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a b s t r a c t

The contamination of water resources by phenolic compounds (PCs) presents a significant environmental

hazard, necessitating the development of novel materials and methodologies for effective mitigation. In

this study, a metallic copper-doped zeolitic imidazolate framework was pyrolyzed and designated as Cu-

NC-20 for the activation of peroxymonosulfate (PMS) to degrade phenol (PE). Cu-NC-20 could effectively

address the issue of metal agglomeration while simultaneously diminishing copper dissolution during

the activation of PMS reactions. The Cu-NC-20 catalyst exhibited a rapid degradation rate for PE across a

broad pH range (3–9) and demonstrated high tolerance towards coexisting ions. According to scavenger

experiments and electron paramagnetic resonance analysis, singlet oxygen (1O2) and high-valent copper-

oxo (Cu(III)) were the predominant reactive oxygen species, indicating that the system was nonradical-

dominated during the degradation process. The quantitative structure-activity relationship (QSAR)

between the oxidation rate constants of various substituted phenols and Hammett constants was es-

tablished. It indicated that the Cu-NC-20/PMS system had the optimal oxidation rate constant with σ−

correlation and exhibited a typical electrophilic reaction pattern. This study provides a comprehensive

understanding of the heterogeneous activation process for the selective removal of phenolic compounds.

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

Medica, Chinese Academy of Medical Sciences.

The environmental impact of phenolic compounds has become

a growing concern in recent years. The discharge of phenolic com-

pounds has not only degraded the quality of ecosystems but also

poses a significant risk to ecological stability and human health,

as outlined in key environmental studies [1]. Phenolic compounds,

characterized as a prevalent group of organic pollutants that re-

sisted biodegradation, were found extensively in various industries,

agricultural practices, and medical facilities. The frequent presence

of phenolic compounds in aquatic systems has been extensively

documented [2]. While these compounds have been instrumental

in supporting the trajectory of rapid economic development, their

adverse environmental effects have not gone unnoticed [3]. No-

tably, inherent high toxicity, resistance to natural degradation pro-

cesses, and potential for bioaccumulation of phenolic compounds

posed a dual threat: toxic and potentially carcinogenic to aquatic
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life and humans, even at low concentrations [4]. In light of these

concerns, the advancement of effective technologies for the re-

moval and complete mineralization of phenolic compounds from

aquatic environments is crucial in promoting environmental sus-

tainability.

Among state-of-the-art wastewater treatment methodologies,

advanced oxidation processes (AOPs) have emerged as pivotal tech-

niques in decontaminating water resources for refractory pollu-

tants. Within this spectrum, peroxymonosulfate (PMS) stands out

as an oxidant that aligns with environmental sustainability and

cost-effectiveness, distinguished by its solubility and stability in

aqueous solutions. The activation of PMS is characterized by a di-

verse array of reaction pathways, which include both radical-driven

and non-radical processes [5]. The conventional radical pathway

predominantly involves the formation of hydroxyl radicals (•OH)

and sulfate radicals (SO4
•–). However, challenges arise in practical

water treatment scenarios due to complex water matrices, which

can adversely affect the catalytic effectiveness. Specifically, the

produced •OH/SO4
•– tend to react with coexisting substances like

https://doi.org/10.1016/j.cclet.2024.109882
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inorganic iron and natural organic matter (NOM), leading to less

potent oxidation by-products such as Cl2
•− and CO3

•−, thereby

hindering their broader application [6]. In contrast, the non-

radical pathways, encompassing processes like surface activation

complexes, electron transfer, and the involvement of high-valent

species and singlet oxygen (1O2), offer a balanced approach with

moderate oxidation capabilities. These pathways demonstrate se-

lectivity in contaminant degradation with a high level of resistance

to typical radical quenchers, and maintain effectiveness across di-

verse pH conditions [7]. Recent studies have increasingly focused

on the role of high-valent metals in degrading pollutants, partic-

ularly through the activation of persulfates. Notably, copper in its

high-valent state, Cu(III), which demonstrates a redox potential of

2.3V for the Cu(III)/Cu(II) couple, has been observed to possess

slightly higher effectiveness in comparison to other high-valent

metals such as iron (with a redox potential of 2.2V) and man-

ganese (exhibiting a redox potential of 1.68V) [8]. This underscores

the potential of designing hetero-copper-based catalysts to opti-

mize PMS activation to facilitate the production of Cu(III). This ap-

proach is positioned as a forward-looking strategy in the realm of

water treatment technologies.

Metal-organic frameworks (MOFs) consist of nodes containing

metal elements and are interconnected by organic linkers [9]. Their

expansive surface area, coupled with a finely tuned microporous

structure and well-organized morphology, positions them as po-

tential substitutes for conventional heterogeneous catalysts in en-

vironmental clean-up efforts [10]. Moreover, MOFs-derived carbon

materials not only retain the framework of MOFs but also exhibit

enhanced stability and electrical conductivity, and are widely in-

vestigated for the activation of PMS [11–13]. Specifically, zeolitic-

imidazolate frameworks (ZIFs) with unique topology and versatil-

ity in different metal centers are the most widely used precursors

for the preparation of nitrogen-doped carbon.

Therefore, we synthesized copper-based N-doped carbon (Cu-

NC-20) by in situ doping of metallic copper in ZIF-8 and pyrolyzed

under argon atmosphere. The research provided a new pathway

for PMS activation with excellent degradation performance towards

phenol (PE). Detailed analyses of the catalysts’ morphology and

surface characteristics were performed using a range of charac-

terization techniques. In this research, essential reaction variables,

such as namely initial pH, catalyst quantity, PMS concentration,

and PE levels, were comprehensively explored. The predominant

ROS in the Cu-NC-20/PMS system, identified as 1O2 and Cu(III),

were pinpointed through scavenging experiments, EPR analysis,

and in-situ Raman spectroscopic techniques. Furthermore, the in-

fluence of coexisting ions and the impact on PE degradation in ac-

tual water samples were investigated, alongside evaluating the cat-

alyst’s recyclability for practical use. Most notably, the degradation

behaviors of seven selected phenolic compounds were analyzed by

QSAR. This provided insights into the selective oxidation capabili-

ties of the Cu-NC-20/PMS system, particularly in relation to Ham-

mett constants.

Comprehensive investigations into the morphological charac-

teristics of the materials, both prior to and following the pyrol-

ysis process, were conducted. These analyses employed scanning

electron microscopy (SEM) and transmission electron microscopy

(TEM) techniques. Initial observations, as depicted in Fig. S1 (Sup-

porting information), indicated that the Cu-ZIF-20 samples were

characterized by a distinct rhombic dodecahedral geometry, with

the particle sizes predominantly falling within the 50–60nm range.

However, a significant transformation was observed post-pyrolysis

treatment, conducted at a temperature of 900 °C. This change, dis-

played in Fig. 1a, manifested as a notable decrease in particle

size and an overall collapse in the structural integrity of the Cu-

NC-20. This phenomenon was likely a consequence of the disin-

tegration of the organic components within the framework dur-

ing the high-temperature pyrolysis [14,15]. Further detailed analy-

sis using TEM and high-resolution TEM (HRTEM), as showcased in

Figs. 1b and c, revealed a lack of extensive lattice fringes, thereby

indicating the absence of highly crystalline structures of copper

within the Cu-NC-20. In addition, the uniform distribution of var-

ious elements such as C, N, O, and Cu in the catalyst was con-

firmed through energy-dispersive X-ray spectroscopy (EDS) ele-

mental mapping (Fig. 1d), and corresponding contents were listed

in Table S1 (Supporting information). The technique EDS provided

a clear visualization of the elemental composition and indicated

the homogeneity of C, N, O, and Cu. N2 adsorption-desorption tests

showed that the BET surface area of N-C, Cu-NC-10, Cu-NC-20 and

Cu-NC-40 was 972.23, 1127.54, 1169.84 and 1002.27 m2/g, respec-

tively (Fig. 1e). Comparison of Fig. S2 (Supporting information) and

Fig. 1a revealed that the catalyst particle size became smaller and

more pores after metal doping, so the specific surface area in-

creased with the increase of copper doping, but the difference in

BET with the change of copper content was not significant. Fig. S3

(Supporting information) showed the pore size distribution in the

range of 0.75–2.00nm. The above results demonstrated that cat-

alysts with large specific surface areas and microporous structure

helped to promote mass transfer between pollutant and oxidant

molecules.

X-ray diffraction (XRD) patterns were performed to examine the

crystal structure of catalysts. As depicted in Fig. S4 (Supporting in-

formation), only two peaks (2θ =25.7° and 43.5°) belonging to the

(002) and (101) crystalline facets of graphitic carbon were found

for all catalysts, suggesting that all catalysts were successfully con-

verted to amorphous carbon from ZIF-8-derived precursors after

pyrolysis. The introduction of a minimal quantity of copper into

the samples did not lead to any discernible alterations in their

crystalline structure, and there were no oxide crystalline facets in

the structure. Furthermore, the extent of graphitization in these

samples was assessed using Raman spectroscopy. As depicted in

Fig. S5 (Supporting information), the Raman spectra exhibited two

prominent peaks at 1338 cm−1 (D band) and 1590 cm−1 (G band),

as indicative vibrations of sp2-bonded carbon atoms and structural

defects, respectively [16–18]. Notably, the relative intensity ratio

(ID/IG) remained relatively unchanged, suggesting that the incor-

poration of metallic copper did not significantly impact the de-

gree of graphitization and the degree of defects in the material.

The surface chemistry attributes of various samples were further

analyzed using Fourier-transform infrared spectroscopy (FTIR), as

shown in Fig. 1f. In this study, the FTIR spectroscopy results, align-

ing with the observations from XRD and Raman spectroscopy, in-

dicated no significant changes were observed as the amount of Cu

doping varied. The FTIR spectra exhibited a characteristic absorp-

tion band in the 3100 cm−1 to 3600 cm−1 regions. This specific

band was interpreted as indicative of the stretching vibrations as-

sociated with hydroxyl (O–H) and amine (N–H) functional groups

[19,20]. In the spectrum, the absorption range between 1200 cm−1

and 1660 cm−1 was attributed to the presence of nitrogen het-

eroatoms integrating into the sp² hybridized carbon lattice and

the presence of C=C/C=O [21,22]. Additionally, the presence of a

distinct absorption band in the 550-620 cm−1 region was identi-

fied as corresponding to the vibrational bonding patterns of Cu–

N [23]. To further probe the surface chemical composition and

the specific elemental states within the catalysts, X-ray photoelec-

tron spectroscopy (XPS) was employed. The detailed analysis of the

high-resolution N 1s spectrum for the Cu-NC-20 sample revealed

the presence of three distinct peaks as depicted in Fig. 1g. These

peaks were classified as graphitic nitrogen at 401.03 eV, pyrrolic

nitrogen at 399.77 eV, and pyridinic nitrogen at 398.45 eV. The lat-

ter, observed at 398.45 eV, was hypothesized to be closely associ-

ated with the bonding configurations involving Cu-N interactions

[24]. Despite the subtle differences in binding energies made it
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Fig. 1. SEM images of (a) Cu-NC-20 and (b, c) TEM of Cu-NC-20. (d) Elemental mapping images of Cu-NC-20. (e) N2 adsorption-desorption isotherms and (f) FTIR spectra of

samples. XPS fitting results of (g) N 1s, (h) C 1s and (i) Cu 2p.

challenging to distinctly identify Cu-N, the presence of Cu–N was

further supported by the peaks in the 550–600 cm−1 range in

the FTIR spectrum (Fig. 1f). The high-resolution C 1s spectrum,

shown in Fig. 1h, was divided into two peaks corresponding to

C–C (284.8 eV) and C-N/C–O (286.1 eV) bonds [25,26]. The Cu 2p

high-resolution spectra in Fig. 1i revealed two primary peaks at

934.8 and 954.3 eV, identified as Cu 2p3/2 and Cu 2p1/2, respec-

tively, indicating the presence of copper in both Cu(II) and Cu(I)

valence states, with contents of 86% and 14%, respectively (Fig. S13

in Supporting information). Collectively, these findings confirmed

the successful synthesis of metallic copper-doped zeolitic imidazo-

late framework derivatives.

Experimental observations illustrated in Fig. 2a indicate that

using PMS alone had a minimal impact on phenol (PE) removal,

accounting for less than 5% reduction. This suggested that PMS

lacked substantial oxidizing capability for PE degradation, despite

its high redox potential. Additionally, as shown in Fig. S6 (Support-

ing information), all tested catalysts demonstrated limited adsorp-

tion efficiency towards PE, the maximum adsorption rate did not

exceed 30%. Fig. 2b highlighted that the degradation rate was also

only 38% after the addition of N-C without Cu atoms, and the ad-

dition of copper significantly enhanced the catalytic performance.

Notably, Cu-NC-20 achieved complete degradation of PE within

10min, exhibited the fastest kinetic rate constant (0.544 min−1)

and the highest TOC removal rate (66%), and utilized nearly 100%

of the PMS within the same duration (Figs. S7 and S14 in Support-

ing information). In addition, the reaction rate (KMCP, divide kobs
by the content of metal, dosage of catalyst, and PMS) values of Cu-

NC-20 were much higher than those of state-of-the-art heteroge-

neous catalysts reported recently (Fig. 2c and Table S2 in Support-

ing information). Consequently, Cu-NC-20 was identified as the op-

timal catalyst with a maximum value of kobs. To explore the copper

Fig. 2. (a) The removal efficiency and (b) corresponding kobs of different catalysts,

(c) comparison of KMCP values of different systems, (d) Cu leaching. Reaction con-

dition: [PE]=5mg/L, [PMS]=0.25mmol/L, [catalyst]=70mg/L.

ion leaching of different catalysts, shown in Fig. 2d, the addition of

copper did lead to an increase in leaching. Moreover, the leached

copper ions from Cu-NC-20 were measured at only 23μg/L, which

was significantly below the maximum permissible limit of 1.0mg/L

set by the Sanitary Standard for Drinking Water in China (GB5749–

2006).

A comprehensive study was conducted to assess the influence

of various operational parameters on PE degradation within the

Cu-NC-20/PMS system. These parameters included the quantities

of catalyst and PMS, the pH value, and the PE concentration. As
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Fig. 3. Influence of (a) catalyst amount, (b) PMS quantity, (c) pH levels, and (d) PE

concentrations on PE degradation through Cu-NC-20/PMS. Reaction conditions: [PE]

at 5mg/L for (a), (b), (c); [PMS] at 0.25mmol/L for (a), (c), (d); catalyst presence at

70mg/L for (b), (c), (d).

illustrated in Fig. 3a, an increase in the concentration of Cu-NC-

20 from 30mg/L to 100mg/L was found to enhance the degrada-

tion efficiency markedly, from 76.0% to a complete 100% within

10min. This enhancement in efficiency can be largely attributed to

the increased availability of active sites for the activation of PMS,

leading to a higher generation rate of reactive species with ele-

vated catalyst concentrations. Nevertheless, the increment in cat-

alyst dosage from 70mg/L to 100mg/L did not show a propor-

tional increase in efficiency, which could be due to the limitations

in diffusion arising from an overabundance of the catalyst in the

system [27,28]. Consequently, 70mg/L was identified as the op-

timal catalyst dosage for further experiments, because of balanc-

ing efficiency and cost considerations. The role of PMS concen-

tration was also critical, as a primary source of active species in

the degradation process. The increase of PMS concentration from

0.05mmol/L to 0.25mmol/L expedited PE degradation, as shown in

Fig. 3b. However, elevating the PMS concentration to 0.35mmol/L

did not yield further improvement, possibly due to saturation of

the activation sites [29,30]. Consequently, an optimal concentration

of 0.25mmol/L for PMS was established. The effectiveness of Fen-

ton and Fenton-like processes was well-known to be heavily in-

fluenced by pH levels, presenting challenges for their widespread

practical use. This sensitivity has made the regulation of pH a crit-

ical aspect in applications involving persulfate activation [31,32].

The influence of pH in Cu-NC-20/PMS system was investigated in

Fig. 3c. The high efficiency in PE removal across a broad pH spec-

trum ranging from 3 to 9 was remarkable. It was noteworthy that

there was no significant variance in the removal efficiency between

acidic and alkaline environments. This makes the Cu-NC-20/PMS

system have a wide range of prospects in practical applications.

Additionally, as illustrated in Fig. 3d, while an increase in PE con-

centration slightly reduced the degradation rate, the system still

achieved an impressive 84.2% removal efficiency at a PE concentra-

tion of 10mg/L.

In the Cu-NC-20/PMS reaction system, two specific radical scav-

engers, MeOH and TBA, were employed to investigate the potential

involvement of SO4
•– and •OH. Detailed rate constants, provided in

Table S3 (Supporting information), revealed MeOH could quench

both types of radicals, whereas TBA showed a preferential affinity

for quenching •OH only. Experimental data presented in Figs. 4a

and b demonstrated that even significant variations in the ratios

of MeOH and TBA, from 100:1 to 1000:1, did not markedly alter

the degradation efficiency of PE. This outcome implied that nei-

ther SO4
•– nor •OH radicals played a major role in the degradation

process within Cu-NC-20/PMS system. Furthermore, SOD and BQ

were introduced as probes to investigate the presence of O2
•− rad-

icals. As indicated in Fig. 4c and Fig. S8 (Supporting information),

the negligible impact of these scavengers suggested that O2
•− was

not a predominant reactive oxygen species in the reaction milieu.

Complementing these findings, an EPR study utilizing DMPO as a

trapping agent was conducted. The results showed an absence of

typical signals associated with DMPO-•OH or DMPO-SO4
•– adducts

(Fig. 4d). Instead, the dominant presence of a DMPOX signal was

noted, which was indicative of the rapid oxidation of DMPO. This

observation lent support to the hypothesis that non-radical mech-

anisms might be significantly contributing to the overall reaction

process in the Cu-NC-20/PMS system.

Previous studies had reported that 1O2 was generated during

PMS activation, and the role of 1O2 was explored using furfuryl

alcohol (FFA) as the quenching agent. As displayed in Fig. 4e, the

addition of FFA effectively suppressed the degradation of PE and

the suppression was found to be enhanced with the increase in

FFA concentration. The addition of both sodium azide (NaN3) and

l-histidine to the system showed a strong inhibition [33]. Observ-

able suppressive effects were recorded in the Cu-NC-20/PMS sys-

tem with the addition of NaN3 and l-histidine, as illustrated in

Fig. S9a (Supporting information). This addition led to a noticeable

reduction in the system’s efficiency for degrading PE. Furthermore,

as depicted in Fig. S9b (Supporting information), the degradation of

PE in the Cu-NC-20/PMS system was more effective in D2O than in

H2O. This enhancement in D2O suggested an elevated effectiveness

of the system, largely driven by the activity of 1O2. The findings

collectively highlighted the crucial role of 1O2 in the degradation

process within the Cu-NC-20/PMS system. The EPR spectrum of

Fig. 4f showed the appearance of a similar three-line signal (1:1:1)

for the TEMPN adduct, and no significant signal was detected by

only PMS. Notably, the TEMPN signal intensity increased signif-

icantly with increasing reaction time, indicating that Cu-NC-20

could activate PMS to generate 1O2.

Recent advancements in the field have highlighted catalyst-

mediated organic contaminant degradation via direct electron

transfer mechanisms, bypassing the need for ROS involvement [34].

Consequently, this underscored the importance of investigating the

presence and efficacy of electron transfer pathways specifically

in the Cu-NC-20/PMS system. It was assumed that organic con-

taminants could be transferred to sub-stable complexes through

the catalyst and PMS, leading to the degradation of contaminants.

PMS remained stable in catalyst solutions without organic contam-

inants, but when organic contaminants were introduced, PMS de-

composed to degrade the contaminants. That indicated the organic

contaminant was the initiator of PMS activation [35,36]. An anal-

ysis was carried out to assess the impact of combining Cu-NC-20

with PMS before the treatment of PE. As indicated in Fig. 5a, pre-

mixing these two components led to a noticeable reduction in the

effectiveness of the PE oxidation process. This reduction became

more pronounced with an increase in the premixing duration, sug-

gesting that the role of PMS in degrading PE was predominantly

through the activation of the catalyst. Concurrently, the deple-

tion of PMS in the Cu-NC-20 system was investigated, both in the

presence and absence of PE. Fig. S10 (Supporting information) il-

lustrated that the PMS concentration declined at a similar rate ir-

respective of the presence or absence of PE. These findings collec-

tively implied that the conventional electron transfer mechanism

was not the predominant pathway in the Cu-NC-20/PMS system.

Additionally, a chronoamperometry experiment was conducted

to delve into the activation dynamics of PMS in the presence of

the Cu-NC-20 catalyst. The results, depicted in Fig. 5b, showed a

4



M. Ao, J. Wei, C.-S. He et al. Chinese Chemical Letters 36 (2025) 109882

Fig. 4. Impact of varying concentrations of (a) MeOH, (b) TBA, (c) SOD on PE degradation, (d) EPR spectra in Cu-NC-20/PMS, DMPO as trapping agent, (e) influence of varied

FFA concentrations on PE degradation, (f) EPR spectra in Cu-NC-20/PMS, TEMP as trapping agent. Reaction conditions: [PE] at 5mg/L, [PMS] at 0.25mmol/L, catalyst presence

at 70mg/L, [DMPO] at 20mmol/L, [TEMP] at 20mmol/L.

Fig. 5. (a) The degradation efficiency of PE after premixing Cu-NC-20 with PMS,

(b) the amperometric i-t curve of the reaction at 0.0V, (c) the in-situ Raman

patterns of Cu-NC-20, (d) and the kobs of adding DMP in the Cu-NC-20/PMS

system. Reaction conditions: [PE]=5mg/L, [PMS]=0.25mmol/L, catalyst=70mg/L,

[DMP]=0.05mmol/L.

notable change in the current immediately following the introduc-

tion of PMS under open circuit conditions. This change was in-

dicative of an effective electron transfer process occurring between

Cu-NC-20 and PMS. It was reported in the literature that transi-

tion metal catalytic systems could form high-valent intermediates

by heterolytic perovskite O-O bonding. Electron transition from Cu-

NC-20 to PMS was instrumental in the generation of high-valent

copper-oxygen species [Cu(III)-OH], a process initiated by the het-

erolytic cleavage of O-O bonds, which subsequently led to the acti-

vation of PMS, as mentioned in reference [37]. To validate the for-

mation of high-valent copper, Raman spectroscopy was employed.

As shown in Fig. 5c, an emergent peak around 616 cm−1 in the

Cu-NC-20/PMS system was observed, which was likely representa-

tive of high-valent copper-oxo species. This assumption was based

on the peak’s alignment with the known Cu-O stretch vibration

peak characteristic of Cu(III). Further evidence of Cu(III) presence

was deduced by employing 2,3-dimercapto-1-propanol (DMP) as a

chelating agent. DMP was recognized for its affinity to bind cop-

per sites, subsequently inhibiting their activity by forming robust

Fig. 6. The mechanism for the PE removal in Cu-NC-20/PMS system.

complexes with sulfhydryl groups without depleting PMS (Fig. S11

in Supporting information). The substantial reduction in kobs ob-

served in Fig. 5d upon the addition of 0.05mmol/L DMP to the

Cu-NC-20/PMS system, further corroborated the presence of Cu(III)

species in the system [38].

Drawing from the experimental findings and subsequent anal-

ysis, a proposed mechanism for the degradation of PE by the Cu-

NC-20/PMS system was developed. This mechanism predominantly

involved 1O2 and Cu(III) species, as illustrated in Fig. 6. The pro-

cess initiated with the coordination of Cu(II) with PMS, forming a

Cu(II)−PMS complex. This complex underwent an electron transfer,

reducing Cu(II) to Cu(I) (Eq. 1). Subsequently, Cu(I) interacted with

PMS in a double electron transfer reaction to form Cu(III) (Eq. 2)

[39]. Upon the adsorption of PE onto Cu-NC-20, Cu(III) was re-

verted to Cu(II) through an electron transfer step (Eq. 3), concur-

rently leading to the degradation of PE into smaller molecules. The

activation of PMS by Cu-NC-20 was accompanied by the formation

of SO5
•–, which further generated 1O2. In this process, Cu-NC-20

served as an electron transfer mediator, facilitating the electron

movement from PE molecules to PMS, thereby expediting the pro-

duction of 1O2 (Eq. 4) [40,41]. Consequently, PE was broken down

into mineralized small molecules through a combined action of

Cu(III) and 1O2 in a non-radical electron transfer process (Eqs. 3

and 5).

≡ Cu(II) + HSO−
5 −→ ≡ Cu(II) − HSO−

5 −→ ≡ Cu(I) + SO•−
5 + H+

(1)

≡ Cu(I) + HSO−
5 −→ ≡ Cu(III)OOSO3 + SO2−

4 + OH− (2)

5
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Fig. 7. (a) The fractions of different PCs in Cu-NC-20/PMS system of two fractions: adsorbed fraction (fad) and oxidation fraction (faq). Correlation of reaction rate con-

stants (kobs) for substituted phenols oxidation by Cu-NC-20/PMS system to the (b) Hammett σ constant, (c) Hammett σ+ constant and (d) Hammett σ− constant. Reaction

conditions: [PCs]=5mg/L, [PMS]=0.25mmol/L, catalyst=70mg/L.

≡ Cu(III) + PE −→ ≡ Cu(II) + products (3)

SO•−
5 + H2O −→ HSO−

4 + 1O2 (4)

1O2 + PE −→ CO2 + H2O + products (5)

Previous studies have reported that the ability of non-radical

systems to remove pollutants may depend on the electronic nature

of the pollutants with some selectivity. Therefore, we carried out a

more in-depth study of the oxidation rate of phenolic compounds

by Cu-NC-20/PMS with its structural characterization by QSAR. For

this purpose, the study incorporated the use of Hammett constants

(σ , σ+, and σ−). These constants were paramount in physical or-

ganic chemistry, serving as robust descriptors for substituent ef-

fects. They offered a comprehensive quantitative analysis to char-

acterize the electron-donating or electron-withdrawing nature of

substituents through their numerical values. Meanwhile, large neg-

ative values indicated strong electron-donating characteristics and

large positive values signified potent electron-withdrawing capac-

ity. This investigative approach led to an in-depth examination

of the oxidation rates of a series of substituted phenols, specif-

ically including 2-chlorophenol (2-CP), 3-chlorophenol (3-CP), 4-

chlorophenol (4-CP), 2-bromophenol (2-BrP), 3-bromophenol (3-

BrP), and 2,4-dichlorophenol (DCP). These compounds were se-

lected to represent a diverse range of structural variations, and

their degradation behaviors in the Cu-NC-20/PMS system were

meticulously analyzed to establish a clear correlation between

molecular structure and oxidative reactivity.

Fig. 7a presented the adsorption and degradation rates of vari-

ous phenolic compounds in the Cu-NC-20/PMS system at a uniform

reaction time of 10min. For a clearer understanding of the QSAR,

the contribution of adsorption to the degradation process was sep-

arated, and the remaining degradation rates were then analyzed in

relation to the Hammett constant. As depicted in Figs. 7b-d, the

negative Hammett constant (σ−) showed the strongest correlation

with the oxidation of phenolic compounds by the Cu-NC-20/PMS

system, evidenced by an R2 value of 0.992. This correlation re-

vealed that the rate of oxidation decreased as the σ− increased.

The negative trend of this relationship indicated that the Cu-NC-

20/PMS system demonstrated higher reactivity towards phenolic

compounds that possessed electron-donating groups, a character-

istic common in electrophilic reactions [42,43].

A detailed study was conducted to critically evaluate the effect

of potential interfering factors in the natural aqueous environment

on Cu-NC-20/PMS. This study focused on how the presence of

ubiquitous inorganic anions and natural organic matter (NOM) af-

fects the degradation efficiency of PE in the Cu-NC-20/PMS system.

Specifically, the study explored the influence of prevalent inorganic

ions such as Cl−, HPO4
2−, HCO3

− and humic acid (HA). The exper-

imental data revealed a negligible influence of these substances on

the PE degradation process (Fig. 8a). This observation led to the

inference that SO4
•– and •OH might not play a significant role in

the catalytic mechanism of this system. The results indicated that

the degradation process predominantly proceeded via non-radical

pathways, showing a notable resistance to the influence of coexist-

ing inorganic anions. Further, to evaluate the practical applicability

of the Cu-NC-20 catalyst in real-world scenarios, experiments were

performed using tap water and surface water as testing media. As

illustrated in Fig. 8b, the experiments demonstrated high efficacy

in PE removal, achieving complete removal in tap water (100%)

and near-complete removal in surface water (95%). These results

highlighted the potential of the Cu-NC-20/PMS system for effective

treatment of PE in diverse natural water sources. Additionally, the

recyclability of the Cu-NC-20 catalyst was examined to gauge its

sustainability and practical utility. The decline in the catalyst’s ef-

ficiency was indicated in Fig. 8c, with the degradation rate of PE

dropping to 50% by the third cycle of usage. An in-depth analysis

was conducted to understand the cause of this decrease in per-

formance. N 1s XPS spectra comparisons of Cu-NC-20, before and

after the reactions, showed a reduction in the Cu-N content from

33.4% to 23.8%. This reduction highlighted the loss of active cat-

alytic sites as a primary factor for the observed decrease in perfor-

mance (Fig. 1g and Fig. S12 in Supporting information). To counter-

act this, the catalyst underwent re-calcination after the third cycle.

Post re-calcination, an increase in the Cu-N content to 29.6% was

observed in the fourth and fifth cycles, as shown in Fig. 8d. This re-

covery process restored the efficiency of the catalyst and enabled
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Fig. 8. (a) Impact on PE degradation by different inorganic anions, HA, (b) PE removal rates in ultrapure, surface water, (c) Cu-NC-20 reusability for PE, (d) XPS analysis

post-regeneration, (e) schematic representation, (f) PE removal rates in Cu-NC-20/PMS systems. Reaction conditions: [PE]=5mg/L, [PMS]=0.25mmol/L, catalyst=70mg/L.

Cu-NC-20 to degrade 100% of PE within 10min in subsequent cy-

cles. This recovery of activity affirmed the pivotal role of Cu-N sites

in catalysis and underscored the Cu-NC-20/PMS system’s adaptabil-

ity and recyclability for real-world application. Collectively, these

findings underscored the broad applicability and remarkable recov-

ery potential of the Cu-NC-20/PMS process for water treatment.

To further assess the recyclability and practical utility of the

catalyst, a continuous flow reactor was designed, drawing upon

methodologies outlined in references [44–46]. This reactor was

constructed by embedding 20mg of the Cu-NC-20 catalyst into a

cotton matrix. The reactor was then employed in a top-to-bottom

flow configuration, where a mixture of PE and PMS was continu-

ously fed into it (Fig. 8e). The hydrodynamic residence time (HRT)

in this setup was maintained at 14.4 min. The efficiency of the

reactor in processing simulated PE wastewater was demonstrated

in Fig. 8f. It was observed that the removal efficiency of PE using

either PMS or Cu-NC-20 alone was below 20%. In stark contrast,

the combined Cu-NC-20/PMS system exhibited a removal efficiency

exceeding 90%. However, a noticeable decrease in efficiency was

recorded after 100h of operation. Notably, the concentration of

PMS utilized in the continuous flow setup was lower (0.15mmol/L)

compared to that used in beaker experiments (0.25mmol/L). This

reduction, alongside the constant catalyst amount, highlighted the

effectiveness and advantages of Cu-NC-20 in a continuous flow sce-

nario and underscored its potential for real-world water treatment

applications.

In this study, we prepared a copper-based nitrogen-doped car-

bon material that showed excellent catalytic performance in com-

plete PE degradation with kobs (0.544 min−1) was 7 times higher

than that of the catalyst without added metal (0.087 min−1). The

effects of pH, the concentration of catalyst, PMS, and PE on the

activation of the Cu-NC-20/PMS system were explored. Through

quenching experiments and EPR analyses, it was finally determined

that the main reactive ROS for the degradation process of the sys-

tem were 1O2 and Cu(III). Therefore, it showed stable degradation

ability in the investigation of the effects of inorganic anions and

NOM. Besides, the QSAR between the phenolic oxidation rate and

Hammett constant in the Cu-NC-20/PMS system indicated that the

high selectivity of the system for phenolic compounds was highly

dependent on its substituent species. Overall, the insights gained

in this study contributed to the understanding of the design prin-

ciples of Cu-based nitrogen-doped carbon catalysts. These findings

were valuable for the efficient and selective degradation of pheno-

lic compounds by PMS-based AOPs.
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