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ZrO,-supported LaCog 5Cug 503 composites for
enhanced peroxymonosulfate activation and

efficient degradation of ibuprofen

Zhaozhe Zhan,? Xue Yu,®® Jun Wan,? Xingchi Wang,? Jibo Xiao,® Yan Wu (2 *@

and Zhiyong Yan*?®

The tight packing of perovskite particles and secondary pollution limit their peroxymonosulfate (PMS)

activation efficiency for water treatment. To address this, an eco-friendly and stable LaCogsCuqsO3/
ZrO; (LCCZ) catalyst is synthesized via a sol—gel method. Cu is introduced into the B-site of LaCoOs to
form LaCogq sCug O3 (LaCoCu55) and then supported on ZrO,. Characterization results confirmed the

successful synthesis and dispersion of catalyst. Cu doping promoted Co**/Co?* and Cu®*/Cu™ redox

cycles, while the ZrO, support enhanced active site exposure. Under optimized conditions (25 °C,
20 mg Lt ibuprofen (IBU), 0.1 g L™t LCCZ, 0.75 mM PMS, pH 7), IBU was completely degraded within
30 min. The catalyst exhibited good recyclability with minimal Co leaching (0.522 mg L™%). After
modification to form LCCZ, the enhanced redox cycling between Cu and Co ions, coupled with
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improved accessibility of active sites to PMS facilitated by the ZrO, support, synergistically activated PMS

to generate substantial amounts of reactive species including Y0, and *SO4~. IBU degrades via O, and
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1 Introduction

Advanced oxidation processes based on sulfate radicals ("SO, ")
(Ey = 2.5-3.1 eV) have been developed as more promising
alternatives due to their stronger redox potentials than the
hydroxyl radicals ("OH) (E, = 1.89-2.72 eV) that dominate
traditional advanced oxidation technologies.' These processes
possess the capability to degrade and even mineralize refractory
organic pollutants.> Researchers typically use two oxidants,
peroxymonosulfate (PMS) or peroxydisulfate (PDS), to generate
‘SO, . However, these oxidants are relatively stable under
ambient conditions and difficult to activate via bond cleavage
for 'SO,~ generation. Therefore, enhancing the activation effi-
ciency of PMS or PDS has become one of the main research
directions. Common activation methods include transition
metal activation,® activated by heat,* ultrasonic activation® and
UV or visible light activation.® Numerous transition metal
oxides have been investigated as catalysts for activating PMS
and PDS, such as Co30,4, Fe;04, MnO,, Ag,0, etc. However,
under acidic or neutral conditions, transition metal oxides such
as Co30, and MnO, are prone to leaching, leading to secondary
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*'SO4 -mediated oxidation, forming benzene-ring intermediates before mineralization to CO, and H,O.
This work guides perovskite catalyst design for IBU wastewater treatment by PMS activation.

pollution. For example, although cobalt-based catalysts are
highly efficient, cobalt ions are classified as potential carcino-
gens. Iron-based catalysts deactivate under neutral pH due to
hydroxide precipitation; iron oxides like Fe,O; and Fe;O,
exhibit drastically reduced efficiency at pH > 4, with slow Fe®"/
Fe** cycling and iron sludge generation. Additionally, noble
metal oxides such as RuO, and Ag,O incur high preparation
costs.

Among them, LaCoOj; perovskite exhibits favorable PMS
activation capability as a transition metal oxide, its flexible
chemical composition and robust structural stability have
enabled widespread applications in heterogeneous advanced
oxidation processes and photocatalytic systems. Compared with
binary metal oxide crystals, multinary metal oxides possess
more complex functions and their properties are readily
adjusted by finely tuning the ratio of the component elements.”
Furthermore, the utilization of cobalt-an earth-abundant tran-
sition metal-as the active center significantly reduces material
costs compared to noble metal oxides its practical application is
constrained by inherent limitations including particle agglom-
eration, and Co*>" leaching in aqueous systems-collectively
restricting efficient pollutant degradation and causing
secondary contamination. To overcome these challenges,
developing cobalt-based lanthanum perovskites with enhanced
stability, environmental compatibility, and catalytic potency
has emerged as a significant research focus. Extensive studies
have validated that strategic modifications via A-site/B-site
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doping or composite formation can substantially enhance the
catalytic functionality of perovskites.®

Cu substitution in LaCo;_,Cu,O; induces surface lattice
oxygen migration, thereby enhancing the redox cycling effi-
ciency between Co** and Co®". Notably, a significant deteriora-
tion in catalytic performance was observed when the
substitution level reached x = 0.6. Consequently, LaCoCu55 was
identified as the optimal configuration for PMS activation due
to its balanced structural and electronic properties.” Xu et al.,
prepared LaCo,_,M,0O3; (M = Cu, Fe, Mn) perovskites via the
sol-gel method to activate peroxymonosulfate (PMS) for
degrading the azo dye AO7. Among all B-site doped perovskites,
Cu doping exhibited the best performance. Specifically,
LaCoCu55 achieved complete AO7 removal within 20 min,
whereas LaCoO; only removed 76% of AO7 in the same period.*
This indicates that the doping of Cu ions at the B-site of LaCoO;
perovskite enhances the Co®*/Co®" redox cycle and exhibits
synergy with Co, thereby improving its catalytic performance.
However, compared to pristine LaCoO3, it still suffers from
significant agglomeration, a low specific surface area, and Co>"
leaching, which limit the full utilization of its PMS activation
potential.** ZrO,, a p-type semiconductor metal oxide, exhibits
excellent structural stability in both oxidative and reductive
atmospheres. In contrast to conventional support materials like
Al,O; that tend to form new compounds with supported cata-
lytic species, ZrO, effectively avoids such adverse reactions and
consequently prevents interference with the catalytic process.
Previous studies have confirmed that ZrO, is a more suitable
support material than Al,O; and SiO, for perovskite-catalyzed
oxidation reactions.”** Furthermore, compared to TiO,,
another commonly used support, although TiO, is one of the
most studied systems because of its cheap, non-toxic and
versatile physical and chemical properties,** ZrO, still demon-
strates significant advantages. While TiO, is prone to reduction
under reductive conditions or light irradiation, reductive
atmosphere can significantly change the physical and chemical
state of the catalyst, thus affecting its performance and
stability,*® ZrO, maintains high stability even under such harsh
environments. Studies have also shown that ZrO, promotes the
formation of nano-functional structures on its surface and
effectively stabilizes the generated nanoparticles, suppressing
their migration, agglomeration, and sintering during catalytic
reactions. In summary, ZrO, exhibits broader application
prospects compared to these conventional catalyst supports.*®
Modern catalysis traditionally focuses on optimizing the sepa-
ration of active sites."” As a catalyst support, ZrO, effectively
disperses perovskite particles, reduces agglomeration, and
anchors metal ions to mitigate leaching. Its exceptional stability
ensures durability under reactive conditions. These multifunc-
tional characteristics collectively address the inherent limita-
tions of LaCoCu55. Current research on metal oxide-supported
modifications remai ns limited, with particularly scarce reports
concerning the performance and mechanisms of perovskite-
activated PMS systems for Ibuprofen (IBU) degradation.

IBU, a non-steroidal anti-inflammatory drug (NSAID), is
recognized as an emerging environmental contaminant. Its
persistent occurrence in aquatic systems results from high
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human consumption rates, low natural degradation efficiency,
and limited removal by conventional wastewater treatment
plants. Consequently, IBU accumulates extensively in surface
waters, posing significant ecological risks through multifaceted
toxicological effects—including cytotoxic and genotoxic damage
and adverse impacts on growth, reproduction, and behavior of
aquatic organisms, given these concerns, IBU was selected as
the target pollutant in this study.

In this study, a Cu-substituted perovskite LaCoCu55 was
synthesized by introducing Cu into the B-site of LaCoOj3, fol-
lowed by the fabrication of LCCZ via sol-gel method. Thus,
a synergistic modification strategy of “Cu doping-ZrO, loading”
is developed, where ZrO, not only disperses LaCoCu55 particles
but also forms a lattice-matched heterojunction to regulate the
electronic structure of Co/Cu active sites and stabilize redox
cycles, overcoming the trade-off between activity and stability in
traditional doped perovskites. The degradation performance of
IBU in different catalytic systems was systematically investi-
gated, with emphasis on the effects of initial IBU concentration,
catalyst dosage, PMS concentration, pH, reaction temperature,
and common anions. Furthermore, the mechanistic pathways
of IBU degradation via the LCCZ activated PMS system were
elucidated through comprehensive analysis.

2 Experimental
2.1 Chemicals

Lanthanum nitrate hexahydrate (La(NO3); - 6H,0), cobalt nitrate
hexahydrate (Co(NO;),-6H,0), copper nitrate trihydrate
(Cu(NO3),-3H,0), potassium monopersulfate (PMS), and
hydroxylamine hydrochloride (NH,OH-HCl) were purchased
from Macklin Biochemical Co. Ltd (Shanghai, China). Zirco-
nium oxide (ZrO,), sodium bicarbonate (NaHCOj3), sodium di-
hydrogen phosphate (NaH,PO,), sodium chloride (NacCl),
sodium nitrate (NaNOj), sulfuric acid (H,SO4), sodium
hydroxide (NaOH), p-benzoquinone (CsH,0,), and furfuryl
alcohol (CsHgO,) (all analytical grade) were supplied by Sino-
pharm Chemical Reagent Co. Ltd. Methanol (CH;O0H) and tert-
butanol ((CH3);COH) (all chromatographic grade) were ob-
tained from Supelco (Merck Group, Darmstadt, Germany). Cit-
ric acid monohydrate (C¢HgO,-H,0) and ibuprofen (C;3H;50,,
white powder, purity =98%) were acquired from Beijing Cool-
aber Technology Co, Ltd Ultrapure water was used throughout
the experiments.

2.2 Preparation of LCCZ

The perovskite catalysts were synthesized via the sol-gel
method." LaCoCu55 nanoparticles were synthesized by weigh-
ing La(NO3);-6H,0, Co(NO3),-6H,0, and Cu(NOs),-3H,0 in
a 1:0.5:0.5 molar ratio. Each precursor was dissolved in
deionized water under continuous stirring until a transparent
solution formed. CA (C¢HgO,-H,0) was then added at a metal
ions-to-citric acid molar ratio of 1: 2.5, with stirring continued
until complete dissolution. The mixture was heated to 80 °C by
a heat-collecting constant-temperature magnetic stirrer, and
the mixture was stirred continuously for 3 hours to form

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a viscous gel. The gel was transferred to a drying oven and
thermally treated at 100 °C for 12 hours to eliminate residual
citric acid. Subsequently, the dried precursor was calcined in
a tubular furnace at 600 °C for 4 hours with a heating rate of 5 ©
C min~". LaCoCu55 and CA (metal ions-to-citric acid molar
ratio 1:2.5) were dispersed in deionized water. ZrO, was added
to the mixture according to designated loading ratios
(LaCoCu55:ZrO, = 2:1, 1:1, 1:2, 1:3). The aforementioned
sol-gel procedure (gel formation, drying, and calcination) was
repeated to fabricate LaCo, sCug 503/ZrO, (LCCZ) catalysts with
varying loadings, designated as LCCZ-1, LCCZ-2, LCCZ-3, and
LCCZ-4, respectively. The optimal loading ratio was selected
through comparative experiments for subsequent use (Fig. 1).

2.3 Characterization

The morphological features of the catalysts were examined
using a field-emission scanning electron microscope (FE-SEM,
Carl Zeiss SIGMA 300, Germany) and transmission electron
scanning microscope(TEM, JEOL JEM-F200, Japan). Crystalline
structures were analyzed via X-ray diffraction (XRD) on a Rigaku
TTRAX III diffractometer. Surface chemical states were charac-
terized by X-ray photoelectron spectroscopy (XPS, PHI 5000C
ESCA System). Specific surface areas and pore structures were
determined using a Micromeritics ASAP 2460 analyzer via Bru-
nauer-Emmett-Teller (BET) nitrogen adsorption-desorption
measurements.

2.4 Experimental procedures and analytical methods

The IBU degradation tests were conducted in a 250 mL beaker
under constant magnetic stirring at 25 °C, maintained by
a temperature-controlled magnetic stirrer. A 100 mL aliquot of
20 mg L~ IBU solution was transferred to the beaker, and the
pH was adjusted using 0.1 mM H,SO, or NaOH solutions. At
reaction initiation, predetermined amounts of LCCZ catalyst
and PMS were simultaneously introduced. Aliquots were peri-
odically withdrawn, filtered through 0.22 pm membrane filters,
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Fig. 1 Schematic illustration of the preparation process for LCCZ.
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and analyzed via high-performance liquid chromatography
(HPLC) to quantify residual IBU concentrations.

Residual IBU concentrations were quantified by HPLC using
a reversed-phase C18 column (150 mm X 4.6 mm, 5 um) with
a mobile phase of methanol and 1% phosphoric acid aqueous
solution (8:2, v/v) at a flow rate of 0.8 mL min ', detection
wavelength of 223 nm, column temperature of 35 °C, and
injection volume of 10 pL. TOC analysis was performed on
a Shimadzu TOC-L analyzer to monitor mineralization effi-
ciency. Co*" leaching during reactions was detected by induc-
tively coupled plasma mass spectrometry (ICP-MS, Thermo
Fisher iCAP Qc). Reactive oxygen species were identified via
electron paramagnetic resonance (EPR) spectroscopy (JEOL
FA200).Intermediate products were analyzed by liquid
chromatography-mass spectrometry (LC-MS) equipped with
a Welch Ultimate C18 column (2.1 x 100 mm, 3 pm), employing
a mobile phase of methanol and 0.1% formic acid aqueous
solution at 0.25 mL min ', with UV detection at 220 nm and 10
pL injection volume. Mass spectrometry conditions included
negative electrospray ionization, a scanning range of 50-400 m/
z, and molecular weight detection spanning 50-550 m/z.

3 Results and discussion
3.1 Characterization of perovskites

The morphological characteristics and distribution of
LaCoCu55, ZrO, and LCCZ-3 were systematically characterized
using field-emission scanning electron microscopy (FE-SEM)
and transmission electron microscope (TEM), with results
shown in Fig. 2. Analysis revealed that the LaCoCu55 perovskite
exhibits a three-dimensional spherical porous foam-like struc-
ture with abundant surface voids (Fig. 2a), and the imaging
demonstrated that this structure comprises irregularly shaped
fine particles with significant agglomeration. In contrast, ZrO,
displays a smooth and uniformly distributed surface
morphology, providing an ideal substrate for perovskite
immobilization (Fig. 2b). FE-SEM micrographs of the LCCZ-3

composite clearly demonstrate successful anchoring of
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Fig. 2 SEM images of (a) LaCoCu55, (b) ZrO, and (c) LCCZ-3 composites, (d) TEM of LCCZ-3, (e) HRTEM of LCCZ-3, (f) elemental mapping of

LCCz-3.

LaCoCu55 onto ZrO,.” When ZrO, serves as the support, its
surface becomes fragmented and irregular, with LaCoCu55
perovskite particles embedded within the interstitial lattice
sites of ZrO,, resulting in enhanced dispersion of the perovskite
phase (Fig. 2c). To further probe the interfacial relationship
between LaCoCu55 and ZrO,, TEM analysis was performed
(Fig. 2d). The interface was clearly resolved in both the Fast
Fourier Transform (FFT) and inverse FFT (IFFT) images.
Measured lattice spacings of 0.38 nm and 0.26 nm correspond
to the (110) plane of LaCoCu55 and the (002) plane of ZrO,,
respectively (Fig. 2e). Interlaced lattice fringes from these
distinct phases demonstrate effective interfacial bonding
between LaCoCu55 and ZrO,. Collectively, both SEM and TEM
results confirm the successful loading of LaCoCu55 onto the
ZrO, support. EDS elemental mapping (Fig. 2f) confirmed the
homogeneous distribution of La, Co, Cu, O, and Zr throughout
the composite.
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Fig. 3 XRD spectra of LaCoCu55, ZrO, and LCCZ-X.
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The XRD patterns of LaCoCu55, ZrO, and LCCZ are shown in
Fig. 3. LaCoCu55 exhibits characteristic diffraction peaks at
23.06°, 32.80° and 47.18°, which are assigned to the (110), (121),
and (220) crystallographic planes, respectively. while ZrO,
displays distinct peaks at 31.44°, 34.11 °and 50.12°, corre-
sponding to the (111), (002), and (220) crystallographic planes,
respectively. The XRD spectra of LCCZ incorporates all charac-
teristic peaks from both LaCo, 5Cuy 503 and ZrO,, confirming
that the synthesized catalyst retains the crystalline features of
both components. This result demonstrates the successful
loading of LaCoCu55 onto the ZrO, support. The characteristic
diffraction peaks of LCCZ remained stable in all LCCZ-X
samples, confirming their applicability for PMS activation.
The intensities of the characteristic peaks corresponding to
LaCoCub55 at 23.06°, 32.80°, and 47.18° varied with the loading
amount.

The elemental composition and chemical states of the LCCZ-
3 catalyst were analyzed by XPS, as illustrated in Fig. 4. The full
XPS survey spectrum exhibits characteristic signals of both
LaCoCu55 and ZrO,, confirming their effective composite
formation (Fig. 4a). The C 1s peak at 284.8 eV corresponds to
adventitious carbon introduced during XPS calibration.”® As
observed in the La 3d spectrum (Fig. 4b), the La 3d energy level
exhibits a characteristic doublet structure. The spin-orbit
splitting between La 3ds,, (834.3 eV and 837.6 eV) and La 3d3,
(851.1 and 854.4 eV) is attributed to final-state screening effects
resulting from electron correlation in the La orbitals.** In the Co
2p spectrum (Fig. 4c), peaks at 779.6 eV (Co®* 2ps/,) and 794.7 eV
(Co™ 2py,) coexist with peaks at 781.1 €V (Co>" 2p;.,) and
796.3 €V (Co>* 2py,,).2% Similarly, the Cu 2p spectrum (Fig. 4d)
shows four distinct peaks: 932.4 eV (Cu" 2p;,), 934.3 eV (Cu*"
2P3s), 952.3 €V (Cu® 2py,) and 953.9 eV (Cu®" 2py;,).» The
coexistence of multivalent Co and Cu facilitates redox cycling,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Full survey XPS of (a) LaCoCu55, ZrO, and LCCZ, high-resolution XPS spectra of (b) La 3d, (c) Co 2p, (d) Cu 2p, (e) Zr 3d and (f) O 1s in

LaCoCu55, ZrO, and LCCZ-3.

inducing lattice oxygen defects and promoting oxygen vacancy
formation.> The Zr 3d high-resolution spectrum (Fig. 4e)
resolves into two peaks at 181.2 €V (3ds),) and 183.6 eV (3d3/,).>
The O 1s spectrum (Fig. 4f) deconvolutes into three compo-
nents: adsorbed oxygen (O,qs,531.4 €V), oxygen vacancies (Oy,
530.0 eV), and lattice oxygen (O, 529.2 eV).>* The relatively high
0,45 content indicates a porous structure conducive to oxygen
adsorption, while the presence of O confirms structural
stability and preserved framework integrity. In the XPS analysis,
evident binding energy shifts were observed after the formation
of the LCCZ-3 composite. Compared with pristine LaCoCu55,
the binding energies of La 3d, Co 2p, and Cu 2p in LCCZ-3
exhibited positive shifts of approximately 0.4 eV, 0.3 eV, and
0.3 eV, respectively, while the binding energies of Zr 3d and O 1s
showed negative shifts of about 0.2 eV and 0.2 eV, respectively.
This electronic redistribution originates from interfacial elec-
tron transfer from LaCoCu55 to the ZrO, support. ZrO, loading
induces lattice distortion in the perovskite, potentially altering
La-O bond lengths and angles. Such structural modifications
enhance the ionic character of bonds and reduce electron
density around La atoms. Concomitantly, oxygen vacancies
inherently present on the ZrO, surface act as efficient electron-
trapping centers. Electrons from reductive species within the
perovskite (e.g., Cu” or low-spin Co>") migrate to occupy these
oxygen vacancies. This electron depletion oxidizes electron-
donating metals (Co*" and Cu"), manifested as positive XPS
shifts. Subsequent electron capture by oxygen vacancies
increases electron cloud density around adjacent Zr atoms,
yielding negative binding energy shifts. Neighboring O atoms
also experience slight electron density increases, contributing
to minor negative shifts. Quantitative XPS analysis (Table 1)
indicates that the surface elemental composition of the
synthesized LaCo,5Cuq50; approximates LaCog47Cug 46031,
which exhibits a negligible deviation from the nominal

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

Table1 Chemical composition of LaCog 5Cug 503 and LCCZ-3 based
on XPS data

Atomic (%)

Catalysts La Co Cu (¢} Zr
LaCog.5Cug 503 19.88 9.43 9.12 61.57 —
LCCZ-3 12.27 4.01 3.54 69.95 10.38

stoichiometry. XPS analysis confirms the successful formation
of the composite material, revealing discernible interfacial
interactions between LaCoCu55 and the ZrO, support.

The BET results are shown in Table 2. The LCCZ-3 composite
exhibits a slightly lower specific surface area than pristine
LaCoCu55, but with a larger average pore size. This change can
be attributed to the uniform dispersion and embedding of
LaCoCu55 particles within the ZrO, framework, which rear-
ranges the pore structure rather than simply blocking internal
voids. It should be emphasized that the improved catalytic
activity of LCCZ-3 does not contradict the reduced specific
surface area, because heterogeneous activation of PMS depends
primarily on accessible active sites, interfacial electron transfer,
and redox cycling efficiency, rather than the total specific
surface area alone. As confirmed by SEM and TEM images,
LaCoCu55 alone suffered from severe particle agglomeration,
which caused most active Co and Cu sites to be embedded
inside aggregates and thus inaccessible to PMS and IBU mole-
cules. After loading onto ZrO,, LaCoCu55 was highly dispersed
and anchored on the support surface, which significantly
increased the number of exposed and catalytically accessible
active sites despite the slight decrease in total surface area.-
Meanwhile, the larger pore size of LCCZ-3 reduces diffusion
resistance, facilitating faster mass transport of IBU and PMS

RSC Adv, 2026, 16, 13669-13681 | 13673
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Table 2 Specific surface area, pore volume and average pore size of
LaCoCu55 and LCCZ-3

Catalysts Sper (m* g7')  Porevolume (em® g™")  Pore size (nm)
LaCoCu55 22.4603 0.142286 25.7889
LCCZ-3 16.1326 0.078818 32.5281

toward active sites. XPS results further verified the formation of
strong interfacial interactions and electron transfer between
LaCoCu55 and ZrO,, which stabilized the low-valence metal
sites (Co®>*, Cu*) and accelerated the Co**/Co*" and Cu*/Cu®*
redox cycles. In addition, the ZrO, support promoted the
generation of a 'O,-dominated non-radical pathway, which
contributed to IBU degradation effectively and was less depen-
dent on surface area.

3.2 Catalytic performance of the as-synthesized catalysts

Fig. 5a evaluates the degradation efficiency of IBU in eight
distinct reaction systems: PMS alone, LCCZ, ZrO,/PMS,
LaCoCu55/PMS, LCCZ-1/PMS, LCCZ-2/PMS, LCCZ-3/PMS and
LCCZ-4/PMS. The PMS-only system achieved only 9% IBU
removal within 30 minutes, indicating that the limited oxidative
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capacity originated from reactive species generated through
PMS self-decomposition. In the system with only LCCZ catalyst
without PMS, the IBU removal rate reached 14% within 30 min,
presumably due to partial adsorption of IBU by the catalyst. In
the ZrO,/PMS system, IBU removal increased to 21%, attributed
to the adsorptive properties of ZrO,. The LaCoCu55/PMS system
exhibited significantly enhanced performance, achieving 76%
IBU removal within 30 minutes, which underscores the effective
PMS activation capability of LaCoCu55. Among the four
composite systems with different loading ratios (LCCZ-1/PMS,
LCCZ-2/PMS, LCCZ-3/PMS, and LCCZ-4/PMS), the LCCZ-3/PMS
system demonstrated a 100% removal efficiency for IBU,
which was remarkably superior to other systems. The reduced
catalytic efficiency of LCCZ-1 and LCCZ-2 was attributed to the
aggregation-induced decrease in active sites caused by high
loading amounts, which might also block the pore channels.
For LCCZ-4, the low catalytic activity was likely due to the
insufficient total active sites per unit mass of catalyst resulting
from the low loading amount. Thus, LCCZ-3 was selected as the
optimal material for subsequent experiments.The optimized
LCCZ-3/PMS system represents a more eco-friendly, stable, and
highly active catalyst for actual water treatment applications
compared to previously reported heterogeneous catalysts. This
superiority stems from its ability to achieve complete IBU

a b c
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(a) Degradation of IBU in various catalyst/PMS systems; effect of (b) initial PMS concentration, (c) pH of the starting solution, (d) catalyst

dosage, (e) IBU concentration, (f) temperature and (g) inorganic anions on IBU removal; (h) TOC concentration variation and removal and (i)

reusability of the as-synthesized catalysts. Reaction conditions: IBU = 20 mg L™%, PMS = 0.75 mM, catalyst =
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removal within a short duration while utilizing significantly
lower catalyst and PMS dosages than alternative catalysts
(Table 3).

PMS concentration has a significant effect on IBU removal
(Fig. 5b). The IBU removal efficiency increased with PMS
dosage, achieving only 16% within 30 min at 0.25 mM PMS due
to insufficient oxidant availability. As the PMS concentration
rose to 0.75 mM, complete IBU removal (100%) was attained
within 30 min, attributable to enhanced activation of PMS
generating abundant reactive species for oxidative degradation.
However, further increasing PMS to 1.25 mM resulted in
negligible rate enhancement and even slight reduction, likely
caused by self-quenching reactions between excess PMS and
reactive species.”® To balance efficiency, cost-effectiveness, and
minimized sulfate discharge, the optimal PMS concentration
was determined as 0.75 mM in this study.

The effect of initial pH value on IBU removal is shown in
Fig. 5c. As depicted, the optimal degradation efficiency was
achieved at pH of 7. With the decrease of pH to 5, the IBU
removal efficiency remained at 100%. However, a further
decrease to pH of 3 resulted in a significant decline in IBU
removal to 85.4%. Under strongly acidic conditions, H' reacts
with "SO,” and 'OH, generating less reactive species HSO,
and H,0, thereby reducing the population of reactive radicals in
the system. Conversely, as the pH increased from 7 to 11, the
IBU removal efficiency continuously decreased to 81.6%. For
a pH of 11, HSO;~ dissociates into SO5>~, which diminishes the
LCCZ-3 catalytic efficiency due to the weak oxidative potential of
SOs>".%” These results indicate that both strongly acidic and
strongly alkaline environments are detrimental to IBU removal
within this system, although the removal efficiency remained
above 80.0% under the tested conditions.

Fig. 5d demonstrates the effect of initial the catalyst dosage
on degradation efficiency. LCCZ-3 acted as an activator for PMS
to degrade IBU within the reaction system. The degradation rate
of IBU increased markedly with increasing catalyst dosage.
When the dosage of the perovskite-type catalyst was raised from
0.05 g L' t0 0.2 g L', both the removal efficiency and reaction
rate exhibited significant enhancement, with the removal effi-
ciency increasing from 79.8% to 100%. This improvement is
primarily attributed to the increased number of active sites
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provided by the higher catalyst dosage, which accelerated the
activation of PMS. However, the rate of increase in reaction rate
diminished with further increments in catalyst dosage. This
phenomenon is mainly due to the self-quenching of a portion of
the radicals generated during the initial stage of PMS activation
at higher catalyst loadings, where excessive radical concentra-
tions were produced. To achieve a cost-effective operation, the
optimal catalyst dosage in this study was determined to be 0.1 g
L.

The degradation efficiency of IBU was greatly affected by the
initial IBU concentration (Fig. 5e). As shown, an increase in the
initial IBU concentration resulted in a decrease in the IBU
removal efficiency. Specifically, when the initial IBU concen-
tration was raised from 10 mg L™" to 40 mg L™, the removal
efficiency declined from 100% to 61.1%. This reduction in
removal efficiency can be attributed to the higher initial IBU
concentration requiring a greater quantity of reactive radicals
for its degradation. Concurrently, the amount of intermediate
products generated during the degradation process increased
correspondingly. These intermediates compete with IBU for the
available reactive radicals, thereby diminishing the overall IBU
removal efficiency.

Temperature variation indirectly influences the system's
efficacy by altering the collision frequency between reactive
species and pollutant molecules through its effect on molecular
motion within the solution. As the temperature increased, the
IBU removal efficiency rose from 72.9% to 100%, indicating
enhanced degradation performance at higher temperatures
(Fig. 5f). Generally, elevated temperatures promote both the
adsorption of ibuprofen (IBU) and electron transfer processes,
thereby generating a greater quantity of reactive species and
accelerating the reaction rate. Nevertheless, the removal effi-
ciency still exceeded 80% even under lower temperature
conditions.

Various inorganic anions are ubiquitous in real aquatic
environments, which might affect the PMS activation in
wastewater treatment as well. Therefore, the effect of various
anions relevant in aqueous systems (such as Cl7, NO;,
H,PO, , HCO;3™, etc.) on the IBU removal with LCCZ-3 was
analyzed (Fig. 52). The presence of Cl~, NO;, H,PO, , and
HCOj;™ exhibited varying inhibitory effects on the catalytic

Table 3 Comparison of the IBU removal by LCCZ-3 with those other catalysts in the literature

PMS conc
Catalysts Dosage (g L) IBU conc (mg L) (mmol L) Time (min) IBU removal (%) References
LCCZ-3 0.1 20 0.75 30 100 This work
C030,41GO 0.1 30 2 30 94.5 33
B-CuO 0.1 4 0.6 30 92.9 34
CosaN-Coys 0.2 10 2 10 98.2 35
C-ZnFe LDH 1 5 1 90 74.5 36
Fe;C/NC 0.1 10 3.3 30 95 37
H;BO3;-CuO 0.1 4 0.6 30 98.3 38
Co/D001 0.3 10 0.7 60 70 39
YFe,0,@Ti;C,T, 0.2 20 0.33 90 95.7 40
Co/Fe@CNFs 0.2 5.2 10 60 100 41
SACs Cu@C 0.1 10 0.16 30 91.3 42

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reaction.Cl™ preferentially reacts with ‘SO, , generating less
reactive chlorine radicals (‘Cl), thereby attenuating IBU degra-
dation. HCO; significantly suppressed PMS decomposition
through competitive adsorption on catalytic active sites,
impeding electron transfer processes. Additionally, HCO;™
scavenges ‘SO, and ‘OH to form weakly oxidizing species.”®*®
NO;™ caused mild inhibition without altering solution pH or
PMS stability.>® H,PO, adversely affected the system by: (i)
modifying solution pH, destabilizing PMS and altering catalyst
surface charge; and (ii) strongly complexing with active metal
sites on the catalyst surface, blocking reactive centers. The
inhibition hierarchy followed: HCO;~ > Cl” > H,PO, > NO;,
highlighting the critical impact of anion chemistry on advanced
oxidation performance in complex aqueous matrices.*"*

To evaluate the mineralization capability of the LCCZ-3/PMS
system, TOC analysis was conducted before and after the reac-
tion. The TOC decreased from 16.7 mg L™ ' to 6.34 mg L™ " after
60 min, achieving a mineralization efficiency of 61.94%
(Fig. 5h). This significant reduction in organic carbon content
demonstrates the system's exceptional mineralization capa-
bility for converting ibuprofen into inorganic end-products.

The reusability of the PMS-activating material is crucial for
practical applications. To evaluate the recyclability of the cata-
lyst, the material was recovered after each reaction cycle via
centrifugation, washed, dried, and subsequently reused for
degradation experiments, with a total of 4 cycles performed. The
results demonstrate that the stability and PMS activation effi-
ciency of LCCZ-3 remained largely unaffected during the first
three cycles (Fig. 5i). However, in the 4th cycle, a decrease in the
reaction rate for IBU removal was observed, and complete
degradation of IBU was not achieved, with the degradation
efficiency dropping to 92.9%. This decline is likely attributable
to the accumulation of residual IBU and its intermediate
products on the catalyst surface after multiple uses, reducing
the number of available active sites for PMS activation and
consequently impairing the reaction kinetics.** Furthermore,
ICP-MS analysis of the post-reaction solution revealed Co ions
concentration of 0.522 mg L', indicating that leaching of
catalytically active Co ions also contributes to the diminished
catalytic activity. This value is below or close to the industrial
discharge limits for cobalt specified in many national and
international regulations, such as the Chinese standard GB
25467-2010 (indirect discharge: =1.0 mg L™ '). Although Co ion
leaching can adversely affect catalyst reusability, the excep-
tionally low leaching level (0.522 mg L' from a 0.1 g L™*
catalyst dosage) demonstrates the outstanding stability and
excellent recyclability of this material, effectively mitigating
concerns about secondary Co contamination.

To investigate the post-reaction stability of the material, XPS
was employed to analyze the elemental composition and
chemical states. The XPS survey spectrum (Fig. 6a) revealed that
the characteristic peaks of LCCZ-3 remained consistent before
and after the reaction, indicating retention of the original
chemical states. However, the relative contents of the transition
metal elements changed due to the reaction. As shown in
Fig. 6b, the relative proportions of Co>" and Co®" were 39.6%
and 60.4% before the reaction, shifting to 41.2% and 58.8%
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after the reaction. Similarly, Fig. 6¢ shows the relative propor-
tions of Cu” and Cu** changed from 44.7% and 55.3% before
the reaction to 54.3% and 45.7% afterward. This corresponds to
increases of 1.6% for Co®>" and 9.6% for Cu” in their respective
elemental abundances. These changes demonstrate the crucial
roles of both transition metals in the catalytic performance. The
preserved catalytic activity after reaction is attributed to the
sustained redox cycling between Co**/Co®" and Cu**/Cu" pairs.
Furthermore, the relative proportions of lattice oxygen (Oy) and
oxygen vacancies (Oy) decreased from 35.5% and 21.5% to
29.4% and 20.5%, respectively, post-reaction, likely due to their
participation in the redox processes (Fig. 6d). Collectively, these
XPS results confirm the excellent stability and reusability of the
LCCZ-3 catalyst.

3.3 Identification of the major active species

To elucidate the catalytic mechanism of IBU degradation in the
LCCZ-3/PMS system, quenching experiments were performed to
identify the primary reactive species responsible for IBU
degradation. Methanol (MeOH) effectively scavenges both
‘SO, and "OH, while tert-butanol (TBA) reacts significantly
slower with SO, than with "OH, making TBA a relatively
selective scavenger for ‘OH. p-BQ was used to quench "0, ,*
and furfuryl alcohol (FFA) was employed as a scavenger for
102'45

The addition of a high concentration of MeOH (0.50 M)
significantly suppressed IBU removal to 8.7% within 30 minutes
of reaction. In contrast, adding 0.50 M TBA resulted in a less
pronounced inhibition, with the IBU removal efficiency
decreasing to 53.7% (Fig. 7a). This demonstrates that MeOH
exerted a much stronger inhibitory effect than TBA. These
results indicate the coexistence of both ‘SO, and 'OH within
the reaction system, with ‘SO, playing the dominant role in the
oxidative degradation and ‘OH acting in a secondary capacity.
Due to potential interference with IBU measurement at high
concentrations, lower concentrations of p-BQ and FFA were
selected to probe the presence of "0, and '0,. The addition of
0.50 mM FFA exhibited a similarly strong inhibitory effect as
MeOH, reducing IBU removal to 5.9%. When 0.50 mM p-BQ was
added, the IBU removal efficiency was 21.4%. This suggests that
a minor contribution from ‘O, may exist within the system. It
should be noted that p-BQ can also scavenge “OH at neutral pH,
implying that ‘O, likely participates in the catalytic reaction.
Furthermore, 'O,  can interact with water molecules to
generate 'O,. The most significant inhibition was observed with
FFA, indicating that "0, is also a major reactive species in this
system.

Building upon the preliminary identification of reactive
species (10, "SO,~, '0,~, and "OH) in the LCCZ-3/PMS system
through quenching experiments, EPR spectroscopy was
employed to definitively identify the specific reactive species.
Characteristic signals for both the DMPO-'OH adduct (with
hyperfine splitting constants oH = aN = 14.8 G) and the DMPO-
'50,~ adduct (oN = 13.2 G,aN = 9.6 G, aH = 1.48 G, oH = 0.78
G) were observed upon adding LaCo, sCu,503/ZrO, to PMS
(Fig. 7b). This confirms the concurrent generation of both ‘OH

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Full survey XPS of (a) LCCZ-3, high-resolution XPS spectra of (b) Co 2p, (c) Cu 2p and (d) O 1s of LCCZ-3 before and after the reaction.

and 'SO,  radicals within the reaction system.*® Furthermore,
The characteristic 1:1: 1 triplet signal of the TEMP-'0, adduct
(xN = 1.72 mT) when TEMP was added, unequivocally

demonstrating the involvement of 'O, in the catalytic process
(Fig. 7c), likely attributable to the presence of oxygen vacancies

in the catalyst material.*” Fig. 7d presents a six-line spectrum
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with a 1:1:1:1:1:1 intensity ratio and pairwise adjacent
peaks, providing evidence for the formation of "O,".

3.4 Catalytic mechanism

The catalytic mechanism of IBU degradation in the LCCZ-3/PMS
system involves both radical and non-radical oxidation path-
ways (Fig. 8). For the radical pathway, ‘SO,  are generated
through the reaction between PMS and surface Co>" sites (eqn
(1)), nd part of ‘SO, can be further converted into hydroxyl
radicals (eqn (2)).** Meanwhile, the standard reduction poten-
tial of Co**/Co®" (1.81 V) significantly exceeds that of Cu**/Cu”
(0.17 V), facilitating rapid Cu™-mediated reduction of Co>" to
Co>* (eqn (3)), thereby enhancing perovskite activity. Further-
more, Cu>" reacts with PMS to produce Cu* and "SO5~ with weak
activity (eqn (4)).

Regarding non-radical routes, HSO; produces e by
deprotonation (eqn (5)), and electrons can react with oxygen to
produce 'O,  (eqn (6)). 'O,, as the dominant non-radical
species, is mainly produced by the reaction of oxygen vacan-
cies or surface lattice oxygen with PMS (eqn (7)).*'0," can also
be hydrolyzed into 'O, (eqn (8)). Finally, IBU is attacked by the
generated active species, degraded to produce intermediate
products, and ultimately converted into CO, and H,O (eqn (9)).
In summary, the superior catalytic performance originates from
synergistic interactions among surface Co>" sites, Oy, and Oy,
enabling abundant ROS generation through these inter-
connected pathways.

Co** + HSOs™ — Co*" + 'SO,~ + OH™ (1)
'S0, + H,0 — SO, + "OH + H* (2)
Co* + Cut— Co** + Cu** 3)

Cu** + HSOs™— Cu* + 'SOs~ + H* (4)

i i CO,

H ®
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Fig. 8 Proposed catalytic mechanism for the activation of PMS by
LCCzZ.
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HSOs' ™ — "SOs™ + H" + ¢~ (5)

e +0, > "0y (6)

0y/Op + HSOs™ — SO,* +'0, + H* 7)
2'0,” + 2H,0 — 'O, + H,0, + 20H"~ (8)

'S0, /'0,/"OH/"0,~ + IBU — intermediates — CO, + H,0(9)

3.5 IBU possible degradation pathways

To elucidate the degradation mechanism and pathways of IBU,
intermediate products generated during the LCCZ-3/PMS
treatment were analyzed by LC-MS. Nine primary intermedi-
ates were identified as summarized. The proposed degradation
routes based on these intermediates, revealing two principal
pathways (Fig. 9). The major active species attack C position of
IBU propionic acid group, followed by decarboxylation and
hydroxylation to form intermediate P1 (m/z = 178),°® which is
subsequently demethylated and hydroxylated to yield P2 (m/z =
166). P2 then converts to P3 (m/z = 162) through dehydro-
genative aldehyde formation. For pathway 2, oxygen substitu-
tion at IBU's carboxyl group generates P4 (m/z = 176),"* which
undergoes demethylation to form P5 (m/z = 148). P5 is further
demethylated to P7 (m/z = 134), while parallel deisopropylation
and carboxyl addition of P4 produces P6 (m/z = 164). These
intermediates subsequently undergo aryl epoxidation to form
P8 (m/z = 118) and P9 (m/z = 90). Zhang et al. degraded IBU by
activating PS with Fe;O, carbon composite materials,* and
Choina et al. also found the same products in their study on IBU
degradation.®® The intermediates obtained after the IBU
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Fig. 9 IBU degradation pathway in LCCZ-3/PMS system.
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reaction can continue to be oxidized by active substances to
finally generate H,O and CO,, realizing the mineralization of
IBU.

4 Conclusions

In this study, the sol-gel method was successfully employed to
dope Cu into the B-site of LaC0O3, and the resulting LaCoCu55
was successfully immobilized onto ZrO,, and investigated
LCCZ-3 as an efficient catalyst for PMS activation to degrade
pollutants. Compared to previous Cu-doped LaCoOj; systems,
the ZrO,-supported LCCZ-3 realizes the integration of structural
stabilization, and electronic regulation via heterojunction
formation, the introduction of Cu into LaCoO; promotes the
redox cycle of Co>'/Co®". After the reaction, the leaching
concentration of Co ions in the 0.1 g L' catalyst was
0.522 mg L, indicating no risk of secondary pollution. The
LCCZ-3/PMS system exhibits superior practical applicability: it
achieves 100% IBU removal at low catalyst/PMS dosages,
maintains high activity in a wide pH/temperature range, and
avoids secondary pollution, outperforming most reported
heterogeneous catalysts. Under the action of '0,, *SO,”, ‘OH
and ‘O,  generated by the material-catalyzed PMS, IBU
undergoes oxidation to intermediate products including
ketonic and alcoholic derivatives, ultimately mineralizing to
CO, and H,0 via progressive oxidation. ZrO, introduces a uni-
que nonradical pathway dominated by 'O, (derived from oxygen
vacancies), which complements radical oxidation to improve
the degradation efficiency and anti-interference ability, beyond
the simple dispersion effect of traditional supports (e.g., Al,Os,
SiO,). These results indicate that LCCZ-3 is a promising
heterogeneous catalyst for activating peroxymonosulfate to
degrade organic pollutants.
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