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Synergistic interface engineering in ZnO@CNT
catalysts: electronic modulation for switching
peroxydisulfate activation toward a *O,-dominated
non-radical pathway

Qian Zhou,? Qingsong Liu,® Chenglin Li,° Liu Yang,® Yu Xue,® Shenggiong Fang (2 *@
and Weiguang Lan*c

Currently, during peroxydisulfate (PDS) activation through Fenton-like reactions, transition metal catalysts
face the problem of leaching, whereas carbonaceous materials pose challenges such as difficult recovery,
insufficient stability, and less-than-ideal catalytic performance in peroxydisulfate systems. In response to
these challenges, the novel composite catalyst (ZnO@CNT) was synthesized through a straightforward
one-pot pyrolysis approach. This innovative material exhibits both superior catalytic activity and minimal
cytotoxicity, enabling effective activation of peroxodisulfate (PDS) for the degradation of antibiotic
sulfamethoxazole (93.56% removal within 30 min kinetic constant: 0.089 min~Y). Characterization and
density functional theory (DFT) calculations confirmed that the synergistic coupling between ZnO
nanoparticles and carbon nanotubes creates abundant active interfaces, thereby enhancing electron
transfer and reactive oxygen species generation. Unlike traditional radical-based oxidation systems,
mechanistic studies combining electron paramagnetic resonance (EPR) and quenching experiments have
identified singlet oxygen (*O,) as the primary reactive species, which confers exceptional resistance to
complex water matrices containing various interfering substances. Electrochemical analyses provide
fundamental insights into the enhanced PDS activation mechanism, demonstrating that ZnO
incorporation modulates the electronic structure of CNTs to favor ‘0, generation. ZNO@CNT exhibits
outstanding cycling stability and environmental safety, as verified by toxicity assessment of
transformation products. This work not only develops an efficient metal—carbon hybrid catalyst, but also
advances the fundamental understanding of non-radical oxidation pathways for sustainable water

purification applications.

Addressing antibiotic pollution requires advanced oxidation technologies that are both highly effective and environmentally compatible. Many current systems
rely on radical species that are easily scavenged in complex real-world waters. We developed a novel nanocomposite that generates singlet oxygen, a potent yet

selective oxidant, for degrading sulfamethoxazole without significant metal leaching. This work provides a fundamental advance in designing non-radical
catalytic nanotechnologies. It demonstrates a pathway towards more efficient, stable, and safer water treatment processes, highlighting the role of rational

material design in achieving sustainable environmental remediation.

1 Introduction

agriculture, aquaculture, and animal husbandry." The persis-
tence of these pharmaceuticals in aquatic environments poses

Sulfonamides (SAs) have become a global environmental and
health concern due to their extensive use in clinical medicine,
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threats to aquatic life and potential risks to human health.
Sulfamethoxazole (SMX) is particularly resistant to biodegra-
dation due to its stable molecular structure, leading to its
accumulation in organisms.”> Prolonged exposure to SMX in
water environments can adversely affect human health and
contribute to the proliferation of antibiotic-resistant bacteria
and genes.* The widespread presence of SMX has driven the
search for effective wastewater treatment technologies to miti-
gate its ecological impact.* The ubiquitous presence of SMX has
prompted the exploration of effective wastewater treatment

© 2026 The Author(s). Published by the Royal Society of Chemistry
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technologies to mitigate its ecological impact. Traditional
techniques for SMX management, including evaporation,
adsorption, and biological pretreatment, often demonstrate
limited efficacy. Many wastewater treatment plants fail to
effectively eliminate SMX, leading to its release into natural
environments, exacerbating ecological risks. Therefore, devel-
oping more efficient SMX removal technologies is crucial for
protecting aquatic life and maintaining ecological balance.
The efficacy of advanced oxidation processes (AOPs) in
degrading pharmaceutical compounds such as SMX is attrib-
uted to their ability to generate reactive oxygen species (ROS),
including hydroxyl radicals (‘OH), sulfate radicals (SO, °),
singlet oxygen (*0,), and superoxide radicals (O, *).* These ROS
can efficiently degrade organic pollutants such as antibiotics.
Peroxydisulfate (PDS) is a commonly used oxidant in AOPs,
which can be activated through ultraviolet irradiation, heating,
or the addition of acids, bases, and transition metals.®
Notably, the transition metal-based catalysis approach repre-
sents the most practical and cost-efficient alternative, as it
operates without dependence on external energy sources. Both
homogeneous and heterogeneous transition metals can cata-
lyze PDS, activating it into sulfate radicals via redox cycling.*
In recent years, precious metals including Ru, Pd, and Ag
have demonstrated excellent PDS activation efficiencies due to
their robust electron transfer capabilities.**> Despite their
advantages, the high cost and limited availability of precious
metals have limited their widespread utility in various indus-
tries. Homogeneous transition metals, such as Co, Cu, and Ni,
exhibit high catalytic activity in PDS activation. However, these
dissolved metal ions pose a serious risk of secondary contami-
nation as they are difficult to recycle and may persist in treated
water, leading to potential ecotoxicity. Zinc (Zn)-based catalysts
have emerged as a promising alternative due to their low toxicity
and economy as well as environmental compatibility."***
However, a major limitation of metal-based catalysts, including
ZnO, is that they undergo agglomeration, which diminishes the
active surface area and undermines the long-term catalytic
performance. Aggregation of nanoparticles reduces the effective
surface area and hinders mass transfer and active oxygen
generation. Confining metal inside the nanochannels of
carbon-based architectures creates highly active sites, which
significantly enhances the degradation performance against
organic pollutants. Therefore, the selection of suitable metal
ion carriers can reduce the possibility of environmental
contamination during the degradation process and enhance the
stability of the catalyst. Among many carbon-based materials,
carbon nanotubes (CNTs) stand out owing to their unique
advantages.'*"” First, CNTs have excellent PS adsorption and
activation properties, which is largely conferred by their high
specific surface area and the abundance of active sites."®
Secondly, CNTs have inherent thermal and chemical stability.*
As a metal carrier, carbon nanotubes can not only mitigate
metal ion leaching to reduce secondary pollution, but also
enhance electron transfer by dispersing active sites, thereby
boosting catalytic performance.”*® Despite these advantages,
the long-term stability of CNT-based catalysts remains a critical
concern, as carbon materials are susceptible to oxidative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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degradation during prolonged AOP reactions. The reactive
oxygen species (ROS) generated during PDS activation can
attack the carbon framework, leading to structural damage, loss
of active sites, and eventual catalyst deactivation. Recent liter-
ature has reported several effective strategies to mitigate CNT
degradation and enhance long-term stability. These include
heteroatom doping (e.g., nitrogen or boron doping),>** metal
encapsulation or confinement strategies,**” and surface func-
tional group regulation.”®

Zinc oxide (ZnO) is an effective PDS activator because its
electronic structure promotes electron transfer to generate
SO, " and "OH. Upon immobilization on carbon-based mate-
rials, it suppresses metal ion leaching and facilitates electron
transport, thereby improving the catalytic efficiency.’** In
particular, when ZnO is loaded on carbon nanotubes (CNTs), it
has been shown to significantly increase the adsorption and
activation efficiencies of PDS, which in turn improves the
degradation of SMX. ZnO promotes the decomposition of PDS
through surface catalysis to generate highly reactive radicals.
Zn** ions on the surface of ZnO interact with PDS and accelerate
the generation of free radicals. By loading ZnO onto carbon
nanotubes, a ZnO@CNT catalyst can be synthesized, which not
only improves the degradation efficiency of SMX, but also
facilitates the separation and recycling from aqueous solution,
reducing the risk of secondary pollution.

This study successfully fabricated a novel ZnO-loaded carbon
nanotube (ZnO@CNT) catalyst by one-pot pyrolysis for water
purification via the Fenton reaction. The CNT support in the
resulting catalyst effectively confined zinc ions to minimize
leaching, while enhancing the improved electron transport.
Consequently, the incorporation of ZnO markedly boosted PDS
activation, facilitating the production of reactive radicals that
efficiently degraded SMX. In order to understand the structure,
morphology and performance of the catalysts, we performed
a series of characterization analyses on ZnO@CNT including
Scanning Electron Microscopy (SEM), X-ray diffractometry
(XRD), Raman spectroscopy and X-ray Photoelectron Spectros-
copy (XPS) characterization, theoretical calculations and toxicity
analyses to investigate the mechanism of SMX degradation by
ZnO@CNT-activated PDS. We will provide an innovative solu-
tion for the study of Zn-loaded carbon material multiphase
catalytic system activation of PDS for rapid removal of
sulfamethoxazole.

2 Experimental part
2.1 Materials and characterization

The chemicals and reagents for the materials employed in this
study are described in the SI sections Text S1. Details pertaining
to characterizations are shown in Text S2-S4.

2.2 Catalyst preparation

2.2.1 ZIF-8, ZIF-ZnO and ZnO@CNT preparation. Dissolve
0.73 g of zinc nitrate hexahydrate in a beaker with 50 mL of
methanol solution, and similarly dissolve 0.82 g of 2-methyl-
imidazole in another beaker containing 50 mL of methanol

Environ. Sci.: Adv., 2026, 5, 1392-1405 | 1393
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solution. Subsequently, the methanol solution dissolved in zinc
nitrate hexahydrate was quickly poured into the methanol
solution containing 2-methylimidazole, stirred immediately,
and the mixed solution was stirred thoroughly at a speed of
800 rpm for 24 hours. After stirring, let the mixed solution stand
for 24 hours. After the solution is layered and precipitated, the
product is centrifuged, washed with methanol at least three
times, and then dried into a powder in a vacuum. The resulting
product is denoted as ZIF-8. Subsequently, the prepared powder
is heated to 800 °C in a tube furnace under the protection of
nitrogen at a rate of 5 °C min " and calcined for 6 hours. The
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Fig. 1 The preparation process of ZnO@CNT.
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resulting product is denoted as ZIF-ZnO. Following this proce-
dure, the addition of carbon nanotubes in the initial step yiel-
ded the final composite, which was named ZnO@CNT (Fig. 1).

2.3 Catalyst performance

Under standard conditions at 25 °C, all reactions were per-
formed by employing magnetic stirring to disperse the catalyst
(10 mg) and PDS (50 mg) in a 50 mL SMX solution (20 mg L™ ")
within a 100 mL reactor. To examine the role of different anions
in the degradation process, common anions such as nitrate
(NO; ™), bicarbonate (HCO; ), humic acid (HA) and chloride
(CI") were added to the experimental system to simulate the
actual wastewater environment. At a preset time node, 1.5 mL of
the reaction solution was taken from the reaction mixture,
filtered through a 0.22 pm polytetrafluoroethylene (PTFE)
membrane, and collected in a plastic centrifuge tube preloaded
with 200 pL (12 g L™") of sodium sulfite (Na,S,05) stop solution
to immediately terminate the oxidation reaction. All samples
were finally analyzed by high-performance liquid chromatog-
raphy (LC-20AT) for residual concentrations of SMX.

3 Results and discussion

3.1 Material characterization

The SEM and TEM micrographs as well as the corresponding
elemental maps of the ZnO@CNT composite are presented in
Fig. 2. The SEM images in Fig. 2(a and b) reveal partial

SEM images of ZIF-8 (a), CNTs (b) and ZnO@CNT (c); TEM images of ZnO@CNT (d); EDS mapping images (e).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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agglomeration of ZIF-8-derived particles, limiting the full utili-
zation of the material's specific surface area. The carbon
nanotubes retain an intact tubular structure with a random
stacking arrangement, while ZnO nanoparticles (black speckles)
are homogeneously distributed across the surfaces of the
carbon nanotubes as shown in Fig. 2(c and d). This unique
structural feature indicates that ZnO particles are efficiently
loaded and dispersed both inside and outside the catalyst
skeleton. This not only effectively inhibits the dissolution of
zinc ions, but also significantly reduces particle aggregation,
thereby improving the catalyst's catalytic performance, cycling
stability, and reusability. EDS surface scanning analysis
(Fig. 2(e)) confirmed the uniform distribution of carbon, oxygen
and zinc in the composites, thus providing definitive evidence
for successful material synthesis. In terms of mass percentage,
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the contents of C, N, O and Zn were 77.73%, 0.81%, 5.46% and
16.00% respectively. These findings correlated well with the
morphological characterization data, thus confirming the
compositional and structural integrity of the ZnO@CNT
composites.

A comparative analysis of the XRD spectra of ZIF-8, CNTs and
ZnO@CNT composites is shown in Fig. 3(a). The ZnO@CNT
XRD spectra show significant characteristic diffraction peaks at
260 = 31.69°, 34.38°, 36.18°, 47.45° and 56.46°, which corre-
spond to the (100), (002), (101), (102) and (110) crystal faces of
hexagonal fibrillar zincite structure ZnO (ICDD #01-079-0207).%°
Notably, both the characteristic diffraction peaks of CNTs (26°)
and ZnO are present in the XRD spectra. The crystallographic
data thus attest to the successful integration of ZnO with the
CNT support, confirming the formation of the ZnO@CNT
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Fig. 3 XRD patterns of ZIF-8, CNTs and ZnO@CNT (a). Raman spectra of CNTs and ZnO@CNT (b). XPS spectra of ZnO@CNT: full spectra (c); Zn

2p (d); C1s (e); O 1s (f).
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composite. The sharpness of the diffraction peak shapes indi-
cates that the prepared ZnO has a high degree of crystallinity,
and the precise matching of the characteristic peak positions
excludes the presence of other zinc compounds.

The surface defect states of the catalysts were investigated by
Raman spectroscopy (Fig. 3(b)). The spectra clearly showed the
characteristic D (1331 em™ ') and G (1593 cm™ ') bands in both
the CNT and ZnO@CNT samples.*® The D band signifies
structural disorder and the G band corresponds to sp® hybrid-
ized carbon. Consequently, the intensity ratio of D and G bands
(Ip/Ig) serves as a metric for quantifying the defect density
within the material.** Fig. 3(b) reveals an increase in the I/l
value from 0.77 (CNT) to 0.86 (ZnO@CNT), implying that the
integration of ZnO created more defective structures. This
confirms that ZnO integration introduced additional defects,
which function as active sites to enhance reactant adsorption
and activation, thereby promoting the catalytic process.

The XPS characterization results of ZnO@CNT are presented
in Fig. 3(c). The spectrum shows four obvious sub-peaks, which
correspond to the following bonds: C=C (284.8 eV), C-C (285.8
eV), C-O (287.7 eV), and COOH (290.1 eV) bonds.**** This
indicates that carbon atoms in ZnO@CNT composite materials
exist in various forms and form different chemical bonds with
other elements. For the O 1s peak, as shown in Fig. 3(f), two
obvious peaks were observed at 533.5 eV and 530.3 eV, corre-
sponding to oxygen vacancies (OV) and lattice oxygen (OL),
respectively.*> Additionally, the peak at 531.8 eV is consistent
with the Zn-O bond, further confirming the presence of Zn
oxide. Fig. 3(d) shows that the Zn 2p spectrum exhibits two
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peaks at 1021.8 €V and 1045 eV, corresponding to the Zn 2ps,
and Zn 2p,,, binding energies of the Zn-O bond respectively,
providing further confirmation of Zn oxide.**%”

3.2 Catalytic performance

For a comprehensive performance evaluation of CNTs, ZIF-8,
ZIF-ZnO and ZnO@CNT toward PDS activation, SMX was
employed as the model pollutant. To establish the optimal
formulation, a series of ZnO@CNT catalysts with varying ZnO
loadings (5%, 10%, 15%, 20%, and 25%) were synthesized and
evaluated for SMX degradation under identical conditions (SI,
Fig. S5). Among these, ZnO@CNT-15 (15% loading) exhibited
the highest degradation efficiency (90.3% within 30 min) and
was therefore selected as the optimal catalyst for subsequent
investigations. The degradation performance of each catalyst
was subsequently assessed and compared. As illustrated in
Fig. 4(a), the control experiments employing PDS alone, CNTs
alone, or ZnO@CNT alone achieved the lowest SMX removal
rates of merely 3.72%, 11.43%, and 12.71%, respectively. This
indicates that neither ZnO@CNT nor CNTs exhibits satisfactory
catalytic performance when used individually. After 30 minutes
of reaction in the presence of PDS, the ZIF-8/PDS and CNT/PDS
systems reached SMX removal rates of only 19.32% and 46.81%,
respectively, demonstrating limited catalytic activity of both
ZIF-8 and CNTs in activating PDS for SMX degradation. To
further decouple the intrinsic catalytic activity of ZnO from the
synergistic effects arising from the ZnO-CNT interface, we
evaluated the performance of ZIF-8-derived pure ZnO (ZIF-ZnO)
as an additional control under identical conditions. The ZIF-
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Fig. 4 Different SMX degradation reaction systems (a) experimental: 0.8 g per L PDS, 20 mg per L SMX, 0.2 g per L ZnO@CNT, pH 9, 25 °C;
different ZnO@CNT dose (b); different PDS doses (c); different pH values (d).
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ZnO/PDS system achieved only 35.0% SMX removal within 30
minutes and 40.5% removal within 60 minutes, confirming that
pure ZnO also possesses limited intrinsic catalytic activity for
PDS activation. Notably, the degradation efficiency of ZIF-ZnO/
PDS (40.5% at 60 min) is even lower than that of CNT/PDS
(46.81% at 30 min), indicating that neither component alone
is sufficient for efficient SMX degradation. In contrast, under
identical reaction conditions (30 minutes), the ZnO@CNT/PDS
system achieved a markedly higher SMX removal efficiency of
93.56%, significantly surpassing those of the ZIF-8/PDS, ZIF-
ZnO/PDS, and CNT/PDS systems. This dramatic enhancement,
with an enhancement factor of approximately 2.5 compared to
the sum of individual activities, provides compelling evidence
that the superior performance of ZnO@CNT arises from the
synergistic effect at the ZnO-CNT interface, which facilitates
electron transfer and promotes PDS activation. The apparent
rate constant of the ZnO@CNT/PDS system was 0.089 min ',
representing a 13-fold and 4.5-fold increase over the ZIF-8/PDS
(0.00695 min~") and CNT/PDS (0.021 min~") systems, respec-
tively. This significant difference in ks values highlights the
superior catalytic efficiency of the ZnO@CNT composite. The
ZnO@CNT/PDS system showed superior performance
compared to other catalysts in the literature (Table 1), reaching
93.56% efficiency and a rate constant of 0.089 min~"', owing
predominantly to the involvement of 'O,.

The catalytic performance of ZnO@CNT was further evalu-
ated by varying key parameters, including catalyst and PDS
concentrations, as well as solution pH. Fig. 4(b) illustrates the
effect of catalyst dosage on SMX removal. As the ZnO@CNT
concentration from 0.16 to 0.20 ¢ L' enhanced SMX degrada-
tion, with efficiency climbing from 85.82% to 93.23% over 30
minutes. This improvement is attributed to the increased
availability of active sites at higher catalyst doses, which
promotes PDS activation and accelerates the reaction kinetics.
Notably, no simple linear correlation exists between catalyst
dosage and degradation efficiency. This is exemplified by the
observation that while a higher catalyst dosage (0.20 g L")
afforded faster degradation compared to a lower one (0.16 g
L"), the increasing trend was not significant. When the dosage
was further increased to 0.24 g L™, the improvement in SMX
degradation efficiency was only marginal, reaching 93.53%.
This plateau likely occurs because, beyond an optimal catalyst
loading, the fixed concentration of PDS becomes the limiting
factor, and the excess active sites cannot be fully utilized to
further accelerate the reaction. The high efficiency already

View Article Online
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highlights the significance of the material's design. Future
research should focus on optimizing catalyst-oxidant combi-
nations to balance cost and performance.

A key parameter governing the degradation efficacy was the
PDS dosage. As shown in Fig. 4(c), elevating the PDS concen-
tration from 0.6 ¢ L™ to 0.8 g L' markedly boosted the SMX
degradation from 86.59% to 93.23% in 30 minutes. Under
conditions where the catalyst amount (total number of active
sites) is fixed and the PDS concentration remains below satu-
ration, increasing the PDS concentration significantly enhances
its adsorption concentration on the catalyst surface and
increases the collision frequency at the active sites. This directly
drives the activation of more PDS molecules, thereby amplifying
reactive species production. The system, however, exhibits
saturation behavior, as increasing the PDS dose to 1.0 g L™ "
provided only a minimal efficiency gain to 93.82%, under-
scoring the constrained benefit of excessive oxidant addition.
While high PDS concentrations provide abundant reactant
molecules, the limited availability of catalytic sites becomes
saturated, thereby hindering further activation. To balance
economic efficiency with the goal of definitive SMX removal,
a combination of 0.2 g per L ZnO@CNT and 0.8 g per L PDS was
identified as the optimum condition for all subsequent
experiments.

Solution pH significantly influenced SMX degradation effi-
ciency. As depicted in Fig. 4(d), the 30 minute SMX removal rate
improved from 88.11% at pH 3.0 to 92.47% at pH 7.0, and
reached 93.56% under alkaline conditions (pH 9.0). However, at
a pH of 11, degradation efficiency was inhibited. Zeta potential
measurements confirmed that the point of zero charge (PZC) of
ZnO@CNT is 8.6 (SI: Fig. S6). Below the PZC (pH 3.0-8.6), the
positively charged catalyst surface facilitates interaction with
SMX. The efficiency increased progressively from pH 3.0 to 7.0,
attributed to enhanced electrostatic attraction with anionic
SMX (pK,, = 5.7).* Interestingly, the peak efficiency was ach-
ieved at pH 9.0, where the catalyst surface becomes negatively
charged (pH > PZC). This apparent paradox is explained by the
dominance of the non-radical pathway under weakly alkaline
conditions: abundant 'O, generated at pH 9.0 can still reach
SMX despite mild electrostatic repulsion. However, at pH 11,
the strong negative charge creates intense electrostatic repul-
sion, physically separating SMX from the catalyst surface.** Even
if 0, generation is enhanced via radical conversion pathways,
the short-lived 'O, cannot effectively diffuse across this repul-
sion barrier, leading to a sharp decline in degradation effi-

achieved with a moderate ZnO@CNT dosage (0.20 g L™') ciency. Under highly acidic conditions (pH = 3.0), an
Table 1 Comparative analysis of SMX degradation efficiency, rate constants and ROS pathways with varied catalysts/oxidants

Reaction Degradation Rate constant
Samples Catalyst dosage Oxidant dosage SMX conc. time efficiency (%) (min™1) Ref.
ZnO@CNT 200 mg L* PDS (0.8 g L7 20 mg L 60 min 93.56 0.089 This work
2.0-NMC 200 mg L™* PS(2gL™Y) 20mg L! 60 min 81.4 0.025 38
NMC-50 50 mg L™" PMS (0.65 mM) 15mgL~" 60 min 87.37 0.045 39
BC/Fe(mm) 500 mg L " PDS (0.5g L) 10mgL ! 90 min 80.5 0.0188 40
CNT 100 mg L™* PDS (500 pM) 2mg L™ 60 min 68.8 0.0255 4
MGO0.2 50 mg L " PMS (0.5 mM) 5mgL " 120 min 86 — 42

© 2026 The Author(s). Published by the Royal Society of Chemistry
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abundance of H' scavenges both SO,"~ and ‘OH radicals,
contributing to the lower removal rate.

3.3 Mechanism

3.3.1 Identification of active substances during SMX
degradation. To identify the reactive species responsible for
SMX degradation in the ZnO@CNT/PDS system, EPR spectros-
copy and radical quenching tests were employed in tandem. As
illustrated in Fig. 5(a), the key radical species were probed using
tert-butanol (TBA), methanol (MA), p-benzoquinone (p-BQ), and
t-histidine as quenching agents.***® Among them, TBA was
assigned to capture ‘OH, and MA to eliminate both SO, and
"OH. In the presence of sufficient TBA and MA, the SMX removal
within 30 minutes experienced a slight decrease to 92.35% and
91.55%, respectively, from an original value of 93.75%.
Furthermore, when the O,"~ scavenger p-BQ was introduced
into the system, a significant reduction in SMX removal effi-
ciency was observed. Upon introduction of the 'O, scavenger L-
histidine, the SMX removal rate plummeted to 27.43%. In
summary, 'O, serves as the primary driving force for SMX
degradation, with O,", SO,"", and 'OH radicals providing
secondary contributions ('O, > 0,"~ > SO,"~ > "OH).

The identification of active species in the ZnO@CNT/PDS
system was unequivocally confirmed by EPR spectroscopy
(Fig. 5(b and c)). The absence of characteristic signals in control
experiments with PDS and DMPO thus confirms that PDS self-
decomposition is negligible. However, after adding
ZnO@CNT/PDS, a distinct DMPO-0," " signal was detected. The
presence of this signal highlights the contribution of O, ™
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radicals in the activation of PDS, which aligns with the results
from the radical quenching experiments.*” Additionally, in the
ZnO@CNT/PDS system, TEMP (a trapping agent for '0,) was
used, and a characteristic triplet signal (1:1:1) was observed.
This observation confirms the presence of a considerable
amount of 'O, during the activation of PDS.* This finding
corroborates the previous experimental results, further
demonstrating the significant role of non-radical active species
in the degradation of SMX. In summary, EPR analysis and
quenching tests confirmed the coexistence of both free radical
and non-radical pathways in the ZnO@CNT/PDS system.
Among them, 'O, was identified as the predominant reactive
species.

Electron transfer represents a pivotal non-radical pathway
for PDS activation. In the ZnO@CNT/PDS system, this pathway
was investigated via an integrated approach of chro-
noamperometry and DFT. The IT response in Fig. 5(d) exhibited
marked shifts upon the sequential introduction of PDS and
SMX, which validates the direct electron transfer from the
oxidant to the pollutant and confirms its critical function.*

3.3.2 Catalytic mechanism. To comprehensively evaluate
the electronic transport properties of ZIF-8, CNTs, and
ZnO@CNT, electrochemical characterization coupled with
theoretical computational analysis was conducted in this study.
Fig. S7(a) demonstrates that the impedance spectrum semi-
circle diameter of ZnO@CNT is markedly smaller than that of
ZIF-8 and CNTs, indicating lower electrical resistance and
superior electronic transport capability.*® Further DFT calcula-
tions revealed the electronic structural characteristics of the
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Fig. 5 Quenching effects on SMX degradation (a); EPR spectra with TEMP (for 'O,) and DMPO (for O,"7), respectively (b and c); /T curve of
ZnO@CNT/PDS (d). Reaction conditions: 20 mg per L SMX, 0.2 g per L ZnO@CNT, 0.8 g per L PDS, pH 9, 25 °C.
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materials (Fig. S7(b)). Furthermore, the Fermi level of the
material was calculated, which is a pivotal parameter for
measuring the material's capacity to gain or lose electrons.*
ZnO has been successfully loaded onto the inner walls of carbon
nanotubes, with Fermi levels reaching 2.09 eV for ZnO@CNT,
surpassing those of ZIF-§ (1.55 eV) and CNTs (1.99 eV). This
outcome demonstrates that ZnO@CNT exhibits enhanced
charge acquisition and delivery capabilities, significantly
boosting electron transfer efficiency during the catalytic
process.>*

A critical factor in accelerated electron transfer is the tailored
electronic structure, driven by the ZnO-CNT interaction and the
ensuing p-orbital hybridization with carbon. In the ZnO@CNT
hybridized configuration, the formation of bonding and anti-
bonding orbitals is observed, and the bonding orbital is chiefly
occupied by electrons originating from the ZnO HOMO.
Differences in the electronic properties among CNTs, ZnO, and
ZnO@CNT provide deeper insight into the interfacial
interaction-induced electronic structure modulation. The
HOMO of pristine CNTs features carbon p-orbital electrons,
contrasting with ZnO, where the HOMO consists of oxygen
orbitals with substantial zinc p-orbital character (Fig. S7(c and
d)). Composite formation elevates the HOMO energy of ZnO and
intensifies its orbital charge localization—a modification that
positively influences catalysis. The disruption of strong ionic
electron localization by incorporating ZnO into CNTs yields an
extended valence band and greater carrier mobility.*® Conse-
quently, ZnO@CNT displays superior electron activity, which
enhances its catalytic reactivity. The potential adsorption model
of PDS molecules on ZnO@CNT is shown in Fig. S8. The
adsorption energy for CNTs is —0.6479 eV, while for ZnO@CNT
it is —1.152 eV. The higher AE,4s value indicates a stronger
binding affinity of ZnO@CNT toward PDS molecules, facili-
tating PDS activation and the formation of non-radical species
(*0,) within the catalyst cavity. Ultimately, zinc doping is
a viable tactic for advancing the electron transfer performance
of CNTs by enabling more effective electronic structure regu-
lation to optimize catalytic activity.

Collectively, these findings demonstrate that SMX degrada-
tion is primarily dominated by the non-radical pathway medi-
ated by singlet oxygen ('0,), while concurrently influenced by
the synergistic contribution of radical species ("OH, SO, ", and
0,"7). The proposed catalytic mechanism is illustrated in
Fig. S9. Initially, at the ZnO@CNT heterojunction interface, the
Zn*" sites on the ZnO surface synergize with CNTSs to activate
PDS via interfacial electron transfer, leading to the cleavage of
the O-O bond and the generation of initial radicals (eqn (A1)).
The subsequent conversion of these primary radicals leads to
the formation of O,"~ (eqn (A2)—(A5)), which is a key precursor
for 'O, generation (eqn (A6) and (A7)).

S,05°" +e~ — SO~ + SO, (A1)
SO, + H,O — "OH + SO,> + H* (A2)
‘OH + "OH — H202 (AS)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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"OH + H,0, »HO; + H,0 (A4)

HO,—»H' +0," (A5)

0, +HO;—'0, + HO,™ (A6)

20, +2H" = '0, + H,0, (A7)

Defective carbon + PDS — 'O, + 250,*~ (A8)
SMX + (SO, /'OH/0,” /'0,) %+ —>CO, + H,O  (A9)

Defects in carbon-based nanomaterials are instrumental in
generating singlet oxygen ('0,) by acting as active sites for this
reaction.'® This view is supported by the intensified character-
istic XRD peaks of CNTs after the reaction (Fig. 6(b)), under-
scoring their crucial function. Specifically, CNT surface defects
are proposed as catalytic centers for peroxydisulfate activation
(eqn (A8)), which subsequently boosts singlet oxygen yield and
robustly facilitates pollutant removal—a rationale widely
adopted in CNT/PDS research. Concurrently, direct electron
transfer via CNTs constitutes another essential component in
the ZnO@CNT/PDS system. Evidence from quenching experi-
ments affirms its key function in the catalytic mechanism,**
accelerating the reaction rate (eqn (A9)).

3.4 Stability and general applicability of catalysts

In the practical application of catalysts, stability and reusability
are critical factors to consider. To comprehensively evaluate the
reusability of the ZnO@CNT catalyst, we conducted five
consecutive cycles of experiments under identical reaction
conditions (see Fig. 6(a)). The results show that after five cycles,
ZnO@CNT maintained a high degradation efficiency (80.3%),
demonstrating its excellent stability and reusability. It was
found that Zn** inevitably leaches from the material, with
a leaching concentration of 0.32 mg L', which is below the
limit specified by China's drinking water hygiene standard
(CB5749-2022) of 1 mg L™ *. The slight leaching of zinc ions
leads to the deactivation of a portion of the active sites, which
reduces the catalytic activity of the material. However, the
structure of CNTs in the catalyst still remains stable.

The catalyst's performance was further verified by employing
CIP, DF, and BPA as representative substrates to evaluate its
efficacy across diverse antibiotics. As shown in Fig. S10, removal
efficiencies exceeding 87% were achieved for all tested
contaminants within 60 minutes, demonstrating its excellent
applicability for eliminating diverse antibiotics.

Additionally, the characteristic diffraction peak of the
carbon nanotubes at 26.1° showed a slight increase in intensity
after reuse, indicating an improvement in the crystallinity of the
material. This is likely due to the selective etching of unstable
amorphous carbon and some structural defects on the surface
of the carbon nanotubes by reactive oxygen species in the highly
oxidative reaction environment, leaving behind a more stable
graphitic skeleton. However, such surface etching and struc-
tural reorganization are key reasons for the decline in catalytic

Environ. Sci.: Adv,, 2026, 5,1392-1405 | 1399
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Fig. 6 ZnO@CNT degradation cycle experiment of SMX in the PDS system (a); ZnO@CNT XRD patterns before and after the reaction (b);
degradation of ZnO@CNT/PDS under Cl™ conditions (c); degradation of ZnO@CNT/PDS under HCOs ™ conditions (d); degradation of ZNnO@CNT/
PDS under NOs~ conditions (e) and degradation of ZnO@CNT/PDS under HA conditions (f).

activity.'® The catalytically active sites in the carbon nanotube/
PDS system are typically associated with edge sites,
heteroatom-doped sites, or specific structural defects. In this
experiment, although the reaction-induced surface etching
slightly enhanced the overall crystallinity, it also destroyed
these critical active defect structures, thereby weakening the
catalyst's ability to activate PDS. Furthermore, the strong
adsorption and accumulation of organic intermediates gener-
ated during the reaction on the surface of the carbon nanotubes
can physically block the remaining active sites, further
hindering the contact between PDS and the catalyst. Thus, the
decrease in catalyst activity during repeated use is closely
related to both the structural changes in the carbon nanotubes
and the adsorption of intermediates.

Inorganic anions (such as NO;~, HCO;~ and Cl7) and
organic substances like humic acid (HA) in wastewater often
influence the decomposition of PDS as shown in Fig. 6(cf).
Specifically, the addition of chloride (Cl7) at different

1400 | Environ. Sci.. Adv, 2026, 5, 1392-1405

concentrations slightly inhibited SMX degradation: when Cl™
was added at concentrations of 1, 5, and 10 mM, the SMX
removal rate within 30 minutes decreased from 95.1% to 93.7%,
92.8%, and 90.5%, respectively. This decline results from dual
inhibitory mechanisms: CI~ consumes SO, to yield lower-
potential radicals (eqn (A10)—(A13)), while HCO; ™ significantly
hinders degradation by scavenging SO," and "OH to form less
reactive species (eqn (A14) and (A15)), respectively.”® Similarly,
NO; ™ also affected SMX degradation, but its inhibitory effect
was relatively weaker (eqn (A16)). Furthermore, as the concen-
tration of HA increased, the SMX removal rate within 30
minutes decreased from 95.1% to 89.9%. The reasons for this
may include: firstly, oxygen-containing functional groups (such
as hydroxyl) in HA can adsorb onto the catalyst surface,
compromising its ability to interact with and activate PDS;**>°
secondly, humic acid may shield active sites through strong -
7 stacking effects, potentially preventing interactions between
the catalyst surface and both PDS and SMX molecules.*” Overall,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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these observations indicate that various anions and humic
acids only slightly inhibit the degradation efficiency, high-
lighting the good stability of this catalyst in practical
applications.

SO, ~ + ClI” - SO, + CI' (A10)

Cl' +H,0 — CIOH™ + H* (A11)
CIOH'~ + ClI~ — Cl,” + OH™ (A12)
Cl'+ClI' - Cl, (A13)

SO, + HCO;~ — CO;™ + S0 + H' (A14)
‘OH + HCO;~ — CO3™ + H,O (A15)
SO,~ + NO;~ — CO5;°~ + H,O (A16)

3.5 Degradation pathway of SMX

To elucidate the degradation mechanism of SMX (Fig. 7(a)) at
the molecular level, this study employed comprehensive density
functional theory (DFT) calculations. A systematic analysis
combining frontier molecular orbital (HOMO/LUMO) distribu-
tions, natural population analysis (NPA) charge, and Fukui
indices (Fig. 7(b, ¢) and Table 2) enabled the precise identifi-
cation of key reactive sites in the SMX molecule. The HOMO
distribution (Fig. 7(b)) demonstrates that atoms on the
isoxazole ring, including 90, 100, 7N, and 17N, serve as the
primary electron-donating centers.*®* This observation corre-
lates well with their highly negative NPA charges (all below
—0.78), collectively indicating the high susceptibility of these

View Article Online
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Table2 The Hirshfeld charge and Fukui function of every atom in SMX

No. Atom NPA f f f

1 C —0.65568 0.0069 0.0100 0.0084
2 C 0.34579 0.0153 0.0262 0.0207
3 C —0.3862 0.0016 0.0062 0.0039
4 C 0.29089 -0.002 0.0053 0.0017
5 N —0.17397 0.026 0.0251 0.0255
6 (@) —0.28935 0.0245 0.0262 0.0254
7 N —0.83838 0.0463 0.0159 0.0311
8 S 2.31648 0.015 0.0182 0.0166
9 O —0.93226 0.0398 0.0312 0.0355
10 (@) —0.93877 0.0387 0.0305 0.0346
11 C —0.40937 0.0878 0.0262 0.057
12 C —0.14946 0.0354 0.0708 0.0531
13 C —0.26509 0.0717 0.1025 0.0871
14 C 0.18892 0.0571 0.0393 0.0482
15 C —0.26314 0.0679 0.0883 0.0781
16 C —0.15153 0.0379 0.1047 0.0713
17 N —0.78593 0.1432 0.029 0.0861
18 H 0.23194 0.008 0.0103 0.0092
19 H 0.23614 0.0072 0.0125 0.0099
20 H 0.23835 0.0138 0.0175 0.0156
21 H 0.26374 0.0069 0.0089 0.0079
22 H 0.42448 0.016 0.0222 0.0191
23 H 0.24346 0.0274 0.0379 0.0326
24 H 0.21685 0.036 0.0612 0.0486
25 H 0.21783 0.0357 0.0522 0.044
26 H 0.24405 0.0295 0.0577 0.0436
27 H 0.38994 0.0529 0.033 0.043
28 H 0.39027 0.0533 0.0293 0.0413

sites to electrophilic attack. Meanwhile, the Fukui index (f°)
values in Table 2 reveal another category of highly active sites,
namely 13C, 17N, 15C, and 16C (all with f° values greater than

SMX.m/z=253 P2m/z=298

0

Il 0Lt

e
Wy

H7 .
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0
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P3.m/z=201 Pdm/z=113

Fig. 7 SMX structural model (a), HOMO isodensity surface of SMX (b), LUMO isodensity surface of SMX (c), and degradation pathway of SMX (d).
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Fig. 8 ECOSAR toxicity data of fish (a), daphnid (b), and green algae (c).

0.071), which exhibit significant sensitivity to radical attack.
These highly reactive sites are predominantly concentrated on
the benzene and isoxazole ring structures, providing clear
theoretical targets for subsequent degradation pathway
speculation.

Based on the identified degradation products and pathways
shown in Fig. 7(d), the degradation mechanism of SMX in the
ZnO@CNT/PDS system can be elucidated as follows. The
primary reactive sites, as determined by Fukui index analysis,
are predominantly located on the benzene and isoxazole rings
rather than the amino groups. These sites, characterized by
high electron density and Fukui indices, are susceptible to
attacks by various radical species (e.g., ‘OH, SO, , and O, ")
and non-radical species (e.g:, '0,), initiating a series of chemical
transformations. The degradation proceeds through multiple
pathways: (1) hydroxylation and ring cleavage of the benzene
ring, generating intermediate P1 (m/z = 164, [m + H|');* (2)
oxidation of the isoxazole ring, leading to the formation of P2
(m/z = 224, [m + H]"); (3) further cleavage and rearrangement
producing P3 (m/z = 201, [m + H]") and P4 (m/z = 113, [m +
H]");** and (4) eventual conversion to smaller organic acids such
as P5 (m/z = 89, [m + H]"),* culminating in complete mineral-
ization to CO, and H,O. The TOC removal efficiency of 56.36%
(Fig. S11) confirms the significant mineralization capability of
the ZnO@CNT/PDS system. This outcome confirms the validity
of the proposed degradation mechanism while highlighting the
system's promise for practical antibiotic wastewater treatment.

3.6 Toxicity assessment of SMX degradation products

The acute aquatic toxicity of SMX and its degradation inter-
mediates was evaluated using ECOSAR-predicted data (Fig. 8),
with a toxicity classification threshold of log;, > 2.0 indicating
non-toxic substances. The pristine SMX demonstrated log;,
values exceeding the 2.0 threshold for all three aquatic test
species, confirming its classification as non-toxic. Following
treatment in the ZnO@CNT/PDS system, all degradation prod-
ucts exhibited significantly increased log;, values, demon-
strating effective toxicity reduction. Particularly noteworthy

1402 | Environ. Sci.: Adv, 2026, 5, 1392-1405

were the markedly elevated values for P2, P3, and P5, indicating
substantially diminished environmental risk. Although P4
exhibited relatively higher toxicity among the degradation
products, particularly toward green algae where values
approached the toxicity threshold, all measured values
remained above the 2.0 criterion and showed marked
improvement compared to pristine SMX. These quantitative
findings validate that the degradation process successfully
achieves effective detoxification, with the deeply oxidized
products P3 and P5 displaying exceptional environmental safety
characteristics. This investigation provides crucial evidence for
evaluating the ecological safety of this advanced oxidation
process and demonstrates its potential for mitigating environ-
mental risks associated with antibiotic contaminants.

4 Conclusion

(1) The ZnO@CNT catalyst, synthesized via one-pot pyrolysis,
leverages the synergy between ZnO and CNTs to activate PDS
exceptionally well, achieving a kops of 0.089 min™' that
surpasses its individual components. This underscores the role
of ZnO in enhancing electron transfer and ROS generation. The
composite design overcomes the limitations of metal-based
catalysts and carbon materials, while maintaining high effec-
tiveness across a broad pH range (3-9).

(2) The system operates via a singlet oxygen (*O,)-dominated
non-radical pathway, which provides superior selectivity, resis-
tance to environmental interference, and broad-spectrum effi-
cacy against various antibiotics.

(3) DFT calculations and electrochemical analyses further
elucidate how ZnO doping optimizes the electronic structure to
favor the PDS — 'O, conversion. Practical applicability is
highlighted by the catalyst's stability (80.3% efficiency retention
after 5 cycles) and environmental compatibility, as confirmed by
ECOSAR assessment of reduced intermediate toxicity. These
attributes position ZnO@CNT as a robust and versatile solution
for real-world water remediation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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