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Abstract: An Mn/Ce@red mud (RM) catalyst was prepared from RM via a doping–calcination
method. Scanning electron microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy were
used to characterize the surface morphology, crystal morphology, and elemental composition of the
Mn/Ce@RM catalyst, respectively. In addition, preparation and catalytic ozonation conditions were
optimized, and the mechanism of catalytic ozonation was discussed. Lastly, a fuzzy analytic hierarchy
process (FAHP) was adopted to evaluate the degradation of coal chemical biochemical tail water.
The best preparation conditions for the Mn/Ce@RM catalyst were found to be as follows: (1) active
component loading of 3%, (2) Mn/Ce doping ratio of 2:1, (3) calcination temperature of 550 ◦ C,
(4) calcination time of 240 min, and (5) fly ash floating bead doping of 10%. The chemical oxygen
demand (COD) removal rate was 76.58% under this preparation condition. The characterization
results suggested that the pore structure of the optimized Mn/Ce@RM catalyst was significantly
improved. Mn and Ce were successfully loaded on the catalyst in the form of MnO2 and CeO2 . The
best operating conditions in the study were as follows: (1) reaction time of 80 min, (2) initial pH of
9, (3) ozone dosage of 2.0 g/h, (4) catalyst dosage of 62.5 g/L, and (5) COD removal rate of 84.96%.
Mechanism analysis results showed that hydroxyl radicals (•OH) played a leading role in degrading
organics in the biochemical tail water, and adsorption of RM and direct oxidation of ozone played a
secondary role. FAHP was established on the basis of environmental impact, economic benefit, and
energy consumption. Comprehensive evaluation by FAHP demonstrated that D3 (with an ozone
dosage of 2.0 g/H, a catalyst dosage of 62.5 g/L, initial pH of 9, reaction time of 80 min, and a COD
removal rate of 84.96%) was the best operating condition.
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1. Introduction
Red mud (RM) is the alkaline solid waste discharged during the production of alumina via the Bayer process [1]. RM has a relatively fine particle size (average particle
size ≤ 10 µm), mainly composed of iron, aluminum, sodium, silicon, and titanium oxides [2]. Owing to heavy metals and high alkalinity, the storage and utilization of RM
have always been a major environmental challenge. In the past few years, the main way
to deal with RM has been on-site stacking [3]. However, this method not only takes up
land resources but also causes the harmful components of RM to penetrate the soil and
groundwater, causing environmental problems, such as land alkalization and groundwater
pollution [4,5]. The current global RM stock is estimated to exceed 4 billion tons, and it is
increasing at a rate of 120 million tons per year [6]. Therefore, better strategies are urgently
needed to manage RM.
RM contains substantial chemical substances, such as Fe2 O3 , Al2 O3 , TiO2 , and SiO2 ,
which can be used as adsorbents, coagulants, and catalysts in sewage treatment [7]. Considering its large specific surface area and pore frame structure, RM is also used as a
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support for some catalysts, such as Mn, Cu, and Ce oxides [8,9]. Given the limited ability
of the original RM to degrade pollutants [10], most research focuses on improving RM
to obtain better catalytic activity. A series of treatment methods, including acidification,
neutralization, and heat treatment, have been shown to improve the physical and chemical
properties of RM [11]. Acidification and neutralization can dissolve calcium salts to create
new cavities and increase surface area, thereby increasing the efficiency of RM to degrade
pollutants [11,12]. Studies have shown that acidification and roasting of RM at 400 ◦ C can
significantly increase its BET surface area and catalytic activity [13]. Manganese-loaded
acidified RM can rapidly degrade toluene under ozone conditions [14]. The Ce@RM catalyst
prepared using the surface precipitation method can improve the efficiency of degrading
bezafibrate [15]. The wastewater produced by the coal chemical industry contains a large
amount of ammonia, polycyclic aromatic hydrocarbons, volatile phenols, and benzene
series, which are highly toxic and difficult to degrade [16,17]. The efficiency of direct oxidation of coal chemical wastewater by ozone is limited, and the treatment cost is high [18,19].
Thus, the use of an RM catalyst helps improve reaction efficiency and economic benefits.
Nevertheless, the preparation scheme for the best RM catalyst for the degradation of coal
chemical wastewater remains unclear. At the same time, unsuitable catalytic ozonation
reaction conditions may lead to a decrease in the efficiency of the reaction system to degrade
pollutants [20].
RM contains a large amount of Fe2 O3 and Al2 O3 as common photocatalyst carriers
and active components, which are widely used in catalytic oxidation technology to degrade
organic pollutants in wastewater. As an advanced technology, catalytic ozonation technology has the advantages of wide application range, fast reaction rate, strong oxidation
capacity, and no pollution. It has shown broad application potential in the treatment of
water pollutants. On this basis, from the analysis of structure, composition, and stability,
RM is suitable as a catalyst or catalyst carrier for high value-added utilization. Designing an
efficient and stable ozone catalyst from RM not only enables the recycling of resources but
also has significance in protecting the environment. The purpose of this study is to prepare
a Mn/Ce@RM catalyst with high economic benefits and good degradation performance.
This catalyst can degrade the coal chemical biochemical tail water through a heterogeneous
catalytic ozonation system, effectively enhancing the efficiency of the removal of organic
pollutants from wastewater during separate ozonation and overcoming the problem of low
ozone utilization. At the same time, this work deeply studies the degradation characteristics of organic pollutants in wastewater, operating conditions, catalyst activity and stability,
and degradation mechanism to realize a comprehensive evaluation of the RM catalytic
ozonation reaction system.
In this study, the Mn/Ce@RM catalyst was prepared from RM via a doping–calcination
method. The catalyst was applied to the research of advanced treatment of coal chemical
biochemical tail water. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and
X-ray fluorescence (XRF) spectroscopy were used to study the structure and apparent
properties of the Mn/Ce@RM catalyst. The biochemical tail water was degraded through
catalytic ozonation by using the Mn/Ce@RM catalyst. The best operating conditions
were determined by optimizing the catalytic ozonation time, ozone dosage, Mn/Ce@RM
dosage, and initial pH of wastewater. The stability of the Mn/Ce@RM catalyst was studied.
Then, free radical inhibitor (tert-butanol, TBA) test, tail water’s ultraviolet full-wavelength
scanning (UV–vis), and three-dimensional fluorescence spectroscopy (excitation emission
matrix) characterization were performed to explore the heterogeneous catalytic ozonation
reaction mechanism. On the basis of environmental impact, economic benefits and energy
consumption, with chemical oxygen demand (COD) removal rate, ozone dosage, catalyst
dosage, initial pH, and reaction time as evaluation indicators, fuzzy hierarchical analysis
of the Mn/Ce@RM catalyst was performed. Comprehensive evaluation of each operating
condition was also conducted.
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2. Materials and Methods
2.1. Materials
Manganese nitrate, cerium nitrate hexahydrate, sodium bicarbonate, TBA, silver
sulfate (Ag2 SO4 ), indigo (C16 H10 O2 N2 ), potassium dichromate (K2 Cr2 O7 ), and soluble
starch (C12 H22 O11 ) are all analytically pure. They were purchased from Nanjing Chemical
Reagent Co., Ltd (Nanjing, China). Potassium iodide (KI), sodium thiosulfate (Na2 S2 O3 ),
and ethanol (C2 H6 O), which are all analytically pure, were purchased from Sinopharm
Chemical Reagent Co., Ltd (Ningbo, China). Fly ash floating beads (100 mesh) and
attapulgite (400 mesh) were purchased from Henan Borun Casting Material Co., Ltd
(Pingdingshan, China). RM was collected from an alumina production plant in Chongqing.
The XRF characterization results of the RM raw materials are shown in Table S1. The
wastewater used in the experiment was coal chemical biochemical tail water, taken from a
sewage treatment plant in an industrial park. From the apparent appearance, the tail water
has high chromaticity and turbidity, and the water contains black solid suspended solids.
The raw water quality test results and measurement methods are shown in Table 1.
Table 1. Water quality analysis of experimental water.
Index

Unit

Content

Method

COD
Ammonia nitrogen
pH
Turbidity

mg/L
mg/L
/
NTU

287.23
0.82
7.3
12.75

Total nitrogen

mg/L

1.37

TOC
Colority

mg/L
PCU

95.16
122.2

Total Phosphorus

mg/L

0.98

Potassium dichromate method
Nessler’s reagent colorimetric method
Glass electrode method
Photoelectric turbidimeter
Alkaline potassium persulfate digestion
UV spectrophotometric method
TOC analyzer
High-precision colorimeter
Ammonium molybdate
spectrophotometric method

2.2. Preparation of Supported Catalyst
The RM was baked in an oven at 105 ◦ C for 24 h, the dried RM was ground through
a sieve, and the particle size was controlled to 0.12–0.15 mm. Quantitative amounts of
Mn(NO3 )2 , Ce(NO3 )3 ·6H2 O, Bi(NO3 )3 ·5H2 O, Cu(NO3 )2 ·6H2 O, and Ni(NO3 )2 ·6H2 O were
weighed, and 100 mL of nitrate solution was prepared as active component. The component
precursors were placed in a beaker for later use. Next, 100 g of pretreated RM, 15 g of
attapulgite, and a certain amount of pore former were weighed, placed in a mortar, and
stirred evenly. The quantitative active component precursor and deionized water were
added to the mortar, stirred to make the medium uniformly mixed, and placed in an oven
at 60 ◦ C for 3 h. The particle size of the RM catalyst pellets was controlled to 4–6 mm,
and they were placed in an oven at 60 ◦ C for 24 h. The dried RM catalyst was placed in a
crucible and then in a muffle furnace, roasted at a certain temperature for a certain period
of time and taken out after the roasting to obtain the Mn/Ce@RM catalyst [18].
2.3. Catalyst Characterization Method
A scanning electron microscope (ZEISS Merlin, Zeiss, Oberkochen, Germany) was
used to characterize the apparent morphology of the catalyst. An X-ray diffractometer
(D8 Advance, Bruker, Karlsruhe, Germany) was used to characterize the crystal morphology of the supported metal inside the catalyst. An XRF spectroscope (Axios Pw4400,
PANalytical B.V., Almelo, The Netherlands) was used to characterize the content of metal
elements and oxides inside the catalyst. An analyzer for specific surface area, pore distribution, and adsorption performance (Micromeritics, ASAP2020, Atlanta, GA, USA)
was used to characterize the pore volume, pore size, and adsorption performance of the
catalyst. An X-ray photoelectron spectroscopy (XPS) analyzer (Escalab250, Thermo Scientific, Waltham, MA, USA) was used to characterize the surface element composition of
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the catalyst. An energy-dispersive X-ray spectroscope (Kratos AXIS Ultra DLD, Shimadzu
Corporation, Tokyo, Japan) was used to characterize the distribution of various elements in
the catalyst [18].
2.4. Experimental Device and Process
To investigate the adsorption of RM on organics in the biochemical tail water, 20 g
of a blank RM catalyst was added to the reactor, 400 mL of biochemical tail water was
added, and the ozone generator and aeration equipment were turned off. The reaction
time was 180 min, and water samples were collected every 20 min. The COD removal rate
was used as an evaluation indicator to study the adsorption performance of the blank RM
catalyst. The catalytic ozonation reactor (ozone generator, CF-G-3-10G, Qingdao Guolin
Environmental Protection Technology Co., Ltd., Qingdao, China) and its operation process
are shown in Figure S1. The reactor is a cylindrical container made of plexiglass (with a
volume of 500 mL). Before the start of the experiment, 400 mL of biochemical tail water was
first removed to be processed into the reactor, and a quantitative Mn/Ce@RM catalyst was
added. The high-purity oxygen cylinder was opened, and the outlet pressure was adjusted
to 0.12 MPa through the pressure-reducing valve. The condensing water device and the
ozone generator were turned on, the principle of high-voltage discharge was used to convert
oxygen into ozone and pass it into the reactor through the air diffuser, and the degradation
experiment was started. Water samples were collected every 10 min, and the exhaust gas
produced was discharged outdoors after two-stage 20% KI solution absorption treatment.
The ozone concentration in the gas phase was determined using the iodometric method [21].
The indigo decolorization method was used to determine the ozone concentration in the
liquid phase [18]. Three-dimensional fluorescence spectroscopy (excitation emission matrix,
EEM) of the biochemical tail water was performed with a fluorescence spectrophotometer
(F7000, Hitachi Company, Tokyo, Japan). The test conditions were as follows: emission
wavelength of 270–600 nm, excitation wavelength of 250–450 nm, slit width of 5 nm,
and emission laser scanning step length of 2 nm. The water samples were tested and
analyzed using UV–Vis technology (ultraviolet spectrophotometer, UV-5500, Shanghai
Yuanxi Instrument Co., Ltd., Shanghai, China).
2.5. Fuzzy Hierarchical Structure Model
To determine the optimal catalyst and operating conditions for the experiment, the
analytic hierarchy process (AHP) was used to construct a hierarchical model. The target
layer was determined as “Mn/Ce@RM catalyst comprehensive evaluation” and named M.
Environmental impact (I), economic benefit (B), and energy consumption (C) were selected
as the evaluation layer. Five indicators existed in the indicator layer. The COD removal
rate I1 was selected as the environmental impact indicator; the ozone dosage B1 , catalyst
dosage B2 , and initial pH B3 were used as economic efficiency indicators; and the reaction
time C1 was used as the energy consumption indicator [22]. The structure diagram of the
comprehensive evaluation index system of the Mn/Ce@RM catalyst is shown in Figure S2.
This article used the expert scoring method to determine the index weight and compared
the indexes pair by pair on a scale of 1–9. The specific comparison method is shown in
Table S2. In accordance with the 1–9 scale method, the importance of each index of the
evaluation layer was compared. If a certain evaluation layer had n indexes A1 , A2 , A3 ,
..., An , then bij was used to represent the ratio of the influence of indexes Ai and Aj on
the evaluation layer. The structure of the pairwise judgment comparison matrix is shown
in Table S3. Text S1 presents the calculation of index weight and consistency check, the
calculation of index membership, and the structure of factor evaluation set R.
3. Results and Discussions
3.1. Mn/Ce@RM Catalyst Preparation Optimization
As shown in Figure 1a, under ozone-free conditions, the blank RM catalyst has a fast
adsorption rate within 0–60 min and reaches the adsorption saturation state at 80 min,
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and the COD removal rate is 7.89%. In the ozonation reaction system alone, the COD
removal rate remains stable after 80 min, which is 31.14%. Compared with ozonation
alone, the COD removal rate increases after adding the blank RM catalyst and finally
reaches 36.58%. As shown in Figure 1b, compared with the RM catalyst with a single
active component, the incorporation of Mn and Ce considerably improves the degradation
performance of the catalyst. In addition, the Mn/Ce@RM catalysts prepared with different
Mn:Ce doping ratios show distinct catalytic activities. When Mn:Ce = 1:4, the COD removal
rate is low. With the increase in the doping ratio of Mn, the COD removal rate continues
to rise. When Mn:Ce = 2:1, the COD removal rate reaches the maximum value of 59.07%
in the experiment. However, when the doping ratio of Mn continues to increase, the
degradation of the Mn/Ce@RM catalyst on the biochemical tail water gradually worsens.
When Mn:Ce = 4:1, the COD removal rate drops to 55.01%. Figure 1c shows that when
the calcination temperature is 350–550 ◦ C, with the increase in calcination temperature,
the performance of the Mn/Ce@RM catalyst is significantly improved, and the COD
removal rate increased from 47.38% to 64.38%. Nonetheless, when the temperature is
increased to 600 ◦ C, the performance of the Mn/Ce@RM catalyst decreases slightly, and the
COD removal rate drops to 57.24%. As shown in Figure 1d, when the calcination time is
150–240 min, the performance of the Mn/Ce@RM catalyst shows a significant improvement
with time, and the COD removal rate increases from 51.38% to 66.93%. The degradation
performance of the catalyst shows a slight decrease when calcination time over 240 min.
When the calcination time is 300 min, the COD removal rate drops to 63.31%.
3.2. Characterization of the Mn/Ce@RM Catalyst
As shown in Figure 2a, the morphology of the blank RM is mainly granular and
massive, the surface is rough and uneven. A few uneven pores exist in the blank RM and
the pore size is not uniform. According to Figure 2b, after fly ash float beads are added,
the pore structure of the Mn/Ce@RM catalyst is improved significantly, the number of
pores increases, the particle distribution is uniform, and a large amount of metal oxides are
attached. At the same time, the components are tightly combined without agglomeration.
Figure 2c shows the SEM characterization of the Mn/Ce@RM catalyst reused 25 times. The
pore connectivity of the catalyst is significantly reduced after repeated use. This may be due
to the clogging of the pores by pollutants or the collapse of the pores caused by aeration
during the degradation [23]. As shown in Table 2 and Figure S3, the specific surface area of
the optimal Mn/Ce@RM catalyst is 12.1829 m2 /g, which is 1.97 times the specific surface
area of the blank RM (6.1959 m2 /g). The expansion of the specific surface area can improve
the adsorption performance of the catalyst, prolong the residence time of ozone in the
wastewater, and thus improve the catalytic efficiency [24]. The specific surface area, specific
pore volume, and average pore diameter of the Mn/Ce@RM catalyst are reduced after
reusing 25 times, which are 11.5218 m2 /g, 0.0684 cm3 /g, and 3.5716 nm, respectively.

Figure 1. Cont.
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Figure 1. Effect of different preparation conditions on COD removal rate: (a) Effect of different reaction systems on COD removal rate; (b) Effect of Mn:Ce doping ratio on COD removal rate, (c) Effect
of roasting temperature on COD removal rate; (d) Effect of roasting time on COD removal rate.
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Figure 2. SEM characterization results: (a) Red mud blank sample; (b) Mn/Ce@RM catalyst (Fly ash
floating beads); (c) Mn/Ce@RM catalyst reused 25 times.
Table 2. Pore structure characteristics of different materials.
Materials

Red Mud
Blank Sample

Mn/Ce@RM
Catalyst

Mn/Ce@RM Catalyst
Reused 25 Times

Specific surface area (m2 /g)
Specific pore volume (cm3 /g)
Average pore diameter (nm)

6.1959
0.0401
5.1724

12.1829
0.0722
3.6185

11.5218
0.0684
3.5716

Figure 3a demonstrates that the main constituent elements of RM include Al (16.61 wt%),
Si (10.12 wt%), Fe (37.41 wt%), Mn (0.07 wt%), and Ce is not detected. Figure 3b shows that
the content of Al, Si, and Fe in the catalyst prepared using the doping–calcination method
is reduced to 15.21, 7.59, and 35.46 wt%, respectively. By contrast, the content of Mn and
Ce is significantly increased to 1.52 and 0.73 wt%, respectively. Figure 3c presents that after
repeated use, the active components in catalyst fall off slightly [25]. The possible reasons
for the loss of active components include the collision of the Mn/Ce@RM catalyst and the
continuous erosion of the catalyst surface by aeration.
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Figure 3. EDS characterization results: (a) Red mud blank sample; (b) Optimal Mn/Ce@RM catalyst
sample; (c) Mn/Ce@RM catalyst reused 25 times.
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Table 3 shows that Fe2 O3 , SiO2 , and Al2 O3 are the main components in the blank
sample of RM, and their contents are 39.32, 12.23, and 25.37 wt%, respectively. The remaining components include CaO, Na2 O, TiO2 , and a trace amount of MnO2 . Compared
with the blank sample of RM, the content of MnO2 and CeO2 in the optimal sample of
Mn/Ce@RM catalyst increased to 1.69 and 0.75 wt%, respectively. After the Mn/Ce@RM
catalyst is used 25 times, the content of MnO2 and CeO2 decreased by 0.11 and 0.07 wt%,
respectively. In addition, the active components, such as Fe and Ti, contained in the RM
will form Fe2 O3 -MnO2 , TiO2 -MnO2 , Fe2 O3 -CeO2 , TiO2 -CeO2 , and other multicomponent
synergistic catalytic degradation systems with the oxides of Mn and Ce [18]. Such formation
will further improve the performance of the Mn/Ce@RM catalyst to degrade biochemical
tail water.
Table 3. XRF characterization results (wt%).

Red mud blank sample
Optimal Mn/Ce@RM catalyst sample
Mn/Ce@RM catalyst reused 25 times

CaO

Al2 O3

SiO2

Na2 O

TiO2

Fe2 O3

MnO2

CeO2

5.05
4.41
4.49

25.37
25.19
25.15

12.23
19.04
18.44

7.65
6.73
6.33

4.54
4.18
4.19

39.32
35.02
31.06

0.12
1.69
1.57

/
0.75
0.68

As shown in Figure 4a, the blank sample of RM has evident characteristic peaks at
2θ = 27.4◦ , 33.1◦ , 37.1◦ , which are Fe2 O3 , TiO2 , and Al2 O3 , respectively. Comparison of
the diffraction peaks of each catalyst and the blank RM shows that the diffraction peaks of
other catalyst samples at 2θ = 28.1◦ , 38.1◦ , 43.2◦ , 56.7◦ are consistent with MnO2 , and the
diffraction peaks at 2θ = 29.2◦ and 45.5◦ are consistent with CeO2 . This finding indicates
that the Mn and Ce in the Mn/Ce@RM catalyst mainly exist in the crystalline phase of
MnO2 and CeO2 . Compared with the Mn/Ce@RM catalyst prepared at 500 and 550 ◦ C,
the diffraction peaks of the catalyst obtained at 400 and 450 ◦ C have lower intensity at
2θ = 28.1◦ , 29.2◦ , 38.1◦ , 45.5◦ . This result indicates that the calcination temperatures of
400 and 450 ◦ C are inconducive to the formation of MnO2 and CeO2 crystal phases. With
the increase in calcination temperature, the intensity of each characteristic diffraction peak
also gradually increases. The crystallinity of Mn and Ce is further improved and reaches
the best when the calcination temperature is 550 ◦ C.
As shown in Figures 4b and S4, the characteristic peaks of Al, Si, Ca, Fe, Na, O,
and other elements are detected in the blank sample of RM, but Mn and Ce are not
detected. Relatively sharp characteristic peaks exist for Mn and Ce, indicating that the
active components have been successfully supported on the catalyst in the form of MnO2
and CeO2 . The XPS full spectrum of the Mn/Ce@RM catalyst after 25 times of repeated
use shows that the characteristic peaks of Mn and Ce do not appear to be significantly
weakened, indicating that the loss of active components of the catalyst after repeated
use is minimal.
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Figure 4. (a) XRD characterization results; (b) XPS characterization results: XPS full spectrum.

3.3. Study on the Best Operating Conditions for Catalytic Ozonation and Catalyst Stability
Figure 5a depicts that the COD removal rate rises rapidly from 0% to 72.33% at
0–80 min. It rises slowly after 80 min, and the COD removal rate at 160 min is 73.53%,
which is only 1.20% higher than the removal rate at 80 min. The possible reason is that the
concentration of organic matter at the beginning of the reaction is relatively high. Active
oxygen-containing groups, such as •OH, produced by catalytic ozonation can rapidly
degrade organic matter, such that the removal rate of COD increases significantly. As the
reaction time is prolonged, a large amount of organic matter has been degraded in the early
stage, and the concentration of organic matter is lower, which may lead to a slow increase
in the COD removal rate in subsequent experiments. Therefore, from the experiments, the
optimal reaction time is 80 min.
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As shown in Figure 5b, when the ozone dosage is increased from 1.2 to 2.0 g/h, the
COD removal rate at 80 min rises from 57.38% to 75.68%, an increase of 18.3%. However,
when the ozone dosage continues to be increased from 2.0 to 2.8 g/h, the increase is only
2.43%. When the intake air volume is low, the amount of ozone dissolved in the water can be
increased by increasing the intake air volume. The Mn and Ce in the Mn/Ce@RM catalyst
can fully contact the liquid phase ozone, thereby improving the degradation efficiency of
the biochemical tail water [26]. Nevertheless, when the dosage of ozone > 2.0 g/h, the
hydraulic residence time of ozone in the water increases correspondingly, the utilization
rate of ozone decreases, and the rate of OH generation is slowed down, resulting in a small
increase in COD removal rate [27]. In addition, excessive ozone dosage will cause ozone to
be directly discharged from the reaction system. Considering the efficiency and economic
benefits of the reaction system, 2.0 g/h is selected as the optimal ozone dosage.

Figure 5. Cont.
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Figure 5. Experimental results of optimum operation in catalytic ozonation and catalyst stability:
(a) Effect of reaction time on COD removal rate; (b) Effect of ozone dosage on COD removal rate;
(c) Effect of catalyst dosage on COD removal rate; (d) Effect of initial pH on COD removal rate;
(e) Effect of catalyst reused times on COD removal rate.
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In Figure 5c, when the catalyst dosage is increased from 25 to 62.5 g/L, the COD
removal rate at 80 min increases from 55.38% to 79.95%. Nonetheless, when the catalyst
dosage is increased to 75 g/L, the COD removal rate drops to 78.32% at 80 min. When
the dosage of the Mn/Ce@RM catalyst increases, the contact of ozone, biochemical tail
water, and Mn/Ce@RM catalyst in the reactor increase, which improves the mass transfer
efficiency of ozone and the generation of •OH [28,29]. However, when the dosage of the
Mn/Ce@RM catalyst exceeds 62.5 g/L, the excess catalyst may overlap, which reduces
the active sites that can contact ozone [30]. Consequently, the degradation performance of
the system decreases. Moreover, due to the constant dosage of ozone in the system, the
excess Mn/Ce@RM catalyst has more active sites than required for ozone decomposition,
resulting in a certain number of catalysts failing to exert their effect in the reaction and
increasing operating costs [20]. In summary, 62.5 g/L is selected as the optimal dosage of
the Mn/Ce@RM catalyst.
Figure 5d illustrates that when the initial pH value increases from 3 to 9, the COD
removal rate in 80 min increases from 54.28% to 84.96%, an increase of 30.68%. Nonetheless, when the initial pH continues to increase to 11, the removal rate only increases by
1.38% compared with that when pH = 9. The decomposition of ozone under acidic conditions is strongly inhibited, resulting in low degradation efficiency. The degradation
efficiency is higher under alkaline conditions because Fe-OH and other complexes are
more easily formed on the catalyst surface, which contributes to the generation of hydroxyl
radicals [31,32]. Ozone is also easier to decompose under alkaline conditions, and the
generation rate of OH is increased, which promotes the degradation of pollutants [33,34].
In summary, the best initial pH = 9.
As shown in Figure 5e, as the number of uses increases, the degradation of the
Mn/Ce@RM catalyst on the biochemical tail water decreases slightly. After 25 times
of repeated use, the COD removal rate is 72.72%, which is only 11.21% lower than the
COD removal rate at the initial stage of use. The decrease in activity may be due to the
collision and friction among the Mn/Ce@RM catalyst particles during long-term use, which
reduces and separates the surface active components. It may also be because in the process
of degrading the biochemical tail water, certain substances in the environment remain
and accumulate in the catalyst for a long time. As a result, the pore connectivity of the
Mn/Ce@RM catalyst deteriorates, and its performance decreases.
3.4. Mechanism Analysis of Catalytic Ozonation Degradation
3.4.1. Effect of TBA on the Degradation Performance of Biochemical Tail Water
As shown in Figure 6, after adding different concentrations of TBA to the two systems,
the degradation efficiency is significantly reduced, and the COD removal rate in ozonation
alone is relatively less affected by the amount of TBA added. Figure 6a shows that when
0–80 mg/L of TBA is added during ozonation alone, the COD removal rate is reduced
from 32.75% to 25.74%, a decrease of 7.01%. When the dosage of TBA is 100 mg/L, the
COD removal rate is 25.09%, which is only 0.65% compared with that when the dosage
is 80 mg/L. From Figure 6b, after 0–80 mg/L of TBA is added to the catalytic ozonation
system, the COD removal rate decreases from 83.47% to 58.72%, a decrease of 24.75%.
When the dosage of TBA is 100 mg/L, the COD removal rate continues to decrease, which
is 56.98%.
In an ozonation alone system, on the basis of direct oxidation of ozone and indirect
oxidation of a small amount of OH generated by ozone decomposition, the degradation
of organic matter is realized. With the increase in TBA in this system, the COD removal
rate decreases. However, when the dosage of TBA is more than 80 mg/L, the decrease
in COD removal rate is significantly reduced, indicating that the •OH in the system has
been completely captured by TBA. At this time, the removal of organic matter completely
depends on the direct oxidation of ozone [35]. Nevertheless, after TBA is added to the
Mn/Ce@RM catalyst/O3 system, although the COD removal rate is greatly reduced, it
is still much higher than that of the ozonation system alone. This result shows that the
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existence of the Mn/Ce@RM catalyst is indeed conducive to the generation of OH [36]. In
this system, the oxidation of OH plays a leading role, and the direct oxidation of ozone
plays a secondary role. When the dosage of TBA > 80 mg/L, the COD removal rate in
the Mn/Ce@RM catalyst/O3 system remains relatively high. This condition indicates that
the adsorption of RM can also remove a part of the organic matter, thereby improving the
degradation efficiency of biochemical tail water. The research results show that TBA will
have an adverse effect on the generation of •OH [37], and the active components loaded in
the Mn/Ce@RM catalyst will promote ozone decomposition to produce more •OH, thereby
increasing the COD removal rate. This finding indirectly proves that the Mn/Ce@RM
catalytic ozonation follows the free radical mechanism [38].

Figure 6. Effect of TBA dosage on COD removal rate: (a) ozonation alone, (b) catalytic ozonation.

3.4.2. UV Absorption Peak of Biochemical Tail Water
Figure 7 illustrates that the biochemical tail water has evident UV absorption peaks at
190–230 nm and 300 nm, of which 190–230 nm is the characteristic waveband of organic
acids and aromatic compounds, and 300 nm is the characteristic waveband of polycyclic
aromatic hydrocarbons. Accordingly, substantial refractory aromatic compounds exist in
raw water. When the reaction is carried out for 10 min, the absorption peak at 190–230 nm
is significantly reduced. On the contrary, the absorption peak at 300 nm exceeds that of raw
water, which may be due to the destruction of unsaturated bonds during the degradation
of aromatic compounds and the cracking of the benzene ring to generate a large amount
of intermediate product. With the progress of catalytic ozonation, the intensity of the
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absorption peak at 190–230 nm continues to decrease, and the absorption peak at 300 nm
basically disappears. Hence, most of the aromatic compounds in the biochemical tail
water have been degraded [39]. In addition, after the reaction proceeds for 70 min, the UV
absorbance decreases slightly, indicating that most of the aromatic compounds have been
degraded [40].

Figure 7. UV–Vis analysis results: (a) 190~800 nm, (b) 190~250 nm, (c) 270~340 nm.

Water 2022, 14, 206

16 of 19

3.4.3. EEM Spectrum Analysis of Biochemical Tail Water
As shown in Figure 8a, a strong fluorescence peak with a larger peak (peak I,
Ex/Em = 340–380 nm/370–460 nm) and a weak fluorescence peak with a smaller peak
(peak II, Ex/Em = 350–370 nm/290–310 nm) exist. The fluorescent organics in raw water mainly include microbial metabolic by-products (peak II), aromatic substances, and
other functional groups containing more carbonyl and carboxyl groups and humus (peak
I). As shown in Figure 8b, after 80 min of degradation, the organic composition of the
biochemical tail water changes significantly. The fluorescence peak intensity of peaks I
and II in the three-dimensional fluorescence spectrum basically disappears, indicating that
the Mn/Ce@RM catalytic ozonation and can efficiently degrade fluorescent organics in
biochemical tail water. Some weak fluorescence peaks (peak III, Ex/Em = 325 nm/500 nm)
remain in the spectrum, which may be due to the formation of intermediate products
during the degradation of macromolecular organics in the biochemical tail water. The
limited reaction time causes such substances to remain in wastewater.

Figure 8. EEM analysis results: (a) raw water (b) degraded for 80 min.
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3.5. Fuzzy AHP
From Table 4, the highest score in this evaluation is the D3 operating condition (the
operating conditions are as follows: ozone dosage of 2.0 g/h, catalyst dosage of 62.5 g/L,
initial pH of 9, reaction time of 80 min, and COD removal rate of 84.96%). This operating
condition has the lowest environmental impact, higher economic benefits, and lowest
energy consumption. Next to D3 is C1 operating condition (the operating condition are
as follows: ozone dosage of 2.0 g/h, catalyst dosage of 37.5 g/L, initial pH of 7.3 (raw
water), reaction time of 80 min, and COD removal rate of 67.84%). Although this operating condition has the highest economic benefit, the environmental impact is relatively
large. A comprehensive comparison of the environmental impact, economic benefits, and
energy consumption of each operating condition shows that D3 operating condition shows
excellent performance, such that it is the best operating model.
Table 4. Comprehensive evaluation score and ranking of each operating condition.
Operating
Condition

Environmental
Impact I

Economic
Benefit B

Fog C

Comprehensive
Evaluation Score

Rank

A1
A2
A3
A4
B1
B2
B3
C1
C2
C3
D1
D2
D3

0.0513
0.0578
0.0581
0.0582
0.0272
0.0735
0.0793
0.0316
0.0840
0.1165
0.0245
0.0845
0.2000

0.2714
0.2714
0.2714
0.2714
0.4014
0.2714
0.2259
0.4014
0.2714
0.2259
0.1190
0.1512
0.2945

0.2000
0.0993
0.0493
0.0245
0.2000
0.2000
0.2000
0.2000
0.2000
0.2000
0.2000
0.2000
0.2000

0.5226
0.4285
0.3788
0.3541
0.6286
0.5449
0.5052
0.6330
0.5554
0.5424
0.3435
0.4357
0.6945

7
10
11
12
3
5
8
2
4
6
13
9
1

4. Conclusions
In this study, a highly efficient and stable Mn/Ce@RM catalyst was prepared from RM
using a doping–calcination method. The COD removal rate was used as an evaluation index
to establish a heterogeneous catalytic ozonation system for degradation of coal chemical
biochemical tail water. The optimal preparation conditions of the Mn/Ce@RM catalyst
were as follows: element doping amount of 3%, Mn and Ce compounding ratio of 2:1,
calcination temperature of 550 ◦ C, calcination time of 240 min, and COD removal rate of
66.93%. SEM characterization showed that the pore channels of the Mn/Ce@RM catalyst
were significantly increased, the pore structure was greatly improved, and the components
were tightly combined without agglomeration. Mn and Ce were successfully supported on
the Mn/Ce@RM catalyst, the contents of which were 1.52 and 0.73 wt%, respectively. The
supported valence states of Mn and Ce were mainly Mn4+ and Ce4+ , and the supported
forms were MnO2 and CeO2 . After the Mn/Ce@RM catalyst was reused for 25 times, the
biochemical tail water could still maintain a high degradation efficiency, and the COD
removal rate was 72.72%. The organic matter in the biochemical tail water was mainly
aromatic compounds, by-products of microbial metabolism, and humus-like substances.
•OH played a leading role in the degradation of organic matter in the biochemical tail
water. Fuzzy hierarchical model analysis showed that the best operating model was D3
operating condition (with an ozone dosage of 2.0 g/h, a catalyst dosage of 62.5 g/L, initial
pH of 9, reaction time of 80 min, and a COD removal rate of 84.96%).
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14020206/s1, Figure S1: Ozone catalytic reaction flow chart;
Figure S2: Comprehensive evaluation index system of Mn/Ce@RM catalyst; Figure S3: BET characterization results: (a) Red mud blank sample, (b) Optimal Mn/Ce@RM catalyst sample, (c) Mn/Ce@RM

Water 2022, 14, 206

18 of 19

catalyst reuse 25 times; Figure S4: XPS characterization results: (a) XPS full spectrum, (b) Mn peak
fitting, (c) Ce peak fitting; Table S1: XRF characterization of red mud (wt %); Table S2: Scale method;
Table S3: Construction of pairwise comparison matrix; Table S4: The value standard of RI; Table S5:
Judgment matrix of evaluation layer to target layer and single ranking result; Table S6: Judgment
matrix and single ranking result of index layer’s impact on Environment; Table S7: The judgment
matrix of economic benefit in index level and the result of single rank; Table S8: Judgment matrix and
single ranking result of energy consumption in index layer; Table S9: The total ranking weight of each
index layer; Table S10: Comprehensive evaluation index classification of Mn/Ce@RM based ozone
catalyst; Table S11: Qualitative index evaluation standard; Table S12: Summary of experimental
results; Text S1: The calculation of index weight and consistency check, the calculation of index
membership, and the structure of factor evaluation set R.
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