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a b s t r a c t

The elimination of neonicotinoids (NEOs) from water has been a research priority due to their threats to

human health and ecosystems. In this study, we established the heterogeneous peroxymonosulfate (PMS)

activation system using manganese catalyst (Mn NC) and cobalt catalyst (Co NC) to trigger the nonradical

oxidation and synergistic oxidation pathway, respectively to remove NEOs. The results showed that the

nonradical oxidation system exhibited superior NEOs degradation capability. The composition of organic

pollutants in wastewater significantly impacted subsequent degradation processes. The charge distribu-

tion and reaction sites of various NEOs were analyzed using density functional theory (DFT) calculations,

and it demonstrated the electron distribution and activity of NEOs were significantly influenced by the

type and number of substituents. Nitro group (–NO2) and cyanide group (–C≡N) were identified as strong

electron-withdrawing groups and prone to be attacked by negatively charged radicals. The transformation

of NEOs was analyzed, and result showed that the C and N sites adjacent to the nitro group and cyanide

group were more susceptible to oxidation attacks. S and N atoms, which possess strong electronegativity

and high electron cloud density, were identified as key active sites in the degradation pathway. The out-

comes of this study provide valuable guidance for the oriented regulation of oxidation pathways towards

efficient removal of NEOs in water.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Neonicotinoids (NEOs) are a new class of neurotoxic insecticides

that disrupt the nervous system and biological processes of insects.

They are typically derived from modifications of the basic nicotine

skeleton, involving substituents or functional groups. Since 1980s,

NEOs have replaced traditional insecticides and become widely

used insecticides in modern crop protection [1]. However, only 5%

of NEOs are utilized by plants after application, with remaining en-

tering the natural environment [2]. Due to their physicochemical

properties and widespread usage, NEOs may rapidly migrate from

their initial application sites to water environment. The presence of

NEOs has been detected in various water bodies around the world,

including agricultural areas as well as natural water bodies distant

from agriculture [3–6]. While selective toxicity enhances safety for

nontarget vertebrate organisms, both in vitro and in vivo studies

have demonstrated that exposure to NEOs can induce endocrine-

disrupting effects [7], neurotoxicity [8], reproductive toxicity [7],

hepatotoxicity [9], and genotoxicity [10] in mammals.

∗ Corresponding author.

E-mail address: xujian@craes.org.cn (J. Xu).

Relevant studies have demonstrated the limited removal effi-

ciency of NEOs in conventional sewage treatment units, resulting

in high detection frequencies and concentrations of NEOs in efflu-

ent water. For instance, the average concentration of imidacloprid

in the effluent from five sewage treatment plants in Beijing ranged

from 45ng/L to 106ng/L [11]. The average concentrations of cloth-

ianidin, imidacloprid and acetamiprid in effluent from 13 wastew-

ater treatment plants in the United States were 70.2±121.8 ng/L,

58.5±29.1 ng/L and 2.3±1.4 ng/L, respectively [12]. Due to the

widespread distribution of NEOs in water environment and their

ecotoxicological hazards, the removal of residual NEOs in water

has become an urgent concern to address. Some studies used ef-

ficient NEOs-degrading bacteria for NEOs removal, while the high

cultivation costs and operational challenges limited their practi-

cal application. The adsorption method, which offers high removal

efficiency and relative stability, faces challenges such as compet-

ing adsorption of other pollutants and adsorbent regeneration dur-

ing practical implementation. Membrane treatment technologies

require regular cleaning and membrane replacement, which is ex-

pensive.

https://doi.org/10.1016/j.cclet.2023.109413

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Peroxymonosulfate-based advanced oxidation processes (PMS-

AOPs) have garnered increasing attention as an effective method

for removing refractory organic compounds in water [13,14]. The

activation of PMS by transition metals, such as Fe, Co, Mn, Ni,

and Cu, has been extensively investigated due to their low en-

ergy requirement and high efficiency [15,16]. By anchoring indi-

vidual metal atoms on the substrate, single-atom catalysts (SACs)

maximize exposure to the reactants and provide a family of well-

defined molecular structures for mechanistic studies [17]. The

abundance of carbon and nitrogen sources has led to a rapid

growth of carbon-based SACs with nitrogen coordination, making

them a prominent research focus [16,18].

The sulfate radical (SO4
•–) has a redox potential of

E0(SO4
•–/SO4

2–)=+2.60 ∼+3.10 VNHE at 20 °C and a longer life-

time (30–40 μs) [19] compared to hydroxy radical (•OH), which has

a lower redox potential of E0(•OH/OH–)=+1.90 ∼+2.70 VNHE at

20 °C and shorter lifetime (<1 μs). PMS−AOPs have a significantly

wider pH application range than most of traditional hydroxyl

radical based AOPs [20–22]. Recently, there has been significant

interest in designing and preparing efficient catalysts for PMS

activation to generate singlet oxygen (1O2) [23,24]. Because 1O2 is

regarded as an effective means of selectively removing contami-

nants, nonradical-dominated systems offer advantages in terms of

adaptability to different pH environments (acidic/neutral/alkaline),

resistance to ubiquitous inorganic ions, selectivity for organic

contaminants, and moderate redox potential [25,26]. However,

the redox potential of singlet oxygen (0.81V vs. NHE) is much

lower than that of common radicals (SO4
•–: 2.5–3.1V vs. NHE,

•OH: 1.9–2.7V vs. NHE). The application of nonradical oxidation

processes is limited by their low mineralization performance [27].

Considering the characteristics of ROS, a rational catalyst design

has the potential to stimulate a synergistic system of radicals

and nonradicals, facilitating the more complete removal of target

pollutants [28]. To the best of our knowledge, there is a lack of

studies on the degradation of NEOs in PMS-AOPs through vari-

ous oxidation pathways. Therefore, comprehensive experimental

investigations are needed to determine whether the synergistic

system exhibits superior removal and mineralization performance

for refractory pollutants.

This study aims to investigate the effect of different oxidation

pathways on the degradation of various NEOs. The functional char-

acteristics of different oxidation pathways and the decomposition

properties of NEOs would be analyzed. Heterogeneous PMS acti-

vation systems using manganese catalyst (Mn NC) and cobalt cat-

alyst (Co NC) were established to trigger the nonradical oxida-

tion and synergistic oxidation pathway, respectively. Seven repre-

sentative NEOs with diverse molecular structures (Fig. 1) were se-

lected to examine their decomposition characteristics in the PMS

system. The degradation rates and mineralization performance of

NEOs in different oxidation systems were measured, and a compar-

ative analysis was conducted to determine the degradation superi-

ority of the nonradical system. Density functional theory (DFT) cal-

culations were used to analyze the differences in charge distribu-

tion and reaction sites of various NEOs, providing insights into the

influence mechanism of molecular structure on the degradation.

The seven NEOs were obtained from Alta Scien-

tific Co, Ltd. (Tianjin, China). Peroxymonosulfate (PMS,

KHSO5·0.5KHSO4·0.5K2SO4) was purchased from Aladdin Chem-

istry Co., Ltd. The catalyst synthesis procedure was illustrated in

Fig. 2a and described in Text S1 (Supporting information). The

electron paramagnetic resonance spectrometer (EPR) and total

organic carbon (TOC) detection methods were provided in Text

S2 (Supporting information). The concentrations and degradation

products of NEOs were determined by ultra-performance liquid

chromatography tandem mass spectrometry (UPLC-MS/MS), and

the specific conditions are outlined in Text S3 (Supporting infor-

Fig. 1. The selected NEOs: (a−c) ring systems and (d−g) noncyclic NEOs.

mation). The details of the calculation method of pseudo-first-order

kinetic rate constant (kobs) was given in Text S4 (Supporting infor-

mation). DFT calculation was employed in this study to elucidate

the reactive sites of NEOs, as described in Text S5 (Supporting

information).

Uniformly star-like hybrid ZIF catalysts were fabricated as an

advanced precursor, as depicted in Fig. 2a. Upon pyrolysis at 910 ◦C
under an N2 atmosphere, the hybrid ZIF catalysts were transformed

into nitrogen-doped porous carbon, as confirmed by X-ray diffrac-

tion (XRD) analysis (Fig. 2b) and X-ray photoelectron spectroscopy

(XPS) analysis (Fig. 2c). The catalysts retained their initial nanos-

tructure of a regular star shape with six equal branches after py-

rolysis (Fig. 2a), while the surface became rougher. The XRD pat-

terns depicted that both Mn NC and Co NC showed broad and

weak diffraction at around 25° and 43°, corresponding to the (002)

and (101) planes of graphitic carbon (Fig. 2b). No peaks of metal

nanoparticles or oxides were detected in the XRD spectra of Mn

NC and Co NC, indicating that the metal species were dispersed at

the atomic scale. The high-angle annular dark field scanning trans-

mission electron microscopy exhibited independent and dispersed

bright sites, further confirming the atomic distribution of the Mn

and Co site in Mn NC and Co NC, respectively (Fig. S1 in Sup-

poritng information). XPS spectra exhibited that peaks at 285 eV,

401 eV, and 533eV were attributed to C 1s, N 1s, and O 1s, respec-

tively. The characteristic peaks at 689 eV and 780 eV confirmed the

presence of Mn and Co. The metal content of Mn NC and Co NC

was detected by ICP-MS as 1.71% and 1.47%, respectively. The cata-

lysts exhibited similar physical and chemical properties, except for

variations in metal type, including morphology, metal content, and

carbon substrate characteristics.

PMS activation typically proceeds through radical pathways in-

volving •OH and SO4
•–, as well as nonradical pathways involv-

ing 1O2. EPR was applied to further identify ROS during the re-

action process. As a typical spin capture agent, 5,5-dimethyl-1-

pyrroline N-oxide (DMPO) was used to confirm the presence of •OH

and SO4
•–. In the heterogeneous Co NC/PMS system, four strong

signals with an intensity ratio of 1:2:2:1 were observed in the

EPR spectrum (Fig. 2d), indicating the presence of •OH. The six
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Fig. 2. (a) Schematic illustration of the synthesis process of catalysts; (b) XRD and (c) XPS spectra of catalysts; (d) EPR spectra of Mn NC and Co NC heterogeneous PMS

systems.

small peaks around the four strong signals indicated the genera-

tion of SO4•
– [29,30]. The seven−line spectrum in the EPR spectra

of Mn NC/PMS was attributed to 5,5-dimethyl-1-pyrrolidone-2-oxyl

(DMPOX), which was the direct oxidation product of DMPO via a

nonradical pathway [31]. 2,2,6,6-Tetramethyl-4-piperidinol (TEMP)

was used as a capture agent for 1O2. The characteristic signal with

an intensity ratio of 1:1:1 was observed in both Co NC/PMS and

Mn NC/PMS systems, confirming the presence of 1O2. EPR analysis

revealed no signals corresponding to superoxide radical (•O2
–) in

the Co NC/PMS or Mn NC/PMS system. The heterogeneous PMS ac-

tivation systems using Mn NC and Co NC triggered the nonradical

oxidation pathway and synergistic oxidation pathway, respectively.

NEOs are synthetic compounds with a structure similar to nico-

tine (Fig. S2 in Supporting information), which exhibit a common

mode of action by affecting the central nervous system of insects

through binding to nicotinic acetylcholine receptors, making them

effective against a wide range of insects. These compounds have

low vapor pressure (<0.002MPa, 25 °C), indicating limited poten-

tial for volatilization. They also possess high water solubility (185–

590,000mg/L, 20 °C), low sediment adsorption properties (logKoc:

1.41–3.67), and are resistant to hydrolysis under neutral or acidic

pH conditions. Specific physicochemical properties of NEOs are

summarized in Table 1. The degradation time of nitro-substituted

NEOs (thiamethoxam, clothianidin, and imidacloprid) was 1–2 or-

ders of magnitude shorter than that of cyano−substituted NEOs

(acetamiprid and thiacloprid). Notably, the molecular structure of

thiacloprid contains a thiophene S site. The electronegativity of the

S atom (2.58) is similar to that of the C atom, enabling the genera-

tion of spin charges in the carbon lattice [32]. The presence of thio-

phene S sites in thiacloprid molecules may activate PMS through a

synergistic effect of the N configuration [33]. It is predicted that

thiacloprid can be rapidly and efficiently degraded in the hetero-

geneous PMS system.

The energy of the highest occupied molecular orbital (HOMO)

indicates the electrophilic reactivity, while the energy gap be-

tween the HOMO and the lowest unoccupied molecular orbital

(LUMO) serves as an important stability indicator. Table 2 re-

veals significant differences in HOMO and LUMO distributions

among the selected NEOs. NEOs can be classified based on the

[–N–C(E)=X–Y] (Fig. 1 and Fig. S2 in Supporitng information),

including N-cyanoamidines (acetamiprid and thiacloprid), ni-

tromethylene (nitenpyram), and nitroguanidines (dinotefuran,

clothianidin, imidacloprid, and thiamethoxam). As shown in Table

2, a uniform electron distribution in the cyano portions of the

molecule was observed in the HOMO of acetamiprid and thia-

cloprid. For nitenpyram, the HOMO distribution shifted towards

the nitro-methylene moiety. In the nitroguanidines NEOs, the

HOMO distribution was mainly concentrated on the nitroguani-

dine group, indicating the electron-withdrawing region of the

molecular structure. The distribution of electrostatic potential

(ESP) with an isosurface of 0.2 (blue and red representing positive

and negative values, respectively) in Table 2 was calculated to

predict reactive sites. The ESP analysis, consistent with the HOMO

analysis, revealed that the specific substituents (highlighted in red)

involved atoms that were prone to undergo electrophilic reactions.

The differences in molecular reactivity and product distribution

primarily stemmed from the variations in the =X–Y. Y refers to the

nitro group (–NO2) and cyanide group (–C≡N), both of which are

strong electron–withdrawing groups with conjugation and induc-

tion effect, causing a shift in the electron cloud distribution within

the molecular structure and a reduction in electron density. These

structural characteristics make the corresponding regions more

susceptible to be attacked by negatively charged radicals, thereby

increasing the reaction activity. According to the frontier molecular

orbital (FMO) theory, �E is an important stability indicator that

can help to explain the activity and stability of the molecule.

A smaller �E value indicates a more reactive molecule. Table

2 summarizes the �E energies of seven NEOs. Apart from thiaclo-

prid, acetamidine exhibits the largest �E, while nitenpyram has

the smallest �E. Nitenpyram is predicted to undergo the fastest

degradation, while acetamiprid is expected to degrade the slowest.

The Fukui function (f) calculation method has been employed

to predict the potential active sites of NEOs in oxidative decompo-

sition reactions, providing insights into the analysis of degradation

products. Atoms with high f − values in NEOs molecules are more

prone to electron loss and oxidation through electrophilic attacks,

while atoms with high f 0 values are more susceptible to radical

attacks. The optimized molecular structures and calculated charge

distributions of the seven NEOs are depicted in Fig. 3. The atomic

sites highlighted in red and orange in the molecular structure di-

agrams of NEOs (Table 1 and Fig. 1) represented atomic sites with

high f − and f 0 values, respectively. These atomic sites were vul-

nerable to be attacked during the oxidation process.

The heterogeneous PMS activation system by Mn NC and Co

NC to trigger nonradical oxidation and synergistic oxidation path-

ways are shown in Fig. 4. It demonstrated significant differences in

the degradation efficiency of NEOs (ranging from 49.3% to 99.7%)

within 60min. The reaction kinetics of NEOs analyzed by the

3
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Table 2

The HOMO and LUMO distribution of NEOs.

Fig. 3. The molecular structure and Fukui index of NEOs.

pseudo-first-order reaction model (Fig. S3 in Supporitng informa-

tion) followed the order of kthiacloprid (0.1014 min−1) > knitenpyram
(0.0409 min−1) > kdinotefuran (0.0387 min−1) > kimidacloprid

(0.0331 min−1) > kthiamethoxam (0.0255 min−1) > kclothianidin
(0.0234 min−1) > kacetamiprid (0.0128 min−1). The selective oxida-

tion of NEOs in the Mn NC/PMS nonradical system was illustrated

in Fig. 4b, indicating different degradation capabilities of NEOs.

The complete removal of imidacloprid, thiacloprid, and clothian-

idin was achieved. Except for dinotefuran, the degradation rates

of the other six NEOs were higher than those in the single oxi-

dation process, with kdinotefuran decreasing from 0.0876 min−1 to

0.0387 min−1. It was likely attributed to the PMS activation capa-

bility of thiophene S in thiacloprid. Not only the regulation of ROS

can affect pollutant removal, but also the coexistence of similar

substances can significantly impact subsequent degradation. Differ-

ent ROS selectively targeted specific sites in organic compounds,

allowing for the production of low−toxicity oxidation products

through reasonable ROS regulation. Instead of solely mineralizing

pollutants, converting them into more valuable addition polymers

may be conducive to achieving carbon peaking and neutrality [34].

The production of addition polymers should be taken into account.

Considering the characteristics of ROS, rational catalyst design

has the potential to stimulate a synergistic system of radicals and

nonradicals, leading to more thorough removal of target contam-

inants. Figs. 4c and d illustrates the degradation performance of

NEOs in the Co NC/PMS system, which involves •OH, SO4
•–, and

1O2. As seen from Fig. 4c, thiamethoxam, clothianidin, and ac-

etamiprid cannot be effectively degraded in the heterogeneous Co

NC/PMS oxidation system, with removal efficiencies of only 14.9%,

17.5%, and 38.1%, respectively. These values were significantly lower

than those achieved in the nonradical process using Mn NC/PMS.

Conversely, imidacloprid, thiacloprid, and nitenpyram exhibited re-

5



R. Guo, H. Zhang, C. Guo et al. Chinese Chemical Letters 35 (2024) 109413

Fig. 4. (a) NEOs degradation performances in single nonradical oxidation system

(Experimental conditions: Mn NC dosage = 0.05 g/L, [PMS]0 =0.75mmol/L, [Sin-

gle NEOs] = 1ppm, unadjusted pH, and T=25 °C); (b) NEOs degradation perfor-

mances in mixed nonradical oxidation system (Experimental conditions: Mn NC

dosage=0.05 g/L, [PMS]0 =0.75mmol/L, [Mixed NEOs, the concentration of each

compound is 0.14ppm] = 1ppm, unadjusted pH, and T=25 °C); (c) NEOs degra-

dation performances in single synergistic oxidation system (Experimental condi-

tions: Co NC dosage = 0.05 g/L, [PMS]0 =0.75mmol/L, [Single NEOs] = 1ppm,

unadjusted pH, and T=25 °C); (d) NEOs degradation performances in mixed

synergistic oxidation system (Experimental conditions: Co NC dosage=0.05 g/L,

[PMS]0 =0.75mmol/L, [Mixed NEOs, the concentration of each compound is

0.14ppm] = 1ppm, unadjusted pH, and T=25 °C).

markably high removal efficiencies, with degradation rates as high

as 0.0742, 0.1430 and 0.3007 min−1, respectively (Figs. S4a and

b in Supporting information), much higher than those in the Mn

NC/PMS nonradical oxidation processes. However, in the mixed

reaction process involving multiple NEOs (Fig. 4d, Figs. S4c and

d in Supporting information), the removal efficiency (from 47.0%

to 91.3%) and rate (from 0.0192 min−1 to 0.0816 min−1) differed

significantly from those observed in the single oxidation system.

The degradation efficiency of thiamethoxam and clothianidin was

greatly improved, reaching 77.0% and 64.5%, respectively. Notably,

the degradation rate of thiamethoxam increased by 9.5 times.

However, the kobs values of nitenpyram and dinotefuran sharply

decreased by 78.52% and 50.77%, respectively. These results high-

lighted the need to optimize both the composition of ROS in

persulfate-AOPs and the contaminant components and their prop-

erties for effective wastewater purification.

The degradation efficiency of thiacloprid reached 100% after

60min and 30min in the nonradical oxidation and synergistic

oxidation system, respectively. Fig. 5 demonstrates that the cor-

responding mineralization efficiencies were 57.3% and 60.4%, re-

spectively. When complete transformation of the pollutant was

achieved, the mineralization performances of the nonradical oxida-

tion and synergistic oxidation systems were similar. Similar trends

were observed in the degradation reactions of imidacloprid, niten-

pyram, and acetamiprid. The mineralization efficiency of pollutants

in the nonradical oxidation system was higher than that in the

synergistic oxidation system. Conversely, the removal efficiency of

dinotefuran in the nonradical oxidation and synergistic oxidation

systems was 90.5% and 68.3%, respectively. The synergistic oxida-

tion system exhibited higher mineralization capability for pollu-

tants. It has been reported that strong oxidation by radicals (•OH

and SO4
•–) achieved high mineralization of refractory organic pol-

lutants, while the mineralization ability of 1O2 under the same ex-

perimental conditions was weaker [35,36]. Considering the exper-

imental results in this study, it is evident that not only the oxi-

dation capacity of ROS but also the nature of the specific target

Fig. 5. The removal efficiency and mineralization of NEOs degradation in het-

erogeneous PMS system (Experimental conditions: Catalyst dosage = 0.05 g/L,

[PMS]0 =0.75mmol/L, [Single NEOs] = 1ppm, unadjusted pH, and T=25 °C).

pollutant needed to be considered when predicting the degree of

pollutant mineralization in the oxidation system.

The degradation of NEOs varied greatly, and the four non-cyclic

NEOs exhibited distinct degradation characteristics. The ring struc-

ture of NEOs was not directly correlated with their decomposition

properties in nonradical and synergistic oxidation processes. For

instance, both imidacloprid and thiamethoxam were nitroguani-

dines with a ring structure, yet there was a noticeable differ-

ence in their kobs values, indicating that the same structure of

[–N–C(E)=X–Y] cannot be directly linked to the decomposition of

NEOs. Fig. S6 (Supporting information) illustrates that the selective

removal of pollutants in heterogeneous persulfate system cannot

be solely based on a specific physicochemical property of the pol-

lutants.

There were significant differences in the distribution of HOMO

and LUMO among NEOs, as discussed in above section and listed

in Table 2. A higher EHOMO indicates greater electrophilic activity

of the organic molecule. The conversion rate of the target con-

taminant in the oxidation reaction should be proportional to the

value of EHOMO and inversely proportional to �E. As shown in

Fig. 6, for the seven selected NEOs, the degradation regularities

were observed in both nonradical oxidation and synergistic oxida-

tion processes. Notably, the concentration of each NEOs was 1ppm,

for a total of 7 ppm in the mixed degradation process, labeled as

“Mixed nonradical oxidation II” and “Mixed synergistic oxidation

II” (Fig. 6). The relationship between EHOMO and kobs did not ex-

hibit a strong linear correlation. The differences in the energy gap

of NEOs cannot be solely attributed to a single substituent or the

changes in the distribution of HOMO. The number of active sites

in these NEOs molecules varied, leading to differences in the en-

ergy gap. Thiacloprid, due to the presence of specific thiophene

S, acted not only as a degrading pollutant but also as a persul-

fate activator. Except thiacloprid, the degradation rate of NEOs was

inversely proportional to �E. The differences in �E among NEOs

can be attributed to changes in HOMO and LUMO distributions

caused by different substituents. For instance, nitro group (–NO2)

and cyanide group (–C≡N), which have conjugation and inductive

effects, could shift the electron cloud distribution of the molecu-

lar structure. Compounds with electron donor substituents were

more easily oxidized than those with electron-withdrawing sub-

stituents. Therefore, the type and number of substituents can af-

fect the electron distribution and activity of NEOs molecules, re-

sulting in differences in the degradation rate during the oxidation

reaction.

The electron-rich sites on NEOs are the active sites that may

be attacked in the Mn-NC/PMS system. In the Co-NC/PMS system,

there are both radicals and nonradicals, and the active sites on

NEOs that may be attacked include atomic sites with high f – and

6
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Fig. 6. Correlation of kobs to EHOMO and �E.

Fig. 7. Representative degradation pathways of (a) N–cyanoamidine (thiacloprid), (b) nitromethylene (nitenpyram), and (c) nitroguanidine (imidacloprid) NEOs.

f 0. As seen from Table 2, the HOMO of the seven NEOs was lo-

cated at [–N–C(E)=X–Y], particularly at the =X-Y position, high-

lighting the site where electrons were easily released. Fig. 3 fur-

ther identifies that the N atom in the =X-Y structure of the se-

lected NEOs was the active site on NEOs that may be susceptible

to be attacked during PMS oxidation. The oxidation products were

subsequently determined using UPLC−MS/MS. Thiacloprid, niten-

pyram, and imidacloprid all contain pyridine rings in their molec-

ular structures and belong to the N-cyanoamidine, nitromethylene,

and nitroguanidine NEOs, respectively. These three NEOs were se-

lected as representative compounds based on the classification of

[–N–C(E)=X–Y] to analyze the possible degradation products (Ta-

bles S2–S4 in Supporting information) and decomposition path-

ways (Fig. 7).

Nitro group (–NO2) and cyanide group (–C≡N) are strong

electron-withdrawing groups that exhibit conjugation and induc-

tion effects. These characteristics resulted in a shift in the elec-

tron cloud at the C or N sites adjacent to the Y structure, leading

to a reduction in electron density. Such molecular structure char-

acteristics made these regions more susceptible to be attacked by

negatively charged radicals, thereby increasing the reaction activity.

Specifically, the N atoms in NEOs molecules, including N3 and N4

in imidacloprid, N2 and N3 in thiacloprid, and N4 in nitenpyram,

possess strong electronegativity. The charge on these N atoms was

higher than the average charge of the entire NEOs molecule, and

they contained a greater number of electrons, making them more

susceptible to radical attack. It is important to note that while

the Fukui function calculation values for N, O, and C in –NO2 and

7
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–C≡N were high, these functional groups were considered as a

whole substituent, and the individual atomic sites cannot partic-

ipate in the reaction alone.

The initial reaction of the dominant ROS species with NEOs

would significantly impact the subsequent reactions. The distribu-

tion of HOMO, LUMO and ESP in the dominant ROS was calculated

to analyze the NEOs degradation process (Table S4 in Supporting

information). The blue and red surfaces in the ESP represented

positive and negative values, respectively. The ESP directly showed

that •OH surface exhibited a symmetrical positive and negative

charge distribution, making it highly reactive towards most organic

pollutants. The static charges on the surface of SO4
•– and 1O2 were

mainly negative and positive, respectively. SO4
•– was more in-

clined to attack electron donor groups, and would transform NEOs

through electrophilic/radical addition and electron transfer to

break bonds. The surface static charge of 1O2 was almost entirely

positive. 1O2 is selective to electron-rich substituents, leading to

C–N/C–S bond breakage and other reactions.

The induced effect shifted the electron cloud on the C=N to the

cyanide group (–C≡N), making the addition reaction more likely to

occur on the C=N bond (degradation path 1 and 2 in Fig. 7a). The

degradation of thiacloprid was initiated with the cleavage of the

C7–N2 bond at the C7 (f – = 0.087, f 0 = 0.046) through an attack

by electrophilic species, resulting in the formation of P1. As pre-

sented in Fig. 3, the C5 atom (f 0 = 0.052) on the pyridine ring

of thiacloprid exhibited high reactivity with •OH and SO4
•–. The Cl

atom (f – = 0.079, f 0 = 0.100), with high Fukui function calcula-

tion value, presented high reactivity with 1O2,
•OH and SO4

•–, lead-

ing to oxidative ring open and substitution reaction generating P2.

Thiacloprid could also be transformed into P3, facilitated by the

high electron cloud density of the thiophene S. Subsequently, P3

could transform into P4 through the breakage of a C–N bond due

to 1O2 oxidation. The substitution reaction resulted in the forma-

tion of P5, followed by the cleavage of the C–N bond to produce

P6. P3 could also be converted to P7 via the strong oxidation of
•OH and SO4

•–, further generating a small molecule organic mat-

ter P8. •OH and SO4
•– could attack the thiophene ring to break the

C–N and C–S bonds, resulting in the formation of P9 (path 3 in

Fig. 7a), followed by the cleavage of C–N to produce P10. Simi-

larly, the induced effect shifted the electron cloud on the C=C to

the nitro group (–NO2) in nitenpyram, making the addition reac-

tion more likely to occur on the C=C bond (degradation path 1

and 2 in Fig. 7b). Combined with the cleavage of the C5–N4 and

C11–N4 bonds, P1 and P2 were generated, respectively. The hy-

droxyl radical addition to the C8 atom (f 0 = 0.059) on the pyri-

dine ring occurred, generating P3 in the synergistic oxidation sys-

tem (degradation path 3 in Fig. 7b). The degradation products of

nitenpyram in the nonradical oxidation system and synergistic ox-

idation system were different. The calculation results of the Fukui

function for nitenpyram were shown in Fig. 3, indicating signifi-

cant differences between the f – and f 0 values at every possible re-

active sites. Based on the structure of organic matter, the oxidative

degradation path of NEOs were predicted and determined accord-

ing to the Fukui function indexes and the properties of ROS. In the

degradation process of imidacloprid (Fig. 7c), both of P1 and P8

were generated through the denitration reaction, facilitated by the

induced effect of the nitro group (–NO2).

From the degradation path (Fig. 7), the C and N sites adjacent

to the nitro group (–NO2) and cyanide group (–C≡N) were more

susceptible to oxidation attacks. The initial stages of degradation

for the three typical NEOs mainly involved C–N/C–C bond breaking

reactions and C=C/C=N additions. And the S and N atoms, which

possess strong electronegativity and high electron cloud density,

were also key active sites in the degradation pathway. The degra-

dation process often involved substitution reactions on the pyri-

dine ring, where •OH replaced H or Cl atoms. The sites of substi-

tution reactions were influenced by the substituent groups on the

pyridine ring, which was estimated using the Fukui function calcu-

lations.

This study established the heterogeneous PMS activation sys-

tems by Mn NC and Co NC to trigger nonradical oxidation pathway

and synergistic oxidation pathway, respectively. The synergistic ox-

idation system exhibited lower degradation and mineralization ef-

ficiency of NEOs compared to nonradical oxidation. The compo-

sition of organic pollutants in wastewater was crucial as it can

significantly impact degradation processes. Combining DFT calcu-

lations, it showed that the reactivity of various refractory pollu-

tants with different structures in the oxidation system could be

directly predicted using �E, which served as a reliable indicator

for assessing pollutant reactivity. Concisely deduced degradation

pathways of different NEOs provided valuable insights into the im-

pact of different substituents on the degradation of NEOs. It was

demonstrated that the C and N sites adjacent to the nitro group

and cyanide group were more susceptible to oxidation attacks. Ad-

ditionally, S and N atoms, which possess strong electronegativity

and high electron cloud density, were identified as key active sites

in the degradation pathway.
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