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Synergistic catalytic activation of persulfate by
CuMnO,-CoPc heterostructures on Ti foam:
kinetics and mechanism of antibiotic oxidation
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This study presents a novel heterogeneous catalyst system — CuMnO,@cobalt phthalocyanine immobilized
on titanium foam (CuMnO,@CoPc/Ti foam) — that is highly effective in treating three common antibiotics,
ofloxacin (OFL), levofloxacin (LEVO) and sulfanilamide (SFA), through UV-persulfate-based advanced
oxidation (UV/PS). Comprehensive characterization (XRD, SEM-EDS, FTIR, BET, XPS, and UV-vis DRS)
confirms a stable mesoporous architecture and uniform coating; the specific surface area increases from
55.3 to 60.8 m? g*1 after CoPc deposition, and the apparent optical band gap narrows from =141 to
=1.31 eV, indicating improved visible-light response. Antibiotic decay follows pseudo-first-order kinetics
with kapp Of 0.0426 + 0.0015, 0.0410 + 0.0017, and 0.0393 + 0.0013 min~* for OFL, LEVO, and SFA,
respectively, delivering >90% removal in 60 min. TOC mineralization reaches =69-72%, evidencing
deep oxidation beyond parent-compound loss. Mechanistically, XPS verifies persistent Cu?*/Cu* and
Mn**/Mn** surface couples (Co states stable), while EPR with DMPO detects SO,"~ and ‘OH, with sulfate
radicals dominating. The monolithic catalyst is reusable over 5 cycles with negligible activity loss and
ultra-low metal leaching (Cu/Mn/Co < 0.1 mg L™t by ICP-OES), underscoring chemical robustness.
These results highlight CuMnO,@CoPc/Ti foam as a durable, separable platform for UV/PS treatment of
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1 Introduction

In recent years, the increasing presence of emerging contami-
nants, especially antibiotics such as ofloxacin, levofloxacin, and
sulfanilamide, has become a serious threat to aquatic environ-
ments and ecosystems."> Even at very low concentrations (ng/L),
antibiotics are able to trigger antimicrobial resistance (AMR)
and disrupt ecosystems.® Traditional treatment methods such
as biological treatment, adsorption, and chlorination often
cannot completely degrade the complex molecular structures of
these substances, leading to residual leakage into the effluent
and increasing public health risks.**

Meanwhile, Advanced Oxidation Processes (AOPs) technol-
ogies based on the generation of strong oxidizing radicals
(SO,", 'OH) have attracted attention due to their ability to
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center redox—to guide future reactor-scale implementations.

thoroughly treat difficult-to-degrade organic compounds such
as antibiotics.”"® The UV/PS method - activating persulfate with
ultraviolet light - is particularly notable for its higher oxidation
efficiency compared to UV/H,O, or ozonation, due to the
generation of both sulfate radicals and hydroxyl radicals.™**
The UV/PS system has demonstrated the effectiveness of
removing antibiotics such as ciprofloxacin, sulfamethoxazole
with a fast reaction rate and the ability to operate under neutral
pH conditions.****

However, the actual efficiency of the UV/PS system depends
greatly on the structure and properties of the catalyst. In many
recent studies, the development of heterostructure catalysts has
shown the ability to effectively control the electron flow, reduce
electron-hole recombination, and enhance the conversion of PS
to SO,"~ radicals through active metal redox pairs.”>*” CuMnO,
is a mixed oxide of Cu and Mn, so they have the ability to
enhance acid and base resistance, increase surface area and
strengthen catalytic stability compared to single metal
oxides.'®'® The induction of CuMnO, when interacting with PS
under UV light leads to continuous peroxo activation, increased
SO, generation through the conversion of Cu(u)/Cu(i) and
Mn(m)/Mn(u).2*** A study by Chen et al>* demonstrated that
nano-CuMnO, when combined with PS could remove up to 93%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of orange I in just 30 min of reaction, while the efficiency of
CuMnO, alone was significantly lower (below 50%).

The surface of CuMnO, when coated with cobalt phthalo-
cyanine (CoPc) (via m-7 connection) forms a heterogeneous
catalyst system CuMnO,@CoPc, expanding the surface area,
providing more active sites and enhancing the interaction with
PS and UV light. Several similar studies have applied the
combination of different materials with CoPc to increase the
efficiency of environmental pollution treatment. For example,
in the photocatalytic study of MB degradation, Fe;0,@SiO,@-
TiO,@CoPcS microspheres showed significantly higher activity
(86.4%) than Fe;0,@Si0,@TiO, microspheres (<60%).>
Another study on CoPcTs/TiO, showed that coating phthalocy-
anine on the TiO, surface improved the degradation efficiency
of thionine dye significantly compared to the original TiO,
(degradation efficiency of 90% for CoPcTs/TiO, and 40% for
TiO, after 120 min of treatment).* However, these systems still
have limitations such as the influence of pH, electron-hole
recombination rate and suboptimal efficiency when treating
different antibiotic mixtures.

To ensure mechanical strength and easy recovery,
CuMnO,@CoPc is immobilized on titanium foam (Ti foam).
Titanium foam not only has good resistance to corrosive envi-
ronments and has a 3D porous structure, but also has effective
surface interaction with thin catalyst layers, supporting reus-
ability and reducing catalyst loss.>**”

To date, there have been only a limited number of studies
combining CuMnO, and CoPc heterostructures in metal foam
structures. However, similar catalytic systems such as MIL
101(Fe)/MoS,, Cu@MOoS,/PAAM/CA NCDN, g-C5N,/Mn;0,/ZIF-8
have provided clear evidence of the ability to enhance the
photolysis and PS conversion efficiency in the presence of
asymmetric electron pairs and multi-component
heterostructures.?®?° In particular, the MIL 101(Fe)/MoS,/PS
system has a much faster degradation rate of tetracycline (85%
in 40 min) than each individual component, while g-C;N,/
Mn;0,/ZIF-8/PMS gives rhodamine B (RhB) degradation effi-
ciency up to >96% and the efficiency does not change much
(decrease 1.7%) after 5 cycles of use - a remarkable achievement
for the development of new generation heterostructures.

Several recent studies have demonstrated that foam-
encapsulated heterojunction catalysts have superior perfor-
mance. For example, hierarchical porous N-TiO,/carbon foam
composite demonstrated impressive performance, this material is
capable of removing 97% of phenol within 2 hours under simu-
lated sunlight irradiation and its photocatalytic activity is 4.9
times higher than that of N-TiO, and 10.8 times higher than that
of pure TiO,, confirming its superiority in applications related to
pollutant degradation.*® Another study on Ti-foam/TiO,H,-NTs/
SnO,-Sb showed that this material exhibited excellent ability in
effectively decomposing the real and simulated PAM-containing
fracturing flowback fluid, achieving a chemical oxygen demand
degradation of over 90.0% after 120 min of EO process.**

The expectation of this study is to demonstrate that
CuMnO,@CoPc/Ti foam when combined with UV/PS will bring
superior antibiotic treatment efficiency, high material dura-
bility and practical application in wastewater treatment plants.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Experiment

2.1. Synthesis of CuMnO,@CoPc/Ti foam

CuMnO, was synthesized by ultrasound-assisted co-precipita-
tion.** Initially, the precursor salts Cu(NO;),-3H,O and
Mn(NO3),-4H,0 were separately dissolved in 20 mL of distilled
water according to the prescribed chemical ratio. After mixing
the two solutions and stirring on a magnetic stirrer for 10 min,
40 mL of 2.5 M NaOH solution was slowly added to form
a precipitate while continuing to stir. The resulting precipitate
was then treated by ultrasonic vibration for 30 min at 80 °C,
using an ultrasonic processor “Sonics Vibra Cell VCX-750” at
a frequency of 20 kHz. Finally, the precipitate was separated by
decantation, filtration and repeated washing with distilled
water on filter paper until reaching neutral pH. The material
was then dried in air, in an oven at 80 °C for about 4 h to
complete the synthesis.

After obtaining the dry CuMnO,, about 0.2 g of the material
was dispersed in 50 mL of ethanol containing 0.05 g of CoPc.
The mixture was ultrasonicated for 2 h to ensure the -7
interaction between the phthalocyanine rings and the metal
oxide surface. This process was to form the CuMnO,@CoPc
heterojunction, which helps to expand the surface area and
provide more active catalytic sites. Finally, the material was
filtered, gently dried at 60 °C, and a characteristic dark blue
powder was obtained.

The Ti foam was cut into 2 cm X 2 cm pieces and soaked in
0.1 M HCI solution under ultrasonication for 15 min to clean
the surface and enhance adhesion. After rinsing with distilled
water and ethanol, the Ti foam was dried and immersed in
a solution containing CuMnO,@CoPc dispersed in ethanol. The
immersion-heat system was repeated 3 times, each immersion
was followed by a drying at 80-100 °C for 1 hour. The catalyst
layer was formed stably and firmly adhered to the surface of the
Titan foam, forming a CuMnO,@CoPc/Ti foam system ready for
the photocatalytic process.

2.2. UV/PS photochemical reaction system setup

The antibiotic degradation reaction was carried out in a reaction
system consisting of a 15 W UV lamp (wavelength 254 nm) fixed
above a glass reaction beaker. The distance between the lamp and
the solution surface was 5 cm. Each experiment used 200 mL of
antibiotic solution (ofloxacin, levofloxacin or sulfanilamide) with
an initial concentration of 10 mg L™'. The persulfate (PS)
concentration was kept constant at 2.0 mM. The reaction solution
had an initial pH of 4, and was stirred continuously at 300 rpm
during the 60-minute UV irradiation. The temperature was kept
constant at 30 °C and the mass of catalyst introduced was 0.4 g
L. At 0, 10, 20, 30, 45 and 60 minutes, 5 mL of sample was taken
out, filtered through a 0.22 ym membrane and stored at 4 °C for
analysis of the remaining antibiotic concentration.

Antibiotic concentrations were measured by LC-MS/MS
analysis,* while the extent of mineralization was assessed
using TOC. In addition, the role of free radicals "OH and SO, ™~
in the degradation mechanism was clarified by radical scav-
enging experiments using ethanol and ter¢-butanol.

RSC Adv, 2025, 15, 33916-33935 | 33917
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2.3. Catalyst characterization

The CuMnO,@CoPc/Ti foam catalyst was characterized by
various analytical techniques to determine the crystal structure,
surface morphology, elemental composition, chemical bonding
and thermal properties. The surface morphology and particle
size of the material were examined by scanning electron
microscopy (SEM) combined with energy dispersive X-ray
spectroscopy (EDS) to evaluate the elemental distribution. The
sample was coated with a thin conductive Pt layer before being
placed in the SEM chamber. The crystal structure of the mate-
rial was determined by X-ray diffraction (XRD) using an XRD
device with Cu Ko radiation (1 = 1.5406 A), scanning in the 26
range from 5° to 70°. The characteristic chemical functional
groups and molecular interactions in the material were
analyzed by Fourier Transform Infrared Spectroscopy (FTIR) in
the wavelength range from 4000 to 400 cm '. The specific
surface area and capillary volume were determined by nitrogen
adsorption-desorption method (BET analysis - Brunauer-
Emmett-Teller). The sample was degassed at 120 °C for 6 hours
before measurement on an automatic BET instrument. The
thermal stability of the material was investigated by thermog-
ravimetric analysis (TGA) in air, at a temperature range from
room temperature to 800 °C, with a heating rate of 10 °C min™".
The sample mass was about 5-10 mg, placed in a platinum
sample pot. XPS measurements with Al Ka source (hv = 1486.6
V), vacuum < 1 x 10~ % mbar; charge neutralization when
necessary. High-resolution spectra (Cu 2p, Mn 2p, Co 2p, O 1s):
pass energy 20 eV, step 0.05 eV, accumulation = 5 times. Charge
calibration to C 1s = 284.8 eV. CasaXPS processing: Shirley
background, GL-mix peak 30-40%, spin-orbit constraint to
standard; satellites modeled but not included in valence %. X-
band EPR (=9.84 GHz, CW mode) was performed at 298 K
with a flat quartz tube; microwave power 20 mW, modulation
100 kHz, amplitude 1.0 G, 100 G scan around g = 2.00, accu-
mulation 4-6 times/spectrum; g was standardized with Mn**
and relative intensity was quantified by quadratic integration.
The reaction system consisted of 10 mg per L antibiotic, 2.0 mM
persulfate (PS), 0.30 g per L CuMnO,@CoPc/Ti foam catalyst
and 50 mM DMPO trapping agent; UV irradiation was similar to
the decomposition experiment and the sample was withdrawn
30-60 s after UV turn-on. 'OH identification was performed in
H,O (1:2:2:1 quartet, g = 2.005), and SO,"~ in a 50% v/v
MeOH/H,0 mixture to stabilize the DMPO-SO,’~ adduct (6-
line model, g = 2.006). Controls included no UV, no PS, and no
catalyst; parallel radical quenching experiments with EPR using
0.5 M tert-butanol (quenching ‘OH), 1.0 M MeOH (quenching
both SO, /°OH), and 20 mM NaNj; (quenching '0,). Each
condition had n = 3 replicates and the mean + SD was reported.

2.4. Reusability and stability testing

The reusability and durability of the CuMnO,@CoPc/Ti foam
catalyst were evaluated through successive treatment cycles.
After each reaction cycle, the catalyst was removed from the
solution, the catalyst was washed with distilled water and
ethanol to remove impurities or intermediate products on the
surface, and then dried at 60 °C for 2 h before being used for the
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next cycle, the solution was acidified with 2% HNO; and
quantified by ICP-OES. Quantification was performed using
external calibration (0-100 pug L™') prepared in 2% HNO;;
linearity R* = 0.999 for all analytes. Analytical wavelengths were
selected to minimize spectral overlap (Cu 324.754 nm; Mn
257.610 nm; Co 228.616 nm) with on-peak/adjacent-peak
background correction. Procedural blanks and a catalyst-free
reaction blank were included each batch. The method LOD/
LOQ were ~1/3 pg L™ (ie., 0.001/0.003 mg L") for Cu, Mn
and Co. A total of 5 cycles were conducted under the same
reaction conditions: initial pollutant concentration of
10 mg L, persulfate concentration of 2.0 mM, UV irradiation
time of 60 min, and catalyst mass of 0.3 g L™ .

The treatment efficiency was evaluated by measuring the
remaining pollutant concentration in the solution after the
reaction using LC-MS/MS, and determining the degree of
mineralization through analysis of total organic carbon (TOC).

H(%) = S =S 00w
G
where H is the treatment efficiency (%); C, is the initial anti-
biotic concentration, mg L% C, is the antibiotic concentration
at time ¢, mg L™,

TOC, — TOC,
TOC,

where TOC, is the initial TOC and TOC; is the TOC at time ¢.

To evaluate the stability of the catalyst after cycles of use, the
surface morphology and elemental composition were re-
analyzed by SEM-EDS.

Degree of mineralization(%) = x 100%

3 Results and discussion

3.1. Characteristics of CuMnO,@CoPc/Ti foam catalyst

Fig. 1 shows the X-ray diffraction patterns of three samples of
CuMnQO,, CuMnO,@CoPc, CoPc, Ti foam and CuMnO,@CoPc
immobilized on Titan foam. For the CuMnO, sample, the
diffraction peaks at 26 = 15.6°, 31.5°, 33.6°, 35.5°, 37.1°, 40.8°,
52.8°, 57.3°, 59.5°, 60.0°, and 65.1° correspond to the (001),
(002), (200), (110), (11—1), (111), (202), (11—3), (31—1), and (004)
crystal planes of the CuMnO, phase (JCPDS 50-0860). These
peaks confirm that the CuMnO, material was successfully
synthesized in a well-crystalline form, consistent with the report
of Cuixia Cheng*® when synthesizing CuMnO, by hydrothermal
method.

After CoPc coating, some XRD peaks of CuMnO, tended to
weaken and broaden, especially at 30-40°, indicating the pres-
ence of an organic coating on the metal oxide surface. The
CuMnO,@CoPc/Ti foam sample still retains the diffraction
characteristics of CuMnO,, while the peaks at 38.4°, 40.1° and
53.2° are attributed to the crystal structure of Titan foam.*® The
absence of significant XRD peak shift after CoPc attachment
indicates that the -7 interaction between CoPc and CuMnO,
does not alter the oxide crystal structure, which helps preserve
the electronic properties of the catalyst matrix.

The scanning electron microscopy (SEM) image in Fig. 2
shows that CuMnO, has a nano-sized particle morphology. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD spectra of the studied samples.

morphological data from scanning electron microscopy (SEM)
provide clear evidence of the nanostructure of the material. The
CuMnO, sample exhibits a discrete, uniformly distributed bulk
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morphology with a particle size ranging from 50 to 100 nm.
After CoPc coating, the particle surface becomes rough and has
an uneven thin film coating, which is typical of the phenom-
enon of organic material coating on metal oxides. When
observing the CuMnO,@CoPc sample fixed on the Titan foam,
the adhesion of the catalyst layer to the three-dimensional
porous structure of the Ti foam matrix can be clearly seen.
This porous structure acts as a mechanical support, both
facilitating the surface reaction and allowing the efficient flow
of the solution through - which recent study with graphite/TiO,/
nickel foam has also exploited to improve the photocatalytic
efficiency in continuous flow systems.*”

Elemental composition analysis by EDS (Fig. 3) showed the
simultaneous presence of Cu, Mn, Co, O and Ti elements with
a Cu: Mn mass ratio of nearly 1: 1, reaffirming the mixed oxide
structure of CuMnO,. The Co content is about 2.4 wt%, which is
equivalent to the appropriate CoPc coverage level for the cata-
Iytic reaction without blocking the active sites. Many studies
showed that too high a capping agent content can reduce the
contact between the catalyst and the oxidizing agent, reducing
the overall performance.*

The FT IR spectrum obtained for the CuMnO,@CoPc/Ti
foam material clearly shows the characteristic absorption
bands for each component (Fig. 4). The broad absorption band
at around 3450 cm ™' is due to the stretching vibration of the -

Fig. 2 SEM images of the surface of CuMnO, (a), CuMnO,@CoPc (b), and CuMnO,@CoPc/Ti foam (c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Elemental distribution for CuMnO,@CoPc/Ti foam.

OH group and the presence of adsorbed water on the oxide
surface, which is a common feature in oxide-based catalysts.
The bands at around 1330 cm ™' are assigned to the C-C/C-N
stretching vibrations in the phthalocyanine ring, while the peak
at 723 cm ™' is the out-of-plane C-H vibration characteristic of
the o phase of phthalocyanine. The region of 500-700 cm™*
shows two weak peaks at 625 cm ' and 515 cm ?,

(0]
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37.6

corresponding to the stretching vibrations of Mn-O and Cu-O
in the mixed oxide. Compared with the FT IR spectrum of pure
Cu doped Mn;0,/Mn doped CuO, the metal-oxygen peaks in
the CuMnO,@CoPc sample have significantly lower intensi-
ties,* which reflects the coverage of the CoPc layer on the oxide
surface, which attenuates the lattice vibration signal. This result
is consistent with the report on NiO/CoPc materials by Sheena
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Fig. 4 FTIR spectra of CuMnO, and CuMnO,@CoPc/Ti foam.
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Fig. 5 TGA curves of CuMnO,@CoPc/Ti foam.

et al., in which the characteristic vibrational bands of CoPc such
as 1330, 1287, 1156, and 723 cm™ ' are preserved when CoPc is
covered on the oxide.** Thus, the FT IR spectrum of
CuMnO,@CoPc/Ti foam both confirms the presence of the
phthalocyanine layer through characteristic vibrational bands,
and shows that this coating weakens the metal-oxygen vibra-
tions, demonstrating the interaction between the CoPc layer
and the oxide substrate — a phenomenon that has also been
observed in other oxide-coated phthalocyanine material
systems.

The thermal stability of the catalyst was evaluated by ther-
mogravimetric analysis (TGA) in air (Fig. 5). The TGA spectrum
of CuMnO,@CoPc/Ti foam shows three distinct mass loss
stages when heated from room temperature to 800 °C. In the
first stage, the sample lost about 3% of its mass below 150 °C,
mainly due to the evaporation of water and the removal of
hydroxyl groups adsorbed on the oxide surface. This is
a common phenomenon for many oxide materials, and the
small mass loss confirms that the sample was well dried before
the measurement. When the temperature increased to the 300-
380 °C region, the mass continued to decrease by about 10%.
This loss was attributed to the initial decomposition of the
phthalocyanine layer. Our results are consistent with the study
of substituted metal phthalocyanines, where TGA showed that
CoPc and CuPc started to lose mass at 300-309 °C.** The organic
functional groups on the phthalocyanine decompose first,
leading to a decrease in initial mass but the macrocyclic
structure remains. The strongest mass loss occurs in the range
of 420-550 °C, with a loss of about 20% of the initial mass. This
stage corresponds to the complete decomposition of the
phthalocyanine ring into inorganic products such as cobalt
oxide. In the study of the CoPc/hybrid carbon system, the
derivative TGA curve of CoPc shows only one decomposition
peak with an onset around 440 °C,* which is consistent with the
strong mass loss in our sample. After the loss of most of the
organic component, the TGA curve becomes flat - the mass is

© 2025 The Author(s). Published by the Royal Society of Chemistry

stable up to 800 °C. This indicates that the CuMnO, framework
and the Ti foam layer are thermally stable; In fact, studies on
CuMnO, show that this material does not decompose but even
absorbs oxygen, leading to an increase in mass when calcined in
an oxidizing environment.** Compared with other works, the
mass loss of CuMnO,@CoPc/Ti foam is smaller than that of
CuMnO,@CoPc without Ti foam matrix (usually losing 30-40%
of mass), due to the large mass fraction of Ti foam matrix
reducing the proportion of CoPc in the whole material. At the
same time, the observed decomposition temperatures (~300 °C
and 440-500 °C) coincide with the decomposition milestones
recorded for CoPc and its derivatives, indicating that the
coating of CoPc onto CuMnO, did not significantly change the
pyrolysis behavior of phthalocyanine. The TGA spectra also
confirmed that after the decomposition of CoPc, the CuMnO,
framework and Ti foam remained stable, similar to previous
reports on the thermal stability of CuMnO,.

The BET results show a clear difference in surface area and
pore volume between the materials (Table 1). The pure CuMnO,
sample has a surface area of 55.3 m* g ! and a pore volume of
0.25 cm® g, this value is very close to the 54.9 m”> g~ ' previ-
ously reported for CuMnO,/NF* and is within the usual range
for mesoporous transition oxides. When cobalt phthalocyanine
is added, the surface area increases slightly to 60.8 m”> g~" and
the pore volume to 0.30 cm?® g~ . This increase is consistent with
the trend observed in similar material systems: in the CuMnO,-
rGO nanocomposite, the voids between the rGO and the

Table 1 BET measurement results

Surface area Capillary volume

Samples (m*g™) (em® g™
CuMnO, 55.3 0.25
CuMnO,@CoPc 60.8 0.3
CuMnO,@CoPc/Ti foam 20.4 0.14

RSC Adv, 2025, 15, 33916-33935 | 33921
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CuMnO, nanoplates increased the surface area from 54.9 to
90.3 m> ¢!, and in the CoPc/Ti;C, system, the CoPc layer
increased the SBET from 118.5 to 126.1 m> g~ ".** These studies
show that introducing an organic phase into the oxide frame-
work can create new pores or expand the diffusion channel
without clogging the existing micropores. Compared to the gCN
system, in which CuMnO,-gCN achieved a surface area of 82.29
m?® g~ " and a pore volume of 0.429886 cm® g, the CoPc layer
produced a more moderate increase — perhaps because the
bulky structure of phthalocyanine did not create a pore network
as large as gCN. However, when the CuMnO,@CoPc material
was anchored onto the titanium foam framework, the surface
area and pore volume decreased sharply to 20.4 m* g~ ' and 0.14
em?® g7, respectively. This decrease reflects the influence of the
large mass fraction and low surface area of the Ti foam. The Ti
foam matrix itself has a surface area of only 0.055-0.12 m* g~ *,*
when coated with the active material, the specific surface area of

(a)
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the entire composite is diluted by the foam mass. This result
emphasizes that compared to light matrices such as gCN or
rGO, the presence of a heavy metal matrix will significantly
reduce the surface area per unit mass, thereby affecting the
catalytic activity of the material.

3.2. Degradation efficiency of antibiotics

3.2.1. Reaction kinetic analysis. To clarify the degradation
mechanism of three representative antibiotics - ofloxacin
(OFL), levofloxacin (LEVO) and sulfanilamide (SFA) - by
CuMnO,@CoPc/Ti foam combined with UV/PS, three assumed
kinetic models including zero-order, first-order and second-
order were applied. The concentration data were processed to
construct the corresponding plots: C vs. t (zero-order), In(C) vs. ¢
(first-order) and 1/C vs. t (second-order). The linear correlation
coefficients R* were used to evaluate the suitability of each
model. The results showed that the assumed first-order kinetic
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10} e o — Levoflgxacin (R?=0.9210) >0l —— Levofloxacin (R?=0.9998)
—— Sulfanilamide (R?=0.9453) * —— Sulfanilamide (R2=0.9997)
= 15F
a
S 8y
£ 1.0
O
§ 6 g %7
® £
b= 0.0f
[ =4
g
= 4}t -0.5+
O
-1.0f
2 &
=15}
6 1‘0 2‘0 3‘0 410 SIO 6A0 0 10 20 30 40 50 60
Time (min) Time (min)
(c)
4.0 F — Ofloxacin (R2=0.9698)
—— Levofloxacin (R?=0.9646)
35+ Sulfanilamide (R?=0.9897)
3.0r
S 25T
§
= 20+
i
—
1.5}
1.0f
051
0.0 b \ ; ; ; ;

20

30
Time (min)

40 50 60

Fig. 6 Kinetic model of the degradation of ofloxacin (OFL), levofloxacin (LEVO) and sulfanilamide (SFA) by CuMnO,@CoPc/Ti foam/UV/PS: (a)

zero order; (b) first order; (c) second order.
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model was the most suitable for all three compounds. Specifi-
cally, the correlation coefficients reached R = 0.9997-0.9998,
which was superior to the remaining models (Fig. 6b). The
linear regression line for In(C) versus time shows that the anti-
biotic degradation reaction follows the equation:

In(C,) = In(Cy) — kppt

From there, the apparent reaction rate coefficient k,p, was
determined from the slope of the trendline. This is a common
feature of advanced oxidation processes (AOPs) involving free
radicals ("OH, SO, ), which follow assumed first-order kinetics
because the concentration of the oxidant (PS or free radical) is
much larger than that of the initial substrate. According to
Oturan & Aaron,*® free radical-mediated oxidation reactions
mostly follow an assumed first-order mechanism because the
concentration of the oxidant remains almost constant
throughout the process. Compared with other studies, this
result is consistent with Milh et al.** when studying the degra-
dation of ciprofloxacin (CIP) in the UV/PS and UV/PMS systems,
in which both processes exhibited a strong fit to a pseudo-first-
order kinetic model. Chen et al* also reported first-order
kinetics for the degradation of sulfamethoxazole in the
sunlight/Fe(u)/Cit/PS system, with k values of ~0.0363 min ' at
room temperature. In this study, the k,p, values were deter-
mined to be 0.0426 + 0.0015 hours™' (OFL), 0.0410 + 0.0017
hours™" (LEVO), and 0.0393 + 0.0013 minutes ' (SFA), and the
corresponding semi-automatic values were 16.3, 16.9, and 17.6
minutes.
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In contrast, the zero- and second-order models had signifi-
cantly lower R*> coefficients (0.92-0.98), indicating that the
reaction did not proceed at a linear rate in C (zero-order) or 1/C
(second-order). Specifically: With the zero-order model (Fig. 6a),
the reaction was assumed to be independent of the initial
concentration, which is not consistent with experimental
observations, especially at low concentrations. The second-
order model (Fig. 6¢) - commonly seen in co-catalysis — shows
a clear deviation at long times, which may be due to strong
adsorption at the catalyst surface or free radical competition.

In summary, the assumed first-order kinetic model best
reflects the degradation of OFL, LEVO and SFA on the
CuMnO,@CoPc/Ti foam catalyst under UV/PS. This is the basis
for further calculations of kinetic parameters such as activation
energy (E,) and rate coefficients in future studies.

3.2.2. Effect of UV/PS on antibiotic degradation efficiency.
In the treatment system of wastewater containing antibiotics,
the presence of oxidizing agents such as PS (persulfate) and UV
light plays a very important role in activating and generating
highly active free radicals, especially sulfate (SO,"”) and
hydroxyl (‘OH) radicals. In this section, the degradation effi-
ciencies of three representative compounds, ofloxacin (OFL),
levofloxacin (LEVO), and sulfanilamide (SFA), were evaluated
under different conditions: without UV and PS, only UV, only
PS, combined UV/PS, and UV/PS with CuMnO,@CoPc/Ti foam
catalyst (Fig. 7). This comparison aims to determine the actual
role of each agent and the corresponding activation mecha-
nism. The experimental results show that under the condition

without any catalyst or activator, the three antibiotic

—
(=4
(=]
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o
<y, %

o

S
Degradaz‘/on efficien

Fig. 7 Effect of UV/PS on the degradation of ofloxacin (OFL), levofloxacin (LEVO) and sulfanilamide (SFA) by CuMnO,@CoPc/Ti foam.
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compounds all have very low degradation efficiencies, usually
below 5% after 60 minutes of reaction. This shows that the
above compounds have high molecular stability under natural
conditions and cannot be degraded biologically or physically in
a short time.

When exposed to a single 365 nm UV light, the degradation
efficiency improved but was still limited. Specifically, OFL
achieved an efficiency of about 18.4%, LEVO was 15.9%, while
SFA only achieved 8.3%. This reflects the difference in UV
absorption capacity and molecular structure of each compound.
Fluoroquinolone compounds such as OFL and LEVO have
better UV light absorption capacity due to the aromatic ring
with conjugated double bonds and attached fluorine atoms,
thereby leading to a higher direct photolysis process.** However,
this process is still not strong enough to completely break the
bonds in the molecular structure.

The addition of PS without UV irradiation increased the
degradation efficiency to 19-25%, due to the spontaneous
decomposition of PS in an aqueous environment to produce
SO, "~ radicals. However, this reaction was slow and inefficient
without a catalyst or external activation energy source.
Compared to the study by Liu et al.,”* in which PS was used to
treat SFA, the degradation efficiency was about 0% after 60 min
without UV, UV irradiation significantly boosted the efficiency
of sulfanilamide decomposition by PS, achieving 72.6% within
60 minutes, indicating the need for PS activation to accelerate
the reaction.

When UV was combined with PS, the degradation efficiency
of all three compounds increased significantly. OFL and LEVO
reached 82.3% and 79.5% after 60 min, respectively, while SFA
reached 68.4%. The mechanism of PS activation by UV leads to
the cleavage of the 0-O bond in S,05°" to generate strong
oxidants such as SO,"” and "OH.

S,0¢%~ + hv (A = 254 nm) — 2SO, ~

SO4'7 + H20 — 'OH + HSO47

These radicals have very high oxidation potentials, strong
enough to break the C-N, C-F and C-S bonds in the antibiotic
structure.

What is particularly remarkable is that when adding the
CuMnO,@CoPc/Ti foam catalyst to the UV/PS system, the
degradation efficiency is clearly superior. Specifically, OFL
reached 96.8%, LEVO reached 94.5%, and SFA also reached
91.3% after only 30 minutes of reaction. This increase in effi-
ciency is explained by the catalytic role of the Cu**/Cu* and
Mn**/Mn*" redox pairs in the activation of persulfate.

Cu?* + S,0¢4~ = Cu' + SO, ™ + SO~
Mn’* + S,04>~ — Mn?' + SO, ™ + SO,

In addition, the CoPc layer acts as an electron carrier, reducing
free radical recombination and supporting light energy
conversion, enhancing the efficiency of heterogeneous catalysis.
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Experimental results show that the UV/PS system with
CuMnO,@CoPc/Ti foam can decompose over 90% of OFL,
LEVO and SFA compounds after only 60 minutes of reaction.
This confirms the synergistic effect between UV light, persulfate
and catalytic materials in creating strong oxidants and decom-

posing stable antibiotic compounds in the aquatic
environment.
3.2.3. Effect of pH. pH is one of the most important factors

affecting the degradation efficiency of organic pollutants in
advanced oxidation reaction (AOP) systems, especially when
using PS and transition metal catalysts. In this study, three
typical pH values were investigated, namely pH 4.0 (weakly
acidic environment), pH 7.0 (neutral) and pH 9.0 (slightly
alkaline), to evaluate the effect of pH on the treatment ability of
three antibiotic compounds OFL, LEVO and SFA in the
CuMnO,@CoPc/Ti foam system combined with UV/PS (Fig. 8).
The experimental results showed that the highest degradation
efficiency was achieved at pH 4.0 for all three investigated
compounds. Specifically, the treatment efficiency of OFL
reached 98.2%, LEVO reached 96.7%, and SFA reached 93.5%
after only 30 minutes of reaction. When the reaction was
switched to neutral medium (pH 7.0), the yield dropped to
about 90-93% for OFL and LEVO, and 85% for SFA. At alkaline
medium (pH 9.0), the yield continued to decline significantly,
reaching only about 78-82% for OFL and LEVO, and below 70%
for SFA. This significant difference in reaction yield reflects the
strong influence of pH on the PS activation mechanism and the
survival of the oxidant radicals.

The PS reaction mechanism in acidic medium is more
favorable because HSOs™ can be catalyzed or irradiated to form
SO, radicals with high yield. The SO,"~ radical has a high
oxidation potential (2.5-3.1 V), is stable in acidic solutions, and
readily reacts with organics via an electron-attack mechanism.
Meanwhile, in alkaline environment, HSOs™ is easily decom-
posed into SO,>~ and cannot form highly active free radicals. In
addition, SO, at high pH is also converted into weaker OH"
radicals, reducing the overall decomposition efficiency. These
phenomena have been demonstrated in the work of Kemmou

100

Degradation efficiency, %

Fig. 8 Effect of pH on the degradation of ofloxacin (OFL), levofloxacin
(LEVO) and sulfanilamide (SFA) by CuMnO,@CoPc/Ti foam/UV/PS.
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et al.,”> when treating sulfamethoxazole by biochar-activated
persulfate, the decomposition efficiency decreased as the pH
increased from acidic to near-neutral and then to alkaline
conditions.

In addition, pH affects the ionization state of antibiotic
compounds in solution. Compounds such as OFL and LEVO
have pKj, in the range of 5.5-6.5, so at pH 4, they mainly exist in
the protonated form. This increases the ability to interact with
the negatively charged catalyst surface, thereby improving the
initial adsorption efficiency - an important prerequisite for the
oxidation reaction. In contrast, at high pH, most of the mole-
cules exist in the anionic or neutral form, reducing the
adsorption capacity due to the electrostatic repulsion between
the catalyst surface and the pollutant. SFA was more strongly
affected, due to its molecular structure with less conjugated
aromatic rings, so its reaction with oxidant radicals was also
lower in alkaline environments. These results are consistent
with the study of Jiang et al,* in which the ZVI/BC/PS system
treated atrazine with an efficiency of 68% at pH 3 but only 46%
at pH 8 after the same reaction time.

From the above analysis, it can be concluded that the envi-
ronmental pH has a significant influence on the efficiency of
antibiotic treatment by the CuMnO,@CoPc/Ti foam/UV/PS
system, and the most optimal condition is in a slightly acidic
environment (pH ~4). This conclusion has practical value in the
design and adjustment of pharmaceutical wastewater treatment
systems, especially in the pretreatment stage or neutralization
of the influent pH to maximize the efficiency of pollutant
removal.

3.2.4. Effect of temperature. Reaction temperature is an
important parameter in advanced oxidation processes, affecting
not only the chemical reaction rate but also the molecular
kinetics, the adsorption of pollutants on the catalyst surface
and the degradation of oxidizing agents such as PS. In this
study, the degradation efficiencies of three representative anti-
biotic compounds - ofloxacin (OFL), levofloxacin (LEVO) and

sulfanilamide (SFA) - were investigated at different
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Fig. 9 Effect of temperature on the degradation of ofloxacin (OFL),
levofloxacin (LEVO) and sulfanilamide (SFA) by CuMnO,@CoPc/Ti
foam/UV/PS.
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temperatures: 20 °C, 30 °C, 40 °C and 50 °C (Fig. 9). The
experiments were carried out under fixed reaction conditions of
PH, PS concentration, catalyst mass and UV irradiation inten-
sity, in order to evaluate the effect of temperature separately.
The results showed that the degradation efficiencies of all three
compounds increased gradually with the increase of tempera-
ture. At 20 °C, the degradation efficiency of OFL was 81.4%,
LEVO was 77.8% and SFA was only 69.2% after 30 minutes of
reaction. When the temperature increased to 30 °C, the
respective yields of these compounds were 87.2%, 84.1% and
76.3%, respectively. At 40 °C, the yields continued to improve
significantly, with OFL reaching 93.5%, LEVO reaching 91.2%
and SFA reaching 86.4%. Most notably, at 50 °C, the reaction
system reached its maximum efficiency in the study, with values
of 97.3%, 95.6% and 91.7% for OFL, LEVO and SFA, respec-
tively. This demonstrates that temperature plays a strong sup-
porting role in the degradation process, especially for
structurally stable compounds such as sulfanilamide.

The mechanism of temperature impact on treatment effi-
ciency can be explained in three aspects. First, according to the
Arrhenius law, high temperature increases the average energy of
molecules in the reaction system, thereby increasing the prob-
ability of effective collisions and promoting the reaction rate
between the oxidant radical and the antibiotic molecule.
Second, high temperature supports the decomposition of PS to
form SO,"~ radicals without completely depending on UV irra-
diation or catalyst, thereby increasing the density of free radi-
cals in the solution. Third, temperature also increases the
diffusion and adsorption rate of antibiotics onto the catalyst
surface, shortening the required contact time and improving
the surface reaction efficiency. These results are consistent with
the observation from the study of Ma et al,”* in which the
treatment of ciprofloxacin by US/E/PS system also showed that
increasing the reaction temperature significantly improved
ciprofloxacin removal. However, it should be noted that exces-
sive temperature increase can cause undesirable effects.
Specifically, PS can decompose rapidly at high temperatures
without generating effective oxidizing radicals, leading to the
formation of products such as SO,*>~, HSO,~ or O, - substances
that are not strong oxidizing agents. At the same time, high
temperatures also increase the rate of self-decomposition of
SO,"~ and "OH radicals, reducing the lifetime of these radicals
in the solution, thereby affecting the overall treatment efficiency
if the optimal temperature threshold is exceeded.

3.2.5. Effect of PS concentration. In the advanced oxidation
treatment system using persulfate (PS), the concentration of PS
is a factor that directly determines the density of free radicals
generated in the solution, thereby affecting the pollutant
degradation efficiency. Determining the appropriate PS
concentration is important from both technical and economic
aspects, because too little PS will not provide enough oxidant
radicals to perform the reaction, while too much PS can lead to
self-scavenging effect or unnecessary chemical waste. In this
study, the effect of PS concentration was investigated in the
range of 0.1 to 3.0 mM to evaluate the degradation efficiency of
three antibiotic compounds: ofloxacin (OFL), levofloxacin
(LEVO) and sulfanilamide (SFA) (Fig. 10). The experimental
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Fig. 10 Effect of PS concentration on the degradation of ofloxacin
(OFL), levofloxacin (LEVO) and sulfanilamide (SFA) by CuMnO,@CoPc/
Ti foam/UV/PS.

results showed that when the PS concentration increased from
0.1 mM to 2.0 mM, the treatment efficiency of all three
compounds increased nearly linearly. Specifically, at a PS
concentration of 0.1 mM, the degradation efficiencies of OFL,
LEVO and SFA were 55.3%, 51.8% and 45.6%, respectively.
When PS was increased to 1.0 mM, the efficiencies improved
significantly with values reaching 81.7%, 78.6% and 70.2%. In
particular, at a concentration of 2.0 mM, the efficiencies
reached a maximum with OFL reaching 93.2%, LEVO reaching
91.5% and SFA reaching 86.4%. However, when the PS
concentration was further increased to 2.5 mM and 3.0 mM, the
efficiencies did not increase further, and even decreased slightly
to 92.5% and 91.8% for OFL, and a similar decrease was
observed for the other two compounds. This result suggests that
there is an optimal PS concentration, exceeding which may
cause an inhibitory effect on the reaction or generate inactive
by-products.

The decrease in yield at high PS concentrations is explained
by the competitive reactions between PS molecules and the
SO, " radicals themselves. When the PS concentration is too
high, the SO,"~ radicals may react undesirably with excess PS to
form less active radicals or even unreacted products, according
to the equation:

S04~ + 8,05 — SOs™™ + 80,7~

The SOs"~ radical has been shown to have a significantly
lower oxidation potential than SO,"”, and is incapable of
breaking the strong bonds in antibiotic molecules. Further-
more, the SO,"~ radical can also react with each other to form
neutral SO,>":

SO, ™ + S04~ — 8,082

These reactions reduce the concentration of active radicals
in the solution and lead to a decrease in reaction efficiency.
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In addition, PS is a strong oxidant, when present at high
concentrations, it can also damage the catalyst structure or
cause aging of the catalyst surface through excessive oxidation,
reducing the adsorption capacity and promoting subsequent
reactions. A similar phenomenon was also observed in the study
by Dong et al.,*® where an excess amount of PS in the Fe(u)/PS
system caused a sharp decrease in iopamidol (IPM) treatment
efficiency, likely due to the scavenging of oxidative radicals by
the excess persulfate (PS).

From the obtained data, it can be determined that the
optimal PS concentration for the CuMnO,@CoPc/UV/PS reac-
tion system is about 2.0 mM. This is the level that gives the
highest treatment efficiency without causing side effects, which
is in line with the practical operational requirements of chem-
ical costs and environmental safety.

3.2.6. Effect of initial concentration of the pollutant. The
initial concentration of the pollutant, in this case the three
antibiotic compounds ofloxacin (OFL), levofloxacin (LEVO) and
sulfanilamide (SFA), is one of the important factors affecting the
treatment efficiency and reaction kinetics of the advanced
oxidation system. The investigation of this factor not only helps
to understand the operational limits of the catalytic system but
also helps to determine the scalability and practical application
for the treatment of wastewater with different pollutant loads.
In this study, the initial concentrations of the compounds were
adjusted at the levels: 5, 10, 15 and 20 mg L™, keeping the
remaining conditions unchanged including: pH = 4, tempera-
ture = 30 °C, PS = 2.0 mM, catalyst mass = 0.3 g L', UV irra-
diation 365 nm power 30 W (Fig. 11). The experiments were
carried out for 30 minutes, measuring the degradation effi-
ciency by UV-vis spectroscopy. The results showed that as the
initial antibiotic concentration increased, the degradation effi-
ciency of the catalytic system gradually decreased for all three
investigated compounds. At the lowest concentration
(5 mg L), the degradation efficiency was high: OFL was 98.3%,
LEVO was 96.5% and SFA was 91.2%. When the initial
concentration increased to 10 mg L™, the efficiency remained
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Fig. 11 Effect of initial concentration on the degradation of ofloxacin
(OFL), levofloxacin (LEVO) and sulfanilamide (SFA) by CuMnO,@CoPc/
Ti foam/UV/PS.
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at a good level, with OFL reaching 94.1%, LEVO 92.3% and SFA
87.6%. However, at 15 mg L™, the efficiency dropped signifi-
cantly to about 87.4%, 85.2% and 78.1% for the three
substances, respectively. In particular, at the highest concen-
tration of 20 mg L', the efficiency dropped sharply to 79.6%
with OFL, 77.1% with LEVO and only 70.5% with SFA. The main
reason for this phenomenon is explained by the fact that the
density of oxidant radicals generated in the solution is relatively
fixed according to the concentration of PS and catalyst. When
the concentration of the pollutant increases, the number of
antibiotic molecules increases but there is no corresponding
increase in the number of SO,"~ or "OH radicals, leading to the
phenomenon of reaction overload. In addition, a large amount
of pollutants also increases the probability of competitive
reactions with intermediates or half-degradation products,
consuming free radicals without contributing to the main
reaction. This phenomenon is also known as “quenching” of
oxidant radicals. This result is consistent with previous studies.
In the work of by Al-Musawi et al.,>® when treating levofloxacin
with the MWCNTs/CoFe,0, system, the degradation efficiency
decreased by nearly 23% when increasing the antibiotic
concentration from 50 to 100 mg L™*. From a kinetic perspec-
tive, increasing the initial concentration can change the domi-
nant reaction mechanism from pseudo-first-order kinetics to
higher-order kinetics due to the significant role of adsorption.
When the catalyst surface is saturated with pollutant molecules,
the reaction rate is no longer linearly proportional to the initial
concentration but is governed by the phenomenon of desorp-
tion and the ability to propagate free radicals to the reaction
site.

3.2.7. Effect of catalyst mass. Catalyst mass is a key factor
in heterogeneous reaction systems, playing a decisive role in the
pollutant adsorption capacity and the activation level of
oxidants. In the CuMnO,@CoPc/UV/PS system, the catalyst is
not only the place to generate free radicals such as SO,"~ and
'OH from PS molecules but also the adsorption center that
helps concentrate antibiotics into the effective reaction zone.
Therefore, investigating the influence of catalyst mass will
provide practical information to optimize the treatment system
in terms of both efficiency and economy. In this study, the
catalyst mass was varied in the range of 0.1 g L™" to 0.5 g L *,
with the reaction conditions kept the same: PS concentration
2.0 mM, pH = 4, temperature 30 °C, UV irradiation power 30 W
and influent pollutant concentration of 10 mg L™" (Fig. 12). The
results were evaluated after 30 minutes of reaction by absorp-
tion spectroscopy. The experimental results showed that the
decomposition efficiency increased significantly when the
catalyst mass increased from 0.1 to 0.3 g L. Specifically, at
0.1 g L', the treatment efficiencies of OFL, LEVO and SFA were
78.2%, 74.6% and 69.1%, respectively. When the catalyst
amount was increased to 0.2 g L™, the efficiency improved
significantly to 88.3%, 85.9% and 80.5%. The strongest increase
was observed at 0.3 g L', with values of 94.6%, 92.8% and
87.4% for OFL, LEVO and SFA, respectively. However, when the
catalyst amount continued to increase to 0.4 and 0.5 g L™ ", the
efficiency only increased insignificantly, even tended to be
saturated and decreased slightly. This suggests that there is an
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Fig. 12 Effect of catalyst mass on the degradation of ofloxacin (OFL),
levofloxacin (LEVO) and sulfanilamide (SFA) by CuMnO,@CoPc/Ti
foam/UV/PS.

optimal catalyst loading, beyond which no corresponding
improvement in treatment efficiency will be achieved.

The phenomenon of performance saturation with increasing
catalyst loading has been explained by many previous studies.
On the one hand, as the catalyst loading increases, the active
surface area and the number of catalyst sites also increase,
leading to higher PS activation and pollutant adsorption.
However, when the catalyst loading is too high, the catalyst
particles tend to aggregate together (agglomeration), reducing
the total actual contact area. At the same time, excess catalyst
can also lead to inefficient consumption of free radicals through
side reactions such as:

SO4.7 + Mn+ N Mn++ + SO427

In which, M™" is the active metal ion in the catalyst crystal lattice
such as Cu®** or Mn*". These reactions do not produce the
desired product and reduce the density of SO, ™~ radicals in the
solution. In addition, the excess catalyst layer in the suspension
can hinder the transmission of UV light, reducing the efficiency
of PS activation in deep regions of the solution, as demon-
strated in the study of Marinho et al.>”

3.3. Reaction mechanism of the degradation of pollutants by
CuMnO,@CoPc/Ti foam

The XPS spectra provide a consistent and convincing surface
picture of the persulfate activation mechanism on CuMnO,®@-
CoPc/Ti foam. In the Cu 2p region (Fig. Sla and Table S1.1),
the coexistence of Cu’ (2ps/, = 932.4 €V; 2p,/, = 952.2 eV) and
Cu”" (2ps/, = 934.6 €V; 2p1/> = 954.3 V) and the characteristic
shake-up bands at ~941-945 and ~962-965 eV confirm the
surface-active Cu(1)/Cu(u) redox couple. The Cu**/Cu" area ratio
remains almost constant after five cycles (from 61/39 — 60/40),
with no significant binding energy shift, implying that the Cu
sites are not reduced/solvated and are efficiently regenerated
during the reaction. At Mn 2p (Fig. S1b and Table S1.2), the two
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pairs of Mn** (=641.8/653.4 eV) and Mn*" (=643.5/654.9 eV)
peaks overlap in the familiar multiplet splitting pattern; the
Mn*"/Mn®" ratio only varies from 55/45 to 54/46, indicating that
Mn(m)/Mn(v) cycling occurs but the overall electronic balance is
maintained. For Co 2p (Fig. S1c and Table S1.3), the two states
Co(u) (=780.8/797.1 eV) and Co(m) (=779.6/795.8 €V) and the
satellites ~786-789 and ~803-806 eV retain their shape and
amplitude after cycling (Co>*/Co®" 53/47 — 54/46), indicating
that the CoPc motif is not demetallated or coordinately changed
under UV/PS conditions. The O 1s spectrum (Fig. S1d and Table
S1.4) splits into Ojaytice (~529.6 €V), Ogefecion (~531.2 eV) and
O,gs (~532.4 €V) with a nearly conserved percentage distribu-
tion (approximately 52/36/12 — 51/37/12). The slight increase
in Ogefectyon Shows that the defect/hydroxyl centers — which are
“hot spots” for adsorption and electron transfer - not only do
not disappear but are also maintained after many cycles.
From these XPS observations, the mechanism can be
described as follows. Under UV irradiation, CoPc absorbs light
to form an excited state CoPc* as a local electron/hole source:

CoPc + hy — CoPc*

CoPc* — CoPct + ¢~

Photogenerated electrons are injected to transition metal
pairs on CuMnO,, rapidly re-reducing the higher oxidation
states:

Cu*t+e — Cu*
Mn**" + e —» Mn?*
Co*t +e” — Co?t

In the opposite direction, low-valence states activate persulfate
via surface electron transfer to generate sulfate radicals:

S,0s>" + e~ — SO, ™ + SO

Cu"/Mn*/Co®" + S,04%~ — Cu>"/Mn*"/Co®" + SO, ™ + SO~

The SO, ™ radical can be further converted to "OH in water,
expanding the spectrum of oxidizing agents:

SO, + H,O — "OH + HSO4~

The role of surface oxygen is evident in O 1s: Ojyice provides
a stable M-O-M framework, while Ogefect/onr @anchors persulfate
and contaminants, lowering the electron transfer barrier; these
defects are also the site of formation of active species near the
surface. The conservation of the oxygen structure (no BE shift,
stable distribution) is consistent with the fact that the Cu/Mn/Co
redox pairs maintain the same ratio after cycling, meaning that
the heterojunction is capable of self-recharging electrons: elec-
trons from CoPc* and organic intermediates continuously close
the cycles Cu(i) <> Cu(u), Mn(m) <> Mn(wv), Co(u) <> Co(ur), while
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persulfate SO, /°OH to mineralize the substrate. This “role
assignment” - CoPc captures light and donates electrons, Cu/Mn/
Co serves as the polycentric PS activation site, Ogefect aSSists in
adsorption and electron transfer — explains why the peak shapes
and valence ratios remain nearly constant over multiple cycles,
and is consistent with the observed stable degradation efficiency
and high mineralization. In other words, XPS not only confirms
the surface composition and valence, but also provides direct
evidence that the UV/PS mechanism in this system is based on
a cooperative redox network that is stable over time.

The EPR data directly demonstrated the free radical mech-
anism of the UV/PS system with CuMnO,@CoPc/Ti foam and
quantified the contribution of each active agent. In H,O with
DMPO (50 mM), the DMPO-"OH spectrum appeared immedi-
atelywitha1:2:2:1 tetralinear pattern, g = 2.005 and ay = ag
=~ 14.9 G; while in 50% MeOH/H,O to stabilize the sulfate
adduct, the DMPO-SO,"~ spectrum clearly showed a hexagonal
pattern (triplet x doublet) with g = 2.006, ay = 13.2 G and ay
= 9.6 G (Fig. S2a, S2b and Table S2). All signals disappeared in
the no UV/no PS/no catalyst controls, confirming that radicals
are only generated when all three factors are present. Radical
quenching experiments showed that 0.5 M TBA strongly
reduced the "OH signal (~72 + 3%), 1.0 M MeOH also sup-
pressed both SO," /°OH (~85 + 4%), while 20 mM NaNj; had
almost no effect (<8%), ruling out a dominant role for 'O,.
Combining radical quenching with the quadratic integration of
the EPR spectrum, the estimated relative contributions were
SO, =58 £ 6%, "OH = 34 + 5%, others < 8% (Table S2). The
time course (0-120 s) shows that the EPR intensity increases
rapidly in the first 20-40 s and then reaches near equilibrium,
consistent with the continuous activation of PS on the hetero-
junction surface (Fig. S2c). Depending on the concentration, PS
exhibits a saturation pattern with a maximum at 2.0 mM and
a slight decrease at 2.5-3.0 mM (Fig. S2d), possibly due to the
“self-quenching”/radical capture reaction by excess PS and
radical recombination: SO,"~ + S,04>~ — SO0,>~ + S,05°~
(forming less active radicals) and SO,"~ + SO, — S,04°".
These observations are consistent with XPS: the Cu(u)/Cu(r) and
Mn(v)/Mn(m) pairs (along with Co(m)/Co(u) of CoPc) remained
almost unchanged after five cycles, indicating that the sus-
tained redox cycling on the surface is the PS activator.

The UV-vis DRS spectrum shows that the CuMnO,@CoPc/Ti
foam sample absorbs more strongly and broadly than CuMnO,,
with the characteristic bands of CoPc (shoulder at ~340 nm and
“Q-bands” at ~610-690 nm) overlapping the absorption back-
ground of CuMnO,; the absorption edges are clearly red-shifted
and the overall intensity increases (Fig. S3a). The Kubelka-
Munk transform F(R) = (1 — R)*/(2R) combined with the Tauc plot
[FR)-hw]'"* — hv allows extrapolation of the linear region to
determine the optical band gap. The results show that the
apparent E, of CuMnO, = 1.41 eV, decreases to = 1.31 eV for
CuMnO,@CoPc (fresh sample) and remains almost unchanged
after 5 cycles (=1.32 eV), demonstrating the optical stability of the
CoPc layer (Fig. S3b). The narrowing of E; ~0.10 eV together with
the appearance/emphasis of the Soret-Q bands of CoPc indicate
that CoPc acts as a photosensitizer, creating additional effective

electron-hole transition channels in the visible region.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mechanistically, under illumination excited states of CoPc
(CoPc*) form and transfer electrons across the interface to the
acceptor (CuMnO, or directly to persulfate), while the remaining
holes on CoPc/CuMnO, oxidize water/~OH. This increases the
excited carrier density and explains the resonance with persulfate
activation. The “red shift” of the absorption edge and the smaller
apparent E, may also reflect the IFCT/Urbach tail transition at the
CoPc-CuMnO, interface, which is commonly observed in
phthalocyanine/oxide systems and induces a “light-induced elec-
tron conduction” effect in the lower energy region. On the other
hand, the fact that the two Tauc curves of the fresh and after 5
cycles samples are almost identical indicates no degradation or
photoabsorption peeling after reuse—consistent with XPS (Cu**/
Cu', Mn*'/Mn*", Co®'/Co®" ratios are almost preserved) and EPR
(SO,"™ radical intensity is dominant, optimal at PS = 2.0 mM).

3.4. Degradation pathways of pollutants

3.4.1. Ofloxacin (OFL) degradation pathway. The degrada-
tion mechanism of ofloxacin (OFL) in the CuMnO,@cobalt
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phthalocyanine heterogeneous photocatalytic system immobi-
lized on titanium foam (Ti foam) under UV irradiation and the
presence of persulfate (PS) was elucidated through the combi-
nation of LC-MS/MS analysis and total organic carbon (TOC)
monitoring. The results showed that OFL (m/z = 362) was
degraded via four main pathways, each leading to the formation
of intermediate products with significantly lower m/z values,
reflecting the gradual breakdown of the molecular structure
(Fig. 13).

In the first pathway, the OFL molecule is attacked by strong
free radicals such as SO,"~ or "OH generated from the activation
of PS under the action of the catalyst, leading to quinolone ring
opening and the formation of product P1 (m/z = 305). The ring
system was then further cleaved to form P2 (m/z = 279) and
finally P3 (m/z = 168), indicating a deep and comprehensive
mineralization of the quinolone structure. This ring opening
mechanism is similar to that reported in the CoFe,0,/PS cata-
lyst system by Fan et al., in which the quinolone ring was also
considered to be a vulnerable starting point due to the high
electron density near the carbonyl position.’® The second
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Fig. 13 Possible degradation pathways of OFL by CuMnO,@CoPc/Ti foam/UV/PS.
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pathway was reported to involve the reduction of the carboxylic
group (-COOH) to a methyl group (-CHjs), reducing the molec-
ular weight to m/z = 332 (P4). The free radicals then further
cleaved the single rings - especially the piperazinyl ring - to
form product P5 (m/z = 223). Compared with the mechanism
reported by Liu et al. reported that during the UV/PS treatment
of ofloxacin, decarboxylation is one of the characteristic path-
ways in the initial detoxification process and a precursor to
further destruction.® The third pathway begins with the
removal of the fluorine (F) atom from the aromatic position,
forming P6 (m/z = 344). This is a common reaction in fluoro-
quinolone treatment, since the F atom, although stable, is easily
replaced by the SO, radical under transition metal catalytic
conditions. Next, the COOH group is removed to form P7 (m/z =
286), and the remaining single rings are broken, forming P8 (m/
z = 139). The F and COOH elimination mechanism was previ-
ously observed in the UV/PDS system by Zhu et al., and was
found to be the pathway that significantly reduced the biolog-
ical activity of OFL.*® The fourth pathway involves the loss of
peripheral methyl groups, typically from the piperazinyl ring
and aromatic substituents, leading to intermediate P9 (m/z =
318). This is followed by the combined loss of F and COOH to
form P10 (m/z = 258), before the remaining rings are completely
oxidized, resulting in P11 (m/z = 138). This process clearly
demonstrates the preference of the free radical system to attack
easily oxidizable groups before completely destroying the ring
framework. This result is consistent with the observation of
Xing et al. when treating ofloxacin by magnetic CuFe,0,
coupled PMS system, in which the removal of the methyl group
of the piperazinyl substituent was noted to be the initial step for
the radical degradation.®

In addition to determining the degradation pathways via LC-
MS/MS, TOC analysis was used to assess the overall minerali-
zation level of the system. The results showed that the TOC
concentration decreased from 8.62 mg L' initially to
2.65 mg L™ after 60 minutes of UV irradiation, corresponding
to a mineralization efficiency of 69.3% (Table 2). This is direct
evidence of not only the destruction of the chemical structure
but also the conversion to CO, and H,O, which significantly
reduces the risk of bioresidues of the antibiotic in the aquatic
environment.

3.4.2. Mechanism of levofloxacin (LEVO) degradation. The
degradation mechanism of levofloxacin (LEVO) in the same
heterogeneous photocatalytic system CuMnO,@cobalt phtha-
locyanine immobilized on titanium foam under UV irradiation

Table 2 TOC values over time in the UV/PS/CuMnO,@CoPc/Ti foam
system with OFL

Time (min) TOC (mg L) Degree of mineralization (%)
0 8.62 0

15 6.98 19.1

30 4.87 43.5

45 3.56 58.7

60 2.65 69.3
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and in the presence of persulfate (PS) was investigated based on
LC-MS/MS data and the degree of mineralization was evaluated
by TOC analysis. As a stereoisomer of ofloxacin, LEVO has
a similar chemical structure but exists only as the L-enantiomer,
which affects its spatial orientation and ability to react with free
radicals. However, the main degradation pathways of LEVO still
bear many similarities to those of OFL, with characteristic m/z
intermediates and sequential transformations of important
functional groups (Fig. 14).

The levofloxacin molecule (m/z = 362) is oxidized via SO, ™
and 'OH radical reactions, generating at least four main
degradation pathways. In the first pathway, the free radical
attacks the C=C double bond at position 2-3 of the quinolone
ring, causing ring opening and forming intermediate product
L1 (m/z = 305). This process continues with the cleavage of C-C,
C-N bonds in the open ring system, leading to L2 (m/z = 279),
and finally L3 (m/z = 168) - a small, highly polar product, rep-
resenting the complete destruction of the quinolone ring
framework. This mechanism was previously described in the
study of Liu et al. when treating LEVO with a Eu,03/Co30, NSs/
PMS system, where the quinolone nucleus was identified as the
starting point of the reaction due to the high electron density at
the m-bonding sites.®” The second pathway involves the reduc-
tion of the carboxylic acid group to a methyl group under free
radical conditions, forming L4 (m/z = 332). The loss of this polar
group makes the molecule more susceptible to attack by SO, ",
especially at the piperazinyl ring, leading to ring cleavage and
the formation of L5 (m/z = 223). This process reflects the
common reactivity of fluoroquinolones, where the -COOH
group not only plays a biological role but is also a target of
advanced oxidation. The third pathway begins with the removal
of a fluorine atom from the aromatic ring, forming L6 (m/z =
344). The fluorine atom plays a role in stabilizing the quinolone
ring, but under catalytic conditions rich in oxygen radicals, it is
easily replaced by a hydroxyl or hydrogen group. The carboxyl
group is then removed, forming L7 (m/z = 286), and then the
remaining rings are broken down, leading to product L8 (m/z =
139). The final products often contain phenol, aldehyde, or
simple acid groups, indicating that the catalyst system is
capable of comprehensively breaking down the original struc-
ture. The defluorination mechanism was also reported in the
study of Foti et al. on the treatment of levofloxacin by simulated
irradiation/PDS system,” emphasizing the decisive role of
fluorine in directing the reaction. The fourth pathway identified
was the loss of peripheral methyl groups from the piperazinyl
moiety, leading to L9 (m/z = 318). Fluorine and COOH were then
further eliminated, forming L10 (m/z = 258), and finally L11 (m/
z = 138), a small molecular product, representing the deep
mineralization stage. Such partial ring cleavage indicated that
LEVO was destroyed not only at the quinolone nucleus but also
at the side chain.

To confirm the deep degradation ability of the catalyst, TOC
analysis was performed simultaneously with the reaction. The
results showed that TOC decreased from 8.59 mg L™ initially to
2.58 mg L' after 60 min of reaction, corresponding to
a mineralization yield of 69.9%, slightly higher than that of
ofloxacin under equivalent conditions (Table 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Possible degradation pathways of LEVO by CuMnO,@CoPc/Ti foam/UV/PS.

3.4.3. Mechanism of sulfanilamide (SFA) degradation. The
degradation mechanism of sulfanilamide (SFA) in the hetero-
geneous CuMnO,@cobalt phthalocyanine catalyst system
immobilized on titanium foam under UV irradiation and the
presence of persulfate (PS) was determined through LC-MS/MS
analysis and the mineralization degree was evaluated by TOC
index. Sulfanilamide, a sulfonamide antibiotic, has a simpler
structure than ofloxacin or levofloxacin, with a benzene ring

Table 3 TOC values over time in the UV/PS/CuMnO,@CoPc/Ti
system with LEVO

Time (min) TOC (mg L) Degree of mineralization (%)
0 8.59 0

15 6.85 20.3

30 4.92 42.7

45 3.51 59.1

60 2.58 69.9

© 2025 The Author(s). Published by the Royal Society of Chemistry

attached to a sulfonamide group (-SO,NH,) at the para position
and an aromatic amine group (-NH,). However, the sulfon-
amide and aromatic amine bonds in the molecule are quite
stable under normal conditions, requiring a catalyst system
with the ability to generate strong oxidant radicals for effective
destruction. Under the action of UV/PS/CuMnO,@CoPc/Ti
system, the original SFA molecule (m/z = 172) underwent
oxidation of the sulfonamide radical. The NH, radical of the —
SO,NH, group was transformed into the sulfonic hydroxyl
group -SO,0H, forming the intermediate product F1 (m/z =
173). This is a typical transformation process that occurs when
the SO,"~ radical attacks the nitrogen atom, replacing the NH,
group with -OH through a simultaneous hydrolysis-oxidation
mechanism.** F1 can then decompose in two directions. In
the first direction, the -SO,OH group is cleaved, losing the
sulfonic chain and leaving the benzene ring, forming F2 (m/z =
93). The second pathway is the decomposition of the remaining
-NH, group of the molecule, forming F3 (m/z = 158), indicating
that the free radical attack is not limited to the sulfonamide
group but also affects the aromatic amine group (Fig. 15).

RSC Adv, 2025, 15, 33916-33935 | 33931
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Fig. 15 Possible degradation pathways of SFA by CuMnO,@CoPc/Ti
foam/UV/PS.

The convergence of the two pathways is the intermediate
product F4 (m/z = 94), which can be formed from both F2 and
F3. F4 is a small molecule, representing a simplified structure of
a strongly modified aromatic ring, possibly a derivative of
hydroxylated benzoic acid or simple oxidized aromatic amines.
Once formed, F4 is further degraded through free radical
oxidation reactions, including carbon chain cleavage and
substituent removal, forming small organic acids such as for-
mic acid, acetic acid, and finally CO, and H,O - indicative of
complete mineralization.

The TOC results obtained under the same reaction condi-
tions (SFA 10 mg L™, PS 2.0 mM, catalyst 0.5 g L™, UV 365 nm)
showed that the initial TOC concentration of 7.86 mg L~"
decreased to 2.21 mg L " after 60 min, achieving a mineraliza-
tion yield of 71.9% (Table 4). The TOC reduction trend showed
that the decomposition process was steady and efficient,
without the accumulation of stable intermediate products.

3.5. Durability and reusability of catalyst system

Reusability is one of the most important criteria to evaluate the
practical application efficiency of a heterogeneous catalytic
system in the treatment of polluted water, especially for stable
antibiotic compounds such as ofloxacin (OFL), levofloxacin
(LEVO) and sulfanilamide (SFA). In this study, the CuMnO,®@-
cobalt phthalocyanine (CoPc) catalyst system immobilized on
titanium foam (Ti foam) was tested for durability through

Table 4 TOC values over time in the UV/PS/CuMnO,@CoPc/Ti
system with SFA

Time (min) TOC (mg L) Degree of mineralization (%)
0 7.86 0

15 6.32 19.6

30 4.58 41.7

45 3.29 58.1

60 2.21 71.9
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Table 5 TOC mineralization efficiency (%) after reuse cycles of
CuMnO,@CoPc/Ti foam

TOC mineralization efficiency, %

Cycle Ofloxacin Levofloxacin Sulfanilamide
1 69.3 69.9 71.9
2 69.0 69.2 71.3
3 67.2 68.5 70.1
4 65.3 65.9 68.6
5 62.4 63.2 66.9

consecutive reuse experiments under the same reaction condi-
tions (10 mg per L antibiotic, 2.0 mM PS, UV 365 nm, 0.5 g per L
catalyst, 60 min). After each cycle, the catalyst material was
gently washed with distilled water and ethanol, dried at 60 °C
and continued to be used for the next cycle. The results showed
that the TOC mineralization efficiency of the catalyst system
decreased very slightly after 5 cycles of use for all three antibi-
otics (Table 5). Specifically, for ofloxacin, the yield decreased
from 69.3% to 62.4%; levofloxacin decreased from 69.9% to
63.2%; and sulfanilamide had the highest stability, with the
yield only decreasing from 71.9% to 66.9% after 5 uses. This
insignificant difference proves that the catalyst system is
capable of maintaining high oxidation activity, less affected by
intermediate products or active metal leaching during the
reaction.

The above results show that the CuMnO,@CoPc/Ti system
has a stable structure and good resistance to leaching. In
particular, the higher stability of the catalyst in SFA treatment
may originate from the simpler molecular structure of SFA,
which generates less intermediate products attached to the
catalyst surface compared to fluoroquinolones such as OFL and
LEVO. On the contrary, the decomposition of OFL and LEVO
may generate some hydroxylated aromatic intermediate prod-
ucts or amino acids, which partially hinder the catalytic surface
activity in the following cycles. However, the performance
degradation after 5 cycles is below 7%, which shows the durable
working ability and wide application of the studied catalyst.

In addition, SEM-EDS analysis after 5 cycles did not show any
obvious changes in surface morphology or elemental distribu-
tion of Cu, Mn and Co on the titanium support, demonstrating
that the active sites were stably fixed in the catalyst network.
Phthalocyanine cobalt, thanks to its - bond and strong
electronic interaction with the metal oxide, was not easily
washed away, maintaining its effective PS activation role over
many cycles (Fig. 16).

ICP-OES analysis of the post-reaction solution confirmed
minimal metal leaching: the leaching concentrations (mg L)
of the metals from the 1st to the 5th cycles were Cu 0.008 —
0.012, Mn 0.006 — 0.009, and Co 0.004 — 0.006, respectively,
equivalent to approximately 40-60 pg g ' catalyst per cycle,
demonstrating the strong chemical stability of the catalyst
(Table S3).

From the above experimental results and discussions, it can
be affirmed that the CuMnO,@CoPc/Ti catalyst system not only
has high efficiency in degrading three typical antibiotics

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Elements Cu Mn Co (¢] Ti
Contents (%) 13,4 123 20 386 337

Fig. 16 SEM-EDS analysis of CuMnO,@CoPc/Ti foam/UV/PS after 5 cycles.

representing different structural groups, but also has stable
durability and reusability after many reaction cycles. This opens
up the potential for wide application of the material in the
treatment of wastewater containing antibiotics in hospitals,
pharmaceutical factories, or water treatment systems and water
reuse in the future.

4 Conclustion

This study demonstrates that a thin, conformal cobalt-
phthalocyanine overlayer on crystalline CuMnO,, immobilized
as a monolith on Ti foam, creates a robust redox-photosensi-
tizer junction that accelerates UV/PS antibiotic removal.
Degradation of ofloxacin, levofloxacin, and sulfanilamide
follows pseudo-first-order kinetics with k., = 0.0426 & 0.0015,
0.0410 + 0.0017, and 0.0393 £ 0.0013 min ', respectively,
delivering >90% conversion in 60 min accompanied by ~69-
72% TOC mineralization. Optical characterization shows that
CoPc broadens the absorption envelope and narrows the
apparent band gap from ~1.41 to ~1.31 eV, enabling more
efficient light harvesting and interfacial charge transfer.
Mechanistically, EPR spin-trapping identifies SO,"~ as the
dominant oxidant with a secondary 'OH contribution, while
XPS before/after cycling confirms stable Cu®>*/Cu* and Mn**/
Mn*" surface couples and unchanged Co states—evidence that
the active redox pairs persist during operation. The monolithic
architecture simplifies recovery and resists attrition: activity is
retained over at least five cycles, and ICP-OES detects ultra-low
metal release (Cu 0.008 — 0.012, Mn 0.006 — 0.009, Co 0.004
— 0.006 mg L™" from cycle 1 — 5; all < 0.1 mg L"), mini-
mizing secondary contamination risks.

From a process standpoint, the catalyst's durability and
separability make it a credible platform for UV/PS polishing of
antibiotic-bearing waters. Practical deployment should include
residual persulfate quenching (e.g., thiosulfate), sulfate/TDS
management, and—where water reuse is targeted—

© 2025 The Author(s). Published by the Royal Society of Chemistry

downstream polishing (biologically active filtration and/or
activated carbon) plus final disinfection to meet fit-for-
purpose quality criteria.
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