. Therefore, 
coupling-adsorption might be an efficient and safe strategy for 
ASA removal because the toxicity of coupling products did not sig-
nificantly increase compared to ASA (36).

Halo groups are classified into deactivating groups, thus the 
degradation rates of AAs were slightly decreased after halogena-
tions. However, halogenation could increase the electron density 
on the N atom of –NH2 via the resonance effect. Consequently, al-
though these reactions were slowed down, more complex side re-
actions occurred in the Co(II)/PAA process. The position of the 
halogen atoms affected the reaction performances of AAs due to 

the different resonance effects (Table S7). These results support 
the hypothesis that the AOP-dominated hydroxylation step en-
hanced the reactivity of the –NH2 group, leading to initiating coup-
ling reactions via a nitrosation step. However, such an activation 
simultaneously decreased the reactivity of –NH2 as a –NO accept-
or, resulting in the mono-hydroxylated azo products as the usual-
ly preferred coupling by-products.

AAs containing activating groups possess high electron dens-
ities on their aromatic rings, which led to the perception that 
they can be readily removed using AOP systems. As 
electron-donating groups, –CH3 and –NH2 increased the prefer-
ence for hydroxylation and –OH substitution. Consequently, azo 
and dimerization products with or without hydroxylation were 
commonly detected, and most of these by-products are more toxic 
than the parent compounds (Table S8). Notably, no ring-opening 
products were detected, suggesting that the toxic products of 
these AAs with activating groups were also stable and could accu-
mulate in the Co(II)/PAA process.

The above results indicate that the estimated reactivity of AA 
with PAA may overlook the possibility of actual side reactions in-
volving catalysts and reactive species in AOPs (34). Such catalytic 
systems might reactivate deactivated aromatic rings due to hy-
droxylation steps caused by oxidative reactive species. These find-
ings suggest that the azo by-products involving AAs treatment 
could be prevalent in AOPs, and the associated risks should be 
fully evaluated.

Reactivity of AAs in the Co(II)/PAA system
The change profiles of AA concentrations were monitored by a 
concentration quantification method based on conventional 
chromatography, which exhibited pseudo-first-order kinetics 
(Fig. S2). The calculated kinetic constants were mainly deter-
mined by the energy of the highest occupied molecular orbital 
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(EHOMO) of AAs (Fig. 5a), which is related to the electron trans-
fer from aromatic compounds to highly oxidative species (10). 
This result indicates that the oxidative hydroxylation increased 

the electron density of the amino –NH2, initiating the subsequent 
–NH2 oxidation and oxidative coupling reactions. Therefore, the 
side reactions of AAs in the PAA-activated systems would be 

Fig. 4. Transformation pathways of different AAs in the Co(II)/PAA systems.
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different from those in noncatalytic systems (34), and the gener-
ation of harmful by-products should be evaluated prior to their 
application in actual wastewater treatment.

In practical applications, pH can also significantly switch the 
generated oxidative active species, affecting the production of 
by-products. Thus, we also investigated the effect of pH on the 
reactivity of aniline coupling in the Co(II)/PAA system (Fig. 5b), 
which exhibited a complex trend. At low pHs (pH < 3.0), the gen-
eration of coupling products was completely inhibited. Under 
acidic conditions, the Co(II)/PAA system was unable to remove 
SMZ, indicating that oxidative species responsible for the –NH2 

coupling could not be produced (7). As the pH value was in-
creased from 4.0 to 8.0, the efficiency of PAA activation by 
Co(II) increased, facilitating the aniline coupling. However, 
when the pH value was further increased to 11.0, the generation 
of coupling products decreased due to the self-catabolism of 
PAA (pKa = 8.2), resulting in a low efficiency of Co(II)-catalyzed 
PAA decomposition. At pH 12.0, the coupling products were rap-
idly generated and consumed, implying that the precipitated 
Co(OH)2 might trigger different reactive species under alkaline 
conditions. It could not remove sulfonamides, but oxidized the 
aniline –NH2.

Notably, the –NH2 coupling reactions shared the active species 
in the Co(II)/PAA system responsible for pollutant removal. Thus, 
it could not be avoided by controlling the selectivity of reactive 
species generation. Moreover, the side reactions of aniline could 
occur over a wide pH range, exceeding the working pH range for 
sulfonamide removal by the Co(II)/PAA system. Thus, careful 
identification and toxicity assessment of the by-products are 
essential.

Catalytic mechanism for –NH2 oxidation  
in the Co(II)/PAA system
To identify the reactive species responsible for the complex –NH2 

oxidation, we conducted quenching experiments in a kinetic spec-
troscopy study. Methanol (MeOH) was dosed to quench the pos-
sible •OH, which showed a negligible effect on the kinetics of the 
generation of colored azo products (Fig. 5c). However, dosing 
2,4-hexadiene resulted in a slight reduction in the generation of 
azo products (Fig. 5d), indicating that the oxidative organic radi-
cals could not directly attack amino –NH2 but were involved in 
forming dominant reactive species. Consequently, such side reac-
tions could be mainly attributed to the oxidative Co species asso-
ciated with the organic radicals formed after PAA activation (37). 
The Co–peroxide complexes (i.e. Co–OOSO3

− or Co–OOC(O)CH3) 
are frequently observed in Co(II)/peroxide systems using oxidants 
with an acidic terminal –OOH group (38, 39). Such complexes also 
enabled a similar coupling behavior of aniline in the Co(II)/PMS 
system (Fig. 3a). The electrophilic Co–peroxide complexes could 
undergo single-electron-transfer reactions, leading to hydroxyl-
ation and –NH2 coupling. Also, these complexes can directly cause 
–NH2 oxidations via oxygen-atom-transfer reactions, including ni-
trosation and nitration.

Electron spin resonance (EPR) spin-trapping experiments were 
then conducted to investigate the behaviors of oxidative species 
within the Co(II)/PAA system. Initially, the generation of 1O2 was 
evaluated in both the Co(II)/PAA and Co(II)/PMS systems (40), 
both of which exhibited the ability to induce –NH2 oxidations 
(Fig. 3a). Dosing Co(II) into the PMS system led to an accelerated 
TEMPO accumulation, signifying efficient 1O2 production. 
However, such a 1O2-induced TEMPO generation was absent in 
the Co(II)/PAA system (Fig. S3). Therefore, the Co(II)/PAA system 
presented an advantageous platform for unraveling the distinct 

mechanism that underlied the unexpected –NH2 oxidation, there-
by eliminating the need to consider the role of 1O2 in by-product 
formations. Besides, it was previously reported that 
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) could be directly oxi-
dized to 5,5-dimethyl-2-pyrrolidone-N-oxyl (DMPOX) in the 
Co(II)/PAA system (39), which was also detected in our system 
(Fig. 6a). However, before the DMPOX accumulation, an adduct 
of DMPO with an O-centered radical was commonly detected, 
likely ascribed to the Co(II)-stabilized •OOC(O)CH3 radical (i.e. 
Co–OOC(O)CH3 complex). Due to its inherent instability, it rapidly 
transformed into DMPOX but could be stabilized at high concen-
trations by MeOH (Fig. S3, AN = 14.4 G, AH = 11.0 G) (41).

To elucidate the mechanism behind the formation of DMPOX 
from the DMPO–OOC(O)CH3 adduct, we dosed a variety of quench-
ing and chelating agents and also evaluated their effects on –NH2 

oxidation in the Co(II)/PAA/aniline system (Fig. 6a–c). 
Conventional radical quenchers, including MeOH, ethanol, iso-
propanol, tert-butanol (tBuOH), and dimethyl sulfoxide (DMSO), 
were found to efficiently scavenge the reactive radicals and inhibit 
the SMZ removal in the Co/PAA process (7, 39). However, these 
agents had no discernible effect on aniline coupling (Fig. 6c and 
d). PrOH and tBuOH inhibited the formation of DMPOX, suggesting 
enhanced stability of DMPO–OOC(O)CH3 adduct. Their presence 
also affected the degradation of SMZ. As shown in Fig. 6e, MeOH 
did not reduce SMZ removal in the Co(II)/PAA system, but in-
creased the yield of by-products, suggesting that MeOH primarily 
modulated the selectivity between –NH2 oxidation and C-centered 
attacks. Conversely, DMSO did not significantly change the by- 
product yield but reduced SMZ removal from 99.7 to 26.6%, high-
lighting its main function as an inhibitor of C-atom attacks with a 
negligible effect on –NH2 oxidation. Moreover, Br− was found to 
accelerate DMPOX generation, initially slowing down –NH2 oxida-
tion in the Co(II)/PAA/aniline system, and subsequently accelerat-
ing it. These results suggest the negligible generation of free 
radicals in the Co(II)/PAA system. Instead, all reactions, including 
DMPO transformation, –NH2 oxidation, and the main-chain deg-
radation of pollutants, are initiated by forming the Co–OOC(O) 
CH3 complex.

To prevent the formation of Co–OOC(O)CH3 complexes, we 
dosed ethylenediaminetetraacetate (EDTA) and tartrate chelating 
agents for Co species (42), effectively suppressing the generation 
of DMPOX (Fig. 6a). However, the amount of the DMPO adducts 
did not increase during the observation, and the AA degradations 
and the –NH2 oxidation were significantly inhibited after dosing 
chelators. Therefore, the formation of DMPO adducts with 
O-centered residues in these systems may be ascribed to rapid dir-
ect oxidation by [CoIII(EDTA)]− or [CoIII(tartrate)]−. Such a DMPO– 
OH signal faded, while DMPOX was gradually formed after con-
tinuous oxidation. These results reveal that the Co–OOC(O)CH3 

complex was an important active species for the rapid generation 
of DMPOX by first forming the DMPO–OOC(O)CH3 adduct as an 
intermediate. In addition, the Co–OOC(O)CH3 complex played a 
crucial role in the oxidation of AAs in the Co(II)/PAA system 
(Fig. 7). Notably, the unexpected –NH2 oxidations are attributed 
to the high-valent Fe species (i.e. FeIV) in the ferrate oxidation pro-
cess (43), suggesting that these deleterious side reactions and the 
corresponding mechanisms would not be specific to the Co(II)/ 
PAA system (Fig. S1).

Conclusion
Transition metal/PAA processes have been widely studied be-
cause of their great potential in treating persistent organic 
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pollutants, such as sulfa drugs. However, evaluating the effective-
ness of these processes for contaminant degradation is compli-
cated by the presence of acetate residues. In this work, we found 
that in a model Co(II)/PAA system, the –NH2 moieties were unex-
pectedly oxidized to form –NO, –NO2, and –N=N– moieties. We 
identified the highly oxidative Co–OOC(O)CH3 complex as the re-
active species responsible for the unexpected oxidation of aro-
matic –NH2. This complex could activate the aromatic –NH2 

moieties, thus causing their harmful oxidations to be prohibitive 
in noncatalytic systems. By varying the structures of targeted 
AA compounds, we revealed the complex side reactions of AAs 
in this model AOP system. Our findings indicate that the most sta-
ble by-products produced in the Co(II)/PAA system were persist-
ent. The predicted toxicities of these long-lasting by-products 
reveal the risks of using this AOP system to treat AA-containing 
wastewater. Moreover, the oxidative hydroxylation increased 
the toxicity of the resulting by-products. Thus, developing a safe 
and effective method to treat AA-containing wastewater is a 

challenge. The results from this work enhance our understanding 
about the complexities of AA treatment and will contribute to de-
veloping more efficient and toxic by-product-free wastewater 
treatment processes. Also, such an approach would be adaptively 
extended to more complex systems. With slight modifications, it 
could also serve as a useful paradigm in nonchemically catalyzed 
systems such as UV/PAA systems.

Materials and methods
Materials
All reagents used in this work were purchased from Aladdin 
Reagent Co., China, and no further purification was required un-
less stated otherwise. The properties of aromatic amines used in 
this work are summarized in Table S1. To denote the complex 
intermediate and by-products generated in the Co(II)/PAA system, 
we used different symbols to represent possible reactions 
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Fig. 6. a) Curves of EPR spectra in the different Co(II)/PAA systems. b) Measurements of EPR intensities of the DMPOX in these systems. c) Effects of 
quenchers and masking agents of Co2+ on the kinetics of by-product generation and (d) the corresponding kinetic constants. e) Effects of quenchers and 
masking agents of Co2+ on the SMZ degradation and side reactions. Conditions: [DMPO] = 100 mM, [Co2+] = 2 μM, [PAA] = 800 μM, [aniline] = 100 mg L−1, 
[SMZ] = 10 μM, [quencher] = [masking agent] = 1 mM.

Fig. 7. A schematic illustration showing the formation of the Co–peroxide complex and its interaction with –NH2.
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(Table 1). The designation of a product was composed of the reac-
tion symbols and the abbreviation of the parent compound.

Experimental procedures
All experiments were conducted at ambient temperature. Kinetics 
studies were carried out in a glass reactor (100 mL) with continu-
ous magnetic stirring (450 rpm). In the reactor, the predetermined 
amount of Co(CH3COO)2 was dispersed into 50 mL of the appropri-
ate concentration of contaminant solution, and the experiments 
started when a predetermined concentration of PAA solution 
(1 mL) was injected into the suspension. For the by-product ana-
lysis, samples were collected without quenching. For kinetic ana-
lysis, samples of 1 mL were taken at given time intervals and 
quenched with excess sodium thiosulfate (Na2S2O3, 20 mM).

Analytical methods
The intermediates in the Co(II)/PAA system were analyzed by a li-
quid chromatography coupled with a mass spectrometer (LC–MS, 
AB Triple TOF 5600+, AB Sciex, USA) for detection and an Xbridge 
BEH C18 column (2.5 μm, 2.1 mm × 100 mm, Waters Inc., USA) 
was used. The eluent consisted of acetonitrile (eluent A) and 
0.1% formic acid in water (eluent B) at a flow rate of 
0.3 mL min−1. The gradient program for the volume ratios was 
as follows: 0–3 min, 95% A; 3–8 min, 95–50% A; 8–10 min, 50% A; 
10–11 min, 50–5% A; 11–17 min, 5% A; 17–18 min, 5–95% A; 18– 
20 min, 95% A. A scan range of m/z 50–600 was selected in both 
positive and negative modes.

The UV−Vis spectra of the aqueous Co(II)/PAA/AAs systems 
were acquired using a scanning spectrophotometer (Lambda 
650s, PerkinElmer Inc., USA). To monitor the generation of azo 
products in aniline degradation, the in situ kinetic spectra were 
acquired at 350 nm.

EPR spectra for detecting reactive species
DMPO was used as a radical trapper. The spectra were acquired by 
an EPR spectrometer (EMX Plus, Bruker Co., Germany). The modu-
lation amplitude, microwave power, and microwave frequency 
were set at 2.0 G, 2.0 mW, and 9.8422 GHz, respectively. In a typ-
ical EPR measurement, the different Co(II)/PAA systems and the 
spin trapper were mixed into a glass capillary and immediately in-
serted into the lumen of EPR spectrometer. All scans were per-
formed at ambient temperature with the following EPR 
instrument settings: sweep width, 120 G; power, 2.0 mW; modula-
tion amplitude, 2.0 G; time constant, 10.24 ms; conversion time, 
6.94 ms; sweep time, 24.98 s. The spectra were continuously ac-
quired without delay (40).

Acknowledgments
The authors thank Ms. Haiyan Zhang at University of Science and 
Technology of China for helping with the LC–MS analysis.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Funding
The authors thank the National Natural Science Foundation of 
China (51821006, 52192684, 52027815, and 52270149) for supporting 
this work. J.-H.W. acknowledges the financial support from the 
Shanghai Tongji Gao Tingyao Environmental Science & Technology 
Development Foundation, China.

Author Contributions
H.-Q.Y., F.C., J.-H.W., and T.-H.Y. conceived and planned the ex-
periments and carried out the relative experiments. J.-H.W. and 
F.C. analyzed various characterizations. H.-Q.Y. contributed to 
the planning and coordination of the project. J.-H.W. wrote the ini-
tial draft of the manuscript and further modified by F.C. and 
H.-Q.Y. All authors contributed to the discussion of the results 
and the manuscript.

Data Availability
All data are included in the article and Supplementary material.

References
1 Nishizawa A, et al. 2019. Nickel-catalyzed decarboxylation of aryl 

carbamates for converting phenols into aromatic amines. J Am 
Chem Soc. 141:7261–7265.

2 Migliorini F, et al. 2023. Switching mechanistic pathways by mi-
cellar catalysis: a highly selective rhodium catalyst for the hy-
droaminomethylation of olefins with anilines in water. ACS 
Catal. 13:2702–2714.

3 Muz M, Krauss M, Kutsarova S, Schulze T, Brack W. 2017. 
Mutagenicity in surface waters: synergistic effects of carboline 
alkaloids and aromatic amines. Environ Sci Technol. 51:1830–1839.

4 Shi H, He Y, Li Y, Luo P. 2023. Unraveling the synergy mechanism 
between photocatalysis and peroxymonosulfate activation on a 
Co/Fe bimetal-doped carbon nitride. ACS Catal. 13:8973–8986.

5 Sági G, et al. 2018. Radiolysis of sulfonamide antibiotics in aque-
ous solution: degradation efficiency and assessment of antibac-

terial activity, toxicity and biodegradability of products. Sci Total 
Environ. 622–623:1009–1015.

6 Du J, et al. 2020. Periodate activation with manganese oxides for 
sulfanilamide degradation. Water Res. 169:115278.

7 Wang Z, et al. 2020. Application of cobalt/peracetic acid to de-
grade sulfamethoxazole at neutral condition: efficiency and 
mechanisms. Environ Sci Technol. 54:464–475.

8 Wang J, et al. 2020. Thermal activation of peracetic acid in aquat-
ic solution: the mechanism and application to degrade sulfa-
methoxazole. Environ Sci Technol. 54:14635–14645.

9 Li R, et al. 2021. Peracetic acid–ruthenium(III) oxidation process 
for the degradation of micropollutants in water. Environ Sci 
Technol. 55:9150–9160.

10 Kim J, et al. 2020. Cobalt/peracetic acid: advanced oxidation of 
aromatic organic compounds by acetylperoxyl radicals. Environ 
Sci Technol. 54:5268–5278.
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