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Non-homogeneous ozone-catalyzed oxidation technology is one of the effective ways of treating

wastewater, the core of which lies in the development of efficient ozone oxidation catalysts. This work

proposes the design and synthesis of an efficient Cu/Mn/Ce multi-metal composite oxide catalyst by

metal salt precursor mixing-direct granulation. The effect of metal doping on the catalyst properties was

compared using Density function theory (DFT) calculations, and the Cu/Mn/Ce co-doping showed

significant charge accumulation effect with a low ozonolysis energy barrier, which is more favorable for

the generation of reactive oxygen species. The successful loading of the main active metal components,

such as Mn, Cu, and Ce, was clarified by systematic characterization by X-ray diffraction (XRD), X-ray

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), energy dispersive spectroscopy

(EDS) and Brunauer–Emmett–Teller's test (BET), and the chemical oxygen demand (COD) removal could

reach more than 60% for the simulated wastewater. The electron paramagnetic resonance (EPR)

characterization clarified that the degradation of organic pollutants was mainly dominated by the

combination of single-linear oxygen and superoxide radicals in the catalytic process, and the possible

catalytic oxidation mechanism was proposed. This work advances the development of non-

homogeneous ozone oxidation technology.
1. Introduction

Wastewater treatment is conducive to alleviate the problem of
water scarcity, how to efficiently treat wastewater has attracted
the attention of the majority of researchers.1,2 At present,
adsorption technology, photocatalysis and microwave catalysis
technology, biochemical methods, and advanced oxidation
methods are widely used in the eld of wastewater treatment,3–7

and have achieved good results. Among them, the advanced
oxidation method mainly uses H2O2, O3, etc. as oxidizing
agents, and generates strong oxidizing active radicals through
the action of catalysts, so as to realize the efficient degradation
of organic pollutants. This technology has the advantages of
strong oxidizability, small footprint, and easy operation, which
has caused extensive research.8,9

Non-homogeneous ozone catalytic oxidation technology is
one of the advanced oxidation methods, in which ozone is
decomposed into strong oxidizing radicals such as hydroxyl
radicals and superoxide radicals through the design and
013, China. E-mail: 61865298@qq.com;

Ltd., Beijing 100013, China
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synthesis of catalysts to achieve the degradation of pollutants
based on the direct oxidation of ozone and indirect oxidation of
radicals.10–12 Therefore, the core of this process lies in the design
and synthesis of efficient non-homogeneous ozone oxidation
catalysts.13–16 Existing studies have mainly focused on the prep-
aration of metal oxide catalysts, carbon-based non-metal oxide
catalysts, metal–organic framework (MOF) and other catalysts,
and the types and contents of metal active centers and non-metal
active centers were adjusted to improve the performance of the
catalysts by improving the catalyst preparation process.
Currently, metal oxide catalysts are one of the most widely
studied catalysts for ozone oxidation due to their good ozone
catalytic performance and low cost.17–20

Metal oxidation catalysts are usually monometallic oxides or
their loaded catalysts, which can provide electrons for ozone
decomposition conversion through valence cycling of the metal
centers, but the monometallic active components are easy to be
leached out and lost due to the collision of catalyst particles and
other factors during ozone-catalyzed oxidation, resulting in
a decrease in the effect of the catalyst.21 Therefore, researchers
have proposed doping and other modications to improve the
catalyst performance by introducing different active metal
components while inhibiting the loss of active components, which
has achieved better results. It is worth noting that the current
doping through the conventional experimental comparison, the
workload is large, and themechanism of dopingmodication and
RSC Adv., 2024, 14, 35993–36004 | 35993
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the catalyst properties caused by the catalyst has not been studied
in depth, there is an urgent need to further through the combi-
nation of computational and experimental means to screen the
dopant metal and reveal its mechanism of action.22,23

In this work, a design and preparation study of a multime-
tallic oxide catalyst by DFT calculations combined with experi-
ments is proposed. Based on the results of DFT calculations, an
efficient Cu/Mn/Ce multimetallic ozone oxidation catalyst was
designed and synthesized by metal salt precursor mixing-direct
granulation. The conformational relationship of the catalyst
was revealed by XRD, BET and other systematic characteriza-
tions. Finally, the EPR characterization claried that the
degradation of organic pollutants in the catalytic process was
mainly dominated by single-linear oxygen and superoxide
radicals, and proposed the possible catalytic oxidation mecha-
nism, which provided a reference for the synthesis of new effi-
cient ozone oxidation catalysts.
2. Methods
2.1 Reagents

Manganese nitrate, copper nitrate, cerium nitrate, and Al2O3

powder were purchased from Shanghai McLean Co. Phenol
(99%), pyridine (99%), quinoline (99%) and nitrobenzene
(99%) were purchased from Shanghai Aladdin Co. The drugs
used were used directly without further purication, and
ultrapure water (18.2 U) was used as solvent for solution
conguration.
2.2 Catalyst preparation

Weigh a certain mass of manganese nitrate, copper nitrate,
cerium nitrate, added to ultrapure water, fully stirred for 1 h and
Fig. 1 Surface model of g-Al2O3 modified by Cu/Mn/Co, Cu/Mn/Ce, Cu

35994 | RSC Adv., 2024, 14, 35993–36004
then added Al2O3 powder, fully mechanically stirred for 6 h and
then put into the granulator for catalyst molding preparation
(control particle size of 3–5 mm), the precursor of the catalyst
samples obtained was dried in an 80 °C oven for 12 h and then
put into a muffle furnace for 4 h calcined in an air atmosphere
of 500 °C, and nally Cu/Mn/Ce multi-metal composite oxide
catalyst was obtained.
2.3 Batch experiment

The steps of catalytic oxidation experiment are as follows: take
1 L of simulated wastewater (phenol (50 mg L−1), pyridine
(10 mg L−1), quinoline (10 mg L−1), nitrobenzene (10 mg L−1)
are the main pollutants, the initial COD concentration is about
250 mg L−1), add a certain amount of catalyst, the reaction
device is a glass column (inner diameter of 4 cm, height of 1.5
m), and the wastewater is circulated by a peristaltic pump in
order to be mixed uniformly. Control ozone generator outlet O3

gas ow rate of 0.2–0.4 L min−1, O3 gas concentration (20–
80) mg L−1, every period of time to take samples to analyze the
COD concentration changes.
2.4 Characterization method

The XRD test was carried out using an X-ray diffractometer
(Bruker D8 advance), the target material was copper target, the
scanning range was 10–80°, and the scanning speed was
5° min−1. The specic surface area of the catalyst was deter-
mined using a specic surface area and porosity analyzer
(ASAP2460) from Micromeritics, U.S.A. X-ray photoelectron
spectrometer (Thermo Scientic Escalab 250Xi) was used for the
test, in which the vacuum degree of the analyzing chamber was
5 × l0−9 mBar, the excitation source was Alka rays (hv = 1486.6
eV), the working voltage was 12 kV, the lament current was 6
/Mn/Ca, Cu/Mn/Mg and Cu/Mn/Ni doping.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of bond length of g-Al2O3 surface model modified by Cu/Mn/Co, Cu/Mn/Ce, Cu/Mn/Ca, Cu/Mn/Mg and Cu/Mn/Ni
doping.
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mA, and the C 1s = 284.80 eV binding energy was used as the
energy standard. Charge correction was performed.
2.5 Calculation method

All calculations were simulated using the CASTEP soware
package in Materials Studio. Based on the generalized gradient
approximation (GGA) plane wave pseudopotential method
under DFT, the Perdew–Burke–Ernzerhof (PBE) density func-
tional description24 is chosen and the ultraso pseudopoten-
tials (USP) is used to describe the Kohn–Sham (K–S) plane wave
pseudopotentials. USP are used to solve the Kohn–Sham (K–S)
equations and energy functionals in a self-consistent (SCF)
manner. The plane-wave truncation energy is set to 380 eV, the
convergence accuracy of the self-concordant eld is 2.0 ×

10−5 eV atm−1, the internal stress is not greater than 0.1 GPa,
and the k-points in the Brillouin zone are taken as 3 × 2 × 2.
Fig. 4 DOS of g-Al2O3modified by Cu/Mn/Co, Cu/Mn/Ce, Cu/Mn/Ca,
Cu/Mn/Mg and Cu/Mn/Ni doping.
3. Results and discussion
3.1 Catalyst design

In the cell of Cu/Mn bimetallic dopant-modied g-Al2O3(020),
the other surface Al atoms adjacent to Cu were replaced by Co,
Ce, Ca, Mg, and Ni atoms, respectively, to construct ve
different tri-metallic dopant-modied g-Al2O3 surface models,
Fig. 3 Charge density difference of g-Al2O3 surface model modified by

© 2024 The Author(s). Published by the Royal Society of Chemistry
and to optimize the structure, and the optimized obtained
models are shown in Fig. 1. As can be seen in Fig. 2, aer Cu/
Mn/Co doping modied g-Al2O3, the bond lengths of Cu and
adjacent O atoms are 1.913 Å, 2.075 Å, 2.048 Å, the bond lengths
of Mn and adjacent O atoms are 1.879 Å, 1.995 Å, 1.942 Å, the
bond lengths of Co and adjacent O atoms are 1.852 Å, 1.887 Å,
1.975 Å; the bond lengths of Cu/Mn and adjacent O atoms are
1.852 Å, 1.887 Å, 1.975 Å; and the bond lengths of Cu/Mn and
Cu/Mn/Co, Cu/Mn/Ce, Cu/Mn/Ca, Cu/Mn/Mg and Cu/Mn/Ni doping.

RSC Adv., 2024, 14, 35993–36004 | 35995
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Fig. 5 O3 adsorption configurations of g-Al2O3 surface modified by Cu/Mn/Co, Cu/Mn/Ce, Cu/Mn/Ca, Cu/Mn/Mg and Cu/Mn/Ni doping.

Fig. 7 Activation energy of O3 catalyzed decomposition reaction of g-
Al2O3 modified by Cu/Mn/Co, Cu/Mn/Ce, Cu/Mn/Ca, Cu/Mn/Mg.
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adjacent O atoms are 1.852 Å, 1.887 Å, 1.975 Å; Cu/Mn/Ce doped
modied g-Al2O3, the bond lengths of Cu and neighboring O
atoms are 1.883 Å, 1.986 Å, 2.023 Å, the bond lengths of Mn and
neighboring O atoms are 1.886 Å, 1.974 Å, 1.953 Å, the bond
lengths of Ce and neighboring O atoms are 2.014 Å, 2.139 Å,
2.134 Å, and Cu/Mn/Ca dopedmodied g-Al2O3 is 1.995 Å, 1.942
Å, and Co and neighboring O atoms are 1.852 Å, 1.887 Å, 1.975
Å, respectively. Mg doping modied g-Al2O3, the bond lengths
of Cu and neighboring O atoms are 1.905 Å, 2.049 Å, 2.040 Å, the
bond lengths of Mn and neighboring O atoms are 1.891 Å, 1.962
Å, 1.942 Å, and the bond lengths of Mg and neighboring O
atoms are 1.854 Å, 1.920 Å, 1.943 Å; Cu/Mn/Ni doping modied
g-Al2O3, the bond lengths of Ca and neighboring O atoms are
2.056 Å, 2.222 Å, 2.203 Å, and the bond lengths of Ca and
neighboring O atoms are 2.056 Å, 2.222 Å, 2.203 Å, respectively.
Aer modication of g-Al2O3, the bond lengths between Cu and
neighboring O atoms are 1.899 Å, 2.023 Å, 2.047 Å, the bond
lengths between Mn and neighboring O atoms are 1.868 Å,
1.961 Å, 1.938 Å, and the bond lengths between Ni and neigh-
boring O atoms are 1.868 Å, 1.881 Å, and 1.956 Å. In compar-
ison, the bond lengths of Ca, Ce and neighboring O atoms are
longer than those of Ca and Ce. In comparison, the bond
Fig. 6 Transition state configurations of g-Al2O3 surface modified by C

35996 | RSC Adv., 2024, 14, 35993–36004
lengths of Ca and Ce with neighboring O atoms are longer than
those of Co, Mg and Ni with neighboring O atoms.

The differential charge densities of Cu/Mn/Co, Cu/Mn/Ce,
Cu/Mn/Ca, Cu/Mn/Mg, and Cu/Mn/Ni dopant-modied g-
Al2O3 were calculated by using the analysis program in the
CASTEPmodule, and are shown in Fig. 3. Cu/Mn/Co, Cu/Mn/Ce,
u/Mn/Co, Cu/Mn/Ce, Cu/Mn/Ca, Cu/Mn/Mg and Cu/Mn/Ni doping.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM diagram. (a and b) 400 °C; (c and d) 500 °C; (e and f) 600 °C; (g and h) 700 °C; (i and j) 800 °C.
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Cu/Mn/Ca, Cu/Mn/Mg, Cu/Mn/Ni doped modied g-Al2O3 aer
the charge density difference is larger, Cu/Mn/Co and Cu/Mn/Ce
doped modied g-Al2O3 aer the charge build-up effect is more
pronounced, the charge of the Ce atoms to the O atoms to
© 2024 The Author(s). Published by the Royal Society of Chemistry
transfer more drastically, so that the O atoms around the charge
density is higher, and is more conducive to the decomposition
of the transformation of ozone.
RSC Adv., 2024, 14, 35993–36004 | 35997
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Fig. 9 EDS mapping diagram.

Table 1 Catalyst elemental composition

Element Al O Mn Cu Ce
Content (%) 27.25 42.69 9.38 11.63 9.05

Table 2 BET test results of catalysts

Catalyst Specic surface area (m2 g−1)

Cu/Mn/Ce–Al2O3-400 °C 218.27
Cu/Mn/Ce–Al2O3-500 °C 189.38
Cu/Mn/Ce–Al2O3-600 °C 185.02
Cu/Mn/Ce–Al2O3-700 °C 121.23
Cu/Mn/Ce–Al2O3-800 °C 60.69
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From the density-of-state diagram (Fig. 4), it can be seen that
the active sites of Cu/Mn/Co and Cu/Mn/Ce doped modied g-
Al2O3 have strong peaks occupying the state near the Fermi
energy level, and these two systems should have better catalytic
activity. While the Ca and Mg doped systems do not have
obvious peaks near the Fermi energy level, which indicates that
the Ca and Mg doping is not conducive to the improvement of
the catalytic performance. The Ni doping system has a weak
peak near the Fermi energy level, indicating that the catalytic
activity of the Ni doping system is average.
3.2 Comparison of ozone decomposition energy bases

The congurations of Cu/Mn/Co, Cu/Mn/Ce, Cu/Mn/Ca, Cu/
Mn/Mg, Cu/Mn/Ni doped g-Al2O3 adsorbed O3 were
Fig. 10 XRD plots. (a) Different calcination temperatures; (b) different ca

35998 | RSC Adv., 2024, 14, 35993–36004
constructed (Fig. 5). When O3 was adsorbed on the surface of
Cu/Mn/Ce doped g-Al2O3, one of the O atoms of O3 was bonded
with Cu atoms with a bond length of 2.117 Å; another O atom of
O3 was bonded with Mn atoms with a bond length of 3.104 Å,
and the angle of O atoms of O3 was 116.54°. When O3 is
adsorbed on the surface of Cu/Mn/Ca-doped g-Al2O3, one O
atom of O3 bonds with a Cu atom with a bond length of 2.117 Å,
another O atom of O3 bonds with a Mn atom with a bond length
of 3.104 Å, and the O-atomic intersection angle of O3 is 116.54°.
lcination times.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 BET plots. (a) N2 adsorption and desorption curve of catalyst (500 °C–4 h); (b) pore size distribution (500 °C–4 h).
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When O3 is adsorbed on the surface of Cu/Mn/Mg doped g-
Al2O3, one O atom of O3 is bonded to a Cu atom with a bond
length of 2.212 Å, another O atom of O3 is bonded to a Mn atom
with a bond length of 1.952 Å, and the O atomic interstitial
angle of O3 is 114.92°; when O3 is adsorbed on the surface of Cu/
Mn/Ni doped g-Al2O3, one O atom of O3 is bonded to a Cu atom
with a bond length of 2.116 Å, and the O atomic interstitial
angle of O3 is 114.92°. When O3 is adsorbed on the surface of
Cu/Mn/Ni doped g-Al2O3, one O atom of O3 bonds with a Cu
atom with a bond length of 2.116 Å; another O atom of O3 bonds
with a Mn atom with a bond length of 1.979 Å, and the O-atomic
angle of O3 is 114.91° (Fig. 6).

In the transition state of Cu/Mn/Co doped modied g-Al2O3

surface O–O2, the Cu–O bond length is 2.455 Å, the Mn–O bond
length is 1.845 Å, which is longer than that of the adsorbed Cu–
O andMn–O bonds, and the O-atomic angle of the O2 is 112.49°;
in the transition state of Cu/Mn/Ce doped modied g-Al2O3

surface O–O2, the Cu–O bond length is 2.253 Å, the Mn–O bond
length is 2.026 Å, which is longer than that of the adsorbed Cu–
O andMn–O bonds, and the O-atomic angle of the O2 is 112.49°.
O bond length is 2.253 Å and Mn–O bond length is 2.026 Å,
which is longer than the Cu–O and Mn–O bonds in the
adsorption state, and the O-atomic angle of O2 is 125.59°; in the
transition state of Cu/Mn/Ca doped and modied g-Al2O3

surface O–O2, the Cu–O bond length is 2.450 Å and Mn–O bond
length is 2.027 Å, and the O-atomic angle of O2 is 108.23°; the
Cu/Mn/Ce doped andmodied g-Al2O3 surface O–O2 is 108.23°;
the Cu/Mn/Ca doped and modied g-Al2O3 surface O-atomic
angle of O2 is 108.23°. 108.23°; Cu/Mn/Mg dopant-modied g-
Al2O3 surface O–O2 in the transition state, the Cu–O bond
length is 2.343 Å, the Mn–O bond length is 1.856 Å, and the O-
atomic angle of O2 is 112.99°; Cu/Mn/Ni dopant-modied g-
Al2O3 surface O–O2 in the transition state, the Cu–O bond
length is 2.415 Å, the Mn–O bond length is 1.86 Å, the Mn–O
bond length is 2.415 Å, theMn–O bond length is 1.86 Å, theMn–
O bond length is 1.86 Å, the Mn–O bond length is 2.415 Å, and
the Mn–O bond length is 1.86 Å. O bond length is 2.415 Å for
Cu–O and 1.866 Å for Mn–O in the transition state, which is
© 2024 The Author(s). Published by the Royal Society of Chemistry
longer than that of Cu–O andMn–O in the adsorption state, and
the O-atom angle of O2 is 112.11° (Fig. 7).

The reaction energy barriers for catalytic O3 decomposition on
Cu/Mn/Co dopant-modied g-Al2O3 surfaces are 0.30 eV, Cu/Mn/
Ce dopant-modied g-Al2O3 surfaces catalyze O3 decomposition
with a reaction energy barrier of −0.29 eV, Cu/Mn/Ca dopant-
modied g-Al2O3 surfaces catalyze O3 decomposition with
a reaction energy barrier of 0.65 eV, the reaction energy barrier of
catalytic O3 decomposition on Cu/Mn/Mg dopant-modied g-
Al2O3 surface is 0.62 eV, and the reaction energy barrier of
catalytic O3 decomposition on Cu/Mn/Ni dopant-modied g-
Al2O3 surface is 0.32 eV. The reaction energy barriers of catalytic
O3 decomposition on Cu/Mn/Co and Cu/Mn/Ce dopant-modied
g-Al2O3 surface were the lowest, all lower than 0.31 eV for Cu/Mn
dopant-modied g-Al2O3, and the reaction energy barriers of
catalytic O3 decomposition on the surface of Cu/Mn/Ni, Cu/Mn/
Ca, and Cu/Mn/Mg dopant-modied g-Al2O3 were higher than
that of Cu/Mn dopant-modied g-Al2O3, with the reaction energy
barriers of catalytic O3 decomposition on the surface of Cu/Mn/
Ca and Cu/Mn/Mg dopant-modied g-Al2O3 being higher than
those of Cu/Mn dopant-modied g-Al2O3. Al2O3 surface catalyzed
O3 decomposition with a reaction energy barrier as high as
0.62 eV, which may be caused by the introduction of Ca and Mg
attenuating the adsorption of the catalyst on the product O + O2,
and the reaction thermodynamics is unfavorable due to the
signicant increase in the energy of the product, and the energy
barrier is also elevated, and such a calculation is in agreement
with the results of the analysis of the density of states. Therefore,
Cu/Mn/Ce doped modied g-Al2O3 was preferred as the ozone
oxidation catalyst.
3.3 Catalyst characterization and performance verication

Aer optimization by simulation calculations, this work was
carried out to prepare Cu/Mn/Ce dopant-modied g-Al2O3

catalysts and analyze the catalyst morphology structure and
chemical composition by a series of characterizations such as
SEM, XRD, BET and XPS. For the Cu/Mn/Ce dopant-modied g-
Al2O3 catalysts calcined at 400–800 °C, the surface morphology
RSC Adv., 2024, 14, 35993–36004 | 35999
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was compared, and the Cu/Mn/Ce dopant-modied g-Al2O3

catalysts calcined at all temperatures had a good morphology
structure, and the surface of the catalysts was rougher (Fig. 8).
Meanwhile, the EDS scanning analysis results showed that the
main active components Cu, Mn, and Ce were well dispersed
without obvious agglomeration (Fig. 9), and the ratio of Cu, Mn,
and Ce was close to 1 : 1 : 1 (Table 1), which was basically the
same as that of the simulation optimization, and veried that
the catalysts were successfully prepared. In addition, it can be
seen from the XRD plots of calcination at 400–800 °C (the
Fig. 12 XPS spectrogram.

36000 | RSC Adv., 2024, 14, 35993–36004
retention time was 4 h, Fig. 10) that obvious characteristic peaks
attributed to MnO2, CuO, and CeO2 oxides appeared in the
range of 2q = 30–60°, and the characteristic peaks were more
sharp with the increase of temperature, indicating a good
crystalline shape. However, when the effect of different calci-
nation times was examined (the calcination temperature was
500 °C), it was found that there was no obvious effect of calci-
nation time, therefore, for the metal oxide components, the
calcination temperature is the main reason for determining
their crystalline shape and activity. However, from the catalytic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Catalyst performance validation. (a) Comparison of catalysts
with different active components; (b) effect of ozone concentration on
COD removal; (c) effect of different pH on COD removal.
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oxidation process itself, the specic surface area of the catalyst
itself is equally important, which determines the mutual
contact of the catalyst active sites with ozone and pollutants. In
© 2024 The Author(s). Published by the Royal Society of Chemistry
the BET characterization, it is obvious that too high calcination
temperature signicantly affects the size of the surface area of
the catalyst, especially the catalyst obtained by calcination at
700–800 °C, the specic surface area is only 80–120 m2 g−1, at
this time, although the active component of metal oxides has
a good crystalline shape, but the catalyst specic surface area is
too small (Table 2), so the calcination temperature can be
selected from 500–600 °C. What's more, the adsorption curve is
of type III, and the pore size distribution is mainly in the range
of 5–15 nm (Fig. 11), showing mesoporous distribution char-
acteristics.25,26 Finally, this work further veried the catalyst
metal oxide active component species by XPS analysis (Fig. 12),
the presence of the elements Mn, Cu, O and Ce was
conrmed,27–29 which is consistent with the SEM-EDS results.
The Cu active fraction mainly exists in the form of CuO (Fig.
12a), the Ce active fraction mainly exists in the form of CeO2

(Fig. 12b), and the Mn active fraction mainly exists in the form
of MnO (Fig. 12c). Meanwhile, the split-peak proles of Al, O,
and C proved the presence of Al2O3 (Fig. 12d–f).

Aer the successful preparation of the catalyst was claried by
a series of characterizations such as SEM, XRD, BET, and XPS, this
work mainly investigated the effect of different metal components
on the catalyst activity and the variation of COD removal rate
under different ozone concentrations and pH environments, and
the results are shown in Fig. 13. The COD removal of the ozone
oxidation process alone could reach about 35%. Compared with
the ozone oxidation process alone, the COD removal rate was
signicantly increased by the addition of CuMnMg, CuMnCa,
CuMnNi, CuMnCo, and CuMnCe catalysts. Among them, the COD
removal rate of the ozone-catalyzed oxidation process dominated
by CuMnMg and CuMnCa catalysts was about 50%, whereas the
COD removal rate of the ozone oxidation process dominated by
CuMnNi, CuMnCo, and CuMnCe catalysts was more than 55%,
and in particular, the COD removal rate of the oxidation process
dominated by CuMnCe catalysts was up to 60%, which indicated
that the introduction of Ce introduction is the most signicant
improvement of catalyst activity (Fig. 13a), which is consistent with
the simulation results. The main reason may be that CeO2 has
more abundant lattice oxygen, which is more favorable for the
ozone catalytic oxidation process. At the same time, when the
ozone concentration was gradually increased from 20 mg L−1 to
60mg L−1, the COD removal rate was signicantly increased, up to
about 65%, which was mainly due to the fact that under high
ozone concentration, the catalyst active sites could catalyze the
formation of more active radicals from ozone. However, the
increase of COD removal was small when the ozone concentration
was increased from 40 mg L−1 to 60 mg L−1. Therefore, an ozone
concentration of 40 mg L−1 was chosen, and the catalysts showed
good catalytic activity under different pH environments, but it was
obvious that the acidic environment inhibited the COD removal,
which was mainly due to the fact that the acidic environment was
unfavorable to the generation of free radicals. At the same time,
the strong alkalinity at pH = 11 was destructive to the original
good morphological structure of the catalyst, which was also
detrimental to the catalytic oxidation process of ozone. Therefore,
the catalyst has better catalytic activity when the pH of wastewater
is 7–9 (Fig. 13c).
RSC Adv., 2024, 14, 35993–36004 | 36001
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Fig. 14 Reaction configuration of benzene catalyzed oxidation by g-Al2O3 modified by Cu/Mn/Ce doping.
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3.4 Catalyst mechanism study

When benzene was used as a simulated pollutant in the catalytic
oxidation of benzene, the activemetal on the surface of the Cu/Mn/
Ce doped modied g-Al2O3 catalyst rstly adsorbed O3 to form the
adsorption state O*, and then bonded with benzene's C-atoms to
form O* + C6H6(aq), and then through the transition state to form
the adsorption state O–C6H6*, and then transformedO–C6H6* into
C6H5OH(aq) (Fig. 14). Among them, the reaction energy for the
transformation of O* + C6H6 (aq) to O–C6H6* is 0.52 eV, and the
reaction energy for the transformation of O–C6H6* to C6H5OH (aq)
is 0.61 eV, so the step of the transformation of O–C6H6* to C6H5OH
(aq) is a rate-controlling step, and according to the Arrhenius
formula, if the energy barrier of a reaction is lower than 0.7 eV,
then the reaction can be carried out at room temperature. There-
fore, the Cu/Mn/Ce-modied g-Al2O3 can oxidize benzene to
phenol and further degrade to carbon dioxide and water. Mean-
while, the free radical species for its ozone-catalyzed oxidation
process by EPR (Fig. 16). 5,5-Dimethyl-1-pyrroline N-oxide(DMPO)
was used as the scavenger of hydroxyl radicals and superoxide
radicals, and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMP) was used
as the scavenger of single-linear oxygen, and the results are shown
in Fig. 15. Superoxide radicals and single-linear oxygen mainly
existed in the ozone-catalyzed oxidation process dominated by Cu/
Mn/Ce-modied g-Al2O3 catalysts, and the characteristic signals of
Fig. 15 Benzene catalyzed oxidation reaction path by g-Al2O3

modified by Cu/Mn/Ce doping.

36002 | RSC Adv., 2024, 14, 35993–36004
hydroxyl radical were the weakest, which indicated that superoxide
radicals and single-linear oxygen dominated the oxidative degra-
dation of organic pollutants.
3.5 Catalyst stability evaluation

6 kg of catalyst was prepared by granulation method and loaded
into a 20L h−1 ozone catalytic oxidation continuous unit reactor
(Fig. 17) to simulate the initial concentration of wastewater COD
of about 250 mg L−1. The catalyst limit performance test and
catalyst stability test were carried out respectively.

As shown in Fig. 17, with the reaction, the COD removal rate
in the stage is more stable, about 55% (during 300 h of opera-
tion), indicating that the performance of the catalyst is stable,
and has the prospect of industrial application.
3.6 The potential industrial applications and scalability of
catalyst

The catalysts prepared in this work can be prepared at a scale of
2–5 kg in a single run in the laboratory, while the preparation
process is simple and mature, and the catalysts are easy to be
Fig. 16 EPR mapping.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Catalyst and 20 L h−1 ozone catalytic oxidation continuous unit; (b) continuous test CODmonitoring. (Condition: inlet water flow 10 L
h−1, O3 flow 0.4 L min−1, O3 concentration 40 mg L−1, retention time 30 min, sampling every 12 h to measure COD.)
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prepared on a large scale. Meanwhile, through the stability test
of the catalyst, its performance basically remains unchanged,
indicating that it has good stability. Therefore, the prepared
catalysts have stable performance and little difficulty in large-
scale preparation, and have the potential for industrial
application.
4. Conclusion

In this work, an efficient Cu/Mn/Ce multi-metal oxide
composite catalyst was designed and synthesized by metal salt
precursor mixing-direct granulation. Systematic characteriza-
tion by XRD, XPS and BET combined with DFT calculations
revealed the constitutive relationship of the catalyst, and Cu/
Mn/Ce was the main active metal component of the catalyst,
and the COD removal could reach more than 50% for the
simulated wastewater and the catalyst activity remained basi-
cally stable for a long period of 1000 h. The EPR characterization
claried that the degradation of organic pollutants in the
catalytic process was mainly dominated by single-linear oxygen
and superoxide radicals, and proposed a possible catalytic
oxidation mechanism, which provided a reference for the
synthesis of new efficient ozone oxidation catalysts and the deep
treatment of wastewater.
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