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Abstract: The number of organic pollutants detected in water and wastewater is continuously in-
creasing thus causing additional concerns about their impact on public and environmental health.
Therefore, catalytic processes have gained interest as they can produce radicals able to degrade re-
calcitrant micropollutants. Specifically, catalytic ozonation has received considerable attention due
toits ability to achieve advanced treatment performances at reduced ozone doses. This study surveys
and summarizes the application of catalytic ozonation in water and wastewater treatment, paying
attention to both homogeneous and heterogeneous catalysts. This review integrates bibliometric
analysis using VOS viewer with systematic paper reviews, to obtain detailed summary tables where
process and operational parameters relevant to catalytic ozonation are reported. New insights emerg-
ing from heterogeneous and homogenous catalytic ozonation applied to water and wastewater treat-
ment for the removal of organic pollutants in water have emerged and are discussed in this paper.
Finally, the activities of a variety of heterogeneous catalysts have been assessed using their chemical—-
physical parameters such as point of zero charge (PZC), pKa, and pH, which can determine the effect
of the catalysts (positive or negative) on catalytic ozonation processes.

Keywords: catalytic ozonation; homogenous catalysts; heterogeneous catalysts; water treatment;

VOSviewer; reaction mechanism

1. Introduction

Industrial wastewater has been under extensive research due to its hazardous effect
on the aquatic, air, and soil environment, as well as human and animal health. Developing
wastewater treatment technologies that are simple, safe, and efficient for the environment
is becoming the twenty-first century’s primary goal.

Advanced oxidation processes (AOPs) have shown great potential for the degradation
and mineralization of recalcitrant and toxic organic pollutants compared to conventional
treatment processes. This process is classified into two main general categories. The first
category utilizes light energy such as ultraviolet (UV) light in conjunction with other chem-
ical additives. There are processes under this category that associate other agents with UV,
such as hydrogen peroxide (UV/H,0O,), ozone (UV/O3), titanium oxide (UV/TiO;), and
Fenton reagents (UV/Fenton). When no light source is used, the technology can be termed
a dark oxidative process. Processes in this category include ozonation, Fenton’'s reagent,
ultrasound, and microwaves. These processes are simultaneously based on the in situ gen-
erations of highly reactive transitory species (H,O,, HO®, O%~, O3) for the mineralization
of refractory organic compounds and the inactivation of waterborne pathogens. Due to
rapid oxidation reactions, AOPs are characterized by high reaction rates and short treat-
ment times, which make them promising in wastewater treatment [1].
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Ozone is a powerful oxidant with several advantages that make it an excellent ma-
terial in the AOPs. There are many noticeable benefits of using Oz in the wastewater
treatment process. Benefits such as it rapidly reacting with bacteria, viruses, and proto-
zoa, being efficient for organics degradation and inorganics removal, and removing color,
taste, and odor. Although the ozonation process is a practical system, O3 has low solu-
bility and stability in water and a high production cost. To solve the mentioned disad-
vantages, some solutions have been explored, such as using fixed beds of porous glass or
metals, solid catalysts, stirring, line mixers, contact towers, and an increase in retention
time by large bubble columns or diffusers [1]. The combination of ozonation with other
techniques is suggested as an intelligent solution. In this regard, various Oz-based AOPs,
such as OH~ /O3, O3/H,05, O3/UV, O3/H,0,/UV, 03/5,05%~, Ogz/biological treatment, and
catalytic and photocatalytic ozonation, were introduced to the industry [2-7]. Each of these
processes has its specific features and conditions.

In the OH~ /O3 process, the pH value of the water matrices has a significant influence
on both the direct ozonation efficiency and the generation of HO® (indirect ozonation). At
significantly high pH (pH > 8), the abundance of OH™ can improve HO® generation, which
will enhance the ozonation of pollutants. However, high pH might cause the precipitation
of calcium carbonate or other problems, which should be considered. In addition, the pH
adjustment will increase the operational cost. In the so-called peroxone technique, O3 and
H,0, would be combined [8]. The critical effect of combining O3 and H,O; is increasing
oxidation efficiency. This occurs by converting O3 to HO® and improving O3 transfer from
the gas to the liquid phase [8]. The chemistry of the main reactions described above is
shown in Equations (1)—(3).

H,0; + O3 — HO®* + HO; + O, D
HO®* + O3 — O, + HO3 2)
053 + HO; — 20, + HO® 3)

Another ozonation technique is the usage of ultraviolet light in combination with O3
in an aqueous medium. This combination causes the increase in the HO® formation and
its concentration, consequently increasing the degradation efficiency. Equations (4) and
(5) show that the formation of H,O, as a by-product is possible, which will be degraded
by the exact mechanism of H,O,/UV [8], also increasing the treatment efficiency.

O3 + H,O + hv — O, +2HO® 4)

2HO® — H,O, (5)

The introduction of UV with HyO,/O3 makes the previously mentioned techniques
more efficient. This combination enhances HO® generation and more efficiently allows the
transformation of HyO, to HO® (Equation (6)) [9], consequently increasing the
degradation rate.

O3 + HyO; + hv — 2HO® + 30, 6)

Persulfate S,0g%~ as a practicable material for water treatment would be combined
with Os. It is assumed that O3 decomposes with the formation of HO®, which can then
activate persulfate to generate SO4°*~ (Equation (7)) [10]. In turn, SO4°~ can increase the
formation of HO®, which leads to a multiradical system (Equations (8) and (9))

HO® + 5,03~ — SO;~ +HSO; +1/20, @)

SO}~ + H,O — SO?™ +HO® + H* (8)
SO}~ +OH™ — SO; +HO® ©)
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A popular ozonation process is an ozonation/biological treatment technology. This
process can be divided into two types: (1) ozonation is used as pre-treatment, such as
an Os-biological activated carbon process, ozonation/batch aerobic biological system, and
ozonation/aerated biological filter; (2) ozonation is used as post-treatment, such as mem-
brane bioreactor/ozonation, activated-sludge biological treatment/ozonation, and sequenc-
ing batch biofilm reactor/ozonation. Since the intermediate products formed by ozonation
and Os-based processes are generally more biodegradable than their precursors, these in-
termediates can be much more easily removed by biological treatment processes. There-
fore, if the water containing many inhibiting compounds is toxic to the biological cultures,
in such cases, a biological treatment followed by pre-treatment ozonation is suitable for
the application. On the other hand, if there are many biodegradable compounds, the pre-
oxidation step obviously will only lead to the unnecessary consumption of chemicals. In
this case, a biological pre-treatment followed by ozonation (removing non-biodegradable
and toxic components with less oxidant consumption) may be more suitable [11].

In the ozonation process, the addition of some catalysts can promote the decompo-
sition of the oxidant (O3) to generate active free radicals, such as HO®*. Compared with
other O3z-based treatment methods, catalytic ozonation can reduce operational costs since
it does not need additional energy costs such as for UV or for pH adjustment due to its ef-
fectiveness in a wide range of pH values. Moreover, the catalytic ozonation systems have
shown exemplary performance in water treatment, with several advantages compared to
ozonation alone. Several pieces of evidence based on published articles show that the cat-
alytic ozonation process achieved higher mineralization of various organic compounds
than the sole ozonation system [12]. All of these reasons make catalytic ozonation an in-
teresting water treatment process and one of the main AOPs processes that received sig-
nificant attention from scientists. Figure 1 shows the gradual increase in scientific publica-
tion since 2000 based on approximately 600 published articles found in the Web of Science
collection database.
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Figure 1. Published articles related to catalytic ozonation since 2000.

During these years, several catalysts have been proven to be effective in the enhance-
ment of ozonation efficiency. Generally, the catalytic ozonation process can be divided
into two types:

(1) Homogeneous catalytic ozonation, in which transition metal ions used as catalysts
influence the rate of reaction, the selectivity of O3 oxidation, and the efficiency of
O3 utilization. Two major mechanisms of homogeneous catalytic ozonation can be
found: the O3 decomposition by metal ions which generates free radicals; and the
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complex formation between the metal ions and organic molecule following oxidation
of the complex.

(2) Heterogeneous catalytic ozonation, which is based on the activation of O3 to improve
the ozonation of pollutants in the presence of a solid catalyst. Obviously, the key
point in this process is to find the most appropriate catalyst, which is a solid material
that in combination with O3 shows a greater removal of a pollutant at a given pH
value, compared to the separate processes of adsorption or ozonation alone. Among
the most widely used catalysts in heterogeneous catalytic ozonation are metal/
bimetal/polymetal oxides, metal/metal oxides on supports, carbon-based materials,
and the emerging category of multifunctional porous materials as metal-organic frame-
works. The role of the catalyst in this process is to provide reaction sites for adsorption
and catalysis. So, based on the interaction of catalysts with O3 and micropollutants,
three general major mechanisms can be found. (a) Adsorption of O3 on the catalyst
surface following O3 decomposition to generate free radicals; (b) adsorption of mi-
cropollutants on the catalyst surface, then attacking by O3 molecule; (c) adsorption
of both O3 and micropollutants on the catalyst and their reaction together.

Many factors may have an impact on the performance of the catalysts. The PZC value
of the material, the acid/basic sites of the surface, the oxidative potential of the metals
contained in the solid structure, the cation exchange capacity, the oxygen vacancies, etc.,
are examples of these factors [13-15]. An important research aspect is the specific role
played by the point of zero charge (PZC) in the overall efficiency of the catalytic ozonation
process. Several researchers measured the PZC value of their synthesized catalyst and
explained their surface characteristics based on this factor [16-21]. On the other hand,
there are studies that examined the role of oxygen vacancies in catalytic ozonation [14,22],
and the effect of the lewis acid/basic sites of the surface [23-27]. Although there are some
studies that prove that these two factors can also influence O3 decomposition, there are a
variety of papers in which authors do not report, nor discuss, the impact of these factors.

In the terms of process efficiency of catalytic ozonation, operational parameters and
reaction mechanism in the process have a big impact. According to operational parame-
ters, initial solution pH, O3 dose, initial pollutant concentration, pressure, catalyst dosage,
and temperature have major effects on efficiency. Our attention has been placed on the
governing mechanisms of the process based on the chemical properties of catalysts, phys-
ical properties of catalysts, natural properties of target pollutants (pKa), and pH of the
solution as described in this article.

2. A Bibliometric Analysis Using VOSviewer

The scientific articles about catalytic ozonation published between 2000 and 2021 were
scanned in the Web of Science (WOS) collection database. The words “Catalytic Ozonation”
were used as the keywords to achieve the relevant publications. VOS viewer was applied
to perform the bibliometric analysis of these articles. In this respect, 600 publications on
the topic of catalytic ozonation were identified in the WOS core database.

Bibliometric analysis of the keywords in publications was studied. In this respect, all
provided keywords in the articles related to catalytic ozonation that occurred more than
20 times in the WOS core database were enrolled in the final analysis. Based on the cat-
alytic ozonation articles in the English language, of the 1441 keywords accrued, 26 of these
keywords had appeared 20 times more frequently than the others. The keyword “catalytic
ozonation” was the most frequently occurring one, with an occurrence of 197 and total
link strength of 177. Following the previously mentioned keyword, “ozone”, “degrada-
tion”, and “oxidation” occurred 169, 154, and 129 times, respectively. Figure 2 illustrated
the bibliometric analysis and VOSviewer visualization of the keywords in articles related
to catalytic ozonation.
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Figure 2. Co-occurrence of the keywords in articles related to catalytic ozonation visualized by
VOSviewer software.

Based on the WOS collection database results in the case of ‘catalytic ozonation’, a bib-
liometric analysis of the co-authorship between countries was studied. All countries that
published more than five articles in the WOS core database related to catalytic ozonation
were enrolled in the final analysis.

In this respect, the top ten most active countries in the field of catalytic ozonation
based on the number of citations, publications, and total link strength, are listed in Table 1.
Of the 47 countries that worked on catalytic ozonation topics, 14 countries had more than
5 published articles. Based on the information gathered, the country most active in the
field of catalytic ozonation is “China”, with 185 publications, 422 citations, and a total link
strength of 20. Following that, Iran and Canada take second and third places, respectively.

All these bibliometric analyses show the importance of catalytic ozonation among
scientists all around the world. In the absence of a comprehensive and precise survey
about the developments in catalytic ozonation processes, it would not be easy to propose
novel investigations to optimize water treatment performance in terms of mineralization,
industrial application, and economic capability. In light of these considerations, this study
aims to recognize the popular and leading articles in catalytic ozonation, summarizing
new visions on the evaluation of both heterogeneous and homogenous processes for the
degradation and mineralization of various toxic organic pollutants in water.
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Table 1. The top 10 active countries in the field of catalytic ozonation.

Rank Country Number of Number of Total Link
Citations Documents Strength
1 China 422 185 20
2 Iran 82 37 1
3 Canada 38 14 5
4 USA 41 13 3
5 Pakistan 28 12 3
6 Brazil 22 8 1
7 Turkey 25 8 1
8 France 23 3 0
9 Australia 10 7 5
10 Greece 14 7 1

3. Homogeneous Catalytic Ozonation

Transition metals such as Fe(Il), Fe(IIl), Mn(II), Ni(II), Co(Il), Pb(II), and Zn(II) used
as homogenous catalysts in the aqueous solution are commonly involved in two mechanis-
tic steps of the ozonation processes: initiation of the O3 decomposition reaction followed
by the generation of the hydroxyl radicals, and oxidation reaction between catalyst and
organic pollutants. Some homogeneous catalytic systems selected among the most influ-
encing articles reported in the current literature are listed in Table 2. Details regarding
the kind of used catalysts, target pollutants, operating conditions, and removal results are
included in this table.

Table 2. Literature reports on different homogenous catalysts in the ozonation process.

Target Pollutants Catalysts Operating Conditions Removal Results Ref.

O3 dose: 0.5 g/h; Catalyst dose:

Aniline Fe(II) 1 mmol/dm?; pH: 3.3; T: 25°C; t: 15 min 132 TOC removal [28]

O3 dose: 0.5 g/h; Catalyst dose:
4-chlorophenol Fe(IT) 1 mmol/dm?; pH: 3.3; T: 25°C; t: 15 min 144 TOC removal [28]
Oxalic acid Fe(IlT) O3 dose: 8.2 mg/L; Catalyst dose: 1 mg/L; 7% OA removal [29]

(0A) pH: 2, T:20°C; t: 3h

g . L O3 dose: 1.04 x 10~* mol/dm~3; Catalyst

136 “aphtha&“fst;ls“m’m“ acid Fe(I) dose: 1.25 x 10~* mol/dm~3; pH: 2; 79% NTS degradation [30]
T:25°C; t: 30 min

O3 dose: 0.6 g/L; Catalyst dose: 7 mg/L;

Lipid Fe(I) pH: 6.75; T: 25 °C; t: 60 min 96.7% lipid degradation [31]
Chlorobenzenes Fe(Il) s doser 158 S;L/,ngf Catalyst dose: 55% COD removal [32]
Chlorobenzenes Fe(III) Os 6d 2&1?:01'55 r?l S;{ng' ;: egazlgsr;ciir?se: 12% COD removal [32]

Aniline aerofloat (AAF) Fe(I) Oﬁﬁ?ﬁ;}ﬁfﬁ’f? rT“:i‘z"S I;;C.Cff?ggiﬂﬁse’ 80% COD removal [33]

AAF Fe(Ill) Oigfsg/f;(if}l‘f‘g_/ mip. L7 Catalyst dose: 76% COD removal [33]

. O3 dose: 200 mL/min; Catalyst dose: 1.278 of decolorization rates )

C.I Reactive Red 2 (RR2) Fe(1II) 0.6 taM; pH: 2 TR £ 6 min Umin [34]
p
O3 dose: 200 mL/min; Catalyst dose: 1.299 of decolorization rates )
RR2 Fe(Il) 0.6 mM; pH: 2; T:NR; t: 6 min (1/min) [34]
p-Chlorobenzoic acid (p-CBA) Fe(I) Os dose};Iif?g{gfag?gbf;g?ii1 mg/L; 92.5% p-CBA degradation [35]
RR2 Zn(Il) O3 dose: 200 mL/min; Catalyst dose: 1.015 of decolorization rates [34]

0.6 mM; pH: 2; T:NR; t: 6 min (1/min)
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Table 2. Cont.

Target Pollutants Catalysts Operating Conditions Removal Results Ref.
p-CBA Co(Il) Os dose};éf;gé%ég?é%ftl‘;‘;;%1 mg/L; 95.5% p-CBA degradation [35]
O3 dose: 200 mL/min; Catalyst dose: 0.843 of decolorization rates )
RR2 Co(ID) 0.6 mM; pH: 2; T:NR; t: 6 min (1/min) (34]
OA Co(TTy Os dose: i?{mféLchlt;l{sggf;fn 0.8 mg/L; 70% OA removal 136]
O; dose: 5 x 1073 mol/L; Catalyst dose: o
OA Co(II) 4mg/L; pH: 2.5; T: 25 °C; : 30 min 99.3% TOC removal [37]
. . O; dose: 5 x 1073 mol/L; Catalyst dose: o
Formic acid Co(II) 4mg/L; pH: 25, T: 25 °C; t: 35 min 60.2% TOC removal [37]
Carboxylic acids Cu(II) Os dose: }Z;Iﬂga/t]:l,rgla?ll}\llsl;i?\sﬁ{ 20 ug/l; 75% TOC reduction [38]
O3 dose: 2.08 mg/min. L; Catalyst dose: o
AAF Cu(II) 10 mg/L; pH: 8; T: 25 °C; t: 180 min 75% COD removal [33]
N-dimethylpropyl-2-pyrrolidone O3 dose: 250 mL/min. L; Catalyst dose: o
(NDPP) Pd(IT) 9.4 x 1075 M; pH: 2; T: 25 °C; £: 30 min 73% NDPP removal 1391
. O; dose: 200 mL/min; Catalyst dose: 0.822 of decolorization rates
RR2 Ni(IT) ’ 0.6 mM; pH: é; 'li:NR; t 6ymin (1/mi;1Z) i (34]
O3 dose: 200 mL/min; Catalyst dose: 3.295 of decolorization rates )
RR2 Mn(ID) 0.6 mM; pH: 2; T:NR; t: 6 min (1/min) (34
. . O3 dose: 0.5 g/h; Catalyst dose: 200 mg;
Pyruvic acid Mn(IV) 3 pH: 3§T: 25 OC;yt: 60 min & [40]
Atrazine O3 dose: 2.54 mg/L; Catalyst dose: 0.3 mg/L; o )
(ATZ) Mn(II) pH: 7, T 21 °C; t: 4 min 96% ATZ removal [41]
ATZ Mn(IT) Os dose: ;i[S mg/l; Catalyst dose: 1 mg/L; 70% ATZ removal [42]
ATZ Mn(IV) Os dose: i‘%? ‘;‘gT/ng’Caéalg’ 55t i‘i’;e: 1 mg/L; 37% ATZ removal [42]
O3 dose: 5.6 mg/L; Catalyst dose: 0.2 mg/L
2,4-dinitrotoluene (DNT) Mn(II) Mn?* and 4 mg/L OA; pH: 5.5; T: 25 °C; 65% DNT removal [43]
t: 15 min
2,4-dichlorophenol Mn(II) Os dose:p8P.;1: gng/%' g; Zaclyit ;lé) ?En?S mg/L; 80% TOC removal [44]
O; dose: 1.04 x 10~* mol/dm~3; Catalyst
NTS Mn(1I) dose: 1.25 x 10~ mol/dm~3; pH: 2; 72% NTS degradation rate [30]
T:25°C; t: 30 min
O3 dose: 5 x 1073 mol/L; Catalyst dose: o
OA Mn(II) 4 mg/L; pH: 2.5; T: 25 °C; t: 30 min 82% TOC removal [37]
. . O3 dose: 5 x 1073 mol/L; Catalyst dose: o
Formic acid Mn(1I) 4 mg/L; pH: 2.5; T: 25 °C; : 35 min 61% TOC removal [37]
O3 dose: 1.5 g O3/TOC; Catalyst dose:
Chlorobenzenes Mn(II) 6 ; 10-5 molng; E)/H 7 T:NR;EI: 20 min 66% COD removal [32]
Lipid Mn(1I) Os do}sjiil?éé‘%/.LT;:CZ%tfle‘stt: %%S;iimg/L; 93% lipid degradation [31]
Simazine Mn(1I) Os dose: 9.5 mg/L; Catalyst dose: 0.2 mg/L; 90% Simazine conversion [45]

pH:7; T: 25 °C; t: 30 min

NR-value not reported, TOC total organic carbon, COD chemical oxygen demand.

Different kinds of transitional metals are used as homogeneous catalysts however,
Fe(Il) and Mn(II) have been reported to be the most efficient catalysts for water purifi-
cation purposes. This trend in the research has underlying scientific logic. By focusing
on the general features of these transition metals’ chemistry, their wide range of oxida-
tion states, and complex ion formation, this popularity for using them as a catalyst makes
sense. Mn with an atomic number of 25 has the highest number of unpaired electrons in
the d-subshell, and it shows variable oxidation states in its compounds such as (II) in Mn?*,
(IIT) in Mny,O3, (IV) in MnO», (VI) in MnO42~, and (VII) in MnO*~. Fe has two standard
oxidation states, Fe?* and Fe®*, and a less common (VI) oxidation state in FeO4%~. Existing
unpaired electrons and vacant orbitals in these transition metal structures enable them to
accept electrons from other ions of molecules to form complex compounds. So this ability
causes the adsorption of other substances onto their surface and activates them in the pro-
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cess, which is the objective function of a catalyst. The application of these two important
transitional metals is explained in the following publications as examples.

Ramos et al. [31] evaluated the efficiency of the Fe(Il) catalyst in the ozonation pro-
cess for lipid degradation. Milk was chosen as the lipid source. It is observed that under
neutral conditions, low catalyst dosages are enough to cause the almost complete degra-
dation of lipids (96.7%). Fu et al. [33] investigated the homogeneous catalytic ozonation
of AAF collector by coexisting transition metallic ions (Fe(II), Fe(Ill), Cu(Il), Pb(Il), and
Zn(Il)) in flotation wastewaters. Based on this research, the following order of the degra-
dation rate was achieved: O3/Fe(Il) > O3/Fe(Ill) > O3/Cu(Il) > O3/Pb(Il) > O3/Zn(Il) ~ O3-
alone. The best catalytic activity gained by Fe(II) had a 31.15% growth of degradation
rate and achieved an increase of 42.26% for the AAF mineralization compared to O3-alone.
Xiao et al. [44] studied the mineralization of DCP in the ozonation process with Mn(II) as
a catalyst. This study suggested that in the optimal condition of 0.5 (mg/L) catalyst dose
and pH: 5.5, Min(II) catalytic ozonation had a strong ability to degrade DCP and had 80%
TOC removal in water solution.

In terms of the popularity of using this process, it is worth noting that most of the
studies related to homogenous catalytic ozonation belong to the first decade of the 20th
century. As can be observed in the table, the most significant disadvantage is that this
catalytic process is mainly carried out in acidic pH values and not near the natural pH.
At the same time, micropollutants, mostly emergent organic pollutants, usually exist in
wastewater at the pH range of 6-8. Noting that although homogeneous catalytic ozonation
processes can effectively improve the removal of organic contaminants in water in some
cases, the addition of metal ions might result in secondary pollution, which causes limiting
of their application.

However, in previous years, some scientists showed interest in using transitional met-
als for the catalytic ozonation process, working at the natural pH and real wastewater. Fur-
thermore, some scientists solved the drawback of introducing these harmful metal ions in
the aqueous environment by presenting the idea that some of these transition metallic ions
usually coexisted in real wastewater. Several studies confirmed that Fe?*, Cu?*, Zn?*, Pb?*,
and Co?*, usually coexist with flotation reagents in the flotation pulp because of the disso-
lution of minerals or in the bastnaesite flotation pulp, some transition metal ions such as
Fe?*, Cu?*, Zn?*, and Pb?" were determined [46,47]. Finally, Fu and colleagues [33] showed
that these coexisting transition metallic ions can be used as in situ catalysts. So, it can be
deduced that this process can have pleasing prospects by considering some improvements
in the future.

4. Heterogeneous Catalytic Ozonation

Catalysts in solid form with high stability and efficiency were widely studied in cat-
alytic ozonation systems. In this section, the activity and efficiency of heterogeneous cata-
lysts in the ozonation process have been evaluated by focusing our attention on essential
parameters such as:

e  Chemical properties of catalysts: crystallographic and morphological, chemical stability.

e  Physical properties of catalysts: point of zero charge (PZC), mechanical strength, sur-
face area, pore volume, and porosity.

e  Natural properties of target pollutants (pKa) and pH of the solution.

In each category of catalysts, these parameters are different to achieve the optimum
efficiency in the water treatment process. Previous review articles [1,15,48] mentioned that
the mechanism of catalytic ozonation is too complicated due to the contradictory catalytic
mechanisms proposed by different research groups. In this article, by scrutinizing the
governed mechanism of the process based on their conditions, this lack of understanding
would have new interpretations.

Generally, the interaction between catalyst, pollutant, and O3 determines the gov-
erning mechanism of this process. Moreover, each of these active components’ behaviors
depends on other factors and some of these have more influence than others. In the follow-



Catalysts 2023, 13, 324

9 of 27

ing, possible conditions based on the most influencing factors for each active component
are expressed, and the governing mechanism in each specific condition is discussed.
Considering that the PZC is generally described as the pH value at which the net
charge of the catalyst’s surface is equal to zero.
The positively charged surface catalyst could be found under three different condi-
tions which are proposed in Figure 3.

I Oxidized
Species
H_H 0,
0\\/,0 o / )

HO;
®
”\ H+ 7 H_H+ -
K, <pH<PZC 5/ 0 O~ (a

O~

H. H+

\O/ \(f

i@ o
C{bho.ox?(g -~.

pK, =pH < PIC

Micropoliutant
Adsorption
Oxidized
Species

Catalyst Surface

pH <pK,,pH < PEZC

2
Oxidized
Species

\ O/“‘j‘ H\ H+

Figure 3. Proposed three influencing mechanisms using positively charged catalysts.

pK, < pH < PZC: Catalyst is positively charged, pollutant is negatively charged.

In this condition, the negatively charged micropollutants can be adsorbed on the pos-
itively charged catalyst surface. Thus, the contaminants would be close to the area where
the generation of HO® radicals happens, which means HO® can quickly oxidize them in
the environment. On the other hand, by adsorbing the micropollutants on the catalyst sur-
face, the active area for adsorption of O3 will be limited, which has a negative effect on the
HO?® generation in the environment.

pH < PZC, pH = pK, : Catalyst is positively charged, pollutant is uncharged.

There is no effective interaction between the catalyst and micropollutant in this con-
dition, so the generation of HO® by O3 decomposition is the only effective parameter here.

pH < PZC, pH < pK, : Catalyst and pollutant are positively charged.

In these conditions, the HO® radicals, which are highly useful in the oxidation of mi-
cropollutants, would be generated in a short time with the adsorption of O3 on the cat-
alyst surface. Adsorption of O3 molecules by hydroxyl radical on the surface causes a
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generation of intermediate species (OH3) and another radical on the catalyst surface. The
produced intermediate (OH3) turns into reactive HO® radicals and O; in an in situ reac-
tion. In parallel, the radical species on the catalyst surface would adsorb water molecules
and produce reactive HO® radicals. Due to the non-selectively behavior of HO®, it can
oxidize almost all organic contaminants, which causes the high removal efficiency of mi-
cropollutants. Furthermore, based on the charge of micropollutants (pK,), pulling of mi-
cropollutants or expelling of micropollutants on the catalyst surface might happen, and
each of these conditions can affect removal efficiency. In this condition, the desorption of
micropollutants from the catalyst would happen due to the repulsive electrostatic forces,
which means the contaminants do not occupy the active surface sites, and pore blocking
and associated fouling on the surface would be limited.

There are conditions that the catalyst is uncharged. Uncharged catalysts usually have
hydroxyl radicals on the surface. Although these radicals are uncharged, they can be the
starter part for O3 decomposition. In the O3 decomposition reaction chain, after the ad-
sorption of O3 on the surface, chemical bond stretching and breaking can happen in sev-
eral ways. In one case, after bond breaking, HO® and O, would be generated directly. In
another case, some intermediate species such as OH3 and O; would be produced. The
produced intermediate (OH3) turns into reactive HO® radicals and O; in an in situ reac-
tion. In parallel, O; causes other chain reactions, which finally produce HO®. Figure 4
proposed influencing mechanisms when the catalyst is uncharged.

HO; 0y++0H

pK,=pH=PZC

Catalyst Surface

PZC = pH < pK,
R

oxidized
gpecies

Figure 4. Proposed three influencing mechanisms using uncharged catalysts.

pK, < pH, PZC = pH : Catalyst is uncharged, Pollutant is negatively charged.
pH < pK, , PZC = pH : Catalyst is uncharged, Pollutant is positively charged.
PZC = pH = pK, : Catalyst is uncharged, Pollutant is uncharged.

Due to the uncharged catalyst surface, there is no considerable difference between the
three conditions in this subcategory.

Figure 5 summarizes three conditions related to the negatively charged surface of the
catalyst. This situation seems to be the most favored for the adsorption and subsequent
decomposition of Os.
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Figure 5. Proposed three influencing mechanisms using negatively charged catalysts.

In fact, the adsorption of O3 on a surface would generate intermediate species such
as O3 and OH3, considered as precursors of the high oxidant species HO®.

PZC < pH < pK, : Catalyst is negatively charged, pollutant is positively charged.

Although in this condition, adsorption of Os is favored, adsorption of the pollutant
on the catalyst surface can occur too. Thus, the pore blocking and associated fouling on the
surface and reducing the active surface sites might have a negative effect on the HO® gener-
ation in the environment. On the other side, closing to the area of HO® radicals generation
might cause quickly oxidize of micropollutants.

PZC < pH, pH = pK, : Catalyst is negatively charged, pollutant is uncharged.

There is no effective interaction between the catalyst and micropollutants in this con-
dition, so the generation of HO® by O3 decomposition is the only effective parameter here.

PZC < pH, pK, < pH : Catalyst and pollutant negatively charged.

In this condition, the negatively charged micropollutants would be repulsed from the
negatively charged catalyst surface due to the electrostatic forces. Thus, the micropollu-
tants do not occupy the active surface sites.

The values of pKa for different pollutants reported in Table 3 have been examined in
order to compare and better evaluate the fundamental mechanisms proposed in
this section.
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Table 3. Values of pKa for different pollutants.

Target Pollutants pKa Ref. Target Pollutants pKa Ref.
Isoniazid 1.82 [49] Ciprofloxacin (CPF) 6.38 [50]
Oxalic acid (OA) pKal =1.14; pKa2 = 3.64 [51] 4-nitrophenol 7.15 [52]
Phenacetin 22 [53] Fluoxetine 8.7 [50]
Amoxicillin 24 [50] Atenolol 9.16 [50]
Humic acids 2.5 [54] Acetaminophen 9.38 [55]
Sulfamethazine 2.65 [50] 4-Chloro phenol 941 [52]
Salicylic acid 35 [50] Paracetamol (PCT) 9.39-9.5 [50,56]
Methylene blue 3.8 [57] 4-Chloro-2-methyl 9.71 [52]
Reactive black-5 3.8 [58] Phenol (PH) 9.98 [59]
Furosemide 3.9 [50] m-cresol 10.1 [60]
Diclofenac 4.15 [50] Bisphenol-A (BPA) 10.29 [61]
Naproxen 42 [50] 2,4-dimethylphenol 10.4 [52]
Ibuprofen 451 [50] Orange (II) 114 [62]
Acetic acid 4.76 [63] RR189 11.7 [64]
(SMX) 5.6-5.8 [65,66] Carbamazepine 13.9 [50]
Naphthenic acid 5-6 [67]

The PZC values for selected catalysts referring to the reviewed articles are shown in
Table 4. Based on the type of catalysts, the pathway of the catalytic ozonation can also
be varied. Although some catalysts exhibit PZC values in narrow ranges due to various
impurity contents, synthesis routes, or thermal histories, this difference appears to be of
little relevance to their catalytic properties.

Table 4. Range of PZC for selected catalysts.

Catalysts PZC Ref. Catalysts PZC Ref.
SiO, 2.6 [68,69] CoFey Oy 7.31 [70]
MnO, 3-5 [1,71] Fe304 nanoparticles 7.4 [72]
MWCNTs 4.2 [68] CeO, 8.1 [73]
a-AlLO3 4.2 [74] v-Al,O3 8.3-8.9 [75,76]
AC 49 [68] NiO 8.45 [77]
NiCo0,04 5 [78] ZnO 9 [1]
FeOOH 5.9 [79] a-Al,O3 9.4 [75]
Cez0;4 5-8 [69,80] MgFe; Oy 9.8 [81]
CuFe; Oy 6-7 [53] CuO 10 [82]
TiO, 6.2-6.6 [1 MgO 12-13 [83]
Fep O3 6-9 [84]

The main catalyst types applied in heterogeneous catalytic ozonation are metal/
bimetal/polymetal oxides, metals or metal oxides on supports, and carbon-based mate-
rials. In each of these categories, the most popular catalysts and published works in recent
years are summarized in this review.

4.1. Metal/Bimetal/Polymetal Oxides

Several metal oxides have been introduced to promote the heterogeneous catalytic
ozonation processes. Some of these metal oxides are more popular than others in the cat-
alytic ozonation process, such as Al,O3, MgO, CeO,, MnO;,, NiO, ZnO, etc. Furthermore,
some bimetal/polymetal oxides were widely applied due to their high stability as well as
high catalytic activity, such as CuFe;O4, Mn-Ce-O, ZnAl;Oy, etc. Table 5 compiles the liter-
ature results employing metal/bimetal/polymetal oxides for the degradation of pollutants
in the catalytic ozonation process. As can be seen, operating conditions (pH, O3 dosage,
catalyst dose, etc.), the kind of used catalysts, target pollutants, and removal results are
reported. The articles for summarizing in this part were chosen according to their high
citations, and newness.
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Table 5. Literature reports on different metal/bimetal/polymetal oxides as catalysts in the ozonation

process (see Figures 3-5, respectively).

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH<PZC pH>pK,, pH =~ pK,, pH < pK,
v-AlL O3 Ibuprofen . . .
PZC=-89 pKa = 4.51 035“1;5;‘1{0_‘; mg/min; Catalyst dose: 83% ibuprofen removal 2015 [76]
" - ; pH: 7.2; T: St
COF9204
- OA Os dose: 14 + 1 mg/L; Catalyst dose: o
pzc=731 pKal = 1.14; pKa2 = 3.64 1g/L; pH: 2.3; T: NR; t: 120 min 68.3% TOC removal 2017 (70]
v-ALO; . - .
PZC=8.9 Cumene 035d;s;£ ; ?‘(;T/r;:)ng g iﬁa;)és;ciir(:se. 58% cumene removal 2015 [76]
MgO Methylene blue . . .
PZC=12-13 pKa=38 Os dos;gvr;“gT/FNC;t:lggtrgfje' NR; 50% COD removal 2016 [85]
N ' :9; T:NR; t
gz'éli%g 1.2-dichlorobenzene O3 dose: 0.5 mg/min; Catalyst dose: 45% 1,2 dichlorobenzene 2015 76]
. : g 5g; pH:7.2; T:20°C; t: 30 min removal
v-AL O3 Acetic acid . . .
PZC =89 pKa = 4.76 035dgsgi§'§ ?*‘%{“2‘:)“; giga;%s;?sse. 19% acetic acid removal 2015 76]
A B ; pH: 7.2; T: st
Ce-O O3 dose: 50 g/Nm?; Catalyst dose:
PZC=85 CI Reactive Blue 5 (RB5) 350 mg; pg 56T 25e CY 3k 85% TOC removal 2009 [86]
+ / < 9.0, 1o s b
’Y-A1203 . .
= Petroleum refinery O3 dose: 5 mg/min; Catalyst dose: o
PZC+_ 8.3 wastewater 0.5 g; pH: 8.15; T: 30 °C; t: 40 min 45.9% COD removal 2017 871
MgO Acetaminophen . . .
PZC =12-13 pKa=9.38 (33gc}ﬁ?;§95ﬂ$/;j’§§f§yfé fn‘;ff' 100% ACT degradation 2017 [16]
+ + ; :9.4;T: St
MgO RR198 i . i )
PZC =12-13 pKa=117 Os dOS;HQ'é .gT“."zgitg.l{s;‘fgfj 58/l 100% RR198 removal 2009 [88]
N . 8T it
MgO 4-Chloro phenol . . .
PZC=12-13 pKa=9.41 Os ?%Sg/fi)g génzur%, ?\Ialgélt).rslzﬁose. 99.5% removal efficiency 2015 [17]
N . 0g/L; pH: 6.2; T: NR; t:
[3-FeOOH 4- Chloro phenol . . :
PZC=59 pKa =9.41 031?55. 551234 g/l Catalyst dose: 99% removal efficiency 2015 [89]
+ + ; :3.9; It ;b
v-AL O3 PCT ) 0
_ _ O3 dose: 3 mg/min; Catalyst dose: 98% PCT removal
PZC —+8.3—8.9 pKa= 2.39—9.5 5 mg/L; pH. 7: TANR: : 0 min 2018 [90]
MgO PH
O - O3 dose: 0.25 g/h; Catalyst dose: 4 g/L; 96% PH removal,
Pze-113 pKa=9.8 pH: 7, T: 25 °C; : 80 min 70% COD removal 2010 (1]
v-ALO3 Fluoxetine . . .
PZC =8.3-8.9 pKa=87 ?%‘}E.SZH@;"I%/ b7 Catalyst dose: 86% Fluoxtenine removal 2019 [92]
+ + 7 /L s b
MgFe; Oy Acid Orange I . . .
PZC-98 pKa~=114 05 gjn‘i?/sf :1?%1/ ]g_gcg“}ly;; f}g?‘i;NR 90% degradation efficiency 2016 81]
+ . } ; pH: 4.6-9.6; T: it
NiO Carbamazepine . 3. .
PZC =845 pKa =139 5000312255; ;ﬁg‘;‘, s Catalyst dose: 79.2% TOC removal 2020 93]
+ + ; o4 1t ;b
CeO, SMX i . i
PZC-81 pKa=56-58 Oaggiﬁ;‘;gﬁg Satalyst dose: 61% TOC removal 2013 [94]
+ + ’ - ®0, 1 A
v-AL O3 2,4 dimethylphenol . 3. .
PZC=83 pKa=10.4 50; /5?3;24%5/_“;@2'5ng_agygggﬁfﬁ 57% TOC removal 2015 [95]
+ + ; pH:4.5; 1t ;b
v-ALO; . - .
PZC =8.3-8.9 Landfill leachate Og(fgff; ;ilfr;gé‘_r;“f\%flggtﬁi"rfe' 70% COD removal 2018 [96]
ALO; . . .
PZC=72-92 Textile wastewater Oz dose: 0.9 mmol/L; Catalyst dose: 25.83% COD removal 2015 [97]

+

300 g; pH: 4; T: NR; t: NR
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Table 5. Cont.

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH ~ PZC pH > pK,, pH ~ pK,, pH < pK,

I}I’lzcé 2=054 Sugir:ejtgzzgne Cg%";ffpilmg/zm}“l\?gt?lfg i‘i’ie: 34.1% TOC removal 2021 (78]
rzesss TR Qeelngbonis s7blendion® 2
pH>PZC pH>pK,, pH = pK,, pH < pK,

ISCZ_CA_I e H;‘f?;}i‘féds 0302027]:;%%_61:3 ;‘g/? %atﬁyft flﬁse‘ 100% Humic acid removal 2020 [74]
PZYC-SE;ZS_SM ng ;Fe.as Os dog.e5:51§if‘§/}%f;g;‘;tcgéazsnt dose: 93% removal efficiency 2019 [99]
g;zcl:_izgg Quinoline O d;;‘?zllognﬁ/;é gétilyls;(?gf; ' 92% COD removal 2022 [100]
%ezc():z;\l/[(;% Apnlggguzlén 031d§/ie; ;ﬁlnl“f/ r%irﬁlgifaégsfnfgse’ 88.14% Ammonium removal 2022 [101]
VRIS OdmeNGcusdme sl S Nophricads o)
PCzuch:Z% P;I?alj:guzn Cz’_so C;i‘,?ip‘;f@ 1;15;/1% g?{taiygg c:;)lsrf 95% of degradation 2015 [53]
Pogcl\ifg)—zs pKan ?0.29 Os dose: 4.47 mmol/min; Catalyst 93.5% removal efficiency 2015 [103]

. 0.1 mg/L; pH: 6.25; T: 20 °C; t: NR

NR—value not reported, TOC —total organic carbon, COD —chemical oxygen demand.

In Table 5, the PZC values of the metal oxide catalysts with the pKa of the pollutants
in different operating conditions are correlated in order to identify the most favorable com-
binations for their removal.

From this comparison, it can be seen that the best removal efficiency trend is provided
for experimental pH values in which the catalyst surface is charged. The electrostatic repul-
sion between pollutant and catalyst allows rapid O3 decomposition, as well as the forma-
tion of radical species that occurs in the proximity of the pollutant adsorbed on the surface
of the catalyst, seem to be the most effective mechanisms.

AlyO3 is one of the most popular materials in the catalytic ozonation process, among
which several studies performed at pH close to neutral confirm it as a catalyst with excel-
lent removal yields. The PZC value of Al;O3 can be different due to the catalyst’s various
impurities content, synthesis route, or thermal history, but the approximate range of PZC
value is 7.2-9.4 [75,90,97]. Scrutinizing the study of Ziylan-Yavas et al. [90] that had more
than 95% removal of PCT (pKa ~ 9.5 (Table 3)) by using y-Al,O3 (PZC = 8.3-8.9 (Table 4))
as a catalyst verified that the optimal condition was when pH of the solution was lower
than pKa and PZC. In these conditions, both catalyst and pollutant are positively charged.
So, the governing mechanism was the repulsive electrostatic forces resulting in the des-
orption of the micropollutant from the catalyst which does not occupy the active surface
sites, favoring the O3 adsorption and its decomposition. Nemati Sani et al. [99] studied
the catalytic efficiency of Al,O3 for CPF degradation in the catalytic ozonation process.
Based on their work, the highest removal efficiency was at pH = 9.5. In this condition
PZC < pH, pK, < pH, which means both catalyst and pollutant are negatively charged.
So, as previously mentioned, in this condition there is not any effective adsorption of pol-
lutants on the surface of the catalyst, and the primary mechanism is related to O3 decom-
position. In explaining their work, they clearly mentioned that ozonation is responsible for
88% of the CPF removal efficiency, which is another proof of the accurate understanding
of govern mechanism categories in this review.
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MgO is another efficient metal oxide that had excellent results in micropollutants
degradation. The PZC value of MgO is in the range of 12-13 approximately [83]. With
this PZC in a wide range of solution pH, MgO is positively charged. So oxidation of mi-
cropollutants due to the generation of HO® radicals in the solution is the governing mech-
anism for catalytic ozonation by using this metal oxide. Based on using MgO as a cata-
lyst, several works with considerable target pollutants removal are reported. Mashayekh-
Salehi et al. [16] achieved complete degradation of acetaminophen in only 10 min of reac-
tion time in the catalytic ozonation process. Based on our categorization, this work is in
pH < PZC, pH < pK, condition. So, as previously mentioned, there is no effective ad-
sorption of pollutants on the catalyst’s surface due to the similar charges (positive charges).
The primary mechanism is related to the oxidation of micropollutants due to the genera-
tion of HO® radicals in the solution. It is worth mentioning, the authors confirmed that
the reaction with HO® radical was the leading cause of ACT oxidation using the MgO/O3
process. The same condition (pH < PZC, pH < pK,) was applied by Moussavi et al. [88],
Kong et al. [17], and Mousavi et al. [91]. The exciting results of comparing these works was
that they all achieved more than 95% degradation of their target pollutant, which is almost
the top result for the catalytic ozonation process. This observation may prove that MgO is
one of the best catalysts for the ozonation process, and this condition (pH < PZC, pH < pK,)
may be one of the best catalytic ozonation conditions, especially for the removal of very
weak acid pollutants.

Furthermore, some scientists indicated that the catalytic mechanism and removal effi-
ciency highly depend on the catalyst’s characteristics. In this regard, introducing bimetal/
polymetal oxides and using different synthesis routes with better chemical and physical
properties was another way of improving this field. The proposed catalytic ozonation
mechanisms are also rationalized for these kinds of catalysts. Oputu et al. [89] studied
catalytic ozonation activity using 3-FeOOH as a catalyst and 4-chloro phenol as the target
pollutant. The pH of the solution was 3.5, so based on reported PZC (Table 4) and pKa
(Table 3), both the pollutant and catalyst surface was a positive charge. According to the
governing mechanism, the O3 adsorption then its decomposition are favored, and there is
no adsorption of pollutants on the surface due to the same positive charges. The interest-
ing results based on this work were that in the presence of O3 and catalyst, the removal
efficiency was 99% (almost complete removal); however, in the absence of O3, using only
catalyst, the removal efficiency was 3%. This thought-provoking achievement shows that
O3 decomposition is the main effecting parameter in this condition; furthermore, the effect
of pollutant adsorption on the catalyst surface is negligible.

Other metal oxide catalysts need to be mentioned, such as magnetic Fe3O4 nanopar-
ticles [104] and 6-MnO; [105]. These metal oxides have shown good removal efficiencies
but have not been reported in Table 5 as their pH values are not reported in the articles so
their unclear process conditions do not allow to frame them in the proposed mechanism.

After perusing a lot of published articles from previous years, it is important to high-
light that due to a large number of studies on these materials and the development of
our understanding and knowledge about them, these materials can now be used for real
wastewater plants. By scrutinizing the trend of published articles, changes in applications
from laboratory scale to real wastewater plant can be observed.

4.2. Metal/Metal Oxides on Supports

This kind of catalyst was prepared by loading metal or metal oxides on supporters
with unique surface properties due to increasing the catalytic activity of metal/metal ox-
ides in the ozonation process. By applying this kind of material, both the surface area and
the active sites of the materials would be increased. By the combination of metals/metal
oxides and supporters, the PZC value of the prepared catalyst shifts to more acidic/basic,
resulting in a new PZC value. This PZC change is attributed to the complexation of loaded
metal/metal oxides onto the support surface. So, the kind of loading materials is important
in this case. The following will clarify the governing mechanisms by scrutinizing several
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related articles in this field. Table 6 systemizes the literature that employed metal/metal
oxides as supports for the degradation of pollutants in the catalytic ozonation process. Op-
erating conditions (pH, O3 dosage, catalyst dose, etc.), the catalysts used, target pollutants,
and removal results are reported.

Table 6. Literature reports on different metals/metal oxides on support as catalysts in the ozonation
process (see Figures 3-5, respectively).

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH<PZC pH>pK,, pH =~ pK,, pH < pK,
Cey 9 Fep9 OOH Sulphamethazine . . .
chj 7.8 PKa =265 %é‘;ﬁ’f'plé ;?335;/ ]f Iiagaiyitsfgfs 41.2% mineralization efficiency 2016 [106]
LaTio_15Cu0_3503 SMX
_ _ O3 dose: 25 mg/L; Catalyst dose: o
PZC+— 9.8 pKa —;’3.6—5.8 NR; pH: 7, T: 20 °C; £: 2 h 85% TOC removal 2009 [107]
Ce deposited magnetic .
o Reactive black-5 .
pyrite cinder _ O3 dose 5.6 mg/min; Catalyst dose: o -
PZC =763 pKaﬁ 3.8 25 g/L; pH: 55; T: NR; t: 2 h 83.32% TOC removal efficiency 2016 [69]
+
Ca-C/AIZO3 - .
z High-salt organic O3 dose: 12 mg/L; Catalyst dose: o -
PZC; 9.53 vastewater 20 g; pH: 8.36; T: NR; t: 40 min 64.4% COD removal efficiency 2022 [108]
Mn-CeOx@vy-Al,O3 CPF O3 dose: 13.969 + 0.434 mg/L;
PZC=9.37 pKa=6.38 Catalyst dose: 80 g/L; pH: 8.5; 100% CPF removal 2022 [109]
+ - T: NR; t: 60 min
Mg-doped ZnO Isoniazid
O3 dose: 10-25 mg/L; Catalyst dose: -
PZC =31711‘2 pKai 1.82 30_1 g/L; pH: 7.2§T: NR; t:}; min 76.3% removal efficiency 2020 [49]
MnOx/SBA-15 Clofibric acid
~ _ O3 dose: 1 mg/L; Catalyst dose: o
PZC= 4&27—6.35 pKa_— 3.2 0.2 g/L; pH: 3.85; T: 293 K; t: 15 min 43.8% TOC removal 2015 [20]
Fe-SBA-15 OA
_ _ 1 _ O3 dose: 100 mg/h; Catalyst dose: o ..
PZC+— 4.0 pKal = 1.11111,/5Ka2 =3.64 024 g; pH: 3; T: NR; t: 60 min 86.6% removal efficiency 2016 [21]
Fe-MCM-41 OA .
: _ i _ O3 dose: 21.8 mg/L; Catalyst dose: 94% degradation
P2C-a%s pKal = 1‘21\51'/8“2 =381 0.4 g; pH: 3.6; T: NR; t: 30 min 6% TOC/TOC, reduction 2017 [110]
SnOx-MnOx@Al,O3 PH O3 dose: 6 mg/L.min; Catalyst dose:
PZC =87 pKa=9.98 40 g/L; pH: 7, T: 20 £ 5°C; 93.8% COD removal efficiency 2022 [111]
+ + t: 240 min
pH ~PZC pH>pK,, pH =~ pK,, pH < pK,
o,
4 A’Il,érgz_éA 7%03 K;LHQ 98 O3 dose: 8 mg/min; Catalyst dose: 82.67% 2016 [18]
N ’ P . 0.20 g; pH: 6.5; T:15 °C; t: NR degradation efficiency
MnOx-0.013/KCC-1 OA
- _ . _ O3 dose: 20 mg/L; Catalyst dose: o
PZCN— 4.0 pKal = 1,14,7pKa2 =3.64 0.25 g/L; pH: 3.8; T: 25 °C; t: NR 86% TOC removal 2016 [112]
v-Ti-Al, O3 SMX 5
_ g O3 dose: 30 mg/Nm?®; Catalyst dose: o .
PZCN 7.3 pKa _5.6 5.8 15g pH. 7, T:NR; t: 1h 92% TOC removal 2017 [113]
pH>PZC pH>pK,, pH =~ pK,, pH < pK,
Cu—O—(lzz/IﬂX)- A0 Polyvinyl alcohol O; dose: 5.52 mg/L.min; Catalyst
PZC=79 pKa=5-6.5 dose: 150 mg/L; pH: 10, T:25 °C; 99.3% PVA removal 2020 [19]
-~ - t: 10 min
Fpeg\élgi/l-gél Dgiojzn? 5C O3 dose: 100 mg/h; Catalyst dose: 76.3% mineralization 2016 [114]
7 p 7 1g/L; pH: 7; T: NR; t: 30 min 70% TOC reduction
O3 dose: 12.2 mg/L.min; Catalyst
Cu/Al,O3 Herbicide Alachlor dose: 0.27 g/L; pH: 4.4; T: 20 °C; 75% TOC removal 2013 [115]
t:NR
O3 dose: 35 mg/L; Catalyst dose:
FeMn-MCM-41 methyl orange 3 0.2 g; pH: 7‘?/_1,: 50 C;yt:NR 78% TOC removal 2021 [116]
O3 dose: 100 mg/h; Catalyst dose:
MnOx/SBA-15 Norfloxacin 0.1 g/L, Catalyst loading 2%; pH: 5; 54% mineralization efficiency 2017 [117]

PZC =5.33-6.06

T: 298 K; t: 60 min
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Table 6. Cont.

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
O3 dose: 135 mg/L; Catalyst dose: 95% quinoline removal
MnO,/AlL, O3 Quinoline 70 g/L, 8% MnO; loading; pH: NR; 03 2021 [118]
. 65% TOC removal
T: NR; t: 90 min
Fe silicate-loaded Diclofenac O3 dose: 5 g/L; Catalyst dose: 8 g/L; 73.3% mineralization 2017 [119]
pumice pKa=4.15 pH 5; t: 30 min 21.17% TOC removal
MOF-derived Co;04—C . O3 dose: 15 mg/L; Catalyst dose: o
composite Norfloxacin 0.05 g/L; pH: 6.7: T: NR; t: NR 48% TOC removal 2021 [25]
Fe silicate doped g . O3 dose: 0.6 mg/L; Catalyst dose: o
FeOOH p-Chloronitro benzene 500 g/L; pH: 7; T: NR; t: 15 min 61.3% TOC removal 2017 [120]
. linear alkylbenzene O; dose: NR; Catalyst dose: 0.3 g; o
Ni/NHPC sulfonate pH: 10; T: NR; t: 30 min 98.1% LAS removal 2021 [121]
O3 dose: 4 mg/L; Catalyst dose:
CuO/SiO, Oxalate 0.5 g, 4.5% metal loading; pH: 7; 95% oxalate removal 2019 [122]
T: NR; t: NR
PCT O3 dose: 6 mg/L; Catalyst dose: o
Pt-Al,O3 pKa=9.4-95 5 mg/L; pH: 7; T: NR; t: 5 min 100% PCT removal 2018 [90]
A . O3 dose: 4 mg/min; Catalyst dose: o .
MnO,/CeO, Sulfosalicylic acid 0.1 g; pH: 65; T: NR; t: 30 min 97% TOC removal 2016 [123]
SMX O3 dose: 6 mg/L; Catalyst dose: o,
Fes04/Cos04 pKa=56-58 0.1 g/L; pH: 5.1; T: 25 °C; t: NR 60% TOC 2019 [124]
SMX O3 dose: 120 mg/h; Catalyst dose: o
Mn-Ce-O pKa=56-58 1g/L; pH: 6.9; T: NR; :120 min 69% COD removal 2015 [125]
_ SMX O3 dose: 4.75 uM; Catalyst dose: 87% SMX removal
CuO/ALO;-EPC pKa=56-5.8 0.5 g/L; pH: 6.2; T: 20 °C; t: 15 min 21.2% TOC removal 2019 [126]
. . SMX O3 dose: 5 mg/min; Catalyst dose:
2+ 3 & ; Yy A
Fe**-Montmorillonite pKa=5.6-58 1g/L; pH: 2.88; T: NR; t: 20 min 97% COD removal 2015 [127]

NR—value not reported, TOC —total organic carbon, COD —chemical oxygen demand.

Wang et al. [18] studied the enhancement of PH removal in the catalytic ozonation
process by introducing an Mn-doped Al,O3 nanocatalyst. Based on the Mn weight ratios
(2 wt.% Mn/y-Al,O3, 4 wt.% Mn/y-Al,O3, 8 wt.% Mn/y-Al,O3), the PZC values were mea-
sured. The study showed that by increasing the amount of loaded Mn, the PZC values
of the catalyst decreased from 7.31 to 6.75 to 5.54, respectively. Studying the effect of Mn
loaded, they observed that at the natural pH (pH = 6.5), 4 wt.% Mn/y-Al,O3 showed the
best efficiency on PH (pKa ~ 9.98 (Table 3)) removal. It means O3 decomposition is hap-
pening in the environment according to our suggested mechanism. Yan et al. [19] used
v-Al,O3 support but with another modification of the surface. In this study, Cu-O-Mn/y-
Al,O3 was used as a catalyst in the ozonation system for the degradation of polyvinyl
alcohol. Based on their investigation related to PZC measurement, the PZC of y-Al,O3
decreased from 8.4 to 7.9 after loading Cu and Mn. They mentioned that the optimal con-
dition is when the PZC of the catalyst and pH of the solution are the same or the pH is
more than PZC. In these conditions, the governing mechanism is related to the existing hy-
droxyl groups on the surface of the catalyst, the decomposition of O3, and the generation
of reactive oxidation species. In another work, Bing et al. [113] studied the mineralization
of pharmaceuticals over y-Ti-Al,O3 catalyst. The exciting part related to this article was
scanning the surface reaction mechanism. Using in situ Raman spectroscopy, they charac-
terized intermediate species formed on the y-Ti-Al,O3 surface with an aqueous O3 solution.
They observed the appearance of two new peaks at 880 and 930 cm ! in y-Ti-AL,Oj3 sus-
pension with Oz, which were related to surface peroxide (O,*) and surface atomic oxygen
species (O°), respectively. As mentioned before in the governing mechanism explanation,
these species would generate when the PZC of the catalyst is the same as the pH of the so-
lution. They reported that the PZC value for this synthesized catalyst was 7.3 and the pH
of the solution was 7. This work is an excellent observation for reliability even the details
on intermediate species of our proposed govern mechanism.

One of the prominent supporting materials for catalysts is silica-based materials (such
as S5i0y, SBA-15, MCM-41, etc.) due to their large surface area, good flexibility, stability,
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adjustable structure, and biocompatibility. The following examples comprehensively illus-
trate the diversity of using these materials in catalytic ozonation.

Jeirani et al. [110] worked on a modified mesoporous Fe-MCM-41 catalyst to remove
OA as a target pollutant. Their evaluation of the adsorption and ozonation process and
the determination of PZC and pKa was thought-provoking. They specifically describe
the dissociation of OA in water. OA (target pollutant) was ionized to hydrogen-oxalate
anion (C;O4H™), having a negative charge on the surface. On the other hand, the PZC
value for Fe-MCM-41 and Mn, Ce/Fe-MCM-41 were measured (4.95 and 6, respectively);
accordingly, the catalyst’s surface was positively charged (pH < PZC). Then by comparing
the adsorption and ozonation efficiency of the catalyst, they observed that adsorption was
the governing mechanism for this treatment system, which is in line with our previous
explanation of the mechanism.

Yan et al. [21] applied another silica-based material for OA removal. They found Fe-
doped SBA-15 (PZC = 4) as a potential catalyst for the catalytic ozonation process. They
studied the influence of initial pH in the range of 1 to 9 on the removal process. Based
on their results and the known information about the pKa value of OA and PZC value of
Fe-SBA-15, the best pH was 3 with 97.4% OA removal efficiency. This achievement affirms
that the negatively charged micropollutants adsorbed on the positively charged catalyst
surface. Thus, the contaminants were near where the generation of *OH radicals happens,
which means *OH can quickly oxidize them in the environment. This mechanism is similar
to the previous example of OA removal from wastewater.

Shen et al. [49] studied a new Mg-doped ZnO catalyst. By modifying the catalyst
surface, the value of PZC was changed from 8 for ZnO support to 11.2 for the Mg-ZnO cat-
alyst. Furthermore, by increasing the doping amount of Mg, the PZC value was increased.
Interestingly, by changing the pH value from 3 to 9, the efficiency of the catalyst did not
noticeably change because all of those pH values were less than the PZC of the catalyst
(pH < PZC), so the reaction mechanism for all of those conditions were the same. Further-
more, their explanations related to the catalytic mechanism, surface charge, and kind of
active radicals were another validation of our suggested governing mechanism.

For many of these supported catalysts, the lack of studies on the new PZC values
makes it difficult to predict their mechanism of action, although they show high removal
efficiency as reported in Table 6.

4.3. Carbon-Based Materials

Applying carbon-based materials has received significant popularity in the catalytic
ozonation process during past decades. The variety of these materials, their good catalytic
performance, and their environmentally friendly properties make them very attractive for
these studies. Bulky carbons (such as activated carbon (AC)), nano carbons (such as carbon
nanotubes (CNTs) and graphene), and carbon-based nanocomposites are the three most
popular materials in catalytic ozonation. Table 7 compiles the literature results employing
carbon-based materials for the degradation of organics. As can be seen, the systems have
been investigated over a wide range of operating conditions (pH, O3 dosage, the mass ratio
between solid and organic matter load, etc.), the kind of used catalysts, target pollutants,
and removal results. The articles for summarizing this part were chosen according to their
high citations.
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Table 7. Literature reports on different carbon-based materials as catalysts in the ozonation process

(see Figures 3-5, respectively).

Catalysts Target Pollutants Operating Conditions Removal Results Year Ref.
pH<PZC pH>pK,, pH ~ pK,, pH < pK,
Fe/AC Crystal violet dye . . . .
PZC=7.95 pKal=1.15 pKa2=1.8 Os dose: 4'44p‘;‘1‘_5/7‘,“¥,"l\lc§til§}{dose' 25g/L; >96% decolorization 2015 [128]
+ _ :7; T ;e
AC SMX . 3. . .
PZC=85 pKa =5.6-5.8 Os dose: 5%%?1’2_’5%%??%“' 100 mg; 45% TOC removal 2011 [129]
A N 148 T:NR; t:
AC SMX . . . R
PZC=85 pKa=56-58 Os dose: 48 g/l Catalyst dose: 2 /L pH: 5 78% TOC removal 2011 [130]
+ + : ’
Treated Commercial SMIX
MWCNT-HNO3-N>-900 ~ O3 dose: 50 g/Nm3 ; Catalyst dose: 100 mg;
PZC=73 pKa —+5.6—5.8 PHL: 48; T: NR; t: 3 h 45% TOC removal 2013 [131]
¥
Treated Commercial SMX
MWCNT-O, ~ O3 dose: 50 g/Nm3 ; Catalyst dose: 100 mg;
PZC =52 pKa —5.6—5.8 PHL: 48; T: NR; t: 3 h 41% TOC removal 2013 [131]
¥
MWCNT SMX . 3. . .
PZC=7 pKa=5.6-5.5 Os dose: 5()})%1-\1112.%(.:%??%5& 100 mg; 35% TOC removal 2011 [130]
+ N 148 T:NR; t:
ACo O3 dose: 50 g/Nm?; Catalyst dose: 350 mg;
PZC=85 RB5 3 dose: p}% PR g o & 70% TOC removal 2009 [86]
+ 22.6; 1t ;b
ACy-Ce-O composite . 3. . .
PZC =85 RB5 Os dose: 5}?}?/ N Catalyst dose: 350 mg; 100% TOC removal 2009 [86]
4 :5.6, T: )t
pH =~ PZC pH>pK,, pH =~ pK,, pH < pK,
MnOx/sewage OA
sludge-derived AC _ . _ O3 dose: 5 mg/L; Catalyst dose: 100 mg/L, 92.2% removal
PZC=-35 pKal = 1'1131'/5“2 =364 Catalyst loading 30%; pH: 3.5; T: NR; t: 60 min efficiency 2017 (132]
N
Fe-MnOx/AC PH . . . . oH: 6
PZC=6.1 pKa=9.9 O3 dose: 60 mf‘%@ﬁ%‘?%iﬁﬁfe' 1g/L; pH: 6; 90.75% TOC removal 2022 [133]
N + ’ e
pH>PZC pH > pK,, pH =~ pK,, pH < pK,
AC Darco 12-20 SMX . . . e
PZC=64 pKa=56-58 Os dose: 25 m%zg%@g f\ose' NR; pH: 7; 92% TOC removal 2012 [107]
AC/nano-Fe;04 PH .
_ k _ O3 dose: 33 mg/L.min; Catalyst dose: 2 g/L; 98.5% PH removal .
PZC=6.08-7.7 pKa =9.9 pH: 8; T: NR; t: 60 min 69.8% COD removal 2014 [134]
O; dose: 50 g/Nm?; Catalyst dose: 100 mg; o )
CeO,/MWCNT SMX pH: 4.8, T: NR; t: 3 h 56% TOC removal 2013 [94]
Fe,03/CeO; loaded AC O3 dose: 48 mg/L; Catalyst dose: 2 g/L; pH: 5; o .
(MOPAC) SMX T. 26 °C; t: 20 min 86% TOC removal 2011 [130]
p-Hydroxylbenzoic O3 dose: 20 mg/L; Catalyst dose: 0.1 g/L mg; o
rGO Acid (PHBA) pH: 3.5; T 25 °C; : 30 min 100% PHBA removal 2016 [135]
O3 dose: 4.47 mmol/min; Catalyst dose: o
«-MnO,/RGO BPA 0.1 mg/L; pH: 6.25; T: 20 °C; t: 60 min 90.5% BPA removal 2015 [103]
p-chlorobenzoic acid O3 dose: 4 mg/L; Catalyst dose: 20 mg/L; pH: 7; o
GO/Fe;04 (pCBA) T:NR; t: 5 min 51% TOC removal 2018 [136]
Heteroatom doped SMIX O3 dose: 2 g/h; Catalyst dose: 1 g/L; pH: 9; 99% SMX removal 2017 [137]

graphene oxide PGO

T: 25 °C; t: 5 min

NR—value not reported, TOC —total organic carbon, COD —chemical oxygen demand.

Asitis apparent in Table 7, AC or carbon black is one of the most used catalysts for the
ozonation process. High porosity, surface functionalities, its low cost are the reasons for
its extensive utilization. The PZC value of AC can be different due to the catalyst’s various
impurities content, synthesis route, or thermal history, and the method for investigation
of PZC, while the reported range of PZC value for AC is between 4.9-11.9 [68,138]. On the
other hand, commercially available AC can be modified by minerals such as alkali metals
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(Ca, Na, K, Li, Mg) or multivalent metals (Al, Fe, Ti, Si) and metal oxides. The presence of
impurities on the surface of AC would significantly affect the PZC values. In most articles,
the authors reported this value for the AC used in their work.

Shahamat et al. [134] studied a new carbon-based catalyst called AC/nano-Fe;O; to
remove PH. During this study, they calculated the PZC of the catalyst and illustrated that
when the pH of the solution is between PZC and pKa, the negative catalytic charge and pos-
itive charge of the pollutant can attract each other on the surface of the catalyst. O3 decom-
position is the primary reaction mechanism when the catalyst has a negative charge. These
conditions were responsible for achieving the optimal efficiency for PH removal. In an-
other work, Huang et al. [132] synthesized MnOx/sewage sludge-derived AC (MnOx/SAC)
to improve the catalytic efficiency of OA degradation in ozonation. Based on the report,
the best organic contaminant removal was at the pH equal to the PZC of the catalyst
(PZC=3.5), and the governing mechanism was related to existing hydroxyl radicals on the
catalyst’s surface which is the starter part for O3 decomposition. Synthesized Fe-loaded
AC for dibutyl phthalate removal was another work by Huang et al. [139], which had the
same result that an uncharged surface with hydroxyl radicals on the surface was more
active than the charged surface.

CNTs and MWCNTs are used frequently in the catalytic ozonation process as the
mixed mesoporous structured nanocarbons. Acceleration of reaction kinetics, rapid mass
diffusion, large surface area, and facile modification of surface are the main advantages of
this kind of catalyst. Several techniques were used to promote the catalytic activity of this
material, such as substituting carbon atoms with metal-free heteroatoms (e.g., N, S, and F).

Gongalves et al. [131] studied the effect of MWCNTs on the catalytic ozonation of
SMX (pKa ~ 5.6-5.8 (Table 3)). A set of modified MWCNTs with different levels of acid-
ity/basicity was prepared and tested. The PZC value of the original MWCNT was 7; how-
ever, by modification of the original catalyst, the amount of PZC was changed to more
acidic and basic. Based on the results, all those catalysts illustrated excellent efficiency
for SMX removal, but one of the modified MWCNTs, called MWCNT-HNO3_N»,_900 with
PZC 7.3, illustrated better catalytic efficiency than the others. Based on our categorization
and the observation in this work, at pH < PZC, pH < pKa condition, there is no effective ad-
sorption of pollutants on the catalyst’s surface due to the similar charges (positive charges).
So the primary mechanism is related to the oxidation of micropollutants due to the gener-
ation of HO® radicals in the solution.

Graphene oxide (GO) and reduced graphene oxide (rGO) are other prominent cata-
lysts that have been extensively employed to accelerate the degradation of various contam-
inants by Os. Scrutinizing the study of Wang et al. [135] that had complete PHBA removal
(pKa =~ 4.85) by using rGO (PZC =4.7) as a catalyst verified that the optimal condition was at
the pH of 3.5. As mentioned before, in the condition that pH < PZC, pH < pKa, both catalyst
and pollutant are positively charged, which leads to no adsorption on the system so that the
primary mechanism would be related to the generation of HO® by O3 decomposition.

4.4. Metal-Organic Frameworks (MOFs)

As a rapidly emerging category of porous materials, metal-organic frameworks
(MOFs) are widely used in different research fields due to their unique topology, adjustable
features, large surface area, ultrahigh porosity, and ease of access to numerous functional
groups [27,140-143]. The presence of hydroxyl groups on the surface of MOFs and the
open metal sites of MOFs are two powerful catalytic active sites for the ozonation process.
Their presence plays an important role in the adsorption and decomposition of O3. The
catalytic efficiency of MOF highly depends on the type of metal incorporated in the MOF.
Therefore, there are several studies on designing and synthesizing MOFs to produce an
appropriate catalyst to be used in the catalytic ozonation process [26,121,143-149]. In re-
cent years, several studies have been reported on the applicability of MOFs in the catalytic
ozonation process, including Co/Ni-MOF [150], Ce-doped MIL-88A(Fe) [26], and Fe-based
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MOFs [151], and this emerging category of materials could be one of high-potential mate-
rials by considering some improvements in the future.

5. Conclusions

This review focused on a bibliometric study of catalytic ozonation as one of the pop-
ular AOPs methods, conducted from 2000-2021. Nearly 600 articles published during this
period, identified by the Web of Science (WOS) database and a bibliometric analysis us-
ing VOS viewer software, have been carefully examined and evaluated in terms of future
development and practicability. The most impacting articles have been scrutinized and
discussed in terms of the interpretation of mechanism and a new vision outlined on the
evaluation of both heterogeneously and homogenously catalyzed ozonation processes for
the degradation and mineralization of various toxic organic pollutants in water.

Particular attention has been devoted to describing the activities and efficiency of het-
erogeneous catalysts in the ozonation process related to the chemical properties of catalysts
such as crystallographic and morphological, chemical stability as well as the opportune
combination of their PZC values with pKa of the target pollutant and pH of the solution.

Examining the results related to the catalytic activity of the metal oxide catalysts, it can
be emphasized that the best performance can be obtained when the PZC and pKa values
produce positively charged catalyst surfaces and target pollutants, respectively. Despite
the small number of citing works, the negatively charged pollutant and the catalyst surface
seem a favorable combination for obtaining a good removal efficiency. Atleast for this type
of heterogeneous catalyst, it can be assumed that the repulsion between the pollutants and
catalysts promotes the formation of HO® as the species responsible for the enhancement
of the removal processes of the target pollutant. Carbon-based catalysts do not seem to
follow this trend; for this reason, deeper investigations could be expected for this class of
materials in the future.

Finally, we believe that this study may be of help to authors aiming to improve knowl-
edge in this field.
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