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Antibiotics are frequently detected in aquatic environments, posing potential risks to ecological systems and

human health. Among the various treatment strategies, advanced oxidation processes (AOPs) utilizing

peroxymonosulfate (PMS) activation stand out due to their ease of activation and potent oxidative

capabilities. This study synthesized manganese–iron–copper layered double hydroxides coupled with

graphene oxide (MnFeCu-LDH/GO) using eco-friendly transition metals. Optimal conditions of pH 7, 298

K, and 0.2 g L−1 dosage of both catalyst and PMS achieved 98% CTC removal in 30 minutes. The

composite was employed for the degradation of chlortetracycline (CTC) through PMS activation.

Reactive oxygen species (ROS), including 1O2, cOH, and SO4c
−, were identified and quantified through

trapping and quenching experiments, and 1O2 was identified, to be the most significant contributor to

degradation. The catalyst demonstrated excellent reusability, maintaining high degradation efficiency

after five cycles. These findings suggest that MnFeCu-LDH/GO-activated PMS is a promising method for

mitigating antibiotic contamination in water.
1. Introduction

Antibiotics are essential in treating infectious diseases,
promoting human health, and supporting animal growth.
However, a signicant portion, ranging from 30% to 90%, is
excreted in urine and feces, either unchanged or as metabolites,
and ultimately ends up in water systems.1 While concentrations
of antibiotics in aquatic environments can range from nano-
grams per liter to milligrams per liter, even low levels pose
potential risks to ecosystems and human health.2,3 The presence
of antibiotics in the environment is a key factor in the develop-
ment and spread of antibiotic-resistant genes (ARGs), a growing
global health concern.4 Despite efforts to manage wastewater,
current treatment plants are ineffective at fully removing antibi-
otics, as evidenced by the ongoing detection of a wide range of
antibiotics in both effluent and sludge. Furthermore, untreated
or inadequately treated wastewater from rural households, live-
stock farms, and aquaculture facilities in many developing
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countries oen enters water bodies.5,6 The lack of a universally
effective treatment method for antibiotic-contaminated waste-
water underscores the urgent need for more efficient treatment
technologies to address this issue.

AdvancedOxidation Processes (AOPs) have attracted signicant
attention due to their ability to generate highly reactive species
(e.g., hydroxyl radicals (cOH), etc.), which are effective in degrading
trace, high-risk antibiotics.7,8 AOPs utilizing persulfates, such as
peroxymonosulfate (PMS) and peroxydisulfate (PDS), produce
reactive species like, cOH, sulfate radicals (SO4c

−), and singlet
oxygen (1O2).9 These processes offer several advantages, including
the removal of a wide range of organic pollutants, applicability
across different pH levels, ease of peroxysulfate storage, and
straightforward activation methods, making them promising for
environmental remediation.10,11 Among various activation
methods, heterogeneous metal catalysts are oen studied for
persulfate activation due to their cost-effectiveness, ease of use,
and high efficiency.12,13 Consequently, there is an urgent need to
develop environmentally friendly transition metals for catalyst
development, ensuring both the effectiveness of AOPs based on
persulfate activation and their environmental sustainability.

Layered double hydroxides (LDHs), also known as anionic
clays or hydrotalcite-like materials, are a class of two-
dimensional inorganic compounds with the ability to interca-
late anionic species within their interlayer spaces.14,15 The
versatility of LDHs arises from their tunable composition,
which includes the ratio of lamellar metal elements and inter-
layer anions, as well as the homogeneous distribution of metal
RSC Adv., 2025, 15, 5277–5285 | 5277
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cations. These characteristics make LDHs suitable for various
applications, especially in multiphase catalysis. LDHs are well-
known for their ability to activate O–O bonds in hydrogen
peroxide (H2O2) to generate hydroxyl radicals (cOH),16,17 which
suggests their potential to activate O–O bonds in persulfate salts
(PMS) as well. Despite this potential, the use of LDHs for PMS
activation remains relatively underexplored. Yang et al. have
investigated Co-based LDHs and their ability to activate PMS for
organic dye degradation,18 demonstrating effective catalytic
activity. However, the leaching of metal ions, particularly Co2+,
from these catalysts during activation poses signicant risks to
human health and the environment, as Co2+ ions are toxic and
potentially carcinogenic even in small amounts.19,20

Transition metals such as iron and manganese are expected
to replace Co to achieve green activation of PMS. For example,
studies have found that FeMn-LDH activated PMS to achieve the
degradation of sulfamethoxazole.21 Compared with Co catalyst,
the activation performance still needs to be further improved.
Here, we have noticed that some scholars have introduced
copper into the catalyst, which can effectively improve the
electron transfer efficiency.22 Therefore, the introduction of
copper into ferromanganese hydrotalcite to prepare ternary
hydrotalcite may also effectively improve the efficiency of cata-
lyst activation PMS. In addition, Hybridization with graphene
oxide (GO) can also improve catalytic activity and stability.23

However, at present, the performance of ternary LDH/GO acti-
vated PMS and the electron transfer path in the activation
process are still unclear.

In the present study, we proposed to prepare MnFeCu-LDH/
GO composite material by hybridising MnFeCu-LDH with GO,
to achieve stable, efficient and green activation of PMS. The
impact of various factors, including catalyst amount, initial pH,
and temperature, on CTC degradation efficiency was investi-
gated. The generation of ROS during the degradation process
was analyzed using electron paramagnetic resonance (EPR)
spectroscopy, and their contribution to CTC degradation were
further assessed. The physicochemical properties of the cata-
lysts, both before and aer PMS activation, were compared, and
their cyclic stability was evaluated through catalyst recycling
and reuse, alongside monitoring CTC degradation efficiency.
This study aims to introduce a novel approach for removing
antibiotics from aquatic environments.
2. Material and methods
2.1 Chemicals reagents

Chlortetracycline, manganese nitrate tetrahydrate, copper
nitrate trihydrate, ferric nitrate nonahydrate, p-benzoquinone,
and furfuryl alcohol were purchased from Shanghai Aladdin
Company. Hydrochloric acid, sodium hydroxide, sodium
carbonate, tert-butanol, and anhydrous ethanol were procured
from the Shanghai Macklin Company.
2.2 Preparation of catalysts

MnFeCu-LDHs were synthesized using a hydrothermal method.
First, 1 mmol of iron nitrate and manganese nitrate, along with
5278 | RSC Adv., 2025, 15, 5277–5285
2 mmol of copper nitrate, were dissolved in 100 mL of deionized
water and sonicated for 30 minutes. This solution was then added
dropwise to a sodium hydroxide and sodium carbonate solution
under vigorous stirring, maintaining a pH of 10. The mixture was
transferred to a hydrothermal reactor and heated at 140 °C for 16
hours. Aerward, the product was centrifuged, washed with
ethanol andwater until neutral, and dried in a vacuumoven at 55 °
C for 24 hours. To prepare theMnFeCu-LDH/GO composite, 0.05 g
of graphene oxide (GO) was ultrasonically dispersed in water for 8
hours. The GO solution was added at a rate of 3 mL min−1 during
themetal solution addition. The nal composite product was then
subjected to centrifugation, washing, and drying.

2.3 Characterization of catalyst

The surface morphology, crystal structure, and shape of the
synthesized ternary hydrotalcites were characterized using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and X-ray diffraction (XRD). Furthermore, X-
ray photoelectron spectroscopy (XPS) was employed to analyze
the ternary hydrotalcites both before and aer the reaction,
enabling the comparison of elemental valence state trans-
formations during the reaction process.

2.4 Catalytic degradation experiments of CTC

The experiments were conducted under consistent conditions:
40 mg of the catalyst was added to 200 mL of CTC solution
(10 mg L−1) at 25 °C and an initial pH of 7, yielding a catalyst
concentration of 0.2 g L−1. The degradation experiments in this
study were conducted under dark conditions. The catalyst was
stirred for 30 minutes using a magnetic stirrer in the absence of
light to achieve adsorption–desorption equilibrium. A solution
of 40 mg of PMS was then added, resulting in a concentration of
0.2 g L−1. Samples were taken at 2.5, 5, 10, 15, 20, and 30
minutes, passed through 0.22 mm microporous membrane
within 30 seconds. The concentrations of CTC were measured
by liquid chromatography equipped with UV/visible and
photodiode array detection (HPLC-DAD; Agilent 1260). HPLC
grade water, methanol and acetonitrile (with 0.025 M KH2PO4)
were used as the mobile phase. The analytes were separated in
an Agilent C18 column (4.6 × 75 mm, 5 mm).

2.5 Data analysis

Statistical analysis was performed using univariate and one-way
ANOVA with SPSS 26.0 soware (IBM Corporation, Armonk,
NY). A value of p < 0.01 was considered statistically signicant.

3. Results and discussion
3.1 Characterization of MnFeCu-LDH/GO

The surface morphology and crystal type of the synthesized
ternary hydrotalcites were characterized using scanning electron
microscopy (SEM), and X-ray diffraction (XRD). Additionally, the
ternary hydrotalcites were characterized using X-ray photoelec-
tron spectroscopy (XPS) before and aer the reaction, for
comparison of elemental valence states before and aer the
reaction. The results of the characterization of MnFeCu-LDH/GO
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The characterization of MnFeCu-LDH/GO: (a) and (b) present the SEM micrographs of MnFeCu-LDH/GO, (c) to (h) present the full XPS
spectrum, the Mn 2p fine spectrum, the O 1s fine spectrum, the C 1s fine spectrum, the Cu 2p fine spectrum, and the Fe 2p fine spectrum of
MnFeCu-LDH/GO, (i) present XRD pattern of MnFeCu-LDH/GO, (j) present Fourier infrared spectra.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 5277–5285 | 5279
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are presented in Fig. 1. Fig. 1(a) and (b) present the SEM micro-
graphs of MnFeCu-LDH/GO, which reveal that MnFeCu-LDH/GO
exhibits a lamellar structure. The single particles display relatively
at hydroxide layer surfaces and discernible stacking structures.24

Moreover, TEM images (Fig. S1 in ESI†) clearly depict the layered
structure of the MnFeCu-LDH/GO composite, conrming the
intercalation of graphene oxide (GO) within the MnFeCu-LDH
structure. Furthermore, the petal-like LDH is observed as being
attached to graphene with a large surface area, thus providing
additional active sites for the catalytic reaction.

Fig. 1(c)–(h) present the full XPS spectrum, the Mn 2p ne
spectrum, the O 1s ne spectrum, the C 1s ne spectrum, the Cu
2p ne spectrum, and the Fe 2p ne spectrum of MnFeCu-LDH/
GO, respectively. The carbon content is markedly elevated
following the doping of graphene oxide. The peak splitting
results indicate that the contents of Mn2+, Mn3+, and Mn4+ were
36.49%, 41.46%, and 22.05%, respectively. Similarly, the
contents of Fe2+ and Fe3+ were 52.18% and 47.82%, respectively,
while the contents of Cu+ and Cu2+ were 48.35% and 51.65%,
respectively. Furthermore, there is a notable reduction in the
lattice oxygen content from 45.20% to 32.24% in MnFeCu-LDH,
while the C]O bond content increases from 6.64% to 19.45%.
Fig. 1(i) depicts the XRD pattern of MnFeCu-LDH/GO, which
exhibits a peak shape analogous to that of MnFeCu-LDH,
accompanied by pronounced characteristic diffraction peaks
of hydrotalcite. Fig. 1(j) depicts the Fourier infrared spectra of
MnFeCu-LDH/GO. Following the addition of graphene oxide,
the peak observed at 3434 cm−1 in MnFeCu-LDH/GO is attrib-
uted to the hydroxyl group stretching vibration, while the peak
at 988 cm−1 is ascribed to the C–O bonding stretching vibration.
Additionally, the characteristic metal–oxygen bonding peaks are
diminished near 473 cm−1, indicating a reduction in the metal–
oxygen bonding content following the doping of graphene
oxide.25 This nding aligns with the observed decline in the
oxygen content of the lattice, as evidenced by the XPS analysis.
3.2 Degradation efficiency of pollutants

The effect of varying CTC concentrations on the degradation
efficiency was rstly investigated (Fig. S2†). The degradation of
Fig. 2 The degradation efficiency of CTC at different dosage MnFeCu-L
degradation kinetics (kobs) (catalyst dosage: 0.05–0.4 g L−1, PMS dosage

5280 | RSC Adv., 2025, 15, 5277–5285
chlortetracycline (CTC) at various initial concentrations, with
10 mg L−1 being the highest concentration tested. As the initial
concentration of CTC increases, the degradation efficiency
decreases, with lower degradation observed at higher concen-
trations. Therefore, we chose 10 mg L−1 as the initial concen-
tration in the subsequent experiment. Fig. 2 illustrates the
degradation effect of MnFeCu-LDH/GO-activated PMS for CTC
degradation at varying catalyst dosages. The experimental
results show that PMS alone has a limited ability to degrade
CTC, achieving only 24.1% degradation within 30 minutes. This
is likely due to PMS's inherent oxidation capacity, which
produces a small amount of cOH free radicals in water.26

However, when MnFeCu-LDHs were added as a catalyst (0.2 g
L−1), the concentration of CTC decreased rapidly within 2.5
minutes, with a removal rate of 78.68%, which further increased
to 91.18% aer 30 minutes. These results indicate that
MnFeCu-LDHs effectively activate PMS, producing a variety of
active species that facilitate the efficient degradation of CTC.
Further experiments with varying catalyst concentrations (0.05,
0.1, 0.3, and 0.4 g L−1), while maintaining the PMS dosage at
0.2 g L−1, showed that increasing the catalyst concentration
from 0.05 g L−1 to 0.2 g L−1 signicantly improved the degra-
dation efficiency. The degradation kinetic constants were tted
using a pseudo-rst-order kinetic model, as shown in Fig. 2(b),
the degradation rate constant increased with catalyst concen-
tration (from 0.048 min−1 to 1.31 min−1). This is because
a higher catalyst concentration provides more active sites and
free radicals for PMS activation, thus enhancing CTC degrada-
tion. However, when the catalyst concentration increased
further to 0.4 g L−1, the degradation curve leveled off, and the
improvement in CTC degradation became minimal. This
suggests that PMS activation reached saturation at this
concentration, with PMS concentration becoming the rate-
limiting factor for CTC catalytic degradation.

The effect of pH on MnFeCu-LDH/GO activating PMS to
degrade CTC was studied as shown in Fig. 3(a). At an initial pH
of 4, the catalytic degradation efficiency of MnFeCu-LDH/GO
was 68.38%, 79.41%, and 87.50% at 5, 15, and 30 minutes,
respectively. At an initial pH of 6, the catalytic degradation
DH/GO, (a) present removal rate, (b) present obvious rate constant of
: 0.2 g L−1, reaction temperature = 25 °C).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The degradation efficiency at different initial pH and temperature of MnFeCu-LDH/GO, (a) present degradation efficiency at different
initial pH, (b) present degradation efficiency at different initial temperature (reaction conditions: initial CTC concentration = 10 mg L−1, catalyst
dosage = 0.2 g L−1, PMS dosage = 0.2 g L−1 and reaction temperature = 25 °C).

Fig. 4 The reusability of MnFeCu-LDH/GO (reaction conditions: initial
CTC concentration = 10 mg L−1, catalyst dosage = 0.2 g L−1, PMS
dosage = 0.2 g L−1, reaction temperature = 25 °C and initial pH = 7).
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efficiencies at 5, 15, and 30 minutes were 68.44%, 77.21%, and
85.29%. While, the 0.5 hour degradation efficiencies of CTC
exhibited a slight increase at pH values of 7, 8, and 10, with
respective values of 91.18%, 93.38%, and 97.06%. Overall,
MnFeCu-LDH/GO demonstrates greater property with pH
increasing.

This was done The CTC degradation ability of MnFeCu-LDH/
GO-activated PMS at different temperatures was investigated.
The results of this investigation are presented in Fig. 3(b). The
CTC degradation capacity of MnFeCu-LDH/GO-activated PMS
was markedly enhanced at all temperatures. At 298 K, the
catalytic degradation efficiency reached 73.96% aer 30
minutes. At 308 K, the efficiency increased signicantly to
88.17% within the same duration. A rapid degradation was
observed at 318 K, where 98.82% of the target compound was
degraded. At 328 K, the degradation efficiency achieved 99.40%,
TOF of MnFeCu-LDH/GO catalyst was prepared to be 0.77 h−1,
indicating the reaction reached near-complete degradation in
a shorter time at elevated temperatures. When compared to
other advanced oxidation processes (AOPs) and photocatalytic
systems, our MnFeCu-LDH/GO catalyst shows promising
results. For instance, similar composite catalysts, such as Mn-
based layered double hydroxides (LDHs) activated by PMS,
have been shown to efficiently degrade organic pollutants, but
typically, the degradation efficiency reaches about 80–90%
under similar experimental conditions. Overall, the reaction
rate constants of MnFeCu-LDH/GO at various temperatures
were markedly enhanced.

The MnFeCu-LDH/GO catalyst was recovered post-reaction
by centrifugation, followed by drying, milling, and subsequent
reuse for the catalytic degradation of CTC. The cyclic perfor-
mance results are shown in Fig. 4, aer three consecutive cycles,
the catalytic degradation efficiencies for MnFeCu-LDH/GO were
73.61% at 10 minutes and 82.64% at 30 minutes, respectively.
These ndings underscore the superior reusability and sus-
tained catalytic performance of MnFeCu-LDH/GO.

The post-reaction solutions with initial pH values of 4, 6, 7, 8,
and 10 were subsequently collected and ltered through a 0.22
© 2025 The Author(s). Published by the Royal Society of Chemistry
mm microporous membrane to assess the concentration of
dissolved metal ions from MnFeCu-LDH/GO. The results, as
shown in Fig. 5, indicate that the doping of graphene oxide
signicantly reduced the dissolution of metal ions from
MnFeCu-LDH/GO compared to the undopedMnFeCu-LDH. The
total quantities of dissolved metal ions from MnFeCu-LDH/GO
at pH 4, 6, 7, 8, and 10 were 4145, 3010, 2335, 1995, and 1970
ppb, respectively, markedly lower than those observed for
MnFeCu-LDH, which were 12 565, 7825, 8005, 5910, and 2720
ppb, respectively. This corresponds to a reduction in dissolved
metal ions of 67.01%, 61.53%, 70.83%, 66.24%, and 27.57% at
the respective pH values. These ndings suggest that the gra-
phene oxide-modied catalysts not only exhibit enhanced
RSC Adv., 2025, 15, 5277–5285 | 5281
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Fig. 5 Leaching of ions after the reactions at different initial pH of MnFeCu-LDH/GO, (a) for MnFeCu-LDH, (b) for MnFeCu-LDH/GO (reaction
conditions: initial CTC concentration = 10 mg L−1, catalyst dosage = 0.2 g L−1, PMS dosage = 0.2 g L−1 and reaction temperature = 25 °C).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

12
:4

5:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
environmental stability but also demonstrate more sustainable
performance in terms of metal ion dissolution.
3.3 Mechanism of degradation of CTC by MnFeCu-LHDs/
PMS

To investigate the generation of reactive oxygen species (ROS) in
the reaction system, DMPO was used to capture cOH and SO4c

−

radicals, while TEMP was employed to capture O2c
− and 1O2

species. The characteristic signal peaks for each ROS were
analyzed using electron paramagnetic resonance (EPR) (Fig. 6).
The results conrmed the presence of distinct signal peaks
corresponding to cOH, SO4c

−, O2c
−, and 1O2 within the reaction

system. Notably, the most pronounced signal peaks for 1O2,
Fig. 6 Effect of radicals quenching on degradation of CTC and EPR spe
SO4c

−, (b) and (c) present 1O2 and O2c
−, respectively, (d) present degrad

5282 | RSC Adv., 2025, 15, 5277–5285
cOH, and O2c
− appeared at 1 minute and 10 minutes aer the

addition of PMS. In contrast, the signal peaks for SO4c
− were

strongest at 1 minute but signicantly diminished by 10
minutes. This reduction in intensity at the 10 minute mark
suggests that SO4c

− is less stable and plays a less signicant role
in the later stages of the reaction.

To further elucidate the contribution of individual reactive
species to the degradation of CTC, various quenching agents
were introduced into the reaction system. Anhydrous ethanol
(EtOH) was used to quench both cOH and SO4c

– radicals, tertiary
butyl alcohol (TBA) was applied to quench cOH, p-benzoqui-
none (p-BQ) to quench O2c

–, and furfuryl alcohol (FFA) was used
to quench 1O2.27,28 The results, presented in Fig. 6, demonstrate
a reduction in CTC degradation efficiency following the
ctra in MnFeCu-LDH/GO activating PMS system, (a) present cOH and
ation efficiency of CTC under different quencher.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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addition of these quenchers. Specically, the 0.5 hour removal
efficiency decreased from 91.18% (in the absence of quenchers)
to 76.47% upon the addition of ethanol. Similarly, the intro-
duction of TBA resulted in a 0.5 hour removal efficiency of
85.29%, indicating the involvement of both sulfate and hydroxyl
radicals in the system. Upon the addition of FFA, the removal
efficiency decreased signicantly to 38.24%, suggesting a much
stronger inhibitory effect compared to EtOH and TBA. This
result underscores the critical role of 1O2 in the reaction.
Furthermore, the reduction in O2c

– aer p-BQ addition supports
the conclusion that 1O2 generation is a key factor. Collectively,
these ndings conrm that non-radical processes, specically
those involving 1O2, represent the primary mechanism govern-
ing CTC degradation in this system.

The XPS analysis (Fig. 7) reveals the presence of divalent and
trivalent manganese and iron ions, along with monovalent and
divalent copper ions in the MnFeCu-LDH/PMS system, which
are capable of activating PMS to generate potent oxidizing
species through redox reactions. Notably, the proportions of
these transition metals' valence states underwent signicant
changes before and aer the reaction. Specically, the propor-
tion of Mn2+ decreased from 39.67% to 35.84%, while Mn3+

increased from 44.9% to 49.28%. Similarly, the proportion of
Fe3+ decreased slightly from 36.05% to 35.37%, while Fe2+

increased from 63.95% to 64.63%. For copper, the proportion of
Fig. 7 XPS spectrum of Mn–Fe–Cu LDH before and after reaction, (a) pre
spectra, and Cu spectra, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Cu+ increased from 40.51% to 44.36%, whereas Cu2+ decreased
from 59.49% to 55.64%. Furthermore, a 2.93% reduction in
lattice oxygen content observed in the O 1s spectrum suggests
the involvement of oxygen-containing functional groups on the
catalyst surface in the PMS activation process.

Based on these observations, the following activation
mechanism for PMS in the MnFeCu-LDH system is proposed:
the Mn2+, Fe3+, and Cu2+ ions in MnFeCu-LDH catalyze the
activation of PMS (HSO5

−) via electron transfer processes (eqn
(1)–(3)), producing sulfate radicals (SO4c

−). These SO4c
− radicals

can then react with H2O or OH− to form hydroxyl radicals (cOH)
(eqn (4)).29,30 The high-valence Mn3+, Fe3+, and Cu2+ ions are
reduced to their lower valence states by HSO5

− (eqn (5)), while
oxidation of other metal ions occurs, leading to continuous
redox cycling. The redox potentials for Mn3+/Mn2+ (1.51 V), Fe3+/
Fe2+ (0.77 V), Cu2+/Cu+ (0.34 V), and Mn4+/Mn3+ (0.15 V) facili-
tate synergistic interactions, thereby enhancing the overall
catalytic activity of the multi-metal system31,32 (eqn (6)–(10)).
Moreover, Mn2+, Fe2+, and Cu+ ions bind to H2O and OH− on the
catalyst surface, contributing further to PMS activation (eqn (11)
and (12)). In addition, singlet oxygen (1O2) is produced through
PMS decomposition and the reaction between O2c

− and H2O
(eqn (13) and (14)). Consequently, the degradation of CTC is
driven by the synergistic action of multiple reactive oxygen
species, including SO4c

−, cOH, 1O2, and O2c
−.
sent total spectra, (b) to (f) present C spectra, O spectra, Mn spectra, Fe
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Mn2+/Mn3+ + HSO5
− / Mn3+/Mn4+ + SO4c

− + OH− (1)

Fe2+ + HSO5
− / Fe3+ + SO4c

− + OH− (2)

Cu+ + HSO5
− / Cu2+ + SO4c

− + OH− (3)

SO4c
− + OH− / cOH + SO4

2− (4)

Fe3+/Mn3+/Cu2+ + HSO5
− / Fe2+/Mn2+/Cu+ + SO5c

− + H+

(5)

Mn3+ + Fe2+ / Mn2+ + Fe3+ (6)

Mn3+ + Cu+ / Mn2+ + Cu2+ (7)

Fe3+ + Cu+ / Fe2+ + Cu2+ (8)

Cu2+ + Mn3+ / Cu+ + Mn4+ (9)

Fe3+ + Mn3+ / Fe2+ + Mn4+ (10)

Fe2+/Mn2+/Cu+–OH− + HSO5
− /

Fe2+/Mn2+/Cu+–OHOSO3
− + OH− (11)

Fe2+/Mn2+/Cu+–OHOSO3
− / Fe3+/Mn3+/Cu2+ + SO4c

− (12)

HSO5
− + SO5

2− / HSO5
− + SO4

− + 1O2 (13)

2O2c
− + H2O / HOO− + OH− + 1O2 (14)

Overall, the addition of GO improves the surface area and
provides additional active sites for the catalytic reaction.
Furthermore, GO helps in stabilizing the MnFeCu-LDH parti-
cles, preventing their aggregation and leaching during the
reaction. GO also facilitates the electronic transfer, which
enhances the activation of PMS and, consequently, the degra-
dation efficiency of CTC. This explanation has been incorpo-
rated into the revised discussion section to clarify how GO
contributes to the observed improvements.
4. Conclusion

The synthesis of MnFeCu-LDH/GO was successfully achieved
and their application to activated PMS for CTC degradation was
investigated. The ndings revealed that the MnFeCu-LDH/GO
exhibited excellent catalytic activity and were capable of effi-
ciently removing CTC from aqueous environments.

(1) At an initial pH of 7 and a catalyst/PMS dosage of 0.2 g
L−1, the CTC removal rate reached 91.18% within 30 minutes.

(2) Increasing both the catalyst dosage and reaction
temperature further enhances the efficiency of CTC degrada-
tion. However, when the catalyst dosage exceeds 0.2 g L−1, the
enhancement effect becomes negligible. Elevated PMS
concentrations can lead to the formation of SO5c

− through
reactions with SO4c

− and cOH, which ultimately reduces the
overall oxidizing potential.

(3) The involvement of various reactive species in the CTC
degradation process was conrmed through quenching
5284 | RSC Adv., 2025, 15, 5277–5285
experiments and EPR detection. Among these, 1O2 contributed
the most to degradation, followed by cOH and SO4c

−.
(4) The presence of different valence states of metal ions on

the catalyst surface promotes redox cycling due to the differ-
ences in their redox potentials, thereby generating a synergistic
effect that enhances catalytic activity. Aer ve cycles of use, the
catalyst maintained substantial catalytic degradation efficiency
for CTC, demonstrating excellent reusability.
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