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4 particles embedded into N-
doped carbon derived from ZIF-9 via half-pyrolysis
for activating peroxymonosulfate to degrade
sulfamethoxazole†

Bin Su,ab Lu Zhang,ab Yifan Wang,ab Yuxin Li,ab Tianyu Zhou,ab Bo Liu, b

Wei Jiang, *ab Linlin Liu*b and Chunhong Ma*ab

The fabrication of novel and efficient transition metal-based catalysts for peroxymonosulfate (PMS)

activation is of great significance for environmental remediation. Concerning energy consumption, the

Co3O4@N-doped carbon (Co3O4@NC-350) was constructed via a half-pyrolysis strategy. The relatively

low calcination temperature (350 °C) caused Co3O4@NC-350 to exhibit ultra-small Co3O4 nanoparticles,

rich functional groups, uniform morphology, and a large surface area. For PMS activation, Co3O4@NC-

350 could degrade 97% of sulfamethoxazole (SMX) in 5 min with a high k value of 0.73364 min−1, which

was superior to the ZIF-9 precursor and other derived materials. Besides, Co3O4@NC-350 could be re-

used over 5 times without obvious performance and structure change. The investigation of the

influencing factors containing co-existing ions and organic matter demonstrated the Co3O4@NC-350/

PMS system has satisfactory resistance. The quenching experiments and electron paramagnetic

resonance (EPR) tests showed cOH, SO4c
−, cO2

− and 1O2 participated in the degradation process.

Moreover, the structure and toxicity of intermediates during the SMX decomposing process have been

evaluated. Overall, this research provides new prospects for exploring efficient and recycled MOF-based

catalysts for PMS activation.
1. Introduction

The continuous emergence of various stubborn pollutants is
endangering human health and hindering the development of
a low-carbon society.1–3 Thus, exploring highly-efficient water
treatment technology is a concern. Compared with traditional
physical, biological, and chemical treatment methods,
advanced oxidation processes (AOPs) based on free radicals
exhibit a strong oxidation ability, which can achieve deep
mineralization of refractory pollutants.4–7 Among them, sulfate
radicals generated with activating peroxymonosulfate (PMS)
technology have a higher oxidation potential (2.6–3.1 V), wider
pH application range (2–9), and longer half-life (30–40 ms) than
the hydroxyl radical in the Fenton reaction.8–10

Up to now, many metals such as Co, Fe, Cu, and Mn have
been reported to rapidly activate PMS to generate abundant free
radicals, among which cobalt ions have been regarded as the
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most effective.11–13 Although the homogeneous catalyst is more
efficient, it is difficult to recover and has the possibility of
secondary pollution aer the activation process. Thus, the
development of efficient, stable, and recyclable transition
metal-based heterogeneous catalysts is still the focus of current
research. Recently, some Co-based heterogeneous catalysts
including cobalt oxide, cobalt hydroxides, and cobalt phosphide
have been extensively investigated.14,15 Among them, Co3O4 has
been demonstrated to be more favorable for PMS activation,
resulting from the co-existence of Co2+ and Co3+ in the crystal
structure.16,17 The mixed valence characteristic makes the Co
site efficiently take part in the redox process without structural
change. However, Co3O4 always demonstrates sphere or cluster
morphology, which has defects of low dispersibility and large
particle size, leading to a dissatised performance.18 Therefore,
it is urgent to explore new methods to construct efficient and
stable Co3O4-based catalysts.

Metal–organic framework (MOF), as a kind of coordination
functional material, is uniformly assembled with metal centers
and ligands, which have the advantages of porosity, homoge-
neous morphology, rich active sites, and modiability.19–22 Until
now, MOFs have been widely employed in the eld of environ-
mental remediation and energy conversion.23–26 However, metal
leakage and weight loss of MOFs in continuous redox processes
RSC Adv., 2023, 13, 7443–7452 | 7443
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perplex researchers in the eld of environmental chemistry.
Utilizing MOFs as precursors to construct transition metal
oxide/carbon composites can inherit partial advantages and
further improve the metal dispersity, surface area, stability, and
PMS activation efficiency.27–29 Zeolitic imidazole frameworks
(ZIFs), as classical MOFs, are recognized as good self-sacrice
templates for building carbon-based materials, due to their
facile preparation, unique topology, large specic surface area,
and regular morphology.30–33 Among them, Co3O4/nitrogen-
doped carbon composites obtained by pyrolysis of ZIF-67 con-
structed from 2-methylimidazole can effectively activate PMS to
purify wastewater. Based on the above, it is of great signicance
to widely develop ZIF-based derived Co3O4-based materials to
summarize the structure–activity relationship and explore the
activation mechanism.

In this work, ZIF-9 constructed with carbon-rich benzimid-
azole and Co ions was employed as a self-sacricial template.
Concerning energy consumption, ZIF-9 was calcined under
a relatively low temperature (350 °C) to obtain Co3O4@N-doped
carbon (Co3O4@NC-350). Various characterization techniques
showed Co3O4@NC-350 had ultra-small Co3O4 nanoparticles,
uniform morphology, rich organic groups, and large surface
area. Co3O4@NC-350 exhibited high and recycled efficiency for
activating PMS to degrade sulfamethoxazole (SMX). The inu-
ence of catalyst dosage, PMS usage, pH, temperature, co-
existing ions, and organic matter have been studied. In addi-
tion, the reactive oxygen species (ROS), SMX degradation
intermediates, toxicity prediction, and structural stability were
evaluated.
2. Experimental
2.1 Preparation of ZIF-9

ZIF-9 was prepared based on the previous report.34 Typically,
benzimidazole (1.2 g, 10 mmol) was dissolved in ethanol (69 g),
followed by dropping ammonium hydroxide (0.6 g, 10 mmol)
with continuous stirring. Then, Co(CH3COO)2$4H2O (1.25 g, 5
mmol) was added into the solution and stirred for 3 h at room
temperature. Aer that, the ZIF-9 powder could be collected by
ltration and washed with ethanol, and dried at room
temperature.
2.2 Preparation of Co3O4@NC-x

The 500 mg of ZIF-9 powder was heated to x °C (x = 350, 400,
500, 600) in a muffle with a rate of 5 °C min−1 and kept at x °C
for 2 h. Aer cooling down to room temperature, the
Co3O4@NC-x was obtained.
2.3 Catalytic degradation of SMX

All the SMX degradation experiments were carried out in a water
bath. Typically, 5 mg of Co3O4@NC-x and 6.4 mg of PMS were
added into 10 mg L−1 SMX solution at 25 °C with a stirring rate
of 300 rpm. At regular time intervals, 1 mL samples were taken
out, ltered with 0.22 mm membrane, and then quenched with
saturated Na2S2O3 solution. The degradation efficiency of SMX
7444 | RSC Adv., 2023, 13, 7443–7452
was determined by HPLC equipped with a C18 column. Finally,
the used catalysts were recovered with ltration.

3. Results and discussion
3.1 Chemical and physical characterizations

For the fabricating highly efficient catalysts, Co3O4@NC-350
was obtained by half-pyrolysis of ZIF-9 under 350 °C (Fig. 1a).
For comparison, the ZIF-9 was also calcinated under 400, 500,
and 600 °C to construct Co3O4@NC-400, Co3O4@NC-500, and
Co3O4@NC-600. As shown in the X-ray diffraction (XRD)
patterns, the diffraction peaks at 19, 31.2, 36.9, 38.6, 44.7, 59.4,
and 65.3° could be indexed into the (1 1 1), (2 2 0), (3 1 1), (2 2 2),
(4 0 0), (5 1 1), and (4 4 0) crystal planes of Co3O4 (JCPDS No. 43-
1003), respectively, indicating the metal species for all derived
material were the same (Fig. 1b).

The morphology of ZIF-9 and the derived materials were
examined by scanning electronic microscopy (SEM). As shown
in Fig. 1c, the pristine ZIF-9 was polyhedral particles with an
average size of 100 nm. Aer calcination at 350 °C, the
morphology and size of Co3O4@NC-350 were maintained well
as the precursor, but the particles stuck together due to the
carbonization process (Fig. 1d). In the EDS-mapping image, the
Co, C, N, O elements were distributed uniformly on the surface
of Co3O4@NC-350 (Fig. S1†). With the increase of calcination
temperature, the morphology of Co3O4@NC-400, Co3O4@NC-
500, and Co3O4@NC-600 have changed obviously due to the
rapid oxidation reactions (Fig. S2†).

Fig. 1e illustrated in the transmission electron microscopy
(TEM) image of Co3O4@NC-350. It could be observed that
Co3O4@NC-350 displayed chiffon-like morphology at high
magnication aer half-pyrolysis, and the ultra-small Co3O4

particles were embedded in the carbon base with an average
size of 5 nm. In the HRTEM image, the lattice fringes with 0.227
and 0.203 nm spacing were identied, corresponding to the (2 2
2) and (4 0 0) crystal planes of Co3O4, respectively (Fig. 1f). The
rich and ultra-small metal particles and unique morphology
could signicantly enhance the catalytic activity.

To validate the organic composition, the Fourier transform
infrared (FTIR) spectra of ZIF-9 and Co3O4@NC-x were
measured and shown in Fig. 1g. For ZIF-9, the bands in the
range of 600–1500 cm−2 could be ascribed to the stretching and
bending modes of the imidazole ring. And the peaks around
1634 cm−2 could be attributed to the stretching mode of C]N
and C]C bonding in benzimidazole. Besides, the peaks at 2854
and 2924 cm−2 were derived from characteristic C–H bonds in
the aromatic ring.35 The obvious band around 3340 cm−2

should be responsible for the adsorbed water molecules.
Notably, the characteristic bands of Co3O4@NC-350 were
consistent with those of the ZIF-9 precursor, indicating a lot of
functional groups in benzimidazole could be maintained via
the half-pyrolysis process. The partially degraded organic
ligands could provide more structural defects and active sites to
promote the catalytic process.

The porosity of ZIF-9 and derived materials was examined by
N2 adsorption/desorption isotherms. As shown in Fig. 1h, all
the isotherms were close to Type IV with an H3 hysteresis loop.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration for the preparation of Co3O4@NC-350. (b) XRD patterns of Co3O4@NC-x. (c) SEM image of ZIF-9. (d) SEM, (e)
TEM and (f) HRTEM images of Co3O4@NC-350. (g) FTIR spectra of ZIF-9 and Co3O4@NC-350. (h) N2 adsorption/desorption isotherms of ZIF-9
and Co3O4@NC-x.
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The Brunauer–Emmett–Teller (BET) surface area of ZIF-9,
Co3O4@NC-350, Co3O4@NC-400, Co3O4@NC-500, Co3O4@NC-
600 were 21.1042, 27.9117, 29.2132, 41.0585, 75.9440 m2 g−1,
respectively. With the increase of calcination temperature, the
N2 adsorption ability and BET surface area increased, indicating
high temperature improved the porosity. The enhanced
porosity could facilitate the interaction between active sites and
pollutants.

The chemical composition and valence state of Co3O4@NC-
350 was analyzed by X-ray photoelectron spectroscopy (XPS). As
shown in the survey spectrum, Co, C, O, and N could be iden-
tied (Fig. S3†). The high-resolution Co 2p spectrum could be
deconvoluted into six peaks (Fig. 2a). The peaks at 780.3 and
781.8 eV should be ascribed to the 2p3/2 of Co(III) and Co(II),
respectively, while those at 795.4 and 797.1 eV were attributed to
Co(III) and Co(II) at 2p1/2, respectively, conrming the existence
of multivalent Co in Co3O4.36 Besides, the satellite peaks of
Co3O4 were located at 787.1 and 803.7 eV. Moreover, the
oxidation state of Co species was not signicantly affected by
calcination temperature (Fig. S4†). In the C 1s spectrum, the
binding energies at 284.7, 285.8, and 288.7 eV belong to sp2–C,
C–N, and C–O bonds, respectively (Fig. 2b). The N 1s spectrum
could be tted into three peaks at 399.3, 400.9, and 402.1 eV,
© 2023 The Author(s). Published by the Royal Society of Chemistry
which were assigned to pyridinic N, pyrrolic N, and graphitic N,
respectively (Fig. 2c). The active N species were favorable for the
catalytic process. In the O 1s spectrum, the three peaks at 530.4,
532, and 533.6 eV were derived from Co–O, C–O, and adsorbing
water, respectively (Fig. 2d).
3.2 Catalytic performance

The catalytic behavior of Co3O4@NC-350 for degradation of
SMX by activating PMS was evaluated in detail. As illustrated in
Fig. 3a, the degradation rate of SMX by employing PMS alone
was only 13.2% aer 30 min, demonstrating PMS had a weak
catalytic ability without activation. When Co3O4@NC-350 was
used to activate PMS, the SMX removal efficiency can be ach-
ieved over 97% within reacting 5 min. To rule out the inuence
of adsorption, the removal efficiency of Co3O4@NC-350 for SMX
without PMS was veried. The result showed only 16.1% of SMX
could be removed aer 30 min. Moreover, the SMX was hard to
self-decompose in 30 min. The degradation kinetics of SMX
with various catalysts were further calculated. As shown in
Fig. 3b, the reaction rate constant (k) value of Co3O4@NC-350/
PMS system was 0.73364 min−1, which was 221 and 168.7
times of Co3O4@NC-350 (0.00332 min−1) and PMS
RSC Adv., 2023, 13, 7443–7452 | 7445
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Fig. 2 The high-resolution XPS spectra of Co3O4@NC-350: (a) Co 2p, (b) C 1s, (c) N 1s, (d) O 1s.
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(0.00435 min−1) alone, respectively, demonstrating the strong
synergistic effect during the PMS activation process.

To verify the advantage of the half-pyrolysis strategy for
constructing an efficient catalyst. The ability of PMS activation
for pristine ZIF-9 and Co3O4@NC-x calcinated under 400–600 °
C was investigated. As shown in Fig. 3c, Co3O4@NC-400,
Co3O4@NC-500, and Co3O4@NC-600 have shown SMX degra-
dation efficiencies of 89, 64, and 39% in 30 min, respectively,
which were much lower than that of Co3O4@NC-350. Mean-
while, even though the pristine ZIF-9 showed a good catalytic
performance for degradation SMX with PMS, the coordination
bonds of Co–O in MOFs always displayed poor stability in the
violent oxidation reaction, leading to a weight loss. In addition,
the k value of ZIF-9, Co3O4@NC-400, Co3O4@NC-500, and
Co3O4@NC-600 was 0.25166, 0.07256, 0.03298, and 0.01259,
respectively. It could be concluded that Co3O4@NC-350
Fig. 3 (a) and (c) The degradation efficiency and (b) reaction rate const

7446 | RSC Adv., 2023, 13, 7443–7452
displayed the optimal k value among ZIF-9 (0.25166 min−1)
and all the derived materials, indicating the half-pyrolysis (350 °
C) could achieve high catalytic performance with lower energy
consumption.

To further understand the inuence of various catalytic
conditions on PMS activation, the effects of catalyst usage, PMS
usage, pH value, and temperature were investigated. As shown
in Fig. 4a, the degradation efficiency was increased from 41% to
98% in 10 min with the increase of Co3O4@NC-350 usage from
20 mg L−1 to 100 mg L−1. However, the catalytic activity was
relatively stable when the Co3O4@NC-350 was over 100 mg L−1.
The results demonstrated that the excess catalyst could not
promote the reaction in the fast process of activating PMS. As
we know, more PMS usage would produce more ROS. When the
PMS usage increased from 0.4 mM to 0.8 mM, the catalytic
degradation reactions were accelerated (Fig. 4b). In the
ant in various systems.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Influence of (a) catalyst usage, (b) PMS usage, (c) temperature, and (d) pH on Co3O4@NC-350/PMS system.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 8
/3

1/
20

25
 9

:0
3:

07
 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
degradation reactions with 1.0 mM and 1.2 mM of PMS, the
catalytic efficiencies showed no obvious change, which could be
ascribed to the high concentration of PMS would consume and
quench SO4c

− by itself. The temperature was another important
factor affecting catalytic efficiency. As displayed in Fig. 4c,
within 5 min, the degradation rates were 71.1% at 15 °C and
97.9% at 35 °C. The hastening phenomenon could be attributed
to the accelerated interactions among catalyst, PMS, and SMX.
It should be noted that Co3O4@NC-350/PMS system could effi-
ciently degrade SMX under room temperature (25 °C). In the
practical wastewater, the pH value was various, thus, the SMX
aqueous solutions with initial pH of 3.98, 6.86, and 8.97 were
employed. As shown in Fig. 4d, the degradation efficiency could
reach 97% and 99% in the weak acidic and neutral conditions,
respectively. However, the catalytic efficiency was suppressed
obviously at a pH of 8.97, which might be resulted from PMS
being unstable in an alkaline environment.

Various anions and organic matter widely exist in the envi-
ronmental water system. In this study, the inuence of Cl−,
HCO3

−, HPO4
2−, and humic acid (HA) was evaluated. Fig. 5a

and c showed that Cl− and HPO4
2− barely inuenced the SMX

removal in the Co3O4@NC-350/PMS system. In Fig. 5b, the
introduction of HCO3

− blocked the catalytic process. The
degradation efficiency of SMX was decreased to 58% in 30 min
in the presence of 50 mM HCO3

−. This might result from the
quenching effect cOH or SO4c

− between HCO3
−. For organic HA,

the inuence of HA on SMX degradation was not obvious when
© 2023 The Author(s). Published by the Royal Society of Chemistry
the concentration of HA was lower than 20 mg L−1 (Fig. 5d).
However, when the concentration of HA was increased to
50 mg L−1, the catalytic efficiency for Co3O4@NC-350 was
signicantly decreased with a degradation rate of 74% in
30min, which could be ascribed to the degradation competition
between SMX and HA. The above results demonstrated that the
Co3O4@NC-350/PMS system had an acceptable resistance to co-
existing anions and organic matters.
3.3 Mechanism of Co3O4@NC-350/PMS system

In general, the ROS including cOH, SO4c
−, cO2

− and 1O2

generated in transition metal oxide/PMS catalytic system are
responsible for the efficient decomposition of organic pollut-
ants. To identify the ROS that existed in the Co3O4@NC-350/
PMS system, quenching experiments were carried out. Herein,
methanol (ME) was used to quench both cOH and SO4c

−, while
tertiary butanol (TBA) was employed to quench cOH. Besides, L-
ascorbic acid (L-AA), and furfuryl alcohol (FFA) were utilized as
scavengers of cO2

− and 1O2, respectively. As shown in Fig. 6a, in
comparison with the control experiment, the degradation effi-
ciency of SMX was dramatically reduced in the presence of ROS
scavengers, indicating cOH, SO4c

−, cO2
− and 1O2 were formed

through Co3O4@NC-350 activating PMS.
To directly identify the existence of the above ROS in the

process of PMS activation, the electron paramagnetic resonance
(EPR) technique was utilized with 5,5-dimethyl-1-pyrrolidone-N-
RSC Adv., 2023, 13, 7443–7452 | 7447
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Fig. 5 Influence of (a) Cl−, (b) HCO3
−, (c) HPO4

2−, and (d) HA on Co3O4@NC-350/PMS system.
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oxide (DMPO) as the cOH, SO4c
− scavenger, DMPO in ME as the

cO2
− scavenger, and 2,2,6,6-tetramethylpiperidinooxy (TEMP) as

the nonradical 1O2 scavenger. As illustrated in Fig. 6b, the
typical seven-line signal of DMPO-X was observed in the
Co3O4@NC-350/PMS/DMPO system, which can be ascribed to
the oxidation of DMPO by cOH and SO4c

−.37 When the
Co3O4@NC-350/PMS/DMPO system was in the MEmedium, the
typical DMPO-O2

− peaks could be detected (Fig. 6c). Moreover,
the characteristic triplet signal of TEMP-1O2 was clearly identi-
ed in Fig. 6d. The above EPR analyses demonstrated that the
existence of cOH, SO4c

−, cO2
− and 1O2 could be directly detected,

which was consistent with the results of quenching
experiments.

Based on the above experiments and previous reports, Co3O4

should be the main active site for PMS activation to generate
ROS. Thus, a possible PMS activation mechanism with
Co3O4@NC-350 was proposed and shown in Fig. 6e.38 Firstly,
the PMS reacted with the Co2+ center of Co3O4@NC-350 to
produce SO4c

− and cOH, and Co2+ was oxidized to Co3+ (eqn (1)
and (2)). Meanwhile, the original and regenerated Co(III) center
activated PMS to yield SO5c

− (eqn (3)). Furthermore, the SO5
−

decomposed into SO4
2− and 1O2 (eqn (4)). Besides, the PMS

could undergo an ionization process to generate SO5
2−, which

further reacted with cOH to produce cO2
− (eqn (5) and (6)). The

generated cOH, SO4c
−, cO2

− and 1O2 were responsible for the
decomposing SMX into inorganic species.
7448 | RSC Adv., 2023, 13, 7443–7452
Co2+ + HSO5
− / Co3+ + SO4c

− + OH− (1)

Co2+ + HSO5
− / Co3+ + SO4

2− + cOH (2)

Co3+ + HSO5
− / Co2+ + SO5c

− + H+ (3)

2SO5c
− / SO4

2− + 1O2 (4)

HSO5
− / SO5

2− + H+ (5)

SO5
2− + cOH / SO4

2− + cO2
− + H+ (6)

3.4 Possible degradation pathways and toxicity prediction

The degradation pathway of SMX was proposed based on the
analysis of high-performance liquid chromatography-mass
spectrometry (HPLC-MS) as shown in Fig. 7 and S5–S15.† In
pathway I, the isoxazole ring of SMX was cleaved to generate P1
(m/z 200). The –NH2 group in P1 could be further oxidized to –

NO group (P4: m/z 212). Meanwhile, the S–C bond in P1 might
be broken to form P5 (m/z 94). For pathway II, the benzene of
SMX was hydroxylated to form mono hydroxylated P2 (m/z 270).
Subsequently, P6 (m/z 110), P7 (m/z 99), and P8 (m/z 274) formed
the cleavage of S–C bond or isoxazole ring of P2. P7 could be
further oxidized into P10 (m/z 111) and P11 (m/z 119). In
pathway III, the amino group of SMX was rstly oxidized to nitro
group, forming intermediate P3 (m/z 284). Aerward, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Effects of different scavengers on SMX degradation. EPR spectra of (b) DMPO-X, (c) DMPO-O2
−, and (d) TEMP-1O2 in Co3O4@NC-350/

PMS system. (e) Proposed mechanism for SMX degradation in Co3O4@NC-350/PMS system.
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breakage of S–C bond in P3 also occurred, resulting in gener-
ating P9 (m/z 123).

The toxicity of degradation intermediates including fathead
minnow LC50, bioaccumulation factor, development toxicity,
and mutagenicity was predicted with the Toxicity Estimation
Soware Tool (TEST).39–42 As shown in Fig. 8a, the fathead
minnow lethal concentration of deeply oxidized intermediates
was higher than that of SMX, except for P2 and P3. With the
decomposition of SMX, the bioaccumulation factor of products
decreased signicantly (Fig. 8b). In Fig. 8c, the development
toxicity of most of the intermediates was reduced, and P7, P9,
and P10 were development non-toxicant. Fig. 8d showed the
SMX and intermediates were mutagenicity negative except for
© 2023 The Author(s). Published by the Royal Society of Chemistry
P10. Thus, we could conclude that the SMX degradation process
via Co3O4@NC-350 activating PMS was biological and environ-
mentally friendly.
3.5 Stability of Co3O4@NC-350/PMS system

To evaluate the catalytic stability, the Co3O4@NC-350 was
collected aer each degradation reaction and subsequently
used in successive runs. As shown in Fig. 9a, the catalytic
performance of Co3O4@NC-350 decreased slightly in the
continuous cycles, but 98% of SMX could still be removed in
10min aer ve cycles. In the rapid oxidation process, the pores
on the catalyst surface might be blocked by pollutants, which
RSC Adv., 2023, 13, 7443–7452 | 7449
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Fig. 7 Degradation pathway of SMX in Co3O4@NC-350/PMS system.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 8
/3

1/
20

25
 9

:0
3:

07
 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
could be one of the reasons for the performance degradation.
On the other hand, the leakage of cobalt ions in the catalyst
might reduce the amounts of active species. The structural
stability was evaluated by XRD and SEM. As shown in Fig. 9b,
the XRD pattern of the used Co3O4@NC-350 was identical to the
Fig. 8 Toxicity prediction of intermediates via TEST, (a) fathead minno
mutagenicity.

7450 | RSC Adv., 2023, 13, 7443–7452
fresh one. In addition, the polyhedral morphology was main-
tained even aer successive runs (Fig. 9c). These indicated that
the Co3O4@NC-350 had satised catalytic and structural
stability during PMS activation.
w LC50, (b) bioaccumulation factor, (c) development toxicity, and (d)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Recycling performance of Co3O4@NC-350 for PMS activation. (b) XRD patterns of fresh and used Co3O4@NC-350. (c) SEM image of
used Co3O4@NC-350.
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4. Conclusion

In summary, the Co3O4@NC-350 catalyst was constructed by
half-pyrolyzing carbon-rich ZIF-9. In comparison with ZIF-9 and
other derived materials, the obtained Co3O4@NC-350 showed
the highest efficiency toward PMS activation to degrade SMX
with a k value of 0.73364 min−1. Moreover, the Co3O4@NC-350
could be successively reused over ve times without obvious
structural collapse. According to various characterization anal-
yses, the improved catalytic performance could be attributed to
ultra-small and rich Co3O4 nanoparticles, uniformmorphology,
incomplete decomposed functional group, and enhanced
surface area. In addition, the cOH, SO4c

−, cO2
−, and 1O2 were

identied during the PMS activation process. By verifying the
structure and toxicity of intermediates, the SMX degradation
reaction with Co3O4@NC-350/PMS system was environmentally
and biologically friendly. This work provides new insight into
the fabricating of efficient MOF-based heterogeneous catalysts
for PMS activation.
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