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Abstract: Catalytic ozonation is a non-selective mineralization technology of organic matter in water
by using active free radicals generated by ozone degradation. Catalytic ozonation technology can
be divided into homogeneous catalytic reactions using metal ions as catalysts and heterogeneous
catalytic reactions using solid catalysts. Homogeneous catalytic ozonation technology has many
problems, such as low mineralization rate, secondary pollution caused by the introduction of metal
ions and low utilization efficiency of oxidants, which limit its practical application. Compared with
homogeneous catalytic ozonation technology, heterogeneous catalytic ozonation technology has the
advantages of easy recovery, lower cost of water treatment, higher activity and improved mineral-
ization rate of organic matter. This overview classifies and describes catalysts for heterogeneous
catalytic ozonation technology, including the different types of metal oxides, metal-free catalysts, and
substrates used to immobilize catalysts. In addition, the heterogeneous catalytic ozonation process
involved in the multiphase complex reaction process is discussed. The effects of different parameters
on the performance of heterogeneous catalytic ozonation are also discussed.
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1. Introduction

Water pollution has become a global environmental problem. Organic molecules
such as medical care products, pesticides and endocrine disruptors are frequently detected
in water resources around the world and have been proven to be potentially harmful to
human health and even the entire ecosystem [1]. The concentration levels of these highly
stable organic pollutants in water are generally ng/L—ug/L. They have the characteristics
of low concentration, hard degradation, strong toxicity and persistence. The removal of
these pollutants is usually affected by different factors in complex environments, especially
coexisting substances such as natural organic matter [2]. Most current water treatment
processes are not effective in removing such pollutants, which is a challenge in the field
of water treatment. Ozone oxidation is the most widely used advanced water pollution
treatment technology [3]. Ozone is a strong oxidant with a redox potential of 2.07 eV, and
its oxidation capacity is higher than that of potassium permanganate, chlorine dioxide,
hydrogen peroxide and oxygen. At the same time, ozone in the reaction of the product is
oxygen, so it does not cause secondary pollution [4]. Generally speaking, ozone reacts with
organic matter in water mainly through direct and indirect reactions. The direct reaction
is the direct reaction of ozone molecules with organic matter. The indirect reaction is that
ozone first decomposes in water to produce strong oxidizing free radicals (mainly -OH), and
then the free radicals react with organic matter. In general, the direct reaction of ozone with
organic matter has strong selectivity, and it is easier to attack organic matter with double
bond. The reaction rate constant of ozone with some small organic acids (such as oxalic acid,
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acetic acid, etc.) is very low, so that the final product of ozone oxidized organic compounds
is mostly small organic acids. On the contrary, -OH produced by the decomposition of
ozone in water has no selectivity in the reaction with organic matter, and the reaction
rate constant is large. Because -OH has strong oxidation and reacts quickly with organic
matter, a series of advanced oxidation technologies aimed at promoting the decomposition
of ozone and producing -OH were produced on the basis of ozone oxidation, including
UV/0O3, UV/TiO, /03, HyO, /03, UV /H;0, /03, electrocatalysis/Os, ultrasonic/O3 and
ozone catalytic oxidation. Among them, ozone catalytic oxidation technology is the most
concerned by researchers and has developed rapidly in the past two decades [5,6].

At present, the most successful and widespread application of ozonation technology
is the treatment of drinking water. Ozone can be used as a disinfectant, its bactericidal
ability is far more than chlorine series disinfectants. It is effective in killing common viruses
and bacteria. Ozone has a strong ability to remove color, smell, taste, but also can avoid
due to the addition of chlorine gas odor. In addition, ozone can remove algae and other
aquatic microorganisms, oxidizing and breaking down trace amounts of macromolecular
organic matter. Ozone at low concentration (0.5-1.5 mg/L) can play a better role in
aiding coagulation, the reason may be that the affinity between ozone-oxidized organic
matter and coagulant is enhanced. Ozone is mainly used in the treatment of phenol-
containing wastewater, cyanide-containing wastewater and dye wastewater [7-9]. For
cyanide-containing wastewater, ozone can make cyanide-containing salt decompose quickly.
Ozone first oxidizes CN~ to CNO™ and then further oxidizes to carbon dioxide and
nitrogen. Phenol-containing wastewater is a very common industrial wastewater. The
reaction rate of ozone and phenol is very fast, which can quickly remove phenol substances
in water. In addition, ozone has a certain decolorization ability for all dye wastewater.
Khadhraoui et al. [10] studied the effect of ozonation on Congo red. The results showed that
Congo red could be completely oxidized and decolorized by ozone, and the degradation
trend was consistent with the first-order reaction kinetics model.

In the early research on catalytic ozonation, in order to explore the mechanism of
some catalysts in the process of catalytic reaction, metal ions were added to the solution to
catalyze ozone removal of organic matter in water [11-13]. The metal ions investigated are
mainly transition metal ions, such as MnZ*, FeZ*, Cd?*, Fe3t, Cu?t, Zn%*, Co?*, Ce?*, Ag*
and Cr®*. These are homogeneous catalytic ozonation processes. In 1983, Forni et al. [14]
first proposed the mechanism of Fe?* catalyzed ozone oxidation. An electron is transferred
from Fe?* to O3, forming Fe>* and O3, and then -OH. -OH reoxygenates excess Fe?* to
form Fe3* and OH~. Homogeneous catalyst has the advantages of high activity and fast
reaction speed. However, due to the metal ions dissolved in water after the reaction, it is
not only difficult to recover, and may cause environmental pollution.

Compared with homogeneous catalysts, heterogeneous catalyst exists in solid state,
which is easy to separate, avoids catalyst loss, and reduces the cost of water treatment.
Therefore, heterogeneous catalysts have been favored by researchers in recent decades [15-17].
The catalysts commonly used in the process of ozone heterogeneous catalytic oxidation
mainly include metal oxides, metal oxides immobilized on the substrate, noble metals
immobilized on the substrate and activated carbon. Some researchers also use activated
sludge as catalyst to promote the decomposition of ozone.

Ozone catalytic oxidation can improve the degradation rate of pollutants. Compared
with the single ozone treatment, the removal rate of phenol is significantly improved when
Pt/ Al,O3, Y-zeolite or b-MnO, are used as catalysts [18-20]. Ozone catalytic oxidation
can also significantly improve the mineralization rate of pollutants. According to the
parallel comparison tests of ozone alone and ozone catalytic oxidation, the TOC removal
rate increased from 14-29% to 22-44% when Ru/active carbon catalytic ozonation treated
slightly polluted water [21]. When Cu/Al,O;3 catalyzed ozonation of methachlor, TOC
removal rate increased from 20% to 60% [22]. When Ru/Al,O3 catalyzed ozonation to
remove dimethyl phthalate (DMP), TOC removal rate increased from 24% to 72% [23].
When activated carbon catalyzes ozone oxidation of DMP, its TOC removal rate increases
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from 22% to 48% [24]. Ozone catalytic oxidation can reduce the number of by-products
produced in the degradation process of pollutants, while the corresponding inorganic ions
such as C1~ and NO3 ™~ increase. When Br- is contained in raw water, by-products such as
BrO;~ are formed by ozonation alone. x-FeOOH, 3-FeOOH, «-Fe;O3 or CeO catalyzed
ozone oxidation can better control the formation of BrO;~ [25]. At the same time, when
ozonation alone degrades pollutants, many highly toxic intermediates may appear. The
selectivity of ozonation prevents some intermediates from being further mineralized, thus
making effluent containing these toxic substances potentially harmful to organisms. A
comparative test on the treatment of diclofenac by single ozonation and activated carbon
catalyzed ozonation showed that [26], when the reaction was carried out for 10 min, single
ozonation produced a large number of intermediate products containing toxicity. At this
time, activated carbon catalyzed ozone oxidation has reached 95% mineralization rate,
and the toxicity of its products is almost zero. The above description shows that the
heterogeneous catalytic ozonation technology will show different results and mechanisms
due to different catalysts.

Figure 1 shows the trend of the annual average publication of heterogeneous catalytic
ozonation. The earliest work dates back to the early 1990s. The subject gained traction after
2000. However, between 2000 and 2010, it did not show a very rapid growth trend. After
2010, the published papers on the topic began to increase rapidly. In the last three years,
the annual publication is more than 70. It can be seen that although the topic has a long
history, it has been very active in the field of water treatment. We counted 627 papers that
were published in 141 different journals. The annual growth rate was 5.51%. More than a
fifth of the papers involved international collaboration. The average number of citations
reached 38.32. We also analyzed the countries in which these papers were published. Asia
and Europe are the two continents that contribute the most to this topic.

.T..TTTWTWWWHHHHHHHHHI-

,\ggb‘ ,\g@‘b ,\gg% 'LQQQ ,LQ({L rLQQb‘ ,LQ()Q’ ,LQQ% (LQ'\Q (LQ'\(L rL(‘)'\b( @0\6 'LQ\% rLQq’Q qp‘?}

1T 1T 71

Year

Figure 1. Annual publications of heterogeneous catalytic ozonation deduced from WOS database
(Science Citation Index Expanded).

In this overview, we review the research and application of heterogeneous catalysts for
ozone catalysis. In addition to the traditional introduction and work introduction, a part of
the bibliometrics analysis results is combined to better understand the development history
and future trends of this topic. As we lack the necessary engineering knowledge, this
overview does not include the instrument design and parameter optimization for specific
engineering applications of heterogeneous catalytical zonation. We expect that some
audiences will be able to perform additional analysis of this subject from this perspective.
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2. Basic Strategies for Catalyst Design

Despite the dissimilarity in catalytic mechanism (discussed in later section), the en-
gineering of catalyst largely abides by the fundamental principles of interfacial catalytic
reaction. Thus, the following strategies are often employed to design a sensible catalyst
for ozoning;:

(1) The specific surface area of a catalyst is a critical factor in catalytic reactions, thus it is
essential to enhance the specific surface area in the design process. Nanomaterials
are employed to increase the specific surface area, while the substrate of immobilized
catalysts usually selects substances with a greater specific surface area to improve the
adsorption and reaction performance.

(2) Enhancing the rate of electron transfer is essential in order to catalyze the reaction.
This can be achieved by improving the electronic exchange between the catalyst
and the substrate. Furthermore, some substrates possess the ability to capture free
electrons on their surface, thereby enabling the catalysts immobilized on them to
undergo effective reactions.

(38) The arrangement of active components on the substrate and the alteration of surface
active sites are critical to the catalytic effect of the catalyst. Noble metals possess
great catalytic capacity, however, their expense is restrictive. Therefore, research into
composite metal and immobilized metal catalysts was initiated by doping noble metal
elements. Utilizing substrate not only lessens the expense of the catalyst, but can
also upgrade the catalytic performance through the cooperation between substrate
and catalyst.

3. Catalytic Properties of Metal Oxides Catalyst for Ozonation and Its Application in
Water Treatment

The influence of catalytic properties of metal oxides in catalytic oxidation systems for
ozone has been extensively investigated, including titanium dioxide, manganese oxide,
iron oxide, cobalt oxide, copper oxide, zinc oxide, vanadium oxide, nickel oxide, tin dioxide
and cerium oxide. Here are some of the most commonly studied catalysts.

3.1. Titanium Oxide

Titanium dioxide (TiO;) has been widely used as a photocatalyst, and many scholars
use TiO, to catalyze ozonation of organic pollutants in water. Some studies have compared
the pollution removal effects of pure ozone oxidation and TiO, catalyzed ozone oxidation
and found that the latter has better oxidation effect. Allemane et al. [27] compared the
oxidation effects of O3, O3/Hy0O; and O3/TiO; on fluvic acid, protein and fibrinose. The
order of oxidation effect obtained by TOC removal rate is O3/TiO; > O3/H;O; > Os.
Vok et al. [28] also compared the oxidation effects of these three oxidation systems on fulvic
acid. O3, O3/H;0, and O3/TiO, can remove 15%, 18% and 24% fulvic acid, respectively.
Among them, O3/TiO; catalyzed ozone oxidation produced the least bio assimilable
organic carbon (BDOC). Rosal et al. [29] studied the TiO; catalyzed ozonation of clofibric
acid in water. The results showed that clofibric acid could be completely removed within
10 min under optimal conditions. Under the same conditions, the removal rate of single
ozone oxidation is only 20%. The mechanism analysis shows that the adsorption of catalyst
and the reaction of adsorbed organic matter at the catalytic active site are the main reasons
for the increase in catalytic ozonation rate.

Some of these TiO, catalysts were used to treat contaminated water samples.
Gracia et al. [30-32] studied the effect of TiO,/Al,O3 catalyst on ozone oxidation of a
simulated water sample and natural water sample from Ebro River. The results show that
TiO, / Al, O3 can significantly improve the removal rate of TOC and UV;s4 in simulated
water samples. The catalyst also slightly improved the TOC and UV;s54 removal rates of
natural water samples from the Ebo River. The study on the stability of the catalyst shows
that the catalytic effect on ozone is similar to that of the catalyst used four times, indicating
that the catalyst has good stability. They also carried out optimization research on the
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preparation conditions of immobilized TiO, catalyst, and compared the characteristics of
the catalyst prepared by TiO, immobilized on attapulgite, AjO3 and silica gel [31]. The
results show that TiO, / Al,Oj catalyst can improve the removal efficiency of TOC by ozone
most effectively. When TiO,/Al,O3 was used to catalyze ozone oxidation of Ebro river
water, it was found that catalytic oxidation could reduce the production of trichloromethane
more than ozone oxidation alone [32]. Dabuth et al. [33] studied the suitability of activated
carbon and biochar coated with TiO, as a catalyst for catalytic ozonation. The oxidation
processes eliminated large molecules and created oxidation by-products with low molecu-
lar weight. The coating with TiO, improved the removal of molecules with more oxidized
and saturated compounds and generated fewer oxidation by-products.

The pH of TiO; has a certain influence on its catalytic performance. Rosal et al. [30]
studied the ozone-catalyzed degradation of naproxen and amidimidazine, two common
drugs in water, by TiO, with a pH of 3-7. The results showed that naproxen and amidim-
idazine were easily oxidized. After a 10-20 min reaction, 50% can be removed by single
ozonation, while 75% can be removed by TiO; catalytic ozonation. The catalyst can improve
the salinity of the drug under both acidic and neutral conditions, but the effect is more
obvious under acidic conditions, which may be related to the fact that the intermediate
product is more likely to adsorb at the Lewis acidic point of TiO,. TiO; catalyst promoted
ozonolysis under acidic conditions, but inhibited ozonolysis under neutral conditions. This
indicates that the degradation of organic matter is not only dependent on the catalyst
promoting the decomposition of ozone to generate -OH, but also closely related to the
adsorption of organic matter on the catalyst surface.

3.2. Zinc Oxide

ZnO is also a common photocatalyst. The results show that it has good catalytic
activity when used in ozone oxidation system. Huang et al. [34] studied the removal of 2,4, 6-
trichlorophenol by ozonation catalyzed by nano-ZnO. The results show that the liquid phase
ozonolysis in the presence of ZnO can be divided into a rapid decomposition stage and a
subsequent slow decomposition stage. In the first stage, most of the ozone is decomposed
by ZnO to form -OH. Within 30 min, 99.8% of 2,4, 6-trichlorophenol can be removed by
ZnO catalyzed ozone, while the removal rate of single ozone oxidation is only 75%. This
catalytic degradation is mainly controlled by surface reactions. Dong et al. [35] studied
ozonation of phenol in water catalyzed by ZnO. The results showed that the removal rate
of phenol increased to about 90%. Moreover, ZnO has good catalytic stability, and its
catalytic effect does not decrease significantly after repeated use six times. The catalytic
activity of ZnO is closely related to its size: nano-scale > submicron > micron. Although
nano ZnO works well, it is difficult to recover and reuse during use. Tanatti et al. [36]
conducted a comparison between the catalytic ozone processes of ZnSO,4 (homogeneous)
and ZnO (heterogeneous) catalysts for bisphenol-A degradation. The results revealed
that the ZnO catalyst process was more effective than the ZnSOj, catalyst, with 94.16% of
bisphenol-A removal achieved in 12.5 min under the optimum conditions, while the ZnO
catalyst yielded 98.52% bisphenol-A removals.

3.3. Manganese Oxide

Mn?* was first used in homogeneous catalytic ozonation reaction [37] and showed
good catalytic performance in the reaction. At neutral pH, the presence of a small amount
of Mn?* significantly improved the removal efficiency of atrazine compared with ozone
alone. This is because Mn?* is oxidized by ozone in solution to form a new ecological MnO,.
Then the ozone in the solution would decompose on the surface of the new ecology MnO,
to form -OH, thus removing the atrazine by oxidation [38]. In order to further confirm that
the reaction process follows the mechanism of free radical action, the commonly used free
radical trapping agents carbonate and tert-butanol were used to investigate the influence
of ozone-catalyzed oxidation [39]. The results show that the presence of carbonate or
tert-butanol can reduce the rate of ozone catalyzed by Mn?*. With the increase in carbonate
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concentration in solution, the removal efficiency of atrazine by ozone-catalyzed oxidation
was further reduced. The presence of tert-butanol reduces the efficiency of atrazine removal
by ozone-catalyzed oxidation compared to carbonate, because it reacts with -OH at a much
faster rate than carbonate. Due to the difficulties in recycling and reuse of the MnO,, more
efforts have been made to load MnOx on some substrates (Figure 2).

Figure 2. Samples of MnOx immobilized catalysts for catalytic ozonation. (A) MnO, immobilized
graphene oxide; (B) MnO, immobilized carbon microfibers and (C) MnO, immobilizedy-Al,Os.
Reproduced with permission from Refs. [40—-42].

Andreozi et al. [43] conducted a series of studies on the ozonation of organic acids
catalyzed by MnO, and focused on the influence of the change of solution pH value
on the oxidation removal of organic acids. In the study of oxalic acid degradation by
ozone catalyzed by MnO,, they found that the oxalic acid removal rate increased with
the decrease in pH in the range of 3.2-7.0. Accordingly, they proposed that oxalic acid
oxidation follows the degradation mechanism of complex formation of Mn and oxalic
acid on the catalyst surface. They also proposed a kinetic model of MnO, catalyzing
ozonation of oxalic acid [44]. In this model, the influence of dissolved manganese is
considered, and the control step of ozone catalytic oxidation is HC,O4~ adsorption to the
active site. When pH < 4.8, the surface active point will be irreversibly destroyed by ozone.
When pH > 4.8, no catalyst deactivation occurs. In subsequent studies on the ozonation
of pyruvate catalyzed by solid MnO,, they found that the removal efficiency of pyruvate
increased with the decrease in solution pH value when the pH value was between 2.0
and 4.0, which was contrary to the trend of ozone oxidation alone [45]. The reason may
be that lowering the pH value causes the dissolution of MnO,. Increasing pH increases
oxalates and phosphoric acid, which inhibit the catalytic ozonation reaction. Xiang et al. [46]
recently demonstrated the successful utilization of hollow urchin-like MnO; as a catalyst,
enabling the ozonation of CH,Cl, to occur at a low temperature and with high chlorine
resistance. Li et al. [47] demonstrated the synthesis of x-MnO; nanorods through selective
acid etching of Mn-containing spinel. These nanorods, containing abundant Mn3* defects
and oxygen vacancies, were used as catalysts for the degradation of 4-chlorophenol; the
process of catalytic ozonation achieved more than 90.9% degradation within 12 min.

Wang et al. [48] reported for the first time that the ozonation degradation of p-
nitrophenol was catalyzed by microspheres assembled from calcium manganese oxides
(CaMn30O4 and CaMnyOg) nanorods. Compared with manganese oxide, calcium man-
ganese oxide has better catalytic activity and stability, which can promote the mineralization
of p-nitrophenol. Superoxide radical plays an important role in the catalytic degradation
process and the interconversion of different valence manganese is the main reason for the
stable and continuous use of catalyst.

Manganese oxides not only catalyze ozone decomposition of small molecules in water,
but also have good effect on the treatment of macromolecular organic matter in water
and actual wastewater. Alsheyab and Mubo [49] studied the degradation of humic acid
and fluvic acid by ozone catalyzed by MnO,. The results showed that 73% of COD and
67% of TOC could be oxidized by continuous ozone injection for half an hour when the
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initial COD and TOC were 205 mg/L and 28mg/L respectively. In contrast, 89% COD and
79% TOC removal rates were obtained by MnO, catalysis of ozone. Oh et al. [50] studied
the ability of granular activated carbon loaded with Mn catalyst to decompose ozone and
the effect of catalytic ozone degradation of actual wastewater. The results show that the
formation rate of -OH can be further improved by Mn loading. It was also found that the
sequence of the effect of several catalysts on the removal of COD and TOC from aquaculture
wastewater by ozone enhancement was consistent with their ability to decompose ozone
and produce -OH.

3.4. Iron Oxide

Fe;O3 is also a transition metal oxide and plays a catalytic role in catalytic ozonation
technology like other transition metal oxides. The catalytic capacity of iron oxides is
superior to that of other metal oxides in the removal of some organics. For example, when
removing dioxins, FexOy has better catalytic capacity than MnzOy, which may be the result
of more hydroxyl functional groups in FexOy [51]. Zhang et al. [52] studied the catalytic
ozonation of nitrobenzene by «-FeOOH and analyzed the relationship between the surface
hydroxyl properties of x-FeOOH and its catalytic activity. The results show that the MeO-H
bond properties of a-FeOOH surface are related to its catalytic activity. Moreover, the
surface hydroxyl group of a-FeOOH shows higher catalytic activity than other hydroxyl
oxides, such as 3-FeOOH, y-FeOOH, and y-AIOOH. Sui et al. [53] studied the oxalic acid
oxidation process catalyzed by FeOOH. The results showed that the degradation efficiency
of oxalic acid increased from 20% to 55% of that of ozonation alone. The mechanism study
shows that FeOOH can effectively promote the production of -OH under both neutral and
acidic conditions, leading to the improvement of oxidation effect.

Wang et al. [54] reviewed the development of Fe-based ozone catalysts (Figure 3). In
this review, the types and properties of iron based ozone catalysts, the types and degrad-
ability of organic pollutants, the preparation and characterization of iron based ozone
catalysts, as well as the influencing factors and mechanisms of iron based ozone catalysts
catalyzing ozone degradation of organic pollutants were expounded. It is pointed out
that Fe, FeOOH, Fe,O3, Fe30,4 and their derivatives are the main catalysts for ozonation.
They can catalyze ozonation to degrade organic pollutants such as dyes, drugs, pesticides
and insecticides, and other chemical intermediates. The exact details are not repeated in
this review.

Doped
F‘e0 : Fel ~ metals
Mn
Mg
Cu

Fe2t Fe(OH) X FeO o

Ce
Fe-based | | B
FesUy catalysts e

Supporters
FeOOH Si0,
ALO;
3+ 3.X TiO,
Fe Fe(OH)y | o
i AC
Fez 03 CNTs
Graphene
Zeolites
ete.

Figure 3. A variety of Fe-based catalysts. Reproduced with permission from Ref. [54].
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3.5. Other Metal Oxides

Pietal. [55] investigated the effect of phosphate buffer solution on oxalic acid degrada-
tion by ozone catalyzed by CuO, /AlyO3. The results show that oxalic acid can be effectively
removed from ozone catalyzed by CuO;/Al,O5 at pH 3.3 without buffer solution. How-
ever, in buffer solution with pH 7.5, the removal efficiency of oxalic acid by ozonation
enhanced by CuO,/Al,O3 decreased significantly. The author thinks that the main reason
is that phosphoric acid captures -OH and reduces the indirect reaction between ozone and
oxalic acid. On the other hand, phosphoric acid will be adsorbed on the surface of Al;O3,
affecting the catalytic ozone reaction.

As arare earth oxide, CeO, has been widely used in many fields, such as luminescent
materials, electronic ceramics, gas sensitive components, etc. In addition, CeO, has unique
properties of oxygen storage and release, as well as excellent thermal stability, so it has been
widely used in the field of heterogeneous catalysis in recent years as a catalyst substrate and
additive. Zhang et al. [56] synthesized a mesoporous CeO, by nanocasting with SBA-15 as
a hard template and examined its use in the catalytic ozonation of atrazine. Orge et al. [57]
studied the ozonation process of oxalic acid, aniline and reactive dye Blueb in water
catalyzed by nano CeO,. The results show that the removal rates of oxalic acid, aniline and
reactive dye can reach about 90% when 100 mg nano CeO; is added into the above three
solutions. In addition, the catalytic effect of nano-CeO, prepared by precipitation method
is better than that prepared by hydrothermal method. However, CeO; itself also has some
shortcomings, such as small specific surface area and poor mechanical strength, which lead
to CeO, not being suitable to be used as a catalyst substrate directly. Therefore, a composite
substrate composed of two or more different materials can be prepared to overcome the
shortcomings of CeO,. For example, loading CeO, on Al,O3 can not only give play to the
advantages of large specific surface area and high mechanical strength of Al,O3, but also
retain the excellent performance of CeO; itself [58].

Moussavi et al. [59] studied the catalytic ozonation of azo dye RR198 by MgO nanocrys-
tals. The results show that, compared with ozone oxidation alone, the COD removal rate
can be increased from 50% to 60% and the reaction time can be shortened from 30 min to
10 min after adding MgO nanocrystals. Mechanism analysis shows that MgO nanocrystals
can effectively catalyze the decomposition of ozone and promote the generation of -OH.

Zeng et al. [60] studied the catalytic performance of SnO; on ozone-oxidized syrup
fermentation wastewater. The results show that compared with ozonation alone, adding
10 g/L SnO; can increase the chroma removal rate of syrup fermentation wastewater
from 40% to 70% after 60 min reaction. It was also found that the presence of free radical
trapping agent had little effect on the degradation efficiency, indicating that the catalyst
mainly promoted the direct interaction between ozone and organic matter in the process of
5nO; catalytic ozonation.

3.6. Mixed Metal Oxides

The catalytic performance of mixed metal oxides is generally better than that of single
metal oxides. When Ce-Mn oxide or Ce-Co was used as catalyst, the removal rates of
p-aminobenzene sulfonic acid were 63% and 58%, respectively. The removal rates of
aniline were 67% and 66%, respectively. Under the same conditions, the removal rates
of p-aminobenzene sulfonic acid were 53%, 51% and 47%, respectively, when CoO, CeO
or MnO were used as catalysts. The removal rates of aniline were 52%, 53% and 58%,
respectively [61]. However, the ratio of different metal oxides has a great effect on the
catalytic performance. Moreover, the catalytic activity of different catalysts for different
target pollutants is very different. Shinaga et al. [62] prepared hydrotalcite clay catalysts
using nitrate solutions containing Mg and Al and a nitrate in Fe, Co, Ni and Cu as precursors.
Their ozone-catalyzed oxidative degradation of phenol and oxalic acid was investigated. All
the four catalysts can effectively catalyze the degradation of phenol by ozone. For oxalic acid
degradation, Cu/Mg/ Al catalysts showed the highest catalytic activity, while Fe/Mg/Al
and Co/Mg/ Al catalysts showed no catalytic activity. Martins et al. [63] investigated the



Catalysts 2023, 13, 342

9 of 28

catalytic action of Mn-Ce-O as a catalyst for the oxidation of phenol containing wastewater
by ozone. The results showed that the removal rate of TOC increased from 20% to 70%
under the action of Mn-Ce-O, and the mechanism analysis showed that organic matter and
ozone were adsorbed on the surface of the catalyst and reacted with each other. Fe-Cu-O
mixed metal oxides can effectively catalyze ozone oxidation of acid red B (Figure 4A). The
removal rates of chroma and COD within 60 min are 90% and 70%, respectively, much
higher than the efficiency of ozone oxidation (66% and 48%) [64]. Xing et al. [65] suggested
that Mn-Ce-O promoting ozonolysis to produce reactive oxygen species was the cause of
antipyrine mineralization. By comparing the catalytic activity of Mn-CE-O oxides with
different nn) /n(ce), it is found that the catalytic activity of Mn-CE-O depends on their
electron transport capacity. Ma et al. [66] synthesized Mn-Co-Fe mixed metal oxides by
oxidation-precipitation method for catalytic ozonation of p-nitrophenol (Figure 4B). The
results show that the activity of catalyst depends on the surface properties. The negatively
charged catalyst surface promotes the adsorption and decomposition of ozone, while
the positively charged catalyst surface facilitates the adsorption of organic intermediates.
A MgO/Co0304/CeO, composite was reported by Zhang et al. [67] for catalyzing the
ozonation of ammonia in an aqueous solution. It was observed that the catalytic efficiency
of catalysts was positively correlated with the number of oxygen vacancies present on
the composite surface, which could be a crucial factor in the selective catalytic ozonation
process. The optimal conditions for the MgO/Co30,/CeO; catalytic system revealed
an ammonia removal rate of 0.03328 min~!, which is 2.1 times higher than that of the
MgO/Co304 system. Additionally, selectivity was improved from 73.57% to 86.94%.
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Figure 4. (A) Mechanism of catalytic ozonation Acid Red B; (B) Mechanism of catalytic ozonation of
p-nitrophenol over Mn—Co-Fe. Reproduced with permission from Refs. [64,66].

3.7. Natural Mineral Material

Compared with synthetic catalysts, natural mineral materials are very cheap. There-
fore, some researchers directly use natural minerals or simply pretreat natural minerals
as catalysts in ozonated catalytic oxidation system. Chuang et al. [68] showed that clay
could catalyze ozone to improve the decomposition efficiency of tetrachloroethylene, and
its activity increased with the increase in heat treatment temperature. The results of ESR
test showed that superoxide radical was produced in the process of catalytic ozonation, but
no free radical was found in ozonation alone. Hassan et al. [69] used Fernal2060, processed
from natural clay, as a catalyst to catalyze ozonation of dyes for decolorization. It is found
that the catalyst can decolorize a variety of dye wastewater and mineralize dye wastewater
effectively when the pH of solution is low.

Lim et al. [70] conducted an in-depth study on the reaction process of ozonation of
PCBA catalyzed by natural mineral sand by using a flow injection on-line analysis and
detection system. The results show that the reaction has a rapid ozone depletion stage
and a slow decomposition stage, and 60-68% pCBA removal occurs in the rapid ozone
depletion stage. Dong et al. [71] used natural mineral hydromagnesite as a catalyst for
ozone-catalyzed oxidation degradation of nitrobenzene and aniline. The results show that
hydromagnesite has high catalytic activity.
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Zeolite is also used as catalyst and shows good catalytic effect. Valdes et al. [72]
compared the decomposition process of ozone with or without zeolite. It is found that
the rate of ozone attenuation increases obviously after the addition of zeolite, and more
free radicals are generated. They also found that when the zeolite was treated with acid,
its catalytic efficiency improved significantly. The catalytic efficiency of zeolite is closely
related to the acid site on its surface. Su et al. [73] revealed that a synthesized 4A zeolite
containing a high level of oxygen vacancy density and acidity is highly effective for the
ozonation process, with considerable removal rates of atrazine. The ozonation activities
of 4A zeolites are positively correlated with the surface acidity, when compared to both
commercial 4A zeolite and synthetic 4A zeolite with acid treatment. Studies at a mechanistic
level have established that hydroxyl radicals are the principal reactive oxygen species, thus
elucidating the degradation pathway of atrazine.

Perovskite is a typical nanometer mineral catalyst, which has attracted the attention of
researchers in recent years. Perovskite is an inorganic compound. The chemical formula is
ABX3, where A represents metal ions such as alkali metals, alkaline earth metals, beryllium,
and magnesium. B represents cations with 6 coordination numbers (such as titanium,
niobium, tantalum, and manganese). X usually refers to O, ~, rarely a halogen anion or S, .
During the synthesis process, the physicochemical and catalytic properties of catalysts can
be changed by adjusting the ratio of A/B ions. For example, Mn,O3/LaMnOs-6 has been
shown to be effective in catalyzing ozonation [74]. Existing studies have found that when
Aion is A lanthanide cation, it can promote the exposure of B cation without affecting its
catalytic activity, and B ion may form a large number of defect sites, such as oxygen vacancy,
under the excitation of A ion [75]. Oxygen vacancies have a strong affinity for ozone and
can be ROS formed spontaneously by ozone, such as O,~ and 10, (Figure 5). This led
to ozonation and degradation of benzotriazole in the presence of LaMnO3-0 [74]. At the
same time, when B cations are variable valence metals (such as Mn), Mn(III) /Mn(IV) can
improve the electron transfer efficiency and promote the decomposition of ozone molecules
by prolonging the O-O between ozone molecules [74]. According to Han et al. [76], a
successful engineering strategy to increase the crystallinity of perovskite CaZrO; as well as
its catalytic ozonation activity is to deviate from the A-site cation stoichiometry. Through co-
precipitation calcination, high-purity Ca; 1ZrO3 nanocrystals were synthesized and tested
as catalysts for m-cresol degradation in an ozonation process. Surprisingly, Ca; 1ZrO3
is more efficient in TOC removal, ozone utilization, and m-cresol conversion than the
stoichiometric CaZrOsz and other regular transition metal catalysts.

Stretched
Ozone

adsorption on
Mn site

Self-decomposed

Ozone
adsorption on
O vacancy

Figure 5. Schematic diagram of LaMnOg3-5 for ozonation. Reproduced with permission from Ref. [74].



Catalysts 2023, 13, 342

11 0f 28

4. Catalytic Properties of Metal-Free Catalyst for Ozonation and Its Application in
Water Treatment

Metal-free carbon-based catalysts are one of the hot topics in current research, which
are mainly applied in the fields of electrochemistry, fuel energy storage and catalysis. Metal-
free carbon-based catalysts include materials such as activated carbon, carbon nanotubes,
graphene oxide and carbon nitride. These carbon-based catalysts have also been studied in
catalytic ozonation for the degradation of persistent organic pollutants.

Activated carbon can play a catalytic role in the process of ozone oxidation. The surface
of activated carbon contains a large number of acidic or alkaline groups. The presence of
these acidic or basic groups makes it not only adsorptive, but also catalytic. Beltran et al. [26]
showed that activated carbon significantly improved the effect of ozonated mineralized
diclofenac. For 120 min of reaction, the TOC removal rate was 40% by ozonation alone, and
95% by the presence of activated carbon. Ozone oxidation or granular activated carbon
(GAC) adsorption has a certain effect on the decolorization of dyes in sewage, and the
combination of the two is a good choice to treat dye wastewater. GAC has catalytic effect in
the process of catalytic ozonation [77]. Faria et al. [78] studied ozonation of oxalic acids
by activated carbon. The results showed that the oxalic acid degradation rate (90%) was
significantly improved by using ozone and activated carbon together compared with that
by using ozone alone (69%) or activated carbon alone (38%). Under alkaline or neutral
conditions, ozonation catalyzed by activated carbon increased the degradation rate and
salinity of carboxylic