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ABSTRACT
The effective ozone decomposition is still a scientific challenge because of its rising industrial use in global scale. Wide application of 

high ozone concentrations forces researchers to work on new catalytic systems for ozone removal concerning mostly the surrounding 

human environment (airplane cabins, copiers, laser printers, sterilizers, etc.). It is not an easy task considering the fact that above con-

centration of 0.1 mg/m3 the ozone could seriously harm human health. Current studies estimate a huge number of untimely deceased 

people per year on a global scale as a direct consequence of air pollution. It is imposing to reinforce the efforts in workable ozone 

decomposition on ground atmospheric layer as an important part of air purification process. This review comprises general look on 

basic physico-chemical properties of ozone completed by recently reported literature about catalytic ozone destruction. Discussion 

over kinetics and mechanisms of ozone decomposition reaction will be represented in order to do an attempt to clarify these most 

outstanding parts of the topic.  
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impact on molecular oxygen (Rakovsky et al., 2007). The 

atmospheric ozone is really valuable to everything alive 

on Earth thanks to ozone property to absorb the hard 

UV-B and UV-C sun radiation in the wavelength range 

220–310 nm. The study of kinetics and mechanism of 

ozone reactions in modern science is closely related to 

solving the ozone gap problem despite the positive trend 

of ozone layer recovery in recent years (Figure 1).

The catalytic ozone decomposition on the surface of 

diverse oxides based on transition metals as well as the 

use of catalysts modified with noble metals is much more 

green and low cost method then other techniques as 

thermal ozone destruction or gas rarefaction by massive 

air compressors.

Physico-chemical properties 
and synthesis of ozone

The ozone molecule consists of three oxygen atoms 

with length of each О-О-bond: ρо-о = 1.278 Å and blunt 

angle between the oxygen bonds of 116.8°. Ozone can get 

through into each physical state but at normal condi-

tions, the ozone is colorless gas with sharp odor. When 

the ozone concentration is more than 15–20% it has 

blue color. At atmospheric pressure and temperature of 
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Introduction

In last years, the scientific researchers from all over the 

world are trying to solve deep environmental problems on 

earth such as the global warming, water and air pollution. 

A main factor affecting negatively these processes is the 

presence of ozone on ground level in many overpopulated 

cities that is a result of its large industrial synthesis and 

application (Batakliev et al., 2014). The outdoor ozone 

break-in into buildings is a threat causing health effects 

such as decreased lung function and respiratory symp-

toms (Lai et al., 2015). A number of large-scale studies 

have found a serious relationship between human mor-

tality and outdoor/indoor ozone exposure (Chen et al., 

2012). Contrariwise, the atmospheric ozone, so precious 

for every living being, is situated mostly in the so-called 

“ozone layer” from 15 to 30 km above the earth surface 

wherein the ozone concentration is in the range 10–20  

(Ulmann, 1991). The ozone synthesis in the stratosphere 

runs photochemically by means of solar radiation 
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161.3 K, the ozone becomes liquid in deep blue color. It 

turns into solid at 80.6 K by acquiring dark purple color 

(Lunin et al., 1998). The risk of ozone detonation is a func-

tion of its thermodynamic instability (ΔG°298= –163 kJ/

mol), moreover its decomposition to diatomic oxygen is a 

thermodynamically conducive process with heat of reac-

tion ΔH°298 = –138 kJ/mol (Perry & Green, 1989).

The creation of ozone in the atmosphere is running 

photochemically at altitude between 20 and 30 km under 

the influence of solar UV radiation (wavelength <240 nm). 

Thereby the ozone concentration is uniformly in the 

range 10–20 ppm (Figure 2).

For industrial purposes, ozone is synthesized by using 

pure oxygen by thermal, photochemical, chemical, elec-

trochemical methods, in all forms of electrical discharge 

and under action of a particles stream (Batakliev et al., 

2014). The synthesis of ozone is carried out by the follow-

ing reactions shown in the scheme:

O2 + (e−, hν, T) → 2O (O2
*) (1)

O2 + O + M ↔ O3 + M (2)

O2
*+ O2 → O3 + O (3)

Where: М is each third particle.

At low temperatures, the ozone consists mainly of 

molecular oxygen and at higher temperatures of atomic 

oxygen. There is no area of temperatures at normal pres-

sure wherein the ozone partial pressure is significant. The 

maximum steady-state pressure, observed at temperature 

of 350 K, is only 9.10−7 bar. The values of the equilibrium 

constant of reaction (2) at different temperatures are 

presented in Table 1 (Hon & Yan, 1993).

At high temperatures, when the concentration of 

atomic oxygen is high, the equilibrium of reaction (2) is 

moved to the left and the ozone concentration is low. At 

low temperatures, the equilibrium is shifted to the right 

but because of the low atomic oxygen concentration the 

ozone content is negligible. For synthesis of significant 

ozone concentrations it is always necessary to have the fol-

lowing conditions: 1) low temperature and 2) formation of 

superequilibrium concentrations of atomic oxygen. Ozone 

could be formed at low temperatures every time when a 

process of oxygen dissociation is running. Photochemical 

synthesis of ozone occurs upon irradiation of gaseous or 

liquid oxygen by UV radiation with wavelength λ<210 nm 

(Deninno & McCarthy, 1997). It was suggested (Claudia 

et al., 1994), that the formation of ozone in presence of 

radiation with wavelength in the range of 175<λ<210 

may be associated with the formation of excited oxygen 

molecules:

О2 + hν → (O2
*) (4)

O2
*+ O2 → O3 + O (5)

O2 + O + M ↔ O3 + M (6)

The photochemical ozone synthesis has an important 

role in atmospheric processes, but it is not easy to apply it 

for industrial application because of the high energy costs 

(32 kWh/kg ozone) for generating high-energy shortwave 

radiation. Nowadays the industrial synthesis of ozone 

happens mostly by means of electric discharge methods 

consisting of passing oxygen containing gas through 

high-voltage (8–10 kV) electrodes. That way, as result 

of collisions between oxygen molecules and accelerated 

electrons, part of the kinetic energy is transformed in dis-

sociation energy of O-O bond and formation of excited 

oxygen molecules at the same time (Rakovsky et al., 2007; 

Lunin et al., 1998). It is an important precondition before 

the final step when two molecules of oxygen create one 

oxygen atom and one ozone molecule:

Table 1. Equilibrium constant (Ke) of reaction (2) depending on the 
temperature

Т, Κ 1500 2000 3000 4000 5000 6000

Ke, М 1,662.10–11 4,413.10–7 1,264.10–2 2.104 48.37 382.9
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Figure 1.Figure 1. Atmospheric ozone concentration depending on altitude. Atmospheric ozone concentration depending on altitude.

Figure 2. Figure 2. Stratospheric ozone synthesis.Stratospheric ozone synthesis.
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О2 + e → 2O (O2
*) (7)

O2 + O + M → O3 + M (8)

O2
*  + O2 ↔ O3 + O (9)

Catalytic ozone decomposition in gas phase

The process of ozone decomposition on the surface of 

solids is of great interest because of its industrial appli-

cation. Along with the known gas cycles depleting the 

atmospheric ozone, the ozone decomposition plays a sig-

nificant role over aerosols, which their quantity is always a 

risk due to the anthropogenic factor. The growth of ozone 

used in chemical industries set up the task for destruction 

of the residual ozone on heterogeneous environmentally 

friendly catalysts. In humid environments, under certain 

temperatures and gas flow rates, this catalytic process, 

as well as the reaction mechanism, has not been yet fully 

studied and clarified. The ozone has a great number of 

advantages as oxidizing agent and, in that ability, it has 

been used in different scientific investigations done with 

neutralization of volatile organic contaminants (Skoumal 

et al., 2006; Bianchi et al., 2006) as in presence of catalyst 

the ozonation efficiency is rising (Ma et al., 2004; Zhao et 

al., 2008).

The noble metal catalysts and the oxide catalysts based 

on transition metals have been widely used as catalytic sys-

tems for ozone decomposition (Hata et al., 1988; Tchihara, 

1988; Kobayashi et al., 1988; Terui et al., 1990; Terui et al., 

1991; Oohachi et al., 1993). The main metals used by the 

authors were Pt, Pd, Rh and Ce, as well as, metals or metal 

oxides of Mn, Co, Fe, Ni, Zn, Ag and Cu. The significant 

price of the noble metals increases the application of 

metal oxide catalysts having carriers with high specific 

surface such as γ-Al2O3, SiO2, TiO2, ZrO2 and charcoal. 

Many researchers focused on the development, study and 

application of catalysts for ozone decomposition based on 

supported or mixed metal oxides because of the expensive 

cost of metals as platinum, gold and palladium. In this 

connection have been the most considerably investigated 

the oxides of Mn, Co, Cu, Fe, Ni, Si, Ti, Zr, Ag and Al 

(Oyama, 2000; Einaga & Futamura, 2004; Radhakrishnan 

et al., 2001; Zavadskii et al., 2002). It was found that oxide 

compounds based on transition metals exhibit highest 

catalytic activity in ozone decomposition (Batakliev et al., 

2017), and especially the catalysts based on manganese 

oxide (Batakliev et al., 2008). The effect of nickel content 

in the catalyst was investigated in our paper (Batakliev 

et al., 2017) in terms to elucidate the catalytic activity, 

stability and mechanical strength of the mixed metal 

oxides generated by thermal treatment of co-precipitated 

Ni-Cu-Al samples as catalyst precursors in the reaction 

of ozone decomposition. The impact of the silver present 

as a promoter on the catalytic activity was also examined. 

It could be suggested that during ozone decomposition 

on transition metal oxides such as NiO-CuO-Al2O3 there 

is formation of intermediate ionic particles possessing 

either superoxide or peroxide features. The formation of 

charged chemisorbed oxygen species is accompanied by 

oxidation of an appropriate number of cations in the oxide 

crystal lattice to a higher state. In this case it will be the 

oxidation of Ni2+ to Ni3+ ions, scilicet:

O3 + Ni2+ → O2− + Ni3+ + O2 (10)

O3 + O2− + Ni3+ → O2
2 −  + Ni3+ + O2 (11)

O2
2 −  + Ni3+ → Ni2+ + O2 (12)

The probable reaction scheme of ozone decomposi-

tion consists of electron transfer from the Ni2+ center to 

ozone, resulting in formation of higher oxidation Ni3+ 

species and peroxide particles O2
2 −, followed by reduction 

of Ni3+ species by desorption of peroxide particle to form 

oxygen (O2
2 − → O2+2e−).

The dissociation of ozone molecules over the surface 

of metal oxide catalyst based on manganese, nickel and 

copper oxides was performed by means of kinetic study 

concerning the equation solution for γ coefficient and 

activation energy outcome of the process (Batakliev et 

al., 2008). The excellent activity of this catalyst was con-

firmed by the high values of the coefficient γ found out to 

be in the range (2.5–3.5)×10−4. Even in humid environ-

ment, the decline of catalytic activity did not exceed 20% 

measured by coefficient values. Following the changes of 

γ at two different flow rates in the temperature range of 

258–323K and using the Arrhenius equation, the calcu-

lated activation energy of ozone decomposition reaction 

was 5 kJ.mol−1. It means that between ozone molecules 

and catalytic surface appear weak Van der Waals forces 

and there is running of physisorption during the reaction. 

Desorption of intermediate species and oxygen molecules 

is going relatively lightly in expense of the energy shed 

by catalyst crystal lattice. In another article concerning 

redox catalytic process in the presence of heterogeneous 

catalyst (Batakliev et al., 2013), the calculated activation 

energy of ozone decomposition reaction on the surface 

of manganese oxide catalyst supported on titanium 

was 11 kJ.mol−1. This value, as the previous cited one, is 

similar to reported literature data for manganese based 

catalysts (Radhakrishnan et al., 2001). Catalytic cycle of 

ozone decomposition on MnOx/TiO2 catalyst is proposed 

in Figure 3. This mechanism is based on similar scheme 

of catalytic ozone decomposition described notably in a 

paper (Radhakrishnan et al., 2001) and in several articles 

(Reed et al., 2005; Xi at al., 2005). The transformation of 

the manganese site from species (I) to (III) is indicative 

of an oxidation reaction. The structure numbered (II) 

in Figure 3 is likely a transition state for this first step in 

the ozone decomposition process. The transformation of 

species (III) to species (VI) in the proposed catalytic cycle 

is represented by the redox reaction: O3+Mn4++O2−→ 

O2+O2
2 − +Mn4+. The transition states for this reaction 

are species (IV) and (V) presented in the catalytic cycle. 

Finally, the transformation of species (VI) to (I) in the 

catalytic cycle consist of desorption step and the redox 

reaction for this step is: Mn4++O2
2 − →O2+Mn2+.

Chemical reactions proceeding over heterogeneous 

α-alumina supported silver catalyst via the dissociative 

adsorption of O3 that produces surface chemisorbed 

atomic oxygen in concentrations sufficiently high to 

promote oxidation have been described in another article 
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(Batakliev et al., 2015). Catalytic scheme of ozone decom-

position on Ag/Al2O3 catalyst was suggested in Figure 

4. The transformation of the silver site from Ag0 to Ag1+ 

oxidation state is indicative of the occurrence of an oxida-

tion reaction. In this step the ozone conversion is up to 

80%. During the next step the Ag1+ active site changes its 

valence state to Ag3+ and the ozone conversion becomes 

already 90%. In the final step of this catalytic cycle the 

silver active site is reduced and it returns back to the 

initial coordination state. The ability of silver to provide 

electrons during the reaction and its high concentration 

on the catalytic surface increase the probability of the 

supposed mechanism.

Ion-exchange preparation method of catalysts doped 

with transition metal was successfully applied for synthe-

sis of materials tested in ozone decomposition reaction 

(Boevski et al., 2011; Ma et al., 2017). Considering the 

negative impact of water vapor over catalyst performance 

due to H2O molecules adsorption (Batakliev et al., 2008), 

the authors have studied the activity of cryptomelane-

type manganese oxide octahedral molecular sieve 

(OMS-2) modified with cerium, cobalt and iron transition 

metal ions in destruction of ozone under high relative 

humidity. In fact, it has been reported that the struc-

ture, morphology, valence state of manganese species, 

and lattice parameters of OMS-2 can be tuned through 

single or/and multiple substitution of tunnel K+ ions and 

framework Mn ions by different metal ions, such as Cu2+, 

Ni2+, Co2+, Fe3+, Cr3+ and Nb5+ (Pahalagedara et al., 2014; 

Genuino et al., 2015; Sun et al., 2013). ICP-OES and XAFS 

results confirmed that Co3+ and Fe3+ replace Mn3+ in 

the cryptomelane structure and Ce4+ mainly exchanges 

the K+ in the tunnel and partially replaces the Mn4+ in 

the framework of the cryptomelane structure. By using 

H2-TPR experiments it was studied the reducibility of the 

catalysts. The final reduction of MnO2 was found likely 

to be MnO with Mn2O3 and Mn3O4 as intermediates 

(Bai et al., 2015). The mixed valence states as Mn4+ and 

Mn3+ in transition metal oxide samples are significant for 

electron transfer carrying out in the redox reactions of 

ozone decomposition catalytic cycle (Wang et al., 2015). 

Mechanism of ozone decomposition process on the sur-

face of transition metal doped OMS-2 has been presented 

on the following reaction scheme:

O3 + [Mn3+] → O2 + O−
ads[Mn4+] (13)

O3 + O−
ads[Mn4+] → 2O2 + [Mn3+] (14)

Plenty of Mn3+ active sites located on the catalytic 

surface could lead to formation of more surface oxygen 

vacancies, being a precondition for effective ozone 

decomposition (Jia et al., 2016).

Sub-micrometer spherical MnCO3 has been prepared 

via a facile co-precipitation method without additive 

agents at room temperature and characterized by sev-

eral physical methods (Jia & Zhang, 2018). As-prepared 

MnCO3 has showed better catalytic activity in ozone 

decomposition reaction than α-MnO2 that is usually 

synthesized by a hydrothermal method (Dong et al., 2014; 

Su et al., 2013). By XPS analysis of the catalyst after ozo-

nation, the authors have found amorphous MnOx layer on 

the MnCO3 surface playing role of active component in 

the catalytic ozone decomposition whereas the crystalline 

MnCO3 serves to support stabilizing MnOx surface phase. 

The chemical state of Mn was determined to rise from 2.15 

to 2.32 during ozone treatment. In-situ Raman spectros-

copy has been used to detect intermediates when MnCO3 

was exposed to the O2 or O3/O2 flow. When the MnCO3 

was exposed to the O3/O2 flow, a distinct peak at 872 cm−1 

appeared which could be ascribed to the O-O stretching 

mode of aggregated peroxide species (Jia et al., 2016).

Catalytic activity of nanocomposites containing 

mono- and bimetallic Mn(II), Co(II), Cu(II), and Zn(II) 

complexes with Schiff bases [(salicyl-aldiminopropyl 

(L1) and 2-hydroxy-4-methoxybenzophenoniminopropyl 

(L2)] immobilized on silica in the reaction of ozone 

decomposition has been studied (Rakitskaya et al., 2018). 

Using nanosilica as precursor for γ-aminopropylsilica 

synthesis, the authors have received immobilized Schiff 

bases (salicyl-aldiminopropyl and 2-hydroxy-4-methoxy-

benzophenoniminopropyl) through some well-known 

methods (Rakitskaya et al., 2004) (Figure 5).

Monometallic [М(L)2] and bimetallic [Mn-М2-L] 

complexes have been obtained by adsorption of metal 

ions from ethanol, acetone or mixture of ethanol-acetone 

solutions. Best catalytic activity in ozone decomposition 

reaction has been found for the following complexes: 

[Mn(L2)2], [Mn-Cu-L2] and [Mn(L1)2].
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In another recent study, nitric acid-treated birnessite-

type MnO2 has been designed for humid ozone decompo-

sition (Liu et al., 2018). Detailed catalysts characterization 

showed that the higher amount of acid sites and oxygen 

vacancies together with their improved water-resistant 

properties facilitates adsorption and subsequent decom-

position of humid O3 over the H-MnO2. The sample 

treated by nitric acid (H-MnO2) exhibited stable O3 con-

version of ~50% within 24 h under 50% of relative humid-

ity (115 ppm of O3, 600 l g−1 h−1 of space velocity, 25 °C). 

The O3 decomposition efficiency has been much higher 

over the H-MnO2 than the pristine MnO2 indicating that 

acid treatment could greatly enhance O3 destruction. The 

authors ascribed the loss of K+ cations to the exchange 

of H+ into the catalyst layered structure during HNO3 

solution treatment. HNO3 treatment greatly increased the 

SBET to 228 m2 g−1 that might be caused either by desta-

bilization of the layered structure after proton exchange 

(Boppana et al., 2013). XPS analysis has been made to 

define the oxidation state of surface manganese atoms as 

well as the nature of O 1s peaks. The Mn 2p3/2 peaks have 

given indication that Mn existed in a mixture of Mn3+ and 

Mn4+. Based on the rule of electroneutrality, the higher 

Mn3+/Mn4+ ratio would imply existence of more oxygen 

vacancies. Therefore, it has been suggested that the oxy-

gen vacancies increased via acid treatment. Water adsorp-

tion experiments were performed on a thermogravimetric 

analyzer over pristine and acid-treated MnO2. The 

normalized amount of water adsorption was calculated 

to be 1.48 mgH2O/m2 of catalyst and 0.32 mgH2O/m2 of 

catalyst for pristine and acid-treated MnO2, respectively, 

indicating that the acid-treated MnO2 was much more 

water-resistant than the pristine MnO2. 

A mechanism involving acid sites and oxygen vacan-

cies for gaseous O3 decmposition has been illustrated in 

Figure 6. Ozone molecule is first adsorbed on the surface 

acid site via latter oxygen atom through hydrogen bond. 

Then another uttermost oxygen atom of the O3 molecule 

fall down into an oxygen vacancy site, followed by forma-

tion of an O2− species with release of an oxygen molecule 

into gas phase, and consequently, the acid site is regener-

ated. After that another one O3 molecule creates hydro-

gen bond with surface acid site and the relevant oxygen 

atom interacts with the formed O2− species to produce 

peroxide (O2
2 −) with simultaneous release of an oxygen 

molecule. Finally, the O2
2 −  decomposes desorbing an 

oxygen molecule and the oxygen vacancy site is therefore 

regenerated.

The enhancement of the ratio Mn3+/Mn4+ due to 

formation of oxygen vacancies has changed the charge 

distribution on α-MnO2 nanofiber catalyst, resulting in 

an increment of ozone adsorption on the catalytic surface 

(Zhu et al. 2017). DFT calculation revealed that these 

vacancies could be accepted as active centers for ozone 

adsorption and afterwards decomposition. The authors 

have presented possible mechanism referring to such type 

active site for dry ozone decomposition, see Figure 7. The 

redox process consisted of three important steps: creation 

of active oxygen species O2− by electron transfer effect, 
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then second step oxidation by ozone generating peroxide 

species O2
2 − , followed finally by their reduction on man-

ganese metal site and release of oxygen molecule.

Efficient catalytic composite system for ozone destruc-

tion has been reported notwithstanding the removed 

amount of ozone was barely 20 ppm O3/air (Gong et al., 

2018). The ozone conversion at high relative humidity 

levels (ca. 90%) has been found to be above 96%. The 

excellent performance has been attributed to the highly 

active ultrafine Cu2O nanoparticles heterogeneously 

nucleated on rGO. Cu2O/rGO composite has exhibited 

the best catalytic activity in the decomposition of ozone, 

and this efficiency remained 100% after 10 h of con-

tinuous operation in dry air conditions. To explore ozone 

decomposition mechanism of the highly active Cu2O/

rGO catalyst, the surface states of used Cu2O/rGO (still 

active) and that of used pure Cu2O (deactivated) have 

been determined by XPS analysis. It was suggested that 

surface Cu(I) oxidation would not be the main reason 

for catalyst deactivation. Instead, the generated surface 

adsorbed oxygen species, during ozone decomposition, 

cover the active sites of the catalyst surface thus leading to 

the deactivation of the catalyst. It has been reported that 

graphene having defects and introduced into the catalyst 

could promote charge transport and favor activating of 

reactive molecular species (Gao et al., 2013). The high 

catalytic activity of Cu2O/rGO composite was attributed 

to some synergistic effect between the rGO and ultrafine 

Cu2O solid phases that is likely to facilitate the needed 

electron density transfer in the catalytic process.

Ozone decomposition on copper oxide (CuOx) with 

granular activated carbon (GAC) as a support catalyst 

has been studied in research article (Azhariyah et al., 

2018). CuOx/GAC catalyst with size of 60–100 mesh and 

loading percentage of 2 wt% was found to have the high-

est conversion value being reached 100% but at relatively 

low ozone concentration of 36 ppm. The same Granular 

Activated Carbon as well as Natural Zeolite (NZ), and 

Green Sand (GS) have been used for catalytic supports 

in ozone decomposition reaction (Azhariyah et al., 2018). 

Active sites comparison has been made using CuOx and 

ZnO as metal oxides synthesized over the Granular 

Activated Carbon. CuOx/GAC and ZnO/GAC with 2wt% 

active component in the catalyst structure have showed 

the highest catalytic activity decomposing 100% of 

0.388 mg O3/min.

If Cu-loaded materials for heterogeneous catalytic 

ozonation have been prepared by electroless plating-cal-

cination, the deposition rate of metal could be controlled 

through adjusting the preparation conditions or additive 

agents in electroless plating process. Moreover, electro-

less plating might deposit Cu uniformly and densely 

on the surface of support materials that would result in 

better catalytic activity compared with those prepared 

by impregnation (Ren & Lai, 2016). Furthermore, it has 

been reported that adhesion between the Cu coating and 

support material obtained by electroless plating would 

also be much stronger than that of impregnation (Ren et 

al., 2018). The authors suggested much better electroless 

plating-calcination comparing to the impregnation-

calcination related with Cu-loaded material preparation 

for applying in catalytic ozonation process. The Cu/Al2O3 

catalyst synthesized by electroless plating-calcination had 

uniform and dense deposition of the copper oxide phases 

on the support surface. Catalytic activity results con-

firmed the advantage of electroless plating-calcination 

preparation method showing higher performance of the 

new Cu/Al2O3 catalyst in COD removal during catalytic 

ozonation of 500 mg/l ρ-nitrophenol in aqueous solution.

According to defined by UV-Vis spectral analysis 

intermediates, it has been proposed ρ-nitrophenol degra-

dation pathway as result of ozone treatment in presence of 

Cu/Al2O3 catalyst (Figure 8). 

Transition metals-modified zeolite has been inves-

tigated as environmental catalyst for indoor air ozone 

decomposition (Mohamed at al., 2018). In terms of O3 

removal efficiency, zeolite-based samples were ranked as 

follows: Fe-ZSM-5>Cu-ZSM-5>parent ZSM-5. The results 

revealed about 90% of 13 g/m3 initial O3 concentration 

removal efficiency for Fe-ZSM-5 and 70% for Cu-ZSM-5 

as compared to nearly 40% for the parent zeolite. The 

samples activity has been explained by presence of free 

Fe and Cu catalytic sites where the exchanged metal 

ions are coordinated to six-member oxygen rings of alu-

minum tetrahedra. Removal of the extra-lattice oxygen 

atoms during high temperature catalyst pre-treatment 

could result in surface reduction. The following ozone 

oxidation of these transition metal active centers usually 

creates highly reactive oxygen species (Mortier, 1982). 

Some transition metal oxides are able to get involved at 

redox processes and could be used as reliable catalysts 

in ozone decomposition reaction. Mechanism based on 

redox couples including Cu+-Cu2+ and Fe2+-Fe3+ has been 

proposed:

O3 + {Mn+ −Z} → O2 + O− {Mn+1 −Z} (15)

O3 + O− {Mn+1 −Z} → 2O2 + {Mn+ −Z} (16)

where: M is Cu or Fe and Z is zeolite type ZSM-5.

The reported relatively good activity in ozone destruc-

tion of zeolite-based catalysts has been attributed to for-

mation of framework Al-O-M (M: Cu or Fe) as well as to 

Mn Mn

+O3

Mn Mn

-O2

Mn Mn

+O3

-O2

Mn Mn

Mn Mn

-O2

Oxygen atom in O3 Oxygen atom in MnO2 Oxygen vacancy

Figure 7. Mechanism of ozone decomposition on α-MnO2 nanofi ber 
catalyst under dry O3/O2 gas fl ow.
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alleged synergistic effect between zeolite and metal active 

sites improving ozone conversion on the catalytic surface.

Simultaneous catalytic decomposition of formalde-

hyde and ozone over manganese cerium oxides at room 

temperature has been examined depending on relative 

humidity of the gas stream passing by continuous-flow 

fixed-bed reactor under atmospheric pressure (Zhang et 

al., 2018). The catalytic activity of MnCeOx catalyst has 

been compared with the solo MnOx and CeO2 catalysts to 

clarify the promotional effect of the formation of Mn-Ce 

solid solution on the catalytic activities. Investigation of 

the oxygen mobility and oxygen vacancies of the cata-

lysts was carried out by O2-TPD analysis. The spectral 

peaks have been attributed to physical adsorption of 

O2 molecules, molecular oxygen species adsorbed on 

surface oxygen vacancy (OI : O2
− , O2

2 −), atomic oxygen 

species adsorbed on surface oxygen vacancy (OII : O−, 

O2−, O*), and lattice oxygen on the catalyst surface (OIII), 

respectively. In humid environment, the presence of 

water vapor creates surface hydroxyl groups resulting in 

the complete oxidation of most formaldehyde in the flow 

stream over MnCeOx catalyst at room temperature. That 

process is fed from the interaction between adsorbed 

water molecules with surface oxygen species generated 

from decomposition of ozone on the catalyst surface. In 

situ DRIFT spectrum of HCHO adsorption on MnCeOx 

catalyst has shown that after ozone inducement the absor-

bance at 3654 cm−1, assigned to the OH stretching vibra-

tion ν(OH) of structural hydroxyl groups, significantly 

increases due to surface hydroxyl groups regeneration as 

result of HCHO and O3 reaction on the catalyst surface. 

The absorbance of surface adsorbed water also continu-

ously increased along with the reaction time growing and 

the absorbance at 3267 cm−1 was assigned to the OH 

stretching vibration ν(OH) of carboxylic acids.

NiOx, CoOx and MnOx transition metal oxide cata-

lysts have been allowed to the decomposition of toxic by-

products as ozone (O3) and nitrogen oxides (NOx), formed 

in non-thermal plasma processes for indoor air treatment 

(Chen et al., 2018). The 5 wt% MnOx/Al2O3 catalyst was 

impregnated with different trichloro(alkyl)silanes in order 

to improve the ozone removal efficiency at 60% relative 

humidity in the air environment. As a ceramic material 

made from metal oxide, Al2O3 is hydrophilic in nature 

thank to the presence of hydroxyl groups on its surface 

(Kujawa et al., 2015). The hydrophilic surface of alumina 

can be changed to a hydrophobic property by a surface 

modification treatment. Organosilanes such as methyl-, 

linear alkyl-, aromatic, and perfluorinated alkylsilanes are 

the most widely used materials for hydrophobic surface 

modification (Esmaeilirad et al., 2016). Trichloro(alkyl)

silanes possess three major parts: an organo-functional 

group, a linker and hydrolysable groups, which can be 

hydrolyzed and condensed to oligomers during the modi-

fication process. Stable covalent bonds could be created 

between the hydrolysable groups of the modifying agent 

and the hydroxyl groups on the substrate. The aliphatic 

hydrocarbon substituent changes the surface character 

of a ceramic material from hydrophilic to hydrophobic. 

A new mechanism based on some previous research 

(Tidahy et al., 2007) for O3 decomposition on the surface 

of γ-Al2O3 supported transition metal oxide catalyst was 

alleged:

O3 + Mn+ → O2−+ M(n+2)+ + O2 (17)

O3 + O2− + M(n+2)+ →O2
2 −  + M(n+2)+ + O2 (18)

O2
2 −  + M(n+2)+ → O2 + Mn+ (19)

The process of NO oxidation by ozone in presence of 

TiO2 catalyst has been investigated at diverse NO inlet 

concentrations, gas flow rates and reactor temperatures 

(Jõgi et al., 2016). Independent of reaction conditions and 

presence of catalyst, NO was totally oxidized to NO2 when 

the inlet O3 concentration reached the value of the inlet 

NO concentration. Further rise of inlet O3 concentration 

resulted in oxidation of NO2 to N2O5. The effect of TiO2 

catalyst appeared at higher reactor temperatures where 

the presence of TiO2 increased the oxidation efficiency 

of NO2 to N2O5 promoted by the presence of oxygen spe-

cies created on the surface by catalytic decomposition of 

ozone. The oxidation of NO to NO2 has been reported to 

be almost stoichiometric i.e. one O3 molecule spun out 

Figure 8. Proposed reaction pathway for the degradation of PNP by O3 + Cu/Al2O3 prepared by electroless plating-calcination system.
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for one NO molecule (Mok, 2006). Further oxidation of 

NO2 to N2O5 was less efficient and required either sur-

plus amount of ozone or more continuous reaction time 

(Skalska et al., 2012). The catalytic gas phase oxidation 

of NO2 to N2O5 at 100 °C was limited by the formation 

of NO3. The authors suggested that the additional forma-

tion of NO3 takes place by the reaction between NO2 and 

oxygen atoms stored on the TiO2 surface: NO2+O→NO3. 

These stored oxygen atoms are most likely formed as 

result of the ozone decomposition on TiO2 surface: 

O3(g)→O2(g)+O.

Catalytic ozone decomposition in gas-solids circulat-

ing fluidized-bed (CFB) riser has been investigated using 

computational fluid dynamics modeling (Kong et al., 2013). 

The reaction was implemented on iron-impregnated fluid 

catalytic cracking particles and it was defined as a one-step 

first-order reaction: O3                   1.5O2
catalyst . During the fluidization 

process in a CFB, a catalytic ozone decomposition into 

diatomic oxygen required low concentrations of ozone so 

that the gas density and temperature changes caused by 

the reaction in the CFB could be overlooked. The simula-

tion results have been compared with experimental data 

and the reaction rate was modified by using an empirical 

coefficient to provide better simulation results than the 

original reaction rate. It was found that particle size has 

great effect on the reaction rate redounded by the contact 

surface area in gas-solids interface.

Effective copper and manganese grafting over com-

mercial titanium dioxide was reported to increase 

significantly the photocatalyst ozone decomposition rate 

(Patzsch&Bloh, 2018). Iron grafting appeared to be the 

most universal method of improving the photocatalytic 

ozone removal rate as even extremely low iron grafting 

ratios of 0.002 at.% were found to be sufficient to dra-

matically improve the catalyst performance. The means 

of ozone on NOx-based air pollution is considerable 

because of the NO2 formation by ozone initiated oxida-

tion reactions. Direct NOx abatement on titanium dioxide 

is quite challenging as the reaction involves several toxic 

intermediates, which may be released in the process (Bloh 

et al., 2014). González-Elipe and co-workers shown that 

ozone can be photocatalytically decomposed on UV 

illuminated titanium dioxide surfaces (González-Elipe 

et al., 1981). Mechanism of the redox process, including 

some short-lived intermediates and confirmed by EPR 

spectroscopy, is presented below:

OH− + h+ → OH· + e− (20)

O3 + e− → O3
−  (21)

O3 + OH· → O4
−  + H+ (22)

O3
−  + O3 → O2 + O4

−  (23)

2O3
−  → O2 + 2O2

−  (24)

O4
−  → O2 + O2

−  (25)

This study has showed that ozone decomposition effi-

ciency as simple and inexpensive method could improve 

the overall air cleaning properties of the photocatalyst. 

The authors explored the strategy of transition-metal 

grafting to increase the ozone-photo-degradation rate 

of titanium dioxide based photocatalysts. This grafting 

process has been reported to enhance the UVA as well 

as the visible light activity of many photocatalysts as the 

transition metal ions are strongly adsorbed onto the host 

crystals where they form small isolated ions or clusters 

facilitating this way charge carrier separation and elec-

tron transfer kinetics (Irie et al., 2008; Liu et al., 2012; 

Nishikawa et al., 2013). It should be mentioned that the 

photocatalysts modified with Cu, Mn and Fe ions have 

been tested in ozone decomposition reaction applying 

relatively low inlet ozone concentration of 1 ppm.

Zinc oxide, as active phase, and granular activated 

carbon, as support, have been combined in catalyst for 

gas phase ozone destruction (Pradyasti et al., 2018). The 

reaction was performed at room temperature and atmo-

spheric pressure using fixed bed reactor. Crystal phase 

analysis of the catalysts before and after calcination at 

300 °C has been studied by X-ray diffraction (XRD). The 

catalyst structure was found to be ZnCO3 prior to thermal 

treatment and ZnO-after thermal treatment. Impurities 

located on the catalytic surface have been removed by HCl 

and NaOH processing, improving that way the activity 

of the ZnO/GAC catalyst in ozone decomposition reac-

tion. Another application of activated carbon (AC) used 

as MnOx catalyst support has been reported in a paper 

depicting the effects of Mn loading on the catalytic struc-

ture and ozone decomposition activity (Wang et al., 2014). 

The catalytic activity was linked with the morphology and 

MnOx content. The catalyst having 1.1wt% MnOx exhib-

ited better performance in ozone destruction because of 

its porous lichen-like structure compared to the compact 

morphology and ticker MnOx layer of 11wt% MnOx/AC 

catalytic sample.

Catalytic ozone decomposition in water

In recent article (Li et al., 2018), a Fe-based catalyst 

has been used as a heterogeneous catalyst for ozona-

tion of industrial wastewater and some key operational 

parameters (pH and catalyst dosage) have been studied. 

It has been found indication of significantly improved 

mineralization of organic pollutants in wastewater. TOC 

removal was reported to be 78.7% at catalyst concentra-

tion of 200 g/l and 31.6% at ozonation without presence of 

catalyst. The Fe-based catalyst has promoted 70% ozone 

conversion into molecular oxygen in aqueous solution. 

Through characterization by SEM-EDS, XRD and XPS, it 

was suggested that FeOOH being on the catalyst surface 

was the main contributor to catalytic efficiency. Initial 

pH is one of the most important factors influencing the 

efficiency of ozonation in water. The authors claim that 

COD removal is much higher at pH 6 and 8 than that 

at pH 6.81 and 9, which indicated that COD treatment 

was much better in weak acid and weak base solutions. 

However, the Fe-based catalyst could be positively effec-

tive at pH 6–9 (Oputu et al., 2015; Ghasemi et al., 2016; 

Hadavifar et al., 2016). Meanwhile, high pH means the 

presence of a significant concentration of hydroxyl anions 

(OHˉ) that was confirmed to be an initiator for the decom-

position of ozone reflecting in formation of OH radicals 
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(Staehelin&Hoigne, 1982). Hydroxyl radicals have been 

detected through EPR technology directly and NaHCO3 

scavenging experiments indirectly. It was verified that 

HO· is a great contributor to mineralization of organic 

pollutants. The Fe-based catalyst was found to promote 

ozone decomposition in aqueous solution, which could be 

responsible for generation of HO·.
Synergistically, catalytic effect between Mn4+/3+ and 

Ce4+/3+ redox couples in manganese-cerium mixed oxides 

supported on practicable mesoporous γ-Al2O3 has been 

described in terms of catalyst surface properties and 

performance as well as reaction mechanism and kinetics 

during catalytic ozonation of bromaminic acid (BAA) 

in water solution (Wu et al., 2018). The contribution of 

Mn4+/3+ and Ce4+/3+ redox couples to oxygen vacancies 

formation is presented on Figure 9(A). These oxygen 

vacancies could work as catalytic active sites for adsorp-

tion of ozone molecules that further would decompose 

via electron transfer from surface Ce3+and Mn3+ species 

to create strong HO· and O2
·−  radicals as depicted on 

Figure 9(B). Possible degradation pathway of 1-amino-

4-bromoanthraquinone-2-sulfonic acid via Mn-CeOx/

γ-Al2O3-catalyzed ozonation was suggested in Figure 10.

BAA degradation mechanism through Mn-CeOx/

γ-Al2O3 catalyzed ozonation was based on important 

information about intermediates generation obtained 

by monitoring pH changes during single and catalytic 

ozonation as well as on intermediates identification 

by LC-MS analysis. The authors reported that during 

catalyzed ozonation the larger final pH of the solution is 

mainly due to generation of HO· and O2
· radicals, which 

could mineralize the acidic intermediates effectively. The 

adsorption of water molecules onto surface Lewis acid 

sites leads to their dissociation into protonated surface 

hydroxyl groups OH2
+  bonded on catalyst surface, see 

Figure 9(B). Then the aqueous ozone molecules can 

interact with Brønsted acid S−OH2
+  (S refers to catalyst 

surface) forming surface complex S−OH2
+ −O3 via hydro-

gen bonding and/or electrostatic forces, due to the 

electrophilic and nucleophilic resonance structure of the 

ozone molecule (Qi et al., 2010; Larachi et al., 2002).

Summary and perspective

This review was focused on the mechanism of gas phase 

ozone decomposition process mostly considering optional 

reaction pathways based on short-lived molecular and 

atomic oxygen species acting as intermediates. The ozone 

decomposition in water environment could enhance the 

formation of hydroxyl radicals that play significant role 

in the process of water pollutants removal. Nowadays, 

highly efficient ozone decomposition is still representing 

a technological challenge especially in the presence of 

Figure 9. Scheme of Mn–CeOx synergistic eff ect in catalytic process (a); and Alleged ozone decomposition mechanism on the surface of Mn–
CeOx/γ-Al2O3 catalyst (b).
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high humidity levels. The effect of water vapor is prob-

ably a result of thin film formation on the catalytic surface 

thus making the diffusion of ozone to the catalytic active 

centers more difficult. The synthesis of mixed oxide 

solid solution based on transition metals could create 

strong synergistic effect and give rise to larger number 

of adsorbed ozone molecules participating in preferable 

low temperature redox catalytic cycle that makes a great 

contribution to its superior activity. The physical charac-

terization of metal oxide catalysts forming solid solution 

disclosed significant profusion of oxygen vacancies and 

surface lattice oxygen species improving the catalytic 

adsorption and redox properties. The main perspective 

in ozone decomposition research remains the “in situ” 

detection of all intermediate species generated and partic-

ipating in the catalytic cycle of the reaction process using 

appropriate physical methods that should be applied with 

innovative and reliable experimental set-up. Deep kinetics 

investigations, including probable new models, have to be 

used in order to clarify the ozone degradation pathway on 

the surface of metal oxide catalysts.

 

Figure 10. Suggested BAA degradation routes by the Mn-CeOx/γ-Al2O3-catalyzed ozonation.
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