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A B S T R A C T

To improve the oxidation pretreatment efficiency of wastewater from organic peroxides, a 
catalyst (CeO2-C catalyst) was developed using the calcination method with ceramic particles as 
the support. The crystalline structure and elemental composition of the CeO2-C catalyst were 
characterized by Scanning Electron Microscope (SEM), Energy Dispersive Spectrometer (EDS), 
and X-ray diffraction (XRD). This study explored the effects of CeO2 mass ratio, calcination 
temperature, and calcination time on the performance of the catalyst. The optimal preparation 
conditions were established through orthogonal experiments. Additionally, the synergistic effect 
of the catalyst on the ozone oxidation treatment of peroxide wastewater was investigated. The 
results indicated that the optimal preparation parameters were a CeO2 mass ratio of 4 %, a 
calcination temperature of 500 ◦C, and a duration of 5 h, respectively. After five cycles of reuse, 
the catalytic activity slightly decreased but remained relatively stable. With an ozone flow rate of 
6 L/min, the CeO2-C/ozone catalytic oxidation process achieved a Chemical Oxygen Demand 
(COD) removal rate of 28.11 % in wastewater, and the B/C (the ratio of BOD concentration to 
COD concentration) of wastewater improved from 0.093 to 0.152. The calcination method proved 
effective for preparing the CeO2-C catalyst, which demonstrated significant catalytic performance 
and held promising application prospects in the oxidation pretreatment of organic peroxide 
wastewater.

1. Introduction

Organic peroxides play a crucial role as crosslinking agents, reaction catalysts, and initiators in the production of plastics, rubber, 
and resins, significantly contributing to polymer chemical production [1–3]. As industrial enterprises expand, the demand for organic 
peroxides increases, leading to a rise in the production of wastewater associated with these compounds. This kind of wastewater is 
characterized by low biodegradability and is challenging to degrade [4–9]. Therefore, wastewater from organic peroxide production 
typically requires oxidation pretreatment to improve its biodegradability [10–13], and to facilitate the removal of some refractory 
organic compounds present in the wastewater [14–16]. Common oxidation pretreatment methods include electrocatalytic oxidation, 
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photocatalytic oxidation, ozone catalytic oxidation and so on.
Baral et al. employed copper oxide nanosheets for photocatalytic oxidation technology to degrade organic wastewater. However, 

the photocatalytic materials currently used in these technologies are nanoscale, making them difficult to recover [17–19]. Jin et al. 
utilized electrocatalytic oxidation technology to treat urea wastewater [20–22]. However, the high cost, susceptibility to material loss 
and low current efficiency of electrode materials limit their application in the treatment of high-concentration refractory wastewater. 
Ozone oxidation alone has problems such as low mineralization of pollutants after treatment, inability to reprocess some organic 
matter through other means, and low ozone utilization efficiency [38]. Ozone catalytic oxidation reaction can generate ⋅ OH with 
strong oxidation performance, which not only improves the utilization rate of ozone, but also greatly enhances the mineralization and 
removal rate of pollutants [39]. This technology has developed rapidly in recent years, and many researchers have tended to study and 
modify ozone catalytic oxidation catalysts [40]. Ozone catalytic oxidation is primarily divided into homogeneous catalysis and het
erogeneous catalysis [23,24]. The homogeneous catalytic oxidation system faces issues such as easy loss of active metal ions, low 
utilization efficiency, high treatment cost, and the potential for secondary water pollution [24–26]. In this study, a heterogeneous 
CeO2-C catalyst was prepared using a calcination process, which can be recycled, and maintain stable catalytic activity over a long time 
without causing secondary pollution [27–29]. The results of this study provide a theoretical basis for the treatment of organic peroxide 
production wastewater.

2. Materials and methods

2.1. Raw-water quality and measurement method

The water sample for the test was sourced from an auxiliary factory in Gansu Province, specializing in the production of organic 
peroxides. The primary pollutant in wastewater is organic peroxide. The characteristics of the water quality are detailed in Table 1.

2.2. Test materials

Ceramic particles, serving as the catalyst carriers, featured a specific surface area of 300–1000 m2, a particle size of 3–5 mm, and a 
porosity of over 30 %. To adjust the pH of the wastewater, H2SO4 and NaOH were employed. Analytical grade HNO3 and Ce (NO3) 3 
were utilized to prepare the catalyst.

2.3. Test device

The schematic diagram of the device is illustrated in Fig. 1. The experiments were carried out within a fume hood, utilizing a 1000 
mL conical flask as the reactor for ozone catalytic oxidation. Ozonized air was introduced at the bottom of the conical flask through a 
dedicated O3 gas conduit, with the flow of O3 was controlled by a gas flow meter. Exhaust gas was discharged using a conduit.

2.4. Test methods

2.4.1. Preparation method of catalyst
The cleaned ceramic particles were soaked in HNO3 solution for 12 h, then filtered, rinsed, dried, and cooled to room temperature. 

Subsequently, they were immersed in a cerium nitrate solution, thoroughly mixed, and placed on a shaking table for another 12 h. 
Following this, the particles were filtered and dried in an oven at 105 ◦C, and then calcined in a Muffle furnace.

2.4.2. Test method for ozone catalytic oxidation
Put 300 mL of test wastewater into a 1000 mL conical flask with a stopper. Adjust the pH with NaOH and dilute H2SO4, and conduct 

the experiment in a fume hood. Connect the aeration head to a conduit, and introduce ozonated air from the bottom of the conical flask 
using air prepared by the XM ozone disinfection mechanism. Control the flow of ozone using a gas flow meter, and discharge the 
exhaust gases through a conduit.

2.5. Water quality analysis method

COD concentration was determined by the potassium dichromate colorimetric method. UV254 was determined by ultraviolet 
spectrophotometry, and BOD5 was measured by the dilution inoculation method. The pH and DO were directly determined by a pHS- 
25 acidity meter and a HACH HQ-10 dissolved oxygen meter, respectively.

Table 1 
Main water quality parameters of wastewater from organic peroxide production.

water quality 
parameter

COD (mg/L) BOD5 (mg/L) B/C pH UV254

Numerical value 12491.3–22493.9 1161.69–2361.86 0.093–0.105 3.83–6.35 2.312–3.550
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3. Results and discussion

3.1. Optimization of catalyst preparation conditions

The catalytic properties of cerium [30], cobalt [31], and manganese ions [32] were systematically investigated. Three distinct 
catalysts were synthesized under the same experimental conditions, which included an ozone flux rate of 5 L/min, an initial solution 
pH of 6, and a reaction duration of 60 min. This study explored the influence of varying elemental loadings on the efficiency of 
pollutant removal when using ceramic particles as carriers. The comparative performance of these catalysts is illustrated in Fig. 2.

The removal rates of COD and UV254 from wastewater by three catalysts in the ozone catalytic oxidation experiments were 26.12 %, 
24.30 %, 24.06 % for COD and 22.37 %, 20.93 %, 20.74 % for UV254, respectively. Among them, the CeO2 catalyst exhibited superior 
performance. This enhanced efficacy can be attributed to the semi-open fluorite structure of CeO2 crystals, which uniquely enables the 
release of oxygen in oxygen-deficient environments and the storage of oxygen in oxygen-rich environments (Kim et al., 2023; A. Wang 
et al., 2023). Additionally, the CeO2 lattice features high oxygen mobility (Guo et al., 2022; Zhou et al., 2024).

3.2. Optimization of preparation conditions of CeO2-C catalyst

To obtain the specific level values for each factor in the orthogonal experiment, the influence of various preparation conditions on 
the performance of the catalyst were initially investigated by single-factor experiments. Subsequently, the optimal preparation con
ditions for the catalyst were determined by an orthogonal experiment.

Fig. 1. Schematic diagram of ozone catalytic oxidation test device.

Fig. 2. Optimization of active components.
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3.2.1. Single-factor experiment

3.2.1.1. The influence of CeO2 mass ratio on pollutant removal rate. During the preparation of CeO2-C catalyst, the effect of different 
CeO2 mass ratios on the catalyst performance was investigated. Under this experimental condition, the COD concentration of raw 
water was measured at 22102.7 mg/L, and the UV254 value was 3.354.

As depicted in Fig. 3, as the mass fraction of CeO2 on ceramic particles increases from 2 % to 10 %, the removal rates of COD and 
UV254 in wastewater by ozone catalytic oxidation exhibited a trend of initially increasing and then decreasing. The removal rates 
peaked at a CeO2 mass fraction of 4 %, achieving 25.86 % for COD and 19.55 % for UV254, respectively. In the reaction system, ⋅ OH can 
be catalyzed by the active sites on the catalyst to produce ozone. An increase in CeO2 loading can increase the amount of ⋅ OH in the 
system, improving the removal rate of pollutants. However, when the loading is too large, it can block some of the pores of the catalyst, 
resulting in a decrease in the effectiveness of ozone catalytic oxidation [41]. These results indicating that the optimal CeO2 mass ratio is 
4 %.

3.2.1.2. Effect of calcination temperature on pollutant removal rate. In the process of preparing CeO2-C catalyst, the effects of different 
calcination temperatures (300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C) on the performance of catalyst were investigated. The experiments 
maintained a fixed CeO2 loading of 4 % and a calcination duration of 4 h. Under these conditions, the COD concentration of the raw 
water was 21924.7 mg/L, and the UV254 value was 3.493.

As illustrated in Fig. 4, the removal rates of COD and UV254 from wastewater via ozone catalytic oxidation demonstrate a trend of 
increasing and then decreasing as the calcination temperature rises from 300 ◦C to 700 ◦C. At lower temperatures, the nitrate on the 
ceramsite can not be fully decomposed [33], resulting in a lower catalytic effect. As the temperature gradually increases, the carrier 
generates more basic groups and active sites, thus improving the performance of the catalyst. However, at excessively high temper
atures, the pore structure of the catalyst is compromised, resulting in a decrease in catalyst activity [34]. The optimal calcination 
temperature obtained through comparison is 500 ◦C.

3.2.1.3. Effect of calcination time on pollutant removal rate. During the preparation of the CeO2-C catalyst, the calcination CeO2 loading 
was controlled at 4 %, and the calcination temperature was 500 ◦C. The influence of different calcination durations (2, 3, 4, 5 and 6 h) 
on the performance of the catalyst was investigated. Under this condition, the COD concentration of raw water was 22137.5 mg/L, and 
the UV254 value was 3.427.

As depicted in Fig. 5, the removal rates of COD and UV254 in the ozone catalytic oxidation experiments demonstrate distinct trends 
with varying calcination durations from 2 h to 6 h. The rates for COD were 18.44 %, 22.75 %, 23.21 %, 25.89 %, 23.7 %, and for UV254, 
they were 16.97 %, 17.79 %, 18.57 %, 20.24 % and 19.19 %, respectively. These trends indicate an initial increase followed by a 
decrease in removal efficacy. At a calcination time of 5 h, both COD and UV254 achieve their peak removal rates, recorded at 25.89 % 
and 25.24 %, respectively. The formation of active oxide crystals within the catalysts is a relatively slow process, significantly 
influenced by the duration of the calcination [35]. Insufficient calcination times fail to completely decompose the cerium nitrate active 

Fig. 3. Effect of CeO2 loading on pollutant removal rate.
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components, thereby limiting the catalytic effectiveness. Conversely, excessively prolonged calcination leads to structural degradation 
of the catalyst’s porous network, diminishing its catalytic capabilities [36]. In conclusion, the optimal calcination period, ensuring 
maximum catalytic activity is established at 5 h.

3.2.2. Optimization of CeO2-C catalyst preparation by orthogonal testing
The preparation process of the CeO2-C catalyst was further optimized by an orthogonal testing methodology. Three factors vari

ables were considered in this optimization: CeO2 mass ratio, calcination temperature (◦C) and calcination duration (H). The removal 
rate of COD was employed as the metric to assess the catalytic activity of the catalyst. The concentration of COD in the raw water used 

Fig. 4. Effect of calcination temperature on pollutant removal rate.

Fig. 5. Effect of calcination duration on pollutant removal rate.
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for this test was 22,093.6 mg/L. The levels of each factor are encoded in Table 2.
To further analyze the impact of various factors on COD removal efficiency, a range of analyses were conducted based on the COD 

removal rate results presented in Tables 2 and 3. The outcomes of this analysis are shown in Table 4.
In Table 4, the order of factors affecting the performance of the CeO2 catalyst is as follows: CeO2 mass ratio > calcination tem

perature > calcination time, with the CeO2 mass ratio having the most significant influence. Under the optimal experimental con
ditions (A2B2C2), the prepared catalyst was applied in the ozone catalytic oxidation experiment, achieving a COD removal rate of 
24.71 %.

3.2.3. Catalyst stability
The CeO2-C catalyst, prepared under the optimal conditions determined by both single factor and orthogonal tests, and was applied 

in ozone catalytic oxidation experiments to investigate its stability. Under these conditions, the COD concentration of the raw water 
was 22281.9 mg/L, and the UV254 value was 3.399.

As shown in Fig. 6, when the number of use of catalysts used increased from 1 to 5, the removal rate of pollutants exhibited a 
downward trend. The removal rates for COD were 24.07 %, 23.52 %, 23.98 %, 22.01 %, 21.49 %, while the UV254 removal rates were 
20.29 %, 19.09 %, 19.66 %, 18.56 % and 18.41 %, respectively. Over the course of five reuse tests, the COD and UV254 removal rates 
remained between 20 %–25 % and 18 %–21 %. In general, CeO2-C catalyst demonstrated good stability, which could be attributed to 
the secure loading of CeO2 on the ceramic particles, preventing significant loss of the active component [37].

3.3. Characterization of catalysts

The morphology and structure of CeO2-C catalyst were characterized by scanning electron microscope (SEM), energy dispersive 
spectrometer (EDS) and X-ray diffraction (XRD). 

(1) The SEM characterization analysis of the original ceramsite and loaded ceramsite is shown in Fig. 7.

From Fig. 7 (a), it is evident that the surface of ceramic particles is rough and uneven, a characteristic that facilitates the loading of 
metals and metal oxides. From Fig. 7 (b), a large number of nanoscale particles can be observed attached to the surface of ceramic 
particles. 

(2) EDS

The EDS characterization analysis of the original ceramsite and loaded ceramsite is shown in Fig. 8.
As shown in Fig. 8, the ceramic particles are primarily composed of Ca, O, Mg, Al, Si, K, Fe, and other elements. After the loading 

process, the surface of the ceramic particles contains Ce element, indicating that cerium metal and its oxides have been successfully 
deposited onto the ceramic particles. 

(3) XRD

As shown in Fig. 9, the diffraction peaks of the catalyst CeO2-C prepared by the loading method match the standard spectrum of 
CeO2, clearly indicating that CeO2 crystals have successfully formed on the ceramsite.

3.4. CeO2-C ozone catalytic oxidation test

(1) Influence of catalyst dosage on treatment effect

As depicted in Fig. 10, when the dosage of CeO2-C increases from 5 g/L to 30 g/L, the removal rates of COD and UV254 demonstrate 
a trend of initial rise, followed by a slight decline. At a catalyst dosage of 25 g/L, the removal rates of COD and UV254 increase by only 
0.96 % and 0.35 %, respectively, compared to a dosage of 20 g/L. This small improvement suggests that increasing the dosage beyond 
20 g/L leads to inefficient use of the catalyst and some level of wastage. Based on this analysis, the optimal dosage of CeO2-C was 
determined to be 20 g/L for effective pollutant removal.

The reason for the analysis is that increasing the dosage of CeO2-C in the system gradually increases the number of active sites 
provided for the reaction system, thus improving the catalytic oxidation treatment effect. However, when it exceeds a certain amount, 
it will cause agglomeration and result in a decrease in treatment effectiveness [42,43]. 

Table 2 
Orthogonal test factors and level design.

Variable Code Level value

CeO2 Mass proportion A 2 % 4 % 6 %
calcination temperature B 400 500 600
calcination time C 4 5 6
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(2) Effect of reaction time on treatment effect

As illustrated in Fig. 11, extending the reaction time of ozone catalytic oxidation from 15 min to 120 min results in a gradual 
increase in the removal rates of COD and UV254. Before reaching a reaction time of 60 min, the removal rates of wastewater pollutants 
increase rapidly with time. Beyond 60 min, the COD removal rate continues to increase, but the growth rate of improvement slows 
significantly, while the UV254 removal rate shows minimal further change. The reason may be that when the reaction time reaches 60 

Table 3 
Operation results of orthogonal test.

Serial Number Factor COD removal rates/%

A B C

1 2 400 4 21.26
2 2 500 5 22.30
3 2 600 6 19.06
4 4 400 5 23.18
5 4 500 6 24.30
6 4 600 4 22.36
7 6 400 6 20.38
8 6 500 4 21.68
9 6 600 5 21.39

Table 4 
The results of COD range analysis.

Project Factor

A B C

K1 20.87 21.61 21.77
K2 23.28 22.76 22.29
K3 21.15 20.94 21.25
Range 2.13 1.82 1.04
optimal level A2 B2 C2

Factor priority ​ A > B > C ​
Optimal combination ​ A2B2C2 ​

Fig. 6. Stability of the catalyst.
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min, the ⋅ OH generated by catalytic ozone oxidizes all organic matter such as humus and aromatic compounds that can be oxidized in 
the wastewater. Therefore, the removal rate of UV254 in the wastewater no longer increases, and other organic matter continues to be 
oxidized, resulting in a slow increase in COD removal rate [44]. Based on these observations, the optimal reaction time for effective 
pollutant removal is determined to be 60 min. 

(3) Biodegradability of wastewater treated by CeO2-C ozone catalytic oxidation

Under the experimental conditions of an ozone flow rate of 6 L/min, a CeO2-C catalyst dosage of 20 g/L, a solution pH of 6, and a 
reaction time of 60 min, the COD concentration of the wastewater after CeO2-C ozone catalytic oxidation pretreatment was reduced to 
16067.7 mg/L, while the BOD5 concentration increased to 2441.3 mg/L. Consequently, the B/C ratio of the treated wastewater 
improved to 0.152, indicating enhanced biodegradability. The reason for this is that ozone can oxidize complex organic compounds 
such as polycyclic aromatic hydrocarbons in wastewater into substances that are easily utilized by microorganisms. Ozone catalytic 
oxidation not only improves the utilization rate of ozone and the mineralization of pollutants, but also degrades more complex organic 
compounds into small molecule substances that are easily utilized by microorganisms. Therefore, CeO2-C ozone catalytic oxidation 
pretreatment technology significantly improves the biodegradability of wastewater [45].

Fig. 7. SEM images of original ceramsite and loaded ceramsite.
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4. Conclusion

(1) Taking the COD removal rate as the evaluation index, orthogonal experiments were conducted to optimize the preparation 
conditions of the CeO2 catalyst. The order of influencing factors was determined to be CeO2 mass ratio > calcination tem
perature > calcination time. The catalyst prepared under the conditions of a 4 % CeO2 mass ratio, a calcination temperature of 
500 ◦C, and a calcination time of 5 h exhibited superior performance.

(2) SEM analysis revealed that the surface of ceramic particles was rough, which promotes the effective loading of active com
ponents. EDS indicates that cerium metal or its oxide was successfully deposited on the surface of the ceramic particles, while 
XRD indicates that the metal oxide on the catalyst surface was CeO2 crystals.

(3) The CeO2-C catalyst prepared under the optimal conditions, when used in conjunction with ozone for catalytic oxidation, 
achieved COD and UV254 removal rates of 28.11 % and 21.75 %, respectively. Furthermore, the B/C ratio of wastewater 
increased from 0.093 to 0.152, indicating a significant improvement in the biodegradability of the wastewater.
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