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Although the powder Fenton-like catalysts have exhibited high catalytic performances towards pollutant
degradation, they cannot be directly used for Fenton-like industrialization considering the problems of
loss and recovery. Therefore, the membrane fixation of catalyst is an important step to realize the actual
application of Fenton-like catalysts. In this work, an efficient catalyst was developed with Co-Ny config-
uration facilely reconstructed on the surface of Co304 (Co-Nx/Co304), which exhibited superior catalytic
activity. We further fixed the highly efficient Co-Ny/Co30,4 onto three kinds of organic membranes and
one kind of inorganic ceramic membrane installing with the residual PMS treatment device to investigate
its catalytic stability and sustainability. Results indicated that the inorganic ceramic membrane (CM) can
achieve high water flux of 710L m2h™', and the similar water flux can be achieved by Co-N,/C0304/CM
even without the pressure extraction. We also employed the Co-Ny/Co304/CM system to the wastewa-
ter secondary effluent, and the pollutant in complicated secondary effluent could be highly removed by
the Co-Nx/Co304/CM system. This paper provides a new point of view for the application of metal-based
catalysts with M-Ny coordination in catalytic reaction device.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

All kinds of emerging pollutants in water come from various
supplies in production and life, such as drugs, skin care products,
and various additives [1-4]. These emerging pollutants have a va-
riety of potential effects on people and the environment. However,
the traditional treatment technology is difficult to achieve efficient
removal of new pollutants, because the emerging pollutants have
the characteristics of low concentration and hard to degradation
[5-8]. In recent decades, advanced oxidation technologies based on
various oxidants (such as perhydrogen peroxide, persulfate, ozone,
peracetic acid) have received increasing attentions, because vari-
ous active substances produced after the activation of these ox-
idants can efficiently remove various emerging pollutants [9-12].
In recent decades, the advanced oxidation process based on per-
oxo sulfate (PMS-AOPs) has received more and more attention in
the degradation of refractory organic pollutants in water due to its
ability to produce a variety of reactive oxygen species (ROS) and
strong oxidation capacity. At present, the use of heterogeneous cat-
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alysts (metal oxides, carbon-based catalysts or metal carbon-based
composite catalysts) to achieve high efficiency activation of PMS
is widely studied, but in practical applications, it still faces chal-
lenges such as catalytic stability and recovery of powder catalysts
[13-15].

Heterogeneous Fenton reaction treats various organic pollutants
in water by generating strong oxidizing free radicals and non-free
radicals [16,17]. For traditional fully mixed laboratory systems (e.g.,
beakers, conical bottles), particles dispersed in water face the fol-
lowing problems: (1) Low mass transfer efficiency leads to residual
PMS of the system and reduces the oxidation capacity of heteroge-
neous Fenton system; (2) ROS generated cannot contact the tar-
get pollutants quickly, resulting in self-quenching of free radicals
or ineffective oxidation reactions (such as the reaction with water
molecules) [18-21]. In order to achieve an efficient heterogeneous
Fenton system, it is still necessary to improve the reactor operation
modules. Many scholars have proposed the concept of membrane
confined effect in collaboration with radical/nonradical surface re-
actions to strengthen the mass transfer process of the system, and
developed an advanced oxidized water purification system with
high efficiency, high selectivity and high reaction metrology effi-
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Fig. 1. (a) SEM of Co-Nx/Co304 at (a) 20um, and (b) 5pum. (c) SEM mappings of Co-Nyx/Co304. (d) TEM images of Co-Nx/Co304 as well as the specific crystal lattices of Co304.
(e) Fabrication procedures for Co-Ny/Co304/PEM, Co-Nx/C0304/RC, and Co-Nx/Co304/PTFE membranes. (f) Fabrication procedures for Co-Nyx/Co304/CM via airbrush spraying

routine.

ciency, and carried out systematic research on reaction unit de-
sign and application strengthening [22-24]. According to different
catalyst types (carbon, metal oxides, and metal/carbon hybrids),
the membrane catalytic reaction unit with stable catalyst load and
high reaction activity was constructed by introducing the strategies
of “self-support” and “polymerization-coating” [21,25,26]. Related
studies have solved the problem of low efficiency of lab-scale ad-
vanced oxidation technology, and extended the engineering appli-
cation potential of advanced oxidation water purification technol-
ogy dominated by free radicals/nonradical pathways [1-3,27-31].
However, there are few systematic studies on multiple catalytic
membranes to investigate the water fluxes and degradation per-
formances of different membranes. This is also the focus of this
study.

In this work, a cobalt-nitrogen doped cobalt-trioxide catalyst
(Co-Nx/Co304) was designed and fabricated by the simple one-step
calcination. The structure and composition characteristics of Co-
Nx/Co304 catalyst was analyzed. The catalyst was loaded on the
surface of four kinds of inorganic and organic membrane materials
(proton exchange membrane (PEM), polytetrafluoroethylene (PTFE),
and regenerated cellulose (RC), ceramic membrane (CM)) to inves-
tigate the continuous degradation performances of antibiotics in
the real environmental conditions.

The Co-Ny coordinated Co304 (Co-Ny/Co304) was prepared un-
der ammonia atmosphere. The scanning electron microscopy (SEM)
images of Co-Ny/Co304 displayed that the as-prepared catalyst was
formed via stacking the ultra-thin nanosheets (Figs. 1a and b).
The distribution of element obtained from the SEM results indi-
cated that the nitrogen derived from ammonia has been intro-
duced into the Co304 (Fig. 1c and Fig. S1 in Supporting infor-
mation). The atomic force microscopy (AFM) result further con-
firmed the structure of Co-Ny/Co304 in the form of nanosheet (Fig.
S2 in Supporting information). Transmission electron microscope
(TEM) of the Co-Nx/Co304 showed that the size of Co-Nx/Co304
was in the range 50-100nm (Fig. 1d). In addition, the specific
crystal lattices of Co304 can also be observed in the Co-Ny/Co304
nanosheet based on the TEM image. For example, planes of Co304
(440) and (311) showed the specific crystal lattices at 0.143 and

0.244nm [18,32], respectively (Fig. 1d and Fig. S3 in Supporting
information).

The degradation performances of Co-Ny/Co30,4 towards differ-
ent pollutants were shown in Fig. S4 (Supporting information).
Results indicated that the Co-Ny/Co304 could 100% degrade the
paracetamol (PCM) and bisphenol-A (BPA) via PMS activation,
which exhibited the ultrafast degradation activity of Co-Ny/Co304.
The electron paramagnetic resonance (EPR) detection indicated
that the radical species could be generated and contribute to
degradation reaction (Fig. S5 in Supporting information). In addi-
tion, open circuit potential of Co-Nx/Co304 confirmed that there
are Co-Ny/Co304+PMS* in the catalytic system [20,33-38], and the
addition of pollutants would result in a sharp decrease in the po-
tential of Co-Nx/Co304 electrode (Fig. S6 in Supporting informa-
tion). In contrast, there was no decrease in the potential of Co304
electrode. It was known that electron-transfer process (ETP) can
be triggered via the metal-nitrogen coordinated structures [36]. As
a result, two major oxidation pathways (radical oxidation, and ETP
oxidation) towards different pollutants can be triggered in the Co-
Nx/Co304/PMS system, which guaranteed the high-effective degra-
dation activity of Co-Nx/Co304.

Four kinds of membrane materials, including the organic ma-
terials (PEM, PTFE, and RC) and inorganic CM were selected for
depositing the resulting catalyst to form the catalytic membranes
(Co-Nx/Co304/PEM, Co-Nyx/Co304/PTFE, Co-Nx/Co304/RC, and Co-
Nx/Co304/CM). Their fabrication procedures were shown in Figs.
le and f, which showed two different preparation routines. The
Co-Nx/Co304/PEM, Co-Nx/Co304/PTFE, and Co-Nx/Co304/RC mem-
branes were fabricated via vacuum filtration of the as-prepared Co-
Nx/Co30, catalyst onto the 7 cm-shaped PEM, PTFE, and RC mem-
branes. Their actual images were given in Fig. S7 (Supporting infor-
mation). In contrast, the fabrication of Co-Ny/Co304/CM was based
on the airbrush spraying routine via spraying the Co-Nx/Co304 inks
onto the CMs [36,39], as shown in Fig. S8 (Supporting information).

The SEM cross section images of the four catalytic membranes
were shown in Fig. 2 and Fig. S9 (Supporting information). The
Co-Nx/Co304/PEM displayed two hierarchies with the thickness
of deposited Co-Nx/Co30,4 layer approximately 60pm (Fig. 2a).
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Fig. 2. Cross section SEM images of (a) Co-Nx/Co304/PEM, (b) Co-Ny/Co304/RC,
(c) Co-Nx/Co304/PTFE. The contact angles of (d) bare PEM membrane and Co-
Nx/Co304/PEM membrane, (e) bare RC membrane and Co-Ny/Co3;04/RC membrane,
(f) bare PTFE membrane and Co-Ny/Co304/PTFE membrane.

Similarly, the steady Co-Nx/Co304 layers can be deposited on the
PTFE, RC, and CM with the similar thicknesses of 60, 40, and 50 pum,
respectively (Figs. 2b and c). As a result, all the four catalytic
membranes (including Co-Ny/Co304/PEM, Co-Ny/Co304/PTFE, Co-
Nx/C0304/RC, and Co-Nx/Co304/CM) could provide sufficient reac-
tive sites for oxidizing the pollutants via continuous influent flows.
The hydrophilicity properties of various catalytic membranes were
determined by contact angle experiments [39]. The contact angle
results exhibited that depositing the Co-Nx/Co304 onto the organic
membranes (PEM, PTFE, and RC) required 0.32-0.74s for water as-
similation (Figs. 2d-f). In contrast, the complete water assimilation
of Co-Nx/Co304/CMs could be achieved within 0.03s (Fig. S9b). In
addition, the Co-Nx/Co304 deposited membranes exhibited similar
or even higher hydrophilicity properties as compared with those of
bare membranes; this might be attributed to the high populations
of oxygen-based groups on these Co-Nx/Co304 deposited mem-
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branes, which would accelerate the formation of hydrogen bonds
with water molecules and facilitate the water assimilation on the
membrane surfaces [36,39].

In addition, the coating of Co-Nx/Co304 onto different mem-
branes showed significantly different flux changes. As shown in
Figs. 3a and b, the water flux of original CR was very low (<30L
m=2h1), and the Co-Ny/Co304/CR was even lower than 10L m2 h-!
(pressure extraction also cannot improve the water flux of Co-
Nx/C0304/CR). As for the original PTFE and Co-Nx/Co304/PTFE, very
low water fluxes were obtained without the pressure extraction
(Figs. 3c and d), while the water flux of Co-Nx/Co304/PTFE can
be significantly improved to 820L m2h'! at 0.4MPa of pressure
extraction. The Co-Ny/Co304/PES could achieve the similar water
flux as compared with that of original PES at 0.02 MPa of pressure
extraction (Figs. 3e and f). Basically, a certain pressure extraction
was required for Co-Ny/Co30,4 deposited organic membranes (Co-
Nx/Co304/CR, Co-Nx/Co304/PTFE, and Co-Nx/Co304/RC). In contrast,
the inorganic CM can achieve high water flux of 710L m2h-!, and
the similar water flux can be achieved by Co-Nx/Co304/CM even
without the pressure extraction (Figs. 3g and h). This result indi-
cated that the inorganic CM can be more suitable for depositing
the Co-Nyx/Co304 for continuous Fenton-like reactions.

The Co-Nx/Co304/CM was then used for the continuous cat-
alytic oxidation of various pollutants in actual Fenton-like sys-
tem, as shown in Fig. 4a. A residual PMS consumption device
(inner diameter of 8cm and length of 30cm) filled with Fe304
was also equipped. The Fe304 filled device could effectively con-
sume the residual PMS in the wastewater secondary effluent, and
no PMS can be detected in the effluent after the treatment of
the Co-Ny/Co304/CM system (Fig. 4b). The Co-Nx/Co304/CM sys-
tem showed that >98.8% of a series of pollutants (e.g., PCM, BPA,
TC, CP) could be stably removed with the continuous flow (20L)
into the catalytic system (Fig. S10 in Supporting information). We
also employed the Co-Nx/Co304/CM system to the wastewater sec-
ondary effluent (Zibo Lvhuan wastewater treating plant), and the
pollutant in complicated secondary effluent could be highly re-
moved by the Co-Nx/Co304/CM system (Fig. 4c). These results in-
dicated that the Co-Ny/Co304/CM could efficiently degrade the
pollutants in complex environmental conditions, which exhibited
promising application prospectives [21].

The SEM cross section image of used Co-Nx/Co304/CM after
actual Fenton-like reaction was determined, which showed that
the thickness of the Co-Ny/Co304 was almost the same as that
in original Co-Ny/Co304/CM (Fig. 5a). This result exhibited the
high stability of the Co-Nx/Co304/CM system. Basically, the Co-
Nx/Co304/CM system could trigger two major oxidation pathways
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Fig. 5. (a) SEM cross section image of used Co-Nx/Co304/CM. (b) Degradation mechanism of Co-Nx/Co304/CM towards pollutants via PMS activation. (c) Multiple adsorption

models for PMS by Co304 and Co-Ny/Co304.

(radical oxidation, and ETP oxidation) towards different pollutants
as obtained from the EPR and GOS systems [40], which guaran-
teed the high effective and stable degradation activity in the Co-
Nx/C0304/CM system (Fig. 5b). DFT calculation exhibited multiple
adsorption models for PMS by Co304 and Co-Nx/Co304 (Fig. 5c).
Results also confirmed that the Co-Ny/Co304 could exhibit the op-
timal gibbs free energy (—5.40eV) as well as the charge of PMS
(—0.311), which would facilitate the multiple oxidation pathways in
the Co-Nx/Co304/CM system via activating PMS [40,41], as shown
in Fig. 5c.

In summary, developing the eco-friendly, and efficient cata-
lysts for decontaminating the antibiotic wastewaters has become
the focus of research in recent years. In this work, Co-Nx coordi-
nated Co30,4 (Co-Nx/Co304) was prepared under ammonia atmo-
sphere, which was formed via stacking the ultra-thin nanosheets.
The Co-Nx/Co304 could 100% degrade the paracetamol (PCM) and
bisphenol-A (BPA) via PMS activation, which exhibited the ultrafast
degradation activity of Co-Ny/Co304. Two major oxidation path-
ways (radical oxidation, and ETP oxidation) towards different pol-
lutants can be triggered in the Co-Ny/Co304/PMS system, which
guaranteed the high-effective degradation activity of Co-Nx/Co30;4.
The Co-Ny/Co304 was deposited on the surface of inorganic mem-
branes (PEM, PTFE, and RC membrane) and organic membrane
(CM) to investigate the continuous degradation performance of
pollutants in the real environmental conditions. Results showed
that the membrane permeability can be well controlled in the Co-
Nx/Co304/CM, and stable oxidation activity can be maintained dur-
ing the continuous catalytic systems. This paper provides some in-
teresting results related to the catalytic modules applied for future
large-scale use.
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