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skite-mediated
peroxymonosulfate activation for the efficient
degradation of bisphenol A

Xin Zhong, *ab Wenting Wu,b Haonan Jieb and Fubin Jianga

Sulfate radical-based technology has been considered as an efficient technology to remove

pharmaceuticals and personal care products (PPCPs) with heterogeneous metal-mediated catalysts for

the activation of peroxymonosulfate (PMS). In this study, La2CoO4+d perovskite with Ruddlesden–Popper

type structure was synthesised by the sol–gel method, which was employed in PMS activation. Different

characteriazation technologies were applied for the characterization of La2CoO4+d, such as SEM-EDX,

XRD, and XPS technologies. A common organic compound, bisphenol A (BPA), is used as a target

contaminant, and the effect impactors were fully investigated and explained. The results showed that

when the dosage of La2CoO4+d was 0.5 g L−1 and the concentration of PMS was 1.0 mM in neutral pH

solution, about 91.1% degradation efficiency was achieved within 25 minutes. Quenching experiments

were introduced in the system to verify the catalytic mechanism of PMS for the BPA degradation,

proving the existence of superoxide, hydroxyl radicals and sulfate radicals, which are responsible for the

catalytic degradation of BPA. Moreover, the reusability and stability of the catalyst were also conducted

which showed good stability during the reaction. This work would improve the applications of A2BO4-

type perovskites for activating PMS to degrade BPA.
1. Introduction

In recent decades, the increasing water contamination problem
has received more attention, and is caused mostly by recalci-
trant organic compounds.1–4 These compounds usually leave
trace concentrations in the effluent, which degrade slowly in the
environment and are also difficult to remove by the conven-
tional processes, such as the activated sludge method, coagu-
lation and occulation, precipitation and absorption.5–7

Bisphenol A is widely used as a synthetic material in various
areas not only in the production of water bottles but also for
livestock.8 It is reported that the trace concentration of BPA
compounds has been reported to be detected in water, soil and
sewage.9–11 The residual BPA in the environment can cause side
effects in humans, resulting in endocrine disorders, obesity and
even cancer.12 It is crucial to explore efficient and environ-
mentally friendly methods for the degradation of BPA in the
environment to minimize the side effects of the residuals.

Advanced oxidation processes (AOPs) have been widely used
to degrade the recalcitrant organic pollutants in water.13–16 The
role of AOPs is to combine homogeneous/heterogeneous metal-
mediated catalysts with certain oxidants (such as H2O2,
peroxymonosulfate/persulfate and/or oxygen) in order to
cation Centre, Beijing Normal University
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generate the reactive oxidant species for the mineralization of
organic pollutants with low toxicity or even harmlessness to the
environment.17–19 Hydroxyl radicals are the commonly used
radicals in AOPs, which have high removal efficiency to degrade
the pollutants but suffer acidic reaction conditions, short half-
life time and non-selective to the pollutants.20–22 To overcome
this shortage, the sulfate radical-based technology (SR-AOP) has
been going through full development, due to its higher oxida-
tive potential, longer half-life time and milder reaction condi-
tions with a wide range of pH solutions.23–25 Peroxymonosulfate
(PMS) is oen used as an oxidant in SR-AOP in order to produce
the sulfate radicals, which can be activated by many methods.
In contrast to the energy-based activation, such as solar/UV,
ultrasound, electrical and thermal activation, the catalytic
activation is more commonly used due to its low-cost and effi-
ciency in the decomposition of PMS by transition metal ions
and heterogeneous catalysts.26–28 In the SR-AOP systems, many
reactive oxygen species, including hydroxyl radicals, singlet
oxygen and superoxide, can be generated in the presence of
heterogeneous perovskite catalysts, such as La2CuO4+d,29

LaFe1−xCoxO3,30 LaCoO3
31 and LaRuO3.32 Moreover, the system

of heterogeneous catalyst activated PMS has received more
attention, since the separation of heterogeneous catalysts is
more feasible and prevent the secondary pollution problem in
the homogenous systems. Thanks to the presence of reactive
oxidant species, the activation efficiency is excellent, the reac-
tion operation is less complex, the cost is lower (compared with
RSC Adv., 2023, 13, 3193–3203 | 3193
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the energy-based sulfate radical processes) and the metal ions
leached in the water effluent was limited in the heterogeneous
systems.

The perovskite catalyst possessed the ABO3 structure, in
which A and B are oen used as earth metals and transition
metals.33–35 Many elements are chosen to form the perovskite
structure, and even the substitution of partial elements would
still maintain the structure without detriment.36 Among various
transition metal ions, cobalt-based perovskites attract more
attention and show good catalytic efficiency and stability with
limited cobalt ions leaching in the reaction.37 The redox active
Co(III)/Co(II) pairs facilitate the feasible transition on the catalyst
surface. To boost the catalytic efficiency, many efforts have been
made.38–40 First, a smaller particle size and larger pore diameter
with a higher BET surface area could provide more active sites
for the subsequent reaction. On the other hand, the A-site and
B-site would be partially substituted by other ions with cation
decient to regulate the surface physicochemical properties,
which exhibit inspiring catalytic performance due to the
generation of oxygen vacancies. However, compared with ABO3-
type perovskites, A2BO4-type perovskites could exhibit more
feasibility in the redox pair transition and show good stability
due to their structure for more extra spaces between A-site and
B-site atoms.41 This kind of perovskite consists of ABO3 and rock
salt (AO) layers, which along with the Ruddlesden–Popper
mixed oxides (R–P type), exhibiting better exchange and oxygen
diffusion than other types of perovskites. Several studies on the
R–P-type perovskites were used for the activation of PMS for the
degradation of chemical pollutants.42–44 To the best of our
knowledge, there are few studies on the activation of PMS by
La2CoO4+d for the degradation of BPA.

Based on the above results, in this study, perovskite La2-
CoO4+d (LCO) with was fabricated via sol–gel methods and used
as a catalytic activator for PMS to remove BPA from water. The
physicochemical properties and morphology of LCO have been
systematically characterized by many techniques. In addition,
the effect of different experimental conditions on the BPA
degradation efficiency and different water matrices, including
pure water, Xijiang river water (XW) and sea water (SW), was
tested. Further experiments were carried out, such as the reus-
ability, kinetics and mechanism in the system, in order to
evaluate the actual application potential of LCO. Additionally,
the quenching experiments were conducted to investigate the
degradationmechanism. The goal of the study was to obtain the
LCO with a very low amount of cobalt leaching into the water to
obtain the environmental requirements. This research offered
a creative idea about the high catalytic activity of LCO in the
decomposition of PMS, which provides a new way to illustrate
the mechanism of the LCO/PMS process in actual wastewater.

2. Materials and methods
2.1. Chemicals

The chemical reagents were all analytical grade and used
without further purication. For the synthesis of the perov-
skites, lanthanum nitrate hexahydrate (La(NO3)3$6H2O), cobalt
nitrate (Co(NO3)2$6H2O), and oxone
3194 | RSC Adv., 2023, 13, 3193–3203
(KHSO5$0.5KHSO4$0.5K2SO4) were purchased from Rhawn
Industrial Corporation (China). The other chemical reagents
were purchased from Aladdin Industrial Corporation. Solutions
were prepared by in deionized water.

2.2. Preparation and characterization of LCO

The sol–gel method was employed to synthesize the LCO
particles. Amounts of La(NO3)3$6H2O, citric acid and
Co(NO3)2$6H2O were appropriately weighed (with molar ratio of
2 : 3 : 1, 2.98 g, 1.98 g and 1.0 g, respectively) and dissolved in
15 mL of deionized water under vigorous stirring at room
temperature. The obtained homogeneous mixture was stirred in
water bath for 2 h at 80 °C to make water evaporated slowly and
the wet pink-peach gel was obtained which is sticky to ow. The
substance was dried at 120 °C for 12 h in air to ensure that
substance was completely dried. The dried powder was calcined
in muffle furnace in air with the heating rate of 2 °Cmin−1 up to
550 °C and temperature remains for 4 h, and the desired
perovskite LCO catalyst was got.

X-ray diffraction (XRD) patterns were obtained using
a Bruker D8ADVANCE X-ray diffractometer with a graphite
monochromatic Cu Ka radiation (l = 1.54 Å) at an accelerating
voltage of 40 kV and a current of 30 mA over a 2q scanning range
of 10°–80°. Scanning electron microscopy (SEM) was performed
on a Hitach SU8220 eld emission with an X-ray energy
dispersive spectra (EDS) instrument to determine the element
distribution. The X-ray photoelectron spectroscopy (XPS) was
conducted to obtain the surface chemical information with
a Thermo Fisher ESCALAB250Xi. The textural properties of the
samples were analysed by N2 adsorption–desorption technology
using automatic Micromeritics Instrument Corporation TriStar
II 3020.

2.3. Experimental procedures

In this study, a certain amount of PMS was added to a 250 mL
glass beaker containing 100 mL BPA solution at 0.05 mM. The
pH solution was maintained unadjusted, which was a neutral
pH of 6.8 ± 0.2. The reaction was performed at room temper-
ature (25± 2 °C) withmagnetic stirring at 500 rpm. At rst, 0.5 g
L−1 catalyst was added to the BPA solution in advance. At
certain time intervals, 1 mL samples were collected by syringe
and ltered through 0.22 mm membranes to remove the cata-
lyst, and then the sample was mixed with 10 mL methanol
(MeOH) to terminate the reaction before analysis by high-
performance liquid chromatography (HPLC). The concentra-
tion of BPA was measured via a high-pressure liquid chroma-
tography (HPLC) system (LC-16, Shimadzu) which was equipped
with a C18 (4.6 mm × 150 mm, 5 mm) column and a UV
detector which set at 278 nm. The mobile phase was 70%MeOH
and 30% ultrapure water, and the speed was set to 1.0
mL min−1. Experiments were conducted at least three times,
and the average value was used.

In the typical quenching experiments, methanol (MeOH) was
employed to capture hydroxyl radicals and sulfate radicals. Tert-
butyl alcohol (TBA) was used for scavenging hydroxyl radicals.
Benzoquinone (BQ) was used to scavenge superoxide radicals.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Moreover, in the reusability experiments, the catalyst was
centrifuged at 8000 rpm for 7 min. The obtained catalyst was
washed with deionized water in order to remove the residual
chemicals on the surface of the catalyst, and then re-dispersed
into fresh BPA solution for the next experiment run.
3. Results and discussion
3.1. Physicochemical characteristics of LCO

As shown in Fig. 1, the X-ray diffraction patterns of the LCO
catalyst were consistent with previous reports, which exhibit
a well crystallized perovskite phase. The characteristic diffrac-
tion peaks of the sample centred at 24.1°, 31.4°, 32.6°, 42.7° and
46.7° correspond to the representative reections of the (111),
(113), (200), (115) and (220) lattice planes, respectively. The
average crystalline size was calculated to be approximately
14 nm according to the Scherrer equation.20 Nearly no impurity
peaks or deviations were observed in the patterns. The La2-
CoO4+d diffraction peaks show a good match to a Ruddlesden–
Popper type phase of La2CoO4 (No. 72-0937).44 The sharp phase
of LCO pointed out indicated the good crystallinity and small
crystal size of the as-synthesized catalyst. The XRD patterns
were maintained during the LCO/PMS process, indicating the
stability of the LCO catalyst. In addition, the adsorption
Fig. 1 (a) XRD patterns of fresh and used LCO catalyst; (b) isotherm
image of LCO catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
isotherms of the LCO catalyst were also investigated with a type
IV isotherm, which evidenced the presence of a mesoporous
structure. The BET surface area of the samples was 6.85 m2 g−1

with a pore diameter of 23.1 nm which conrmed the meso-
porous structure of LCO.

The morphology of the LCO catalyst was determined by SEM,
as shown in Fig. 2. The catalyst was observed in consists of
smooth irregular agglomerates with clear boundaries. As
measured by EDX, the catalyst sample is composed of three
elements, La, Co and O, where the average atomic percentage of
La and Co was calculated as 2.23 (the La/Co atomic ratio) and
the La/O atomic ratio was 2.41. This atomic ratio was really close
to the standard stoichiometric ratio, indicating that the catalyst
was successfully synthesized. The mapping images of the LCO
catalyst were also observed and are shown in Fig. 2(d)–(f). The
results showed that three elements, La, Co and O, was partici-
pated in the catalyst all over the surface. The distribution of Co
species on the surface of the catalyst could be a good activator in
the activation of PMS, leading to the generation of reactive
species for the elimination of BPA.

In order to explore the surface properties of the LCO catalyst,
XPS measurements were carried out.45 As shown in Fig. 3, the
survey spectra indicated that there are three elements present in
the LCO catalyst. The double peaks centred at 850.6 eV and
854.9 eV were responsible for the La 3d3/2, and the double peaks
centred at 833.7 eV and 837.4 eV were responsible for the La 3d5/
2. Meanwhile, the peaks at 779.5 eV and 789.3 eV were corre-
sponded to Co 2p3/2, and the peak at 781.4 eV was corresponded
to Co 2p1/2, respectively. The high resolution of the O 1s XPS
spectra is also observed in Fig. 3d. The O 1s peak could be
Fig. 2 (a and b) SEM images of LCO catalyst; (c) EDX spectra of LCO
catalyst; (d–f) mapping images of LCO catalyst.

RSC Adv., 2023, 13, 3193–3203 | 3195
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Fig. 3 XPS spectra of LCO (a) survey spectra; (b) La 3d; (c) Co 2p; (d) O
1s.

Fig. 5 BPA degradation in different reaction systems. Reaction
conditions: [BPA]= 0.05 mM, [PMS]= 1.0 mM, [LCO]= 0.5 g L−1, initial
PH = 6.8.
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deconvoluted into three single peaks at 528.8, 531.2 and
532.9 eV, indicating the presence of O2−, the adsorbed oxygen
species and the vibration stretching of hydroxyl groups of
absorbed H2O.46–48

As shown in Fig. 4, the two peaks near 400 cm−1 and
600 cm−1 were observed, which were attributed to the stretching
and bending vibrations of the Co–O bond. The bands centred at
1390 cm−1 and 3500 cm−1 was corresponded to the residual
nitrate and the H2O molecules.49
3.2. Catalytic activity of catalyst

The degradation of BPA was investigated in different systems to
verify the catalytic activity for the activation of PMS which
shown in Fig. 5. The results showed that negligible BPA removal
was observed by LCO alone, evidencing that the adsorption of
the catalyst is limited. Meanwhile, it is observed that only 8.2%
of BPA was observed by using PMS alone, which was attributed
to little decomposition of PMS. With the presence of LCO and
PMS, the removal efficiency was signicant and reached to
91.1% in 25 min. However, the removal efficiency was only
28.8% in the presence of leaching concentrations of Co2+
Fig. 4 FTIR spectra of fresh and used LCO catalyst.

3196 | RSC Adv., 2023, 13, 3193–3203
(approximately 0.026 mg L−1, measured by ICP-MS) and PMS.
The results showed that the LCO played a major role in the
activation of PMS. In order to evaluate the reaction kinetics of
BPA elimination in the LCO/PMS process, a pseudo-rst-order
equation was expressed in eqn (1).

ln(C0/Ct) = Kobs × t (1)

where C0 is the BPA concentration at 0.05 M, Ct is the BPA
concentration during in the degradation process, Kobs represents
the pseudo-rst-order constant (min−1) and t is the reaction time.
The reaction constant of LCO/PMS was approximately
0.1175 min−1, which was in good agreement with previous
studies.50–52 The results showed that the LCO exhibited high activity
in the activation of PMS with the advantage of a short reaction
time. The LCO catalyst could effectively activate PMS to generate
reactive oxidant species for the rapid removal speed of BPA.
3.3. Effect of catalyst dosage

To determine the effect of catalyst dosage on the removal of
BPA, a series of different catalyst dosages were performed, as
the catalyst was recognized as the provider of active sites for the
decomposition of PMS.

As shown in Fig. 6, the degradation efficiency was acceler-
ated by increasing the catalyst dosage from 0.1 g L−1 to 1.0 g
L−1. In addition, the reaction rate constant was also boosted
from 0.0553 min−1 to 0.1294 min−1. The results could be
attributed to the occurrence of more active sites for the activa-
tion of PMS provided by the LCO catalyst.53 Due to the presence
of more active sites for the decomposition of PMS, more reactive
oxidant species were generated, leading to higher degradation
efficiency. However, when the catalyst dosage reached to 1.0 g
L−1, the increment of degradation efficiency and rate was not
signicant, as the rate constant reached to 0.1294 min−1. It is
speculated that the reason is the agglomeration effect of excess
catalyst and the quenching experiment of radicals with each
other. As a result, 0.5 g L−1 LCO catalyst was used for the
subsequent experiments due to the economic concerns.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of catalyst dosage on BPA degradation. Reaction
conditions: [BPA] = 0.05 mM, [PMS] = 1.0 mM, [LCO] = 0.1–1.0 g L−1,
initial PH = 6.8.

Fig. 7 Effect of PMS concentration on BPA degradation. Reaction
conditions: [BPA] = 0.05 mM, [PMS] = 0.1–1.0 mM, [LCO] = 0.5 g L−1,
initial PH = 6.8.

Fig. 8 Effect of initial pH on BPA degradation. Reaction conditions:
[BPA] = 0.05 mM, [PMS] = 1.0 mM, [LCO] = 0.5 g L−1, initial PH = 3.1–
9.1.
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cOH + cOH / H2O2 (2)

SO4c
− + SO4c

− / S2O8
2− (3)

SO4c
− + cOH / HSO5

− (4)

3.4. Effect of PMS concentration

It has been reported that the PMS concentration efficiently
affect the degradation efficiency and rate.54–56 Used as the
oxidant in the process, low PMS concentration in the system
resulted in a weaken degradation efficiency due to less forma-
tion of reactive species, which was observed to result in a higher
degradation efficiency with a higher PMS concentration.
However, the high concentration of PMS might lead to the
scavenging of excess PMS and sulfate radicals, causing
a decrease in degradation efficiency. In this study, the degra-
dation efficiency of BPA increased in good agreement with the
increase in PMS concentration ranging from 0.1 mM to 1.0 mM,
while the rate constant gradually increased from 0.033 min−1 to
0.1175 min−1. When 1.0 mM PMS was used in the system, the
rate constant was 0.1175 min−1, which was slightly increased
despite of the highest removal efficiency of BPA, which could be
attributed to the scavenging effect. Based on these results,
a 1.0 mM PMS concentration was selected as the optimal
oxidant concentration for the subsequent experiments (Fig. 7).

3.5. Effect of pH

The pH solution affected the degradation removal of pollutants
in the heterogenous catalyst/PMS system. The reaction slowed
down with the increment of pH from 3.1 to 6.7, while the
reaction slightly increased as the pH reached to 9.1. It can be
concluded that the LCO catalyst would maintain activity over
a wide pH range. Under acidic conditions, the catalyst surface
could be positively charged, which facilitates the adsorption of
HSO5

− on the surface of the catalyst and the decomposition of
PMS, leading to better degradation efficiency and rate. When
the pH exceeded 9.1, the alkaline condition would lead to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
formation of hydroxyl radicals as the reaction between sulfate
radicals and OH-which observed with increment of degradation
efficiency. With the increase of pH further up to >10.0, the
surface of LCO was negatively charged. Moreover, partial PMS
would be transferred to SO5

−, which is considered more stable
and hardly directly decomposed by the LCO catalyst, resulting
in the decline of in the BPA degradation rate (Fig. 8).57–59
3.6. Effect of Co-existing ions and natural organic matter
(NOM)

The presence of inorganic anions in natural water played a great
major role in the degradation process of BPA. Fig. 9 shows that
the inuence of HCO3

− and Cl− was signicant, where Cl−

exhibited a slight promoting impact and HCO3
− was regarded

as a radical scavenger.60–62 As shown in Fig. 9a, the presence of
Cl− promoted the degradation process at low concentrations.
The reaction between Cl− and hydroxyl radicals, and sulfate
radicals led to the formation of cCl and cClOH. Although their
redox potential was lower than the redox potential of sulfate
radicals and hydroxyl radicals, they showed good attack ability
RSC Adv., 2023, 13, 3193–3203 | 3197
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Fig. 9 Effect of co-existing ions (a) Cl−; (b) HCO3
− and (c) natural

organic matter on BPA degradation. Reaction conditions: [BPA] =

0.05 mM, [PMS] = 1.0 mM, [LCO] = 0.5 g L−1, initial PH = 6.8.
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against BPA with a high-rate constant. As a result, a higher BPA
degradation rate was observed in the presence of Cl−. However,
the excess of Cl− did not further promote BPA removal. The
excess Cl− would participate in the quenching experiments in
which chlorine species of lower redox potential were generated.
Moreover, the presence of 5 mM Cl− led to an insignicant
effect on the BPA removal.

Cl− + HSO5
− / SO4

2− + HClO (5)
3198 | RSC Adv., 2023, 13, 3193–3203
Cl− + SO4c
− / cCl + SO4

2− (6)

Cl− + cOH / cClOH (7)

cClOH + H+ / cCl + H2O (8)

cCl + Cl− / cCl2
− (9)

It is reported that HCO3
− could be able to react with hydroxyl

radicals and sulfate radicals to produce CO3c
− in the reaction,

which is recognized as a radical scavenger for the elimination of
free radicals. In contrast to sulfate radicals and hydroxyl radi-
cals, the generation of CO3c

− and HCO3c
− had a negative effect

on the BPA degradation, which suffered a low reaction rate with
target pollutants. In addition, the pH of solution increased due
to the presence of HCO3

−, and the alkaline conditions had
a positive effect on the BPA removal. The positive effect offset
the negative effect; thus, the inhibition of BPA removal was
similar at different concentrations of HCO3

−.

cOH + HCO3
− / CO3c

− + H2O (10)

SO4c
− + HCO3

− / CO3c
− + SO4

2− + H+ (11)

The effect of natural organic matter (NOM) was used to
investigate the potential practical application on LCO/PMS
system. Humic acid (HA) was employed in the system. The
removal efficiency and rate were inhibited with the presence of
1.0 mg L−1, 5.0 mg L−1 and 10.0 mg L−1 HA. The results showed
that the scavenging effect of NOM on the free radicals happened
when the HA was 5 mg L−1 and 10 mg L−1, such as sulfate
radicals and hydroxyl radicals. When the HA concentration was
1.0 mg L−1, the degradation efficiency was a little higher than
the controlled runs. The results showed that the HA was avail-
able to activate PMS for the generation of free radicals, due to
the formation of semiquinone radicals.29 On the other hand, the
coordination between HA and LCO could lead to the generation
of hydroxyl radicals and super oxidant in the solution. Based on
the above results, low concentration of HA would facilitate the
BPA degradation in the LCO/PMS systems.30 The removal rate of
BPA was inhibited with the presence of 10.0 mg L−1, which
could be ascribed to the scavenging effect of NOM to the free
radicals.
3.7. Quenching experiments

Methanol (MeOH) is usually regarded as a scavenger of both
hydroxyl radicals (k = 1.2–1.8 × 109 M−1 s−1) and sulfate radi-
cals (k = 1.6–7.8 × 107 M−1 s−1), and tert-butanol (TBA) is
a reactive scrubber for hydroxyl radicals (4–9× 105 M−1 s−1).63–65

It is observed that mild inhibition was observed to be obtained
within the presence of 50 mM of MeOH and TBA. However,
when the 200 mM MeOH and TBA were introduced to the
system, the removal efficiency was signicantly decreased. The
results showed that the sulfate radicals and hydroxyl radicals
played a major role in the degradation of BPA. In addition,
superoxide was also found in the heterogeneous activation of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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PMS.66–68 It is necessary to prove the existence of superoxide in
the LCO/PMS. Thus, BQ was used as a scrubber for the super-
oxide (2.9 × 109 M−1 s−1). It is observed that the addition of BQ
efficiently suppressed the BPA removal efficiency, indicating
that O2c

− also participated in the degradation of BPA in the
LCO/PMS systems. The results could be ascribed to the scav-
enging effect of hydroxyl radicals to BQ, as the rate constant of
hydroxyl radicals was 1.2 × 109 M−1 s−1. However, the super-
oxide suffered shorter half-life (1 ns) than that of sulfate radicals
(30–40 ms) and hydroxyl radicals (20 ns). As a result, both cOH
and SO4c

− are themajor reactive species contributing to the BPA
degradation (Fig. 10).

As can be seen in the XPS spectra, the La3+ valence in LCO
was unchanged before and aer the reaction, indicating that
the perovskite structure was maintained during the catalytic
reaction. The high-resolution XPS spectra of Co showed that the
proportions of Co(II)/Co(III) were lower aer the catalytic reac-
tion, suggesting the participation of Co species in the reaction
with the electron transfer between low valence and high
valence. The intensity of the O 1s region was slightly increased
aer the reaction, as the high-resolution peaks could be
deconvoluted into three constituents. The proportion of
hydroxyl groups increased slightly aer the reaction, while the
adsorbed oxygen species decreased, indicating that the
consumption of adsorbed oxygen species would lead to the
formation of superoxide species.69 The combination of reactive
oxidant species would facilitate the degradation of BPA. Based
on the above studies, a proposed reaction mechanism was given
and illustrated. At rst, the consumption of PMS occurred on
the surface of the LCO catalyst with Co species, leading to the
formation of sulfate radicals and hydroxyl radicals. Co(II) can be
oxidized to Co(III) by the presence of HSO5

−, while the reverse
reduction reaction occurred by the transfer of Co(III) to Co(II)
with the generation of SO5

−. Based on the quenching experi-
ments, except for the major role of sulfate radicals and hydroxyl
radicals, superoxide also participate in the LCO/PMS systems
for the degradation of BPA. Oxygen vacancies could facilitate the
adsorption of PMS on the surface of catalyst due to the defects
Fig. 10 Effect of radical scavengers on BPA degradation. Reaction
conditions: [BPA]= 0.05 mM, [PMS]= 1.0 mM, [LCO]= 0.5 g L−1, initial
PH = 6.8, [scavengers] = 0.2 M.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and the interfacial electron transfer for the generation of reac-
tive oxidant species. On the other hand, the oxygen vacancies
would also affect the chemical state and value of cobalt species,
promoting the catalytic activity.29 Through the reaction between
HSO5

− absorbed on LCO and oxygen vacancies, the Oo
× was

formed and participated in the reaction which represents the
oxygen ions in a normal oxygen site. During the generation of
Oo

×, the singlet oxygen was formed. Unfortunately, the singlet
oxygen was not detected in this study. Additionally, the forma-
tion of singlet oxygen would arouse by the recombination of
superoxide which consumed H+. However, the main reaction
was conducted in neutral pH value. It could be reasonable to
speculate that the existence of superoxide in the solution which
formed by a series of reactions.

S–Co(II) + HSO5
− + OVs/ S–Co(III) + SO4c

− + OH− + Oo
×(12)

S–Co(III) + HSO5
− + Oo

× / S–Co(II) + SO5c
− + H+ + OVs(13)

SO4c
− + H2O / cOH + SO4

2− + H+ (14)

SO5c
− + SO5c

− / SO4c
− + SO4c

− + O2 (15)

OVs + HSO5
− / 1O2 + SO4

2− + H+ (16)

Oo
× + HSO5

− / 1O2 + HSO4
− (17)

O2c
− + 2H+ / 0.51O2 + 0.5H2O2 (18)

cOH + H2O2 / H+ + O2c
− + H2O (19)

OH− + cOH + H2O2 / O2c
− + 2H2O (20)

3.8. Reusability and stability of the LCO catalyst

To evaluate the stability of the LCO catalyst, the LCO catalyst
was collected and washed several times with deionized water for
the reusability experiments. As shown in Fig. 11a, the degra-
dation rate of BPA was observed a slight decrease, but the
degradation efficiency remained constant during the rst three
runs. This result could be attributed to the partial loss of reac-
tive sites during the reaction, which might be occupied by the
intermediates or the inhibition of the reduction lattice oxygen.
The removal performance of BPA in the last two runs was
observed a decline, owing to the accumulation of intermediate
by-products on the surface of reused LCO catalysts. The residual
chemicals on the surface of reused catalyst not only affect the
reaction between active sites and fresh BPA solution, but also
compete the reactive oxidant species in the subsequence reac-
tion, leading to the declined removal efficiency. The XPS spectra
also showed that the molar proportions of Co(III)/Co(II) were also
reduced from 0.59 to 0.41 aer the LCO/PMS reaction, while the
proportions of OVs were slightly decreased. In addition, the
mineralization extent of BPA was also explored by a TOC ana-
lyser. Aer 25 min of reaction, the TOC removal efficiency of
BPA was 46.8% in the LCO/PMS processes. Moreover, the cobalt
leaching was investigated by ICP measurement aer the
RSC Adv., 2023, 13, 3193–3203 | 3199
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Fig. 11 (a) Reusability of LCO on BPA degradation, (b) effect of water
matrix on BPA degradation, (c) different contaminants in the LCO/PMS
systems. Reaction conditions: [BPA] = 0.05 mM, [PMS] = 1.0 mM,
[LCO] = 0.5 g L−1, initial PH = 6.8.
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reaction. It was observed that 0.026 mg L−1 cobalt leached into
the solution, indicating the good stability of the as-synthesized
LCO. In order to prove the mechanism of heterogeneous cata-
lyst activation of PMS, a homogeneous process was performed
with leaching solution aer the 25 min reaction. The removal of
BPA was approximately 12.5%, which indicated that the cata-
lytic activity was ascribed mainly to the heterogeneous LCO/
PMS system.
3200 | RSC Adv., 2023, 13, 3193–3203
The catalytic activity of the La2CoO4+d materials for the other
types of organic pollutants is also important and has a great
inuence on their practical usage in environmental remedia-
tion applications. Hence, the catalytic activity of La2CoO4+d was
determined for PMS activation with organic pollutants, such as
Rhodamine B (RhB), Orange II (AO7) and Levooxacin (LFX),
which shown in Fig. 11c. The removal efficiencies of RhB, AO7
and LFX aer 25 min were 100%, 100% and 66.3%, respectively.
The results showed that the LCO/PMS system could efficiently
degrade other types of organic pollutants, especially for the dye
removal. In addition, different water matrixes were also used in
this study to explore the applicability of LCO/PMS in real
wastewater treatment. The degradation efficiency of BPA was
70.8% in XW water but decreased markedly in SW water, in
which the co-existing anions have a negative effect on the BPA
removal. In conclusion, the perovskite LCO was an efficient and
stable catalyst for the PMS activation and the subsequent
experiments.

4. Conclusions

In this study, La2CoO4+d was successfully synthesized for the
activation of PMS in BPA degradation with highly efficient
catalytic activity. At a PMS concentration of 1.0 mM and catalyst
dosage of 0.5 g L−1, 91.1% removal of BPA was achieved. In the
PMS activation process, certain reactive species were generated,
leading to a high removal efficiency of BPA. Finally, the TOC
results showed that the LCO/PMS system also presented a high
mineralization rate. Quenching experiments showed that
sulfate radicals played a dominant role during the activation of
PMS. The LCO catalyst showed good stability and reusability
during the reaction, exhibiting that LCO is a potential catalyst
for good application to activate PMS for BPA degradation.
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