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Abstract 

 

Volatile organic compounds (VOCs) are important air pollutants that can have adverse 

health effects. Ozone-assisted catalytic oxidation (catalytic ozonation) is an effective technique 

for removal of VOCs from air. In this thesis, catalytic ozonation was used to remove two VOCs 

(acetone and toluene) from air by using γ-alumina-supported manganese oxide catalyst. This 

study addresses the nature and role of reaction intermediates, role of support, reaction kinetic and 

pathway, and removal of a binary mixture of VOCs. A combination of in situ diffuse reflectance 

infrared Fourier transform spectroscopy, X-ray spectroscopy techniques, and a number of 

temperature programmed analyses were used to achieve objectives of this investigation. Catalyst 

characterization showed that Mn2O3 was the dominant manganese phase of the catalyst. It was 

found that surface carboxylate intermediates were essential for an effective oxidation process, 

and they did not directly cause catalyst deactivation. Despite different chemical properties of 

acetone and toluene, surface carboxylates formed on alumina sites of the catalyst during catalytic 

ozonation of both VOCs. The presence of manganese sites was necessary for further oxidation of 

the surface carboxylates. At low reaction temperatures (e.g. 25 °C), undesired products such as 

acetic acid and formic acid accumulated on the surface of the catalyst and reduced the activity of 

the catalyst. Deactivation caused by these compounds could be reversed by heating the spent 

catalyst to 425 °C (under nitrogen flow) and desorbing the undesired products. Apparent 

activation energies of 33 and 40 kJ mole-1 were obtained for catalytic ozonation of toluene and 

acetone, respectively. Catalytic ozonation of the binary mixture of acetone and toluene was 

favourable for toluene conversion, and repressive for acetone conversion. Increase of reaction 
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temperature (up to 90 °C) improved catalyst stability, increased removal of both VOCs, 

enhanced COx yield, and decreased the gap between toluene and acetone conversions. Findings 

from this work were used to propose possible reaction pathways for catalytic ozonation of 

acetone and toluene. 
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Chapter 1:  

Introduction 

 

 In this chapter, a brief research background and motivation of this work will be 

discussed. Then, the structure of the thesis will be presented. 

 Research background and motivation 

Nowadays, the problem of air pollution is growing fast because of the emission of 

pollutants from industrial plants, exhaust of cars and change in our lifestyle due to more 

urbanization. There are concerns about the quality of air in metropolitan cities leading to 

decrease in quality of life. Materials such as NOx, SOx, particulate matters (PMs) and volatile 

organic compounds (VOCs) are among the principal pollutants of environment with adverse 

health impacts on people [1,2]. The concern about air pollution is not restricted to the outdoor 

environment. It has been observed that even people inside buildings are prone to air pollution 

problems. It has been indicated that indoor air pollution in urban areas is responsible for about 14 

times more deaths than outdoor air pollution [3].  

VOCs are one of the predominant indoor air pollutants [4]. VOCs may include a wide 

range of organic molecules such as aliphatic and cyclic hydrocarbons, aromatic hydrocarbons, 

aldehydes, alcohols, esters, halocarbons, ketones, alkanes, and ethers [5]. VOCs are considered a 

potent narcotic that alter the central nervous system. They can cause loss of coordination and 
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irritation of eyes, skin and lungs [6,7]. In addition, long-term exposure to some VOCs increases 

the risk of cancer [8].   

A number of techniques have been used for removal of VOCs from air. They include 

techniques such as adsorption [9], biological treatment [10], non-thermal plasma [11], catalytic 

oxidation [12] and ozone-assisted catalytic oxidation (i.e. catalytic ozonation) [13]. Adsorption is 

an efficient technique for the removal of VOCs from indoor air. However, VOCs are merely 

transferred from the gas phase to an adsorbent; this makes it necessary to frequently regenerate 

the adsorbent [14]. Another deficiency of adsorbents is that they cannot remove molecules with 

high vapor pressure [9,14]. Non-thermal plasma generates highly active chemical species that 

react with VOCs, however, this technique has a high energy consumption and its reactors operate 

unsteadily [15]. Biological techniques are environmentally friendly and exhibit robust 

performance, but they suffer from low bioavailability and slow oxidation of VOCs, making the 

biofilters large and uncompetitive [16]. Catalytic oxidation can rapidly decompose VOCs, 

however, it requires reaction temperatures higher than 200 °C for an effective oxidation process 

[12,17]. Catalytic ozonation is a promising technique for rapid oxidation of VOCs, and its 

reaction temperature is significantly lower than catalytic oxidation [18]. In addition, efficient 

VOC removal can be achieved by using transition metal oxide catalysts in catalytic ozonation. 

Whereas, expensive noble metals are commonly used in catalytic oxidation of VOCs by oxygen 

[19]. 

Manganese oxides (MnOx) are the most active metal oxides for gas phase VOC removal 

in the presence of ozone [20]. Manganese oxides supported on different supports have been used 

for catalytic ozonation of a number of VOCs such as benzene, formaldehyde, cyclohexane, and 
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chlorobenzene [21–24]. It has been shown that catalytic ozonation can oxidize the listed VOCs at 

temperatures below 100 °C. Supported manganese oxide possesses higher catalytic activity than 

unsupported manganese oxide [25]. In addition, studies on catalytic ozonation of VOCs, using 

manganese oxide supported on γ-alumina, silica, titania, and zirconia, found that VOC removal 

rates normalized by surface area of the catalysts were comparable or slightly lower than those 

with the γ-alumina supported catalysts [26–28]. 

Despite recent developments, the required temperature for stable operation of catalytic 

ozonation systems is still higher than the room temperature, since catalyst deactivation is a 

serious impediment. Investigating reaction intermediates that are formed on the surface of the 

catalyst can help to develop a better understanding of the catalyst stability. Therefore, this study 

aims to investigate the nature and role of reaction intermediates in catalytic ozonation of VOCs 

over γ-alumina-supported manganese oxide catalyst. VOCs are usually present as mixtures of 

different compounds. Studies of catalytic ozonation of single VOC compounds do not represent 

the catalyst application thoroughly. Therefore, in this thesis, catalytic ozonation of single acetone 

and toluene, and a binary mixture of these compounds was investigated. Acetone and toluene 

were chosen as model compounds since they have different chemical properties and both are 

common VOCs in indoor and outdoor environments [29–31]. 

 

 Structure of the thesis 

This thesis consists of seven chapters. In Chapter 1 (current chapter), the problem of air 

pollution and potential hazards of VOCs are briefly introduced. Also, motivation of this research 

to investigate catalytic ozonation of VOCs is explained. 
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Chapter 2 contains an extensive literature review on air quality, VOC removal 

techniques, and catalytic ozonation of VOCs. In addition, knowledge gaps in the field of 

catalytic ozonation are discussed and objectives of the research are identified. Experimental 

details including experimental setup, catalyst preparation, reaction conditions, characterization of 

the fresh and spent catalysts, and data analysis will be discussed in Chapter 3. 

Results of catalyst characterization and catalytic ozonation of toluene over γ-alumina-

supported manganese oxide are presented and discussed in Chapter 4. Similarly, results of 

catalytic ozonation of acetone are presented and discussed in Chapter 5. Identifying the nature of 

carbonaceous surface spices and differentiating their role in the reaction pathway are also 

discussed in these chapters. Results of catalytic ozonation of mixture of toluene and acetone are 

presented and discussed in Chapter 6. Moreover, the results of catalytic ozonation of the mixture 

of VOCs will be compared with the results of catalytic ozonation of single toluene and acetone. 

In addition, catalyst regeneration will be discussed in this chapter. Overall summary and 

conclusions, and recommendations for the future works will be presented in Chapter 7.  

In addition, the thesis has five appendices. Appendix A contains results and discussion of 

preliminary experiments comparing catalytic ozonation of toluene, acetone and benzene. 

Calibration data for gas analyses are given in Appendix B. Mass transfer calculations and effect 

of particle size are presented in Appendix C. FTIR bands and their corresponding functional 

groups are provided in Appendix D. Also, permissions to use the materials from published 

papers are presented in Appendix E. 

The described structure helps to clearly deliver the core findings of this research. 

However, it should be noted that field application, catalyst improvement/optimization, and 
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technology development of catalytic ozonation of VOCs are out of scope of this work and can be 

investigated in the future works. 

Major parts of this thesis have been published/presented in the following 

publications/conference presentations: 

1) M. Aghbolaghy, J. Soltan, N. Chen, Role of Surface Carboxylates in the Gas Phase Ozone-

Assisted Catalytic Oxidation of Toluene, Catalysis Letters, 147 (2017) 2421–2433. 

https://doi.org/10.1007/s10562-017-2143-0. 

2) M. Aghbolaghy, J. Soltan, R. Sutarto, The Role of Surface Carboxylates in Catalytic 

Ozonation of Acetone on Alumina-Supported Manganese Oxide, Chemical Engineering 

Research and Design, 128 (2017) 73–84. https://doi.org/10.1016/j.cherd.2017.10.002. 

3) M. Aghbolaghy, N. Chen, J. Soltan, Ozone-Assisted Catalytic Oxidation of a Binary 

Mixture of Volatile Organic Compounds in Air, 67th Canadian Chemical Engineering 

Conference, Edmonton, Oral Presentation, 22-25 October, (2017). 

4) M. Aghbolaghy and J. Soltan, Catalytic Oxidation of Toluene by Ozone on MnOx/γ-Al2O3, 

65th Canadian Chemical Engineering Conference, Calgary, Poster, 4-7 October, (2015). 

5) M. Aghbolaghy and J. Soltan, Catalytic Ozonation of Mixture of Benzene and Acetone 

on MnOx/γ-Al2O3, 65th Canadian Chemical Engineering Conference, Calgary, Oral 

Presentation, 4-7 October, (2015). 

6) M. Aghbolaghy, Catalytic Removal of Volatile Organic Compounds (VOCs) in Air, 

Graduate Research Conference, Saskatoon, Oral Presentation, 4-6 March, (2015). 

7) M. Aghbolaghy, E. Rezaei, J. Soltan, Comparative Catalytic Ozonation of VOCs on 

MnOx/γ-Al2O3, 23rd Canadian Symposium on Catalysis, Edmonton, Oral Presentation, 

11-14 May, (2014). 
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8) M. Aghbolaghy and J. Soltan, Treatment of Environmental Pollutants Using Catalytic 

Ozonation, Graduate Research Conference, Saskatoon, Oral Presentation, 6-8 March, 

(2014). 

In addition, the following manuscripts are in preparation: 

- M. Aghbolaghy, J. Soltan, N. Chen, Low temperature catalytic removal of a binary 

mixture of toluene and acetone. 

- M. Aghbolaghy, and J. Soltan, Comparison of catalytic ozonation of toluene, benzene 

and acetone on alumina-supported manganese oxide catalyst.  

Permissions to use the published papers were obtained from the publishers and are 

presented in Appendix E. Therefore, further citation will not be made to the mentioned published 

papers. 
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Chapter 2:  

Literature review 

 

 Volatile organic compounds 

Organic chemical compounds can be found everywhere in either indoor or outdoor 

environments. Volatile organic compounds or VOCs are organic chemical compounds that 

evaporate in a certain of temperature range. Volatility of an organic compound is often correlated 

to its boiling point. Therefore, European Union defines a VOC as any organic compound with 

boiling point of less than or equal to 250 °C at 1 atm [32].  

 World Health Organization (WHO) classifies organic pollutants to three groups based on 

their ease of emission. These groups are semi-volatile organic compounds (SVOCs), volatile 

organic compounds (VOCs), and very volatile organic compounds (VVOCs) [33]. These groups 

are defined in Table 2.1.  

Table 2.1.  Classification of organic pollutants by WHO [33]. 

Group Boiling point range (°C) Examples 

SVOC 240-260 to 380-400 DDT, chlordane, phthalates, PCBs 

VOC 50-100 to 240-260 
formaldehyde, toluene, ethanol, acetone, 

isopropyl alcohol, hexanal 

VVOC <0 to 50-100 methyl chloride, propane, butane 
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VVOCs are almost always found as gases rather than in other materials or on surfaces. 

Contrarily, SVOCs are usually found in solids or liquids or on surfaces such as furnishings. 

Despite their differences, often all these volatile organic pollutants are referred to as VOCs [34].  

The total number of VOCs is determined to be 320, in which 261 VOCs belong to 

outdoor and 66 VOCs belong to indoor environments [2,35]. The concern about VOC are 

different in indoor and outdoor environments. VOCs are considered as pollutants in indoor 

environments mainly due to their direct health effects on humans. However, the main concern in 

the outdoor environments is ability of VOCs to cause photochemical smog [1,34]. 

Consideration of indoor exposures to VOCs is important, since humans spend more than 

80% of their lifetime indoors [36]. Many household products are sources of VOCs. VOCs are 

widely used as ingredients of paints, solvents, cosmetics, varnishes, cleaning and disinfecting 

products, and adhesives [8,30,31]. VOCs are concerning for pharmaceutical and food packaging 

industries as well, since some VOCs are found in the synthetic polymers that are used for 

packaging [37]. Table 2.2 presents potential sources of some indoor VOCs. 

According to the United States environmental protection agency (EPA) [6], users of 

VOC-containing products can expose themselves and others to dangerous levels of VOCs. 

Importantly, the VOCs can persist in air even a long time after using the VOC-containing 

products [6]. VOCs can be adsorbed by mucous membranes and skin. This can adversely affect 

metabolic systems and organs [4]. Also, exposure to VOCs contributes to the sick building 

syndrome (SBS), which is responsible for the development of some allergies and chronic 

diseases [3,38,39].  
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 Table 2.2.  Sources of some VOCs found in indoor environments [4,40]. 

VOC Sources 

Toluene 
Flooring materials, wood preservatives, paints, insulating materials, 

combustion sources, adhesives 

Acetone Resins, coatings, paints, polymers, varnishes 

Paradichlorobenzene Wood preservatives, ceiling materials 

Formaldehyde 
Paints, coatings, insulating materials, flooring materials, wood-based 

materials  

Ethylbenzene Adhesives, furniture, paints, combustion sources 

Chloroethylene Paints, coatings, flooring materials, dry-cleaned clothes 

Acetaldehyde Flooring materials, wood preservatives, HVAC system 

 

In addition to loss of coordination and irritation of eyes, skin and lungs, some VOCs 

cause impaired neurobehavioral function [6,7]. They can cause headache, drowsiness, fatigue 

and confusion [6]. Benzene, vinylidine chloride, p-dichlorobenzene, chloroform, ethylene 

dibromide, methylene chloride and carbontetrachloride are proven to be carcinogenic for animals 

but not completely so for humans. Benzene, styrene, tetrachloroethylene, 1,1,1-trichloroethane, 

trichloroethylene, dichlorobenzene, methylene chloride and chloroform are also considered as 

mutagenic compounds [7]. Early life exposure to VOCs may have impact on the developing fetal 

and infant immune system and increase the risk of allergic diseases in young children. Also, 

domestic exposure to VOCs can increase the risk of asthma-like wheeze in preschool children. 

Among different VOCs, acetaldehyde, benzene, toluene, tetrachloroethylene and 

trichloroethylene have been put on priority list of health criteria [4,7]. 
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 VOC removal techniques 

The important steps to reduce VOCs in the indoor environments are control of emission 

from the sources, increasing air ventilation, and using VOC removal technologies [4]. There are 

a number of traditional and newly-developed techniques for VOC removal from air. Each 

technique has certain advantages and disadvantages.  

One of the most efficient and well-known techniques for removal of VOCs is adsorption. 

Activated carbon, zeolites, activated alumina, silica gel and molecular sieves are used for 

adsorption of VOCs. The main problem with adsorbents is that they will become deactivated 

after a while and they need to be regenerated. Also, adsorbents are not effective in removal of 

molecules with high vapor pressure such as formaldehyde and acetaldehyde [9,14]. On the other 

hand, regeneration of some adsorbents (e.g. activated carbon) is hard for the solvents with high 

boiling point. In addition, adsorbents may promote polymerization of adsorbed molecules [4]. 

Despites these, adsorption is the most commonly used VOC removal technique [41]. 

Non-thermal plasma is another technique for removal of VOCs. In this technique, 

electrons with high energy are discharged in a way that background gas does not heat up. These 

high energy electrons excite, dissociate and ionize gas molecules such as oxygen and water, to 

produce species such as atomic oxygen, hydroxyl radicals, and ozone which are chemically very 

active [15]. These active species react with VOCs and microbes. However, energy consumption 

of this method is fairly high, its reactors operate unsteadily, and some undesirable products can 

be generated [15,42,43]. 

Bio-based technologies including bio-scrubbers, bio-trickling filters, and bio-filters are 
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another category of VOC removal techniques. Biotechnologies usually have little or no energy 

consumption in the form of heat or radiation [44]. In addition, these techniques are 

environmentally friendly, have moderate capital and operation costs, exhibit robust 

performances, and need low maintenance [16,44]. However, strict control of parameters such as 

pH and nutrient concentration is required. Moreover, biotechnologies suffer from low 

bioavailability and slow oxidation of VOCs, which leads to large space requirements for the 

biological reactors [16]. 

Photocatalytic oxidation is a recently-developed VOC removal technique. Mechanism of 

photocatalytic oxidation is based on activity of semiconductor catalysts. High levels of 

conversion of VOCs are easily achievable by this technique. However, harmful products are 

formed by photocatalytic oxidation as a result of partial oxidation reactions. In addition, 

photocatalysts may be deactivated by adsorption of byproducts on their surface; or some species 

may be polymerized during photocatalytic process [45]. TiO2 is the most commonly used catalyst 

in photocatalytic oxidation. Photocatalytic activity of TiO2 is limited to UV irradiation, which 

restricts application of this technique in air treatment. Therefore, development of new catalysts, 

capable of functioning with visible light, is desired [4].  

Ozonation (non-catalytic) has been used as a potential method for removal of VOCs. 

Although ozone is a good oxidant for odor removal, its reaction rate with hydrocarbons is low 

[46]. This implies using high concentration of ozone if fast reactions are required. 

Incineration of VOCs is a technique that is used to remove VOCs from exhaust gases of 

industrial plants [47]. Even though this method is efficient, it is highly energy consuming which 
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leads to a high operating cost. Effectiveness of incineration decreases by decrease in 

concentration of VOCs [48,49]. 

Effectiveness of simple oxidation of VOCs can be improved by using heterogeneous 

catalysts. Catalytic oxidation is very efficient and has a wide range of applications. Catalytic 

oxidation of VOCs reduces the reaction temperature of incinerators from 1000 oC to below 600 

oC, but still temperatures higher than 200 °C are required for an effective catalytic oxidation 

[1,12,17,50]. A further decrease in reaction temperature can be achieved by adding ozone, as a 

strong oxidant, to the reaction system. This process is called ozone catalytic oxidation or 

catalytic ozonation [18]. Decrease in reaction temperature and energy demand for air quality 

control is the main advantage of catalytic ozonation of VOCs [18,19]. In addition, catalysts 

based on transition metal oxides have high efficiencies in removal of VOCs by catalytic 

ozonation, eliminating the need for expensive noble metals that are commonly used in catalytic 

oxidation of VOCs by oxygen [19]. 

 

 Ozone 

 

Ozone is a chemical species that has significant effects on the life on earth. Depending on 

the conditions and applications, ozone can be considered harmful and undesirable or helpful and 

necessary. Ozone is well known for its protective role against solar UV lights. However, ground-

level ozone, also called bad ozone, is associated with the formation of secondary pollutants such 

as smog [1,35]. On the other hand, ozone is widely used in wastewater treatment, odor 
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abatement, and pulp processing [46]. 

Concentrated ozone has an undesirably strong odor and a pale blue color [46]. Ozone has 

three oxygen atoms with resonance structure and equal bond distances of 0.128 nm. It has a 

strong oxidation potential of 2.07 eV. Fig. 2.1 shows resonance structure and electron 

distribution of ozone [46]. Electrophilic properties of ozone have been explained by using forms 

1 and 4 of ozone [51]. Interactions of π and σ between sp2-hybridized atoms make the bonding 

of oxygen molecules possible [52]. 

 

 

 

 

Fig. 2.1. (a) Resonance structure and (b) Electron distribution of ozone; courtesy of 

Taylor & Francis [46]. 

(a) 

(b) 
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Ozone is naturally generated from reaction of oxygen molecules under solar UV light 

with wavelength of 240 to 300 nm. However, synthetic concentrated ozone was first produced in 

1857 using an electrical discharge [53]. Ozone is thermodynamically unstable and is 

exothermally decomposed to oxygen molecules. However, non-catalytic ozone decomposition in 

the absence of UV light is very slow at temperatures below 100 °C. Half-life of ozone in the gas 

phase is about 160 hours at room temperature and atmospheric pressure. Ozone is decomposed 

more rapidly in the liquid phase. Its half-life is 7 minutes in the distilled water, and ozone 

decomposition rate increases by increase in pH of the solution [54]. 

 

 

Ozone reacts with most elements with the exception of noble gases and Fluorine. Ozone 

also reacts homogenously with almost all organic and organometallic compounds. However, its 

reaction rate depends on structure of the organic/organometallic compound. Since ozone is 

primarily an electrophile, it reacts faster with compounds that have electron-donating groups. 

Therefore, homogenous gas phase reaction of ozone with alkenes is much faster than its reaction 

with alkanes [46,55].  

Although aromatics have high electron density, their gas phase reaction with ozone is 

slow. This is probably because of stable resonance structure of the aromatic ring. Moreover, 

homogenous reaction of ozone with aromatics such as o-xylene and toluene generates products 

such as methylglyoxal and glyoxal [56]. 

Oxygen containing compounds that do not have unsaturated carbon to carbon bond are 
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almost unreactive with ozone in the gas phase and at a temperature range of 25 – 100 °C. Even 

C1 to C3 oxygen containing alkenes have very lower reaction rates compared to other alkenes 

[55]. Also, reactions of ozone with larger alkenes do not lead to a complete oxidation to carbon 

dioxide and water vapor. Rather, these reactions produce oxygen containing products such as 

oxalic acid and acetic acid, which are unreactive with the gas phase ozone [46]. 

 

 

Ozone decomposition can be catalyzed by noble metals such as palladium and platinum, 

or transition metals (usually in the form of metal oxides) such as manganese, nickel, cobalt, and 

silver [57]. Noble metals are the most active catalysts for ozone decomposition. On the other 

hand, supported manganese oxide has shown the highest activity towards ozone decomposition 

among transition metals [46,58].  

Materials such as silica, titania, -alumina, zirconia, activated carbon and zeolites are the 

commonly used supports for catalytic decomposition of ozone [58]. Although activated carbon 

has a very high surface area, it is not a stable support for ozone decomposition applications. It 

has been reported that in the presence of ozone, activated carbon is oxidized to carbon dioxide 

and carbon monoxide [59].  

Proposed mechanism for ozone decomposition is as follows [58,60]: 

O3 + ■ → O2 + ■O (2.1)         

■O + O3 → O2 + ■O2 (2.2)  
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■O2→ O2 + ■ (2.3)  

where, ■ is a catalyst active site. Eq. (2.1) occurs very quickly, while Eqs. (2.2) and (2.3) 

are slower. ■O2 has been identified as peroxide species (O2
2-) [60]. 

The catalysts designed for catalytic decomposition of ozone are used in the aircraft 

environmental control systems. The oxygen inside the aircraft comes from the surrounding 

atmosphere. During the high-altitude flights, the aircraft passes through ozone layer, and the 

intake gas contains high levels of ozone. Therefore, catalytic reactors are used to decompose 

ozone to oxygen molecules that can be safely breathed by passengers [61]. Other applications of 

catalytic ozone decomposition are photocopiers, wastewater treatment units, and sterilization 

units, where residual (unreacted) ozone should be removed [46,61]. 

 

 Catalytic ozonation of VOCs 

As mentioned earlier, in order to reduce the oxidation temperature of VOCs, it is possible 

to use a stronger oxidizing agent such as ozone instead of oxygen. Ozone alone does not react 

with most VOCs at low concentrations and it needs appropriate catalysts to become active. A 

number of research groups have used catalytic ozonation for oxidation of VOCs at relatively low 

temperatures. Catalysts used for catalytic ozonation of VOCs, reaction mechanism, and 

commercial applications of catalytic ozonation will be discussed in the following sections.  
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Table 2.3 presents a summary of the main catalytic ozonation studies on removal of 

VOCs in gas phase. Topics such as effect of operating conditions, comparison of transition metal 

oxides, comparison of supports, and effect of water vapor have been studied extensively [22–

24,26–28,62–72]. Naydenov and Mehandjiev were among the first researchers who investigated 

catalytic ozonation of VOCs. They used manganese oxide for complete oxidation of benzene by 

ozone at temperatures between 20 and 80 oC [62]. It was observed that activation energy of 

benzene oxidation is greatly reduced when ozone is used as an oxidant instead of oxygen leading 

to decrease in reaction temperature. They proposed that oxygen species formed on the surface of 

the catalyst as a result of ozone decomposition are responsible for benzene decomposition. 

Mehandjiev et al. also studied low temperature oxidation of benzene over Ni-Mn catalyst and 

observed that application of ozone can reduce the oxidation temperature from 150-200 oC range 

to 20-80 oC [73]. Alumina supported Cu-Cr and Co-Cr oxides were used to oxidize benzene and 

CO using oxygen or ozone [74]. Complete oxidation of benzene was achieved at around 100 oC 

by ozone. It was argued that decomposition of ozone on the surface of the catalyst facilitates the 

reaction and decreases the reaction temperature compared to that of conventional catalytic 

oxidation [74]. Andreeva et al. investigated performance of Au-V2O5/titania catalyst for either 

catalytic oxidation or catalytic ozonation [65]. In the absence of ozone, complete oxidation of 

benzene was achieved at 250 oC. However, in the presence of ozone, 50% of benzene was 

converted at low temperature of 40 oC. The authors suggested that most probably the oxygen 

activation proceeds on gold particles, while the vanadium oxide surface species are responsible 

for the oxidation of benzene.  
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Table 2.3. Main studies on catalytic ozonation for removal of VOCs.  

Focus Active metal(s) Support(s) VOC(s) Ref. 

Effect of operating conditions Mn - Benzene [62] 

Effect of operating conditions Ag Alumina Benzene [63] 

Effect of operating conditions Mn USY Benzene [64] 

Effect of operating conditions Au-V Titania Benzene [65] 

Effect of operating conditions Ni, Co Alumina Isopropanol [66,67] 

Effect of operating conditions Mn CNT Chlorobenzene [24] 

Effect of operating conditions Mn, Fe - Chlorobenzene [68] 

Comparison of transition metal 

oxides 

Mn, Fe, Co, Ni, 

Cu, Ag 
Alumina 

Benzene, 

Cyclohexane 
[23] 

Comparison of transition metal 

oxides 

Mn, Ni, Co, Fe, 

Ag 
ZSM-5 Toluene [69] 

Comparison of supports Mn 
Alumina, Titania, 

Silica, Zirconia 

Benzene, 

Cyclohexane 
[26–28] 

Performance of noble metals 
Pd, Pt, Mn,    

Pd-Mn, Pt-Mn 
Alumina Toluene [75] 

Performance of unsupported 

catalysts and perovskite-type 

catalysts 

Mn, Co–Mn, 

Cu–Mn, Ni–Mn, 

Fe-Mn, La-Mn, 

La0.8Sr0.2Mn 

- Benzene [25] 

Structure and oxidation state of 

the catalyst 
Cu-Mn Silica Benzene [76] 

Structure and oxidation state of 

the catalyst 
Fe Activated carbon Propanal [77] 

Structure and oxidation state of 

the catalyst 
Mn Silica Acetone [40] 
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Table 2.3. Main studies on catalytic ozonation for removal of VOCs (continued).  

Focus Active metal(s) Support(s) VOC(s) Ref. 

Effect of water vapor Mn Alumina Benzene [70] 

Effect of water vapor Mn - Formaldehyde [22] 

Effects of water vapor and 

manganese loading 
Mn-Ag HZSM-5 Benzene [71,72] 

Effect of manganese loading Mn Alumina 
Benzene, 

Toluene 
[19,78] 

Effect of manganese precursor  Mn 
MCM-41, 

Alumina 
Toluene [20] 

Determining the rate controlling 

step 
Cu-Cr, Co-Cr Alumina Benzene [74] 

Reaction mechanism Mn Alumina Toluene [79] 

Reaction kinetics and 

mechanism 
Mn Graphene Toluene [80] 

In situ spectroscopy, reaction 

kinetics and mechanism 
Mn Silica Acetone [81] 

Reaction mechanism and effect 

of layered catalyst 
Ag ZSM-5 Toluene [82] 

Economic feasibility Mn Silica Chlorobenzene [18] 

 

 

A number of metal oxides (Mn, Ag, Fe, Co, Cu, and Ni) have been studied for catalytic 

ozonation of benzene, cyclohexane and toluene [23,69]. Mn showed the highest activity by 

converting pollutants to carbon dioxide and carbon monoxide; however, deactivation was the 

main problem and none of the catalysts showed stable activity. Mn/Al2O3 catalyst lost its activity 

for oxidation of benzene from 80 percent conversion to 40 percent within 2 hours indicating 
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accumulation of some intermediates on the surface of the catalyst. It was concluded that there 

were a number of compounds accumulating on the surface including formic acid, 2,5-furandione, 

phenol, and surface formates and carboxylates [23]. It has been reported [25] that supported 

manganese oxide possesses higher catalytic activity than unsupported manganese oxide in 

catalytic ozonation of benzene.  

Rezaei et al. [20,75] investigated catalytic oxidation of toluene by ozone over MnOx/γ-

alumina, Pt-MnOx/γ-alumina and Pd-MnOx/γ-alumina catalysts. It was observed that complete 

removal of toluene occurred at 80 oC using MnOx loaded on γ-alumina. The catalyst was 

deactivated at room temperature because of deposition of carbon species on the surface of the 

catalyst. A reaction temperature of 65 oC was required as the minimum reaction temperature to 

obtain steady state operation of the catalysts [20]. Addition of palladium did not improve the 

activity of alumina supported manganese oxides catalysts; however, addition of Pt led to 

decrease in the required temperature for complete oxidation of toluene from 80 to 70 °C [75]. 

A number of supports have been used in catalytic ozonation studies to clarify the effect of 

surface area on the reaction efficiency. Manganese oxides supported on alumina, silica, titania 

and zirconia (BET surface areas of 168, 300, 43, and 58 m2/g, respectively) were used in 

catalytic ozonation of benzene [26,28] and cyclohexane [27]. It was found that removal rates per 

surface area of the catalysts were comparable or slightly lower than those with the alumina 

supported catalysts [26,27], indicating that catalytic activity of the catalysts depended primarily 

on the surface area of the catalyst rather than the types of catalyst support [28]. In a related study, 

benzene oxidation with ozone over silica supported manganese oxide was studied at 22 °C. 

Benzene conversion decreased with time and the catalyst was deactivated due to accumulation of 
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byproducts on the surface. Increase in the reaction temperature suppressed catalyst deactivation 

and enhanced the oxidation process [28].  

Kastner et al. studied removal of propanol by ozone at room temperature by using 

synthetic hematite (Fe2O3), magnetite (Fe3O4) and metal oxide nano particles (α-Fe2O3) 

impregnated on activated carbon [77]. It was observed that propanal is completely oxidized by 

this method since no partial oxidation products were detected. However, authors ignored the 

effect of ozone on the structure of the activated carbon. It is believed that ozone can damage the 

structure of the activated carbon and this can affect performance of the catalyst [59]. 

Effect of water vapor in catalytic ozonation has been investigated in a number of papers. 

Einaga et al. [70] observed that although water vapor inhibits ozone decomposition on the 

catalyst, it supresses catalyst deactivation and increases benzene conversion by promoting direct 

reaction of ozone with the surface species. Water vapor promotes oxidation of the byproducts, 

including formic acid and surface formates, to COx and improves CO2 selectivity [70,77]. Water 

vapor loses its effect by increase in temperature [64]. 

Effect of Mn loading (1 to 20%) on activity of alumina supported manganese oxide 

catalysts was studied by Rezaei et al. [19] in the temperature range of 22–100 oC. Analyses 

showed that Mn2O3 is the dominant phase at lower catalyst loadings; whereas mixture of MnO2 

and Mn2O3 was observed at higher catalyst loadings. The fraction of MnO2 and oxidation state of 

Mn increased with increase of Mn loading. It was shown that lower Mn loadings were more 

favorable in oxidation of toluene up to 80 oC at which temperature, the catalysts show stable 

activity. According to this work, activity of the catalysts is related to the oxidation state of Mn on 

the catalyst. Catalysts with lower Mn loadings have higher activity in transferring electrons to 
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ozone to initiate ozone decomposition reaction due to their lower oxidation state. This increases 

the rate of decomposition of ozone to atomic oxygen which consequently enhances oxidation 

rate of toluene [19].  

It has been shown that Co–Mn mixed oxides were one of the good candidates for benzene 

oxidation with ozone from the standpoint of CO2 selectivity and efficiency of ozone utilization 

[25]. Einaga et al. [64] investigated the structure of catalytic active sites of manganese oxides on 

a high Si/Al ratio USY (SiO2/Al2O3 = 180). Benzene was oxidized to carbon dioxide and carbon 

monoxide and higher activities were obtained under either humidified or dry conditions at 40 °C 

and higher temperatures due to faster oxidation of byproduct on the Mn/USY catalysts. This 

result is promising, because it shows that more work on the catalyst and reaction condition can 

lead to development of methods for catalytic ozonation of VOCs even in the room temperature 

range. 

Liang et a. [18] studied economic feasibility of catalytic ozonation of flue gas of a waste 

furnace (flow rate of 50 m3 min-1) using silica supported manganese oxide catalyst and compared 

it with economic feasibility of catalytic oxidation (without ozone) of chlorobenzene using V2O5-

based catalysts. They found that the cost of using catalytic ozonation was US$12.8 h-1, while it 

was US$15.9 h-1 for the catalytic oxidation, indicating that catalytic ozonation is more cost-

effective [18]. 

As discussed earlier, active oxygen species are generated during catalytic ozonation. 

These highly reactive species make it difficult to design a selective process. The aim of catalytic 

ozonation of VOCs is to completely oxidize the organic compounds, and the main issue with 

selectivity is the formation of some carbon monoxide along with carbon dioxide. This is 
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acceptable if the concentration of the produced carbon monoxide is below the regulated levels. 

Another issue is the emission of residual (unreacted) ozone. Fortunately, residual ozone can be 

decomposed and carbon monoxide can be further oxidized to carbon dioxide by using a 

supplementary catalytic bed. There are some commercialized or pilot scale studies that have used 

catalytic ozonation to in design air cleaning processes [83–85]. 

 A pilot study [84] investigated catalytic combustion of VOCs in the presence or absence 

of ozone. Capacity of the plant was 100 m3 h-1 and the process included ozone generator, reactor, 

heat exchangers, carbon adsorber, and an auxiliary scrubber. A better VOC removal performance 

was obtained in the presence of ozone at temperatures below 250 °C.  

  Another pilot study was conducted by Union Carbide which led to development of the 

UCAIR technology [85]. Schematic design of this technology is shown in Fig. 2.2. This 

technology was designed for indoor air treatment.  

 

Fig. 2.2. Schematic design of the UCAIR indoor air treatment technology; courtesy of Taylor & 

Francis [46,85]. 
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First, air passes through a filter to remove particulate matters, then ozone is added to the 

flow. The gas mixture passes through two catalytic beds. The first catalytic bed is for oxidation 

of VOCs and the second one aids with decomposition of residual ozone. The unit was claimed to 

be effective for removal of a wide variety of VOCs and microbiological aerosols at a relative 

humidity range of 25-75% [85].   

Dashpureis another air purifier that is designed by Hitachi and commercialized in 

Japan [83]. Air is drawn into the purifier and passes through an ozone generator. Then it passes 

through a catalytic bed that oxidized the pollutants and decomposes ozone. Ozone sensors before 

the exhaust of the purifier detect the exhaust ozone level. If the exhaust ozone level is not safe 

the flow is recirculated through the catalytic bed [83]. 

In the field of catalytic ozonation in gas phase, a number of researchers have used X-ray 

absorption fine structure (XAFS) to characterize the catalysts. Rezaei et al. [75] utilized X-ray 

absorption near-edge structure (XANES) and extended X-ray absorption fine-structure (EXAFS) 

spectroscopy to study the structure of Pt-MnOx/γ-alumina and Pd-MnOx/γ-alumina catalysts. X-

ray absorption spectra (Mn K-edge, Pd K-edge, and Pt LIII-edge) were collected at HXMA 

beamline of the Canadian Light Source. They used transmission mode with straight ion chamber 

detectors for Mn, and fluorescence mode with 32 element Ge detector for the Pt and Pd data 

collections. The scan step sizes for the pre-edge, XANES and EXAFS regions were 10 eV/step, 

0.25 eV/step and 0.05 Å-1, respectively. It was found that Pd does not have atomic interaction 

with Mn, and therefore it does not alter catalytic activity of Mn. However, XANES and EXAFS 

spectra of Pt and MnOx were different from those of Pt-MnOx implying an atomic interaction 

between platinum and manganese oxides. The authors inferred that interaction between Pt and 
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Mn occurs via surface oxygen of manganese oxides leading to formation of Mn–O–Pt bonds. 

This interaction increased electron occupancy of 3d orbital of manganese which led to a higher 

efficiency in catalytic ozonation of toluene [75]. 

Radhakrishnan and Oyama [86] used XAFS to characterize MnOx (3 wt%) supported on 

alumina, zirconia, titania and silica. Analysis were done for all supports but strong absorption 

from the zirconia prevented the use of EXAFS analysis on the Mn/ zirconia catalyst. The authors 

argued that the interference occurred because the L-edge lines of Zr (2.2-2.5 keV) absorb 

strongly in front of the K-edge features of Mn (6.5 keV). However, such an interference did not 

occur for L-edges of Mn (0.6 keV) which appear at low energies. Einaga et al. [28] performed in 

situ XAFS studies in order to investigate the structural changes in manganese oxides (2.5 wt%) 

supported on alumina in the catalytic decomposition of ozone at room temperature. The 

absorption edge of MnOx/Al2O3 sample was close to that of Mn3O4 with an average oxidation 

state of 2.67, and no spectral changes occurred during ozone decomposition. 

 

 

Reed et al. [81] used in situ Raman spectroscopy to study the mechanism of catalytic 

ozonation of acetone on silica supported manganese oxide catalyst. They have concluded that the 

oxidation reaction occurs on the surface of the catalyst between atomic oxygen and adsorbed 

acetone molecule, leading to the following mechanism for catalytic ozonation of acetone on 

silica supported manganese oxide catalyst: 

O3 + * → O2 + *O (2.4)  
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*O + O3 → O2 + *O2 (2.5)  

*O2→ O2 + * (2.6)    

A + ● ↔ ●A (2.7) 

●A + * ↔ *A + ● (2.8) 

*A + n *O → products (2.9)                                                                          

where * represents a surface manganese site, ● represents a surface silica site, and A represents 

acetone. However, this study did not identify any reaction intermediates formed on the surface of 

the catalyst. 

Rezaei et al. [79] studied catalytic ozonation of toluene on alumina supported manganese 

oxide catalyst and proposed a mechanism by assuming that C–H bond cleavage is the limiting 

kinetic step in the oxidation of toluene. Rezaei et al. [79] proposed the following mechanism for 

low temperature oxidation of toluene by ozone: 

O3 + * → O2 + O* (2.10)    

O* + O3 → O2 + O2* (2.11)  

O2* → O2 + * (2.12)   

C6H5-CH3 + * ↔ C6H5-CH3* (2.13) 

C6H5-CH3* + * → C6H5-CH2* + H* (2.14) 

C6H5-CH2* + 7* → C6-C* + 7H* (2.15) 
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H* + O* ↔ OH* + * (2.16) 

2OH* ↔ H2O* + O* (2.17) 

H2O* ↔ H2O + * (2.18) 

C6-C* + O* → C6* + CO* (2.19) 

C6* + 6O* → 6CO* (2.20) 

CO* + O* → CO2* + * (2.21) 

CO* ↔ CO + * (2.22) 

CO2* ↔ CO2 + * (2.23) 

where, * is the manganese site. However, this mechanism ignores the role of alumina support in 

the reaction. Moreover, experimental evidence was not provided to support the mechanism. 

Hu et al. [80] investigated catalytic ozonation of toluene on graphene supported 

manganese oxide catalyst. They suggested a dual site mechanism for catalytic ozonation of 

toluene: 

O3 + * → O2 + *O (2.24)  

*O + O3 → O2 + *O2 (2.25)  

*O2→ O2 + * (2.26)    

C6H5-CH3 +  ↔ C6H5-CH3 (2.27) 

C6H5-CH3 + *O → products (2.28) 



28 

 

where * represents a surface manganese site, and  represents a surface graphene site. This is 

similar to the mechanism proposed by Reed et al. [81] for catalytic ozonation of acetone with the 

difference that migration of VOC from support to manganese site is not required and the 

oxidation step occurs in a dual site reaction (Eq. (2.28)). Nevertheless, the mechanism of 

catalytic ozonation of VOCs remains an open topic and further studies are needed to elucidate 

the mechanism of catalytic ozonation and catalyst deactivation. 

 

 Knowledge gaps and objectives 

There has been ongoing research on a number of areas related to the catalytic ozonation 

which were briefly reviewed in the previous section. Despite the recent developments, there are 

still important challenges and knowledge gaps in the process of catalytic ozonation of VOCs.  

Required temperature for steady state operation of catalytic ozonation systems is still 

higher than the room temperature. Catalytic ozonation of VOCs at room temperature is 

advantageous and can reduce operating cost and energy consumption. However, catalyst 

deactivation is a serious impediment. There have been a number of studies aimed at 

understanding the nature of catalyst deactivation and formation of reaction products in catalytic 

ozonation. Einaga et al. used in situ Fourier transform infrared (FTIR) spectroscopy to 

investigate room temperature catalytic ozonation of benzene over 5 wt% Mn/USY zeolite [64] 

and 5 wt% MnO2/Al2O3 [26]. It was observed that two types of intermediates were formed on the 

surface of the catalysts. These intermediates were categorized as weakly bound and strongly 

bound compounds. Zhao et al. [22] employed in situ FTIR spectroscopy to investigate room 

temperature catalytic ozonation of formaldehyde on MnOx catalyst. Bidentate and monodentate 
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carbonate species were found on the catalyst surface and both increased gradually with time. 

Reed et al. [81] investigated catalytic ozonation of acetone on 10 wt% MnOx/SiO2. They 

suggested that ozone was more active than oxygen in oxidation of acetone. Also, in situ Raman 

spectroscopy at 35 °C showed that silica support was a reservoir for the physically adsorbed 

acetone [81]. Another study [87] by the same group showed that alumina-supported catalyst was 

more active than the silica-supported catalyst in acetone conversion. However, the role of the 

alumina support in catalytic ozonation of acetone was not clarified, due to technical limitations 

with Raman spectroscopy [87]. 

 These studies have limited their investigations to ozonation operating temperatures in the 

range of 22-35 °C, at which severe catalyst deactivation occurs. In addition, they have not 

identified a mechanism for the production of the observed compounds, and therefore, have not 

differentiated between the roles of reaction intermediates and products. This is similar to a 

current knowledge gap in the field of photocatalytic oxidation of VOCs. Recent literature 

reviews [4,88] have indicated that understanding the reaction intermediates is key to improve 

catalyst stability in the photocatalytic oxidation of VOCs as well.  

It is known that catalytic ozonation of VOCs at a relatively high temperature (i.e. 90 °C) 

shows stable activity with no or negligible catalyst deactivation [28,68,75]. Study of catalytic 

ozonation of VOCs at a relatively high temperature (with stable catalytic activity) and 

comparison of the reaction characteristics with those at the room temperature reaction (with 

catalyst deactivation) can provide more clear understanding of the reaction intermediates and 

catalyst stability. It is important to investigate the nature and roles of intermediates and products 

that are formed on the surface of the catalyst. This can help us develop a better understanding of 
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the reaction mechanism and catalyst stability.  

Another important knowledge gap in the field of catalytic ozonation is removal of a 

mixture of VOCs. VOCs in both indoor and outdoor environments are usually present as 

mixtures of different compounds. Studies of catalytic ozonation of single VOC compounds do 

not represent the catalyst application thoroughly. This leaves an important gap between 

laboratory research and real-world application of the air treatment techniques in which a mixture 

of VOCs is to be removed. Low temperature catalytic ozonation of mixture of VOCs has not 

been reported in the literature. However, there are a number of reports addressing removal of 

mixture of VOCs using catalytic combustion with oxygen [8,89–92]. The majority of these 

studies have found considerable mixture effects on the activity and selectivity [89–92], indicating 

that the oxidation of a VOC in a mixture differs from its single component oxidation. The 

changes in the activity and selectivity have been either repressive [89,91] or promotive [90,92]. 

Significant mixture effects in catalytic combustion of VOCs with oxygen, indicates the 

importance of investigating catalytic ozonation of mixture of VOCs as well. 

Toluene, benzene, and acetone were chosen as sample compounds for preliminary 

experiments (Appendix A). From the preliminary studies, very similar results were obtained for 

catalytic ozonation of toluene and benzene. This was probably due to highly similar structure of 

toluene and benzene. Therefore, acetone and toluene were chosen as model compounds for the 

main body of this work. Toluene and acetone have different chemical properties, and both are 

common VOCs in indoor and outdoor environments [29–31]. Acetone (a ketone) is an oxygen 

containing compound with a carbonyl group. Toluene is an aromatic compound with a methyl 

group attached to the aromatic ring. As mentioned earlier, in the absence of catalyst, gas phase 
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reaction of aromatics with ozone is slow, while oxygen containing compounds that do not have 

unsaturated carbon to carbon bond are unreactive with ozone at a temperature range of 25 – 

100 °C [55,56]. Therefore, study of catalytic ozonation of these compounds with different 

chemical properties could be a good indication of generality of the results obtained in this 

research. 

Based on the described knowledge gaps, an objective of this work is to identify the role 

of reaction intermediates during catalytic ozonation of VOCs at 25 °C with catalyst deactivation, 

and 90 °C with stable catalytic activity. Understanding the intermediates formed on the surface of 

the catalyst will elucidate the reaction pathway of catalytic ozonation of VOCs. For this purpose, 

catalytic ozonation of toluene and acetone, as single compounds, was investigated.  

The other objective of this work is to study catalytic ozonation of a mixture of VOCs. 

This will help to better understand potentials and limitations of the catalytic ozonation in treating 

mixture of VOCs. For this purpose, catalytic ozonation of binary mixture of acetone and toluene 

was investigated and was compared with the catalytic ozonation reactions of single acetone and 

toluene.  

As mentioned earlier in this chapter, manganese oxides (MnOx) are the most active metal 

oxides for removal of VOCs in the presence of ozone [23,69]. Also, supported manganese oxide 

possesses higher catalytic activity than unsupported manganese oxide [25]. In addition, it was 

discussed that VOC removal rates normalized by surface area of the catalysts were comparable 

or slightly lower than those with the γ-alumina supported catalysts [26–28]. Therefore, alumina 

supported manganese oxide catalyst was used in this work.  
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A combination of in situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS), chemical analysis of surface compounds, X-ray spectroscopy techniques, and a 

number of temperature programmed analyses was used to achieve objectives of this 

investigation. 
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Chapter 3:  

Experimental 

 

 This chapter presents details of catalyst preparation, activity measurements, in situ 

DRIFTS measurements, and characterization of fresh and spent catalysts. 

 

 Catalyst preparation 

Dry impregnation method was used to prepare MnOx/-alumina catalyst [20]. Acetate and 

nitrate precursors of manganese are two commonly used precursors employed in preparing Mn-

based catalysts. Alumina supported catalysts prepared from the nitrate and acetate precursors 

have shown comparable activity in catalytic ozonation [20]. 

Powdered -alumina (Alfa Aesar) with particle size of less than 0.208 mm was 

impregnated by manganese (II) nitrate tetrahydrate (Sigma Aldrich, 97%) as manganese 

precursor. The impregnated support was dried at 100 °C for 10 hours in air, then it was calcined 

at 500 °C for 4 hours. After calcination, the catalyst was crushed and sieved to produce a powder 

size of less than 0.208 mm. Nominal manganese loading was 10 % based on mass of metallic 

manganese per mass of the catalyst. 
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 Catalyst characterization 

 

Brunauer–Emmett–Teller (BET) surface area and pore volume of the catalyst were 

determined by N2 adsorption using ASAP 2020 (Micromeritics) instrument. The samples were 

degassed for 2 hours at 110 °C and 0.5 mm Hg before the surface area and pore volume 

measurements.  

 

 

Inductively coupled plasma mass spectrometry (ICP-MS) was used for verifying 

manganese loading on the catalyst. ICP-MS analysis was conducted using a Nexion 300D 

(PerkinElmer) instrument. 

 

 

X-ray absorption fine structure (XAFS) was used to further characterize the catalyst. One 

of the most important challenges in XAFS measurements is having an energy tunable X-ray 

source. For this reason, the X-ray source is a synchrotron, providing a full range of X-ray 

wavelengths. A monochromator (typically made from silicon) selects a particular energy based 

on Bragg diffraction, and slits are used to define the beam size [93,94].  X-ray absorption near 

edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) of Mn K-edge 

were collected at HXMA beamline of the Canadian Light Source (CLS) [95]. During the 
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experiment, the CLS storage ring was operated under 250 mA operation mode, and the beamline 

superconducting wiggler was run at 1.9 T magnitude field. In the experiment, the second crystal 

of the monochromator Si(111) crystal was detuned by 50% to reduce the high harmonic 

components in the incident X-ray beam. The beamline was configured in its focused mode with 

Rh mirrors (collimating and focusing mirrors) in the X-ray beam path. Catalyst was diluted with 

adequate amount of boron nitride. Then, the diluted sample was ground and pressed into thin 

disks and protected by Kapton tape. The measurements were conducted in transmission mode 

with Oxford straight ion chamber detectors filled with 100% helium gas. For XANES 

measurements, scan step-size was 10 eV until reaching 30 eV below the edge. From that point, 

energy was increased in finer steps of 0.25 until 40 eV above the edge. For EXAFS 

measurement, 0.05k step-size was used in the range of 40 eV to 11~12k above the edge. 

Reference materials including Mn2O3 (99% bixibyite, Sigma–Aldrich), MnO2 (99.9% pyrolusite, 

Alfa Aesar), MnO (99% manganosite, Alfa Aesar), and Mn3O4 (97% hausmannite, Sigma–

Aldrich) were diluted in the same way as the catalyst sample and measured in the transmission 

mode as well, providing reference for different oxidation states. 

Data processing including energy calibration, normalization, background removal, and 

linear combination fitting (LCF) of Mn K-edge XANES data were performed by ATHENA 

software [96]. Artemis software, a front-end of FEFF [97] and IFEFFIT [98], was used for R 

space EXAFS fittings. Parameters that were included in the EXAFS fittings were coordination 

number (CN), mean-square displacement of the bond length (σ2), amplitude reduction factor 

(So
2), change in interatomic distance (ΔR) and change in energy scale (ΔEo). So

2 value was found 

by fixing coordination numbers based on crystallography data of the reference material. k-

weights of 1, 2 and 3 were simultaneously applied to remove dependency of So
2 to different k-
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weights. Then, the fixed So
2 value was used with k-weight of one to find the coordination 

numbers at the first and second shells of the MnOx clusters. In all cases, EXAFS data were fitted 

in R space in the range of 1 – 3.7 Å, and ΔR, σ2, and ΔEo were allowed to be floating. 

 

 

X-ray photoelectron spectroscopy (XPS) measurements were performed using an 

Omicron Multiprobe system with a monochromatized Al Kα source (hν = 1486.7 eV) and Sphera 

EA125 hemispherical electron energy analyzer at the Surface Science Facility located at the 

REIXS beamline of the Canadian Light Source. Electron gun was also used to neutralize the 

charging effect on the catalyst surface. The operating vacuum pressure was below 2 × 10-10 

mbar. The spectra were collected using a pass energy of 50 eV and steps of 0.5 eV. Data analysis 

was performed using the CasaXPS software [99]. Results of the catalyst characterization are 

presented and discussed in section “4.1. Characterization of MnOx/γ-alumina”. 

 

 

 Activity measurements 

Fig. 2.1. depicts a schematic diagram of the experimental setup for the catalyst activity 

measurements. VOCs were supplied from gas cylinders with ppmvv level concentration of 

pollutant and balance of nitrogen (Praxair, accuracy of ±2%). A high purity oxygen stream 

(Praxair, 99.993%) passed through an ozone generator (AZCO Industries LTD, HTU-500S) to 

produce ozone. A high purity nitrogen stream (Praxair, 99.999%) was used for dilution and 

purging purposes.  
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Fig. 3.1. Schematic of the experimental setup for catalyst activity measurements. 

 

Mass flow controllers (Brooks, SLA 5850, accuracy of ±1%) were employed to control 

gas flow rates. Gas streams were combined and passed through a horizontal Pyrex tube. This 

tube, filled with glass beads, improved mixing of gas streams before entering the reactor. A 

reaction chamber (Harrick, HVC-DRM-5) equipped with a temperature controller was used as an 

atmospheric reactor to conduct most of the reaction experiments. 

 The reaction chamber was at atmospheric pressure and allowed high temperature 

operations up to 900 °C. Exhaust stream of the reactor passed through a long-path gas cell 

(PIKE, volume 0.1 L, 2.4 m optical length, KBr window), coupled with a Nicolet iS50 FTIR 

spectrometer. Deuterated L-alanine doped triglycine sulfate (DLaTGS) detector was employed. 

Spectra were collected at a resolution of 4 cm−1 in the range of 4000-400 cm−1. Calibration 

curves for the gas analyses are presented in Appendix B. 
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In addition, an ozone analyzer (Teledyne API M454) was employed to measure ozone 

content in the exhaust stream. A gas cylinder with ppmvv level concentrations of CO2 and CO 

balanced with nitrogen (Praxair, accuracy of ±2%) was employed for calibration purposes. 

Activity measurement experiments were conducted at atmospheric pressure at 25 - 90 °C. 

Blank experiments in the absence of catalyst showed negligible non-catalytic gas phase reaction 

between VOCs and ozone at the mentioned temperature range. Total oxygen to nitrogen ratio in 

the reaction mixture was kept at 20/80 v% to resemble air composition. 0.06 g of the catalyst was 

used for each experiment. Total feed gas flow rate was 350 Sml/min resulting in a weight hour 

space velocity (WHSV) of 350 L h-1 g-1 in the reactor.  

Although concentration of single VOCs in the indoor environments is only a few ppmvv, 

concentration of total VOCs, especially in industrial indoor environments, is much higher 

[50,100]. On the other hand, usually a single VOC is used as a model compound to study VOC 

removal techniques. Therefore, researchers in the field of catalytic oxidation and ozonation use 

an inlet VOC concentration of 50 - 300 ppmv [13,18,24,101] to represent maximum total VOC 

concentration in the indoor environments. In this work, a total VOC(s) concentration of 130 ppmv 

was used in the inlet stream.  

Before reaction, VOCs were adsorbed on the surface of the catalyst at atmospheric 

pressure and the desired reaction temperature. This eliminates contribution of direct adsorption 

to VOCs removal during the catalytic ozonation reaction. Once the catalyst was saturated with 

VOCs, ozone was introduced into the reactor to start the reaction. Each reaction was repeated at 

least twice and standard error is reported in each figure. 
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For catalytic ozonation of toluene, toluene and ozone concentrations in the inlet stream 

were 130 and 1200 ppmv, respectively. COx yield was calculated based on Eq. (3.1):  

𝐶𝑂𝑥 𝑦𝑖𝑒𝑙𝑑 = 100 ×
[𝐶𝑂]+[𝐶𝑂2]

(7×[𝐶7𝐻8]𝑟𝑒𝑎𝑐𝑡𝑒𝑑)
 (3.1) 

 

where, concentrations are in ppmv. Results of catalytic ozonation of toluene are presented and 

discussed in Chapter 4. 

 

 

For catalytic ozonation of acetone, acetone and ozone concentrations in the inlet stream 

were 130 and 1200 ppmv, respectively. COx yield was calculated based on Eq. (3.2):  

𝐶𝑂𝑥 𝑦𝑖𝑒𝑙𝑑 = 100 ×
[𝐶𝑂]+[𝐶𝑂2]

(3×[𝐶3𝐻6𝑂]𝑟𝑒𝑎𝑐𝑡𝑒𝑑)
 (3.2) 

where, concentrations are in ppmv. Results of catalytic ozonation of acetone are presented and 

discussed in Chapter 5. 

 

 

Total VOCs concentration in the inlet stream was 130 ppmv. Therefore, 65 ppmv of each 

VOC compound was used for catalytic ozonation of the mixture of toluene and acetone. Ozone 

concentration in the inlet stream was 1200 ppmv. COx yield was calculated based on Eq. (3.3):  



40 

 

𝐶𝑂𝑥 𝑦𝑖𝑒𝑙𝑑 = 100 ×
[𝐶𝑂]+[𝐶𝑂2]

[(7×[𝐶7𝐻8]𝑟𝑒𝑎𝑐𝑡𝑒𝑑)+(3×[𝐶3𝐻6𝑂]𝑟𝑒𝑎𝑐𝑡𝑒𝑑)]
 (3.3) 

where, concentrations are in ppmv. Results of catalytic ozonation of the mixture of toluene and 

acetone are presented and discussed in Chapter 6. 

 

 Temperature programmed analyses 

Temperature programmed oxidation (TPO) was carried out on the spent catalyst. The set-

up, described in section “3.3. Activity measurements” and depicted in Fig. 2.1, was used for TPO 

analyses. After reaction, the reaction system was immediately purged with nitrogen for 10 

minutes. Then, the catalyst was heated to 745 °C at a rate of 10 °C/min under 350 mL/min of 20-

80 v% oxygen-nitrogen flow. The exhaust gas was analyzed by the long-path gas cell, coupled 

with the FTIR spectrometer.  

TPO results were used to calculate the overall carbon balance. For this purpose, total 

carbon in and total carbon out were calculated. Total carbon in is the amount of carbon entering 

the reactor as VOCs during the saturation and reaction time. Total carbon out was calculated as 

sum of carbon out before TPO (COx during reaction and unreacted VOCs) and carbon evolved 

during TPO. Then, the overall carbon balance was calculated based on Eq. (3.4):  

𝐶𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (%) = 100 ×
 𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑜𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛
 (3.4) 

 

Temperature programmed desorption (TPD) was carried out on the spent catalyst. The 

set-up, described in section “3.3. Activity measurements” and depicted in Fig. 2.1, was used for 
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TPD analyses. After reaction, the reaction system was immediately purged with nitrogen for 10 

minutes. Then, the catalyst was heated to 860 °C at a rate of 20 °C/min under atmospheric-

pressure N2 flow. The evolved gases were analyzed by the long-path gas cell, coupled with the 

FTIR spectrometer.  

Temperature programmed weight loss of the spent catalyst was studied by a thermal 

analyzer (TGA Q500, TA Instruments) with standard furnace type. For this purpose, samples 

were heated to 790 °C at a rate of 20 °C/min under a pure nitrogen flow. 

 

 In situ DRIFTS measurements 

A modified experimental setup (Fig. 3.2) was used for the in situ DRIFTS measurements. 

In this setup, the Nicolet iS50 FTIR spectrometer was coupled with a DRIFTS accessory 

(Harrick, Praying Mantis). Then, the reaction chamber (Harrick, HVC-DRM-5), equipped with 

ZnSe windows, was installed on the DRIFTS accessory. A narrow band mercuric cadmium 

telluride (MCT-A) detector was employed to achieve a high sensitivity for DRIFTS spectra 

collection. Liquid nitrogen was used for cooling the MCT-A detector. DRIFTS spectra were 

collected with a resolution of 4 cm−1 in the range of 3900-1300 cm−1 to achieve fast scanning and 

to avoid saturation of the detector. Potassium bromide (KBr) was used for background 

collection. 
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Fig. 3.2. Schematic of the experimental setup for in situ DRIFTS measurements. 

 

In situ DRIFTS spectra were collected during reaction, TPO, and TPD. Operation 

conditions were the same as those for the activity measurements (see section “3.3. Activity 

measurements”) or temperature programmed analyses (see section “3.4. Temperature 

programmed analyses”). 

 

 Product identification by GC-MS 

A gas chromatograph (Agilent, 7890A) coupled with a mass spectrometer (Agilent, 5975C) 

was employed to identify carbonaceous species deposited on the catalysts. An Agilent standard 

HP-5MS column was utilized in the gas chromatograph. For this purpose, the spent catalysts 
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were washed with dichloromethane, and the obtained extracts were analyzed by the gas 

chromatograph-mass spectrometer. 

 

 Kinetic analyses 

A modified experimental setup (Fig. 3.3) was used for kinetic analyses. Experiments 

were conducted in a plug flow reactor at atmospheric pressure. The reactor is made of a 

horizontal pyrex tube with inner diameter of 0.0125 m. This system allowed to use varied 

amounts of the catalyst for the kinetic studies. As mentioned earlier, a catalyst powder size of 

less than 0.208 mm was used in the experiments. The tube was fixed in an oven (Binder, FP 

115), controlling the reaction temperature. Kinetic data were obtained at three different 

temperatures (70, 80, and 90 °C), since catalyst activity is not stable at temperatures below 70 °C 

due to catalyst deactivation. The employed configuration did not exhibit mass transfer limitations 

for catalytic ozonation of toluene and acetone (see Appendix C). 

Differential method of analysis was used to determine the reaction rates. Space time of 

the reactor varied from 0 to 846 kg s mole-1. Data of space time versus VOC conversion were 

fitted to Eq. (3.5) [102] by using curve fitting tool of MATLAB 2016a:  

𝑋𝑣𝑜𝑐 = 𝐴(1 − exp ( −𝐵
𝑊

𝐹𝑣𝑜𝑐,𝑖𝑛
)) (3.5) 

where, 𝑊, 𝑋𝑣𝑜𝑐 , and 𝐹𝑣𝑜𝑐,𝑖𝑛 are catalyst weight (kg), VOC conversion, and inlet molar flow 

rate of VOC (mole s-1), respectively. A and B are fitting parameters. 
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Fig. 3.3. Schematic of the experimental setup for kinetic analyses.  

 

Then, reaction rates (𝑟𝑣𝑜𝑐) were calculated by Eq. (3.6): 

−𝑟′𝑣𝑜𝑐 =
𝑑𝑋𝑣𝑜𝑐

𝑑(𝑊 𝐹𝑣𝑜𝑐,𝑖𝑛⁄ )
 (3.6) 

Finally, the obtained reaction data were fitted to the power law kinetic model by using the 

non-linear least squares regression tool of IBM SPSS 24. 
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Chapter 4:  

Catalytic ozonation of toluene  

 

Results of investigation of catalytic ozonation of toluene on MnOx/-alumina (10%) 

catalyst are presented in this chapter. First, characterization of the MnOx/-alumina will be 

discussed. Then catalyst activity and reaction kinetics will be discussed, followed by in situ 

DRIFTS studies and characterization of the spent catalyst. Finally, the role of surface 

carboxylates in catalytic ozonation of toluene will be discussed. 

 

Contribution of the PhD candidate: 

The PhD candidate, Mostafa Aghbolaghy, was the major contributor of this chapter. All 

of the written text was prepared by Mostafa Aghbolaghy. Dr. Jafar Soltan supervised and provided 

consultation during the experimental period and thesis preparation. An earlier version of the 

experimental setup had been designed and constructed by Dr. Ebrahim Rezaei. The experimental 

setup was significantly upgraded by Mostafa Aghbolaghy. The upgrade included changes to 

design, tubing, flow control, and analysis systems. XANES and XAFS data were collected in the 

Canadian Light Source by assistance of Dr. Ning Chen. Also, XPS data were collected in the 

Canadian Light Source by assistance of Ronny Sutarto. Dr. Ning Chen provided general 

guidance for analyses of the XANES and XAFS data. In situ DRIFTS measurements, catalyst 
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activity measurements, temperature programmed analyses, and GC-MS analysis were performed 

and interpreted by Mostafa Aghbolaghy. Suggestions from advisory committee members 

(alphabetic order: Dr. Ning Chen, Dr. Mehdi Nemati, Dr. Catherine Niu, and Dr. Hui Wang) 

were used to improve the quality of this work.  

 

 Characterization of MnOx/γ-alumina 

BET surface area and pore volume of pure -alumina were 219 m2/g and 0.60 cm3/g, 

respectively. Addition of manganese slightly decreased the surface area and pore volume. BET 

surface area and pore volume of the fresh MnOx/-alumina catalyst were 200 m2/g and 0.56 

cm3/g, respectively. This indicates that the structure of -alumina was preserved during the 

catalyst preparation. ICP-MS analysis showed that the manganese loading on the catalyst was 9.8 

wt%. This is close to the nominal manganese loading of 10 wt%. 

X-ray absorption fine structure (XAFS) was used to further characterize the catalyst. 

Essentially, XAFS probes the local structure around selected atomic species and is based on the 

way that X-rays are absorbed by an atom at energies near and above the core level binding energies 

of that atom [103,104]. In other words, XAFS is a measure of the energy dependence of absorption 

coefficient. If energy of the incident X-ray is equal to that of the binding energy of a core-level 

electron, there will be a sharp rise in absorption (i.e. absorption edge). The strong dependence of 

absorption coefficient on atomic number and X-ray energy is a fundamental property [93,103,104]. 

 The obtained X-ray absorption spectrum can be divided into two regimes including X-ray 

absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). 
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XANES is especially sensitive to formal oxidation state and coordination chemistry of the 

absorbing atom. XANES can be used as a fingerprint to identify phases, as position and shape of 

edge are sensitive to formal valence state, ligand type, and coordination environment. Also, owing 

to large signal of XANES, it might be utilized at lower concentrations and imperfect sample 

conditions [103,104]. 

Mn K-edge XANES spectra of the catalyst and pure reference materials were collected to 

investigate the manganese oxide phases of the catalyst. Fig. 4.1 shows the XANES spectra. 

Absorption energy of Mn K-edge was determined to be 6553.86 eV for the catalyst, which was 

very close to Mn K-edge absorption energy of Mn2O3 (6553.73 eV). Linear combination fitting of 

the XANES spectra showed that Mn2O3 was the dominant manganese oxide phase of the catalyst 

with 82% abundance, followed by 11% MnO2, and 7% Mn3O4. 

It has been reported [19] that decrease in Mn loading of catalysts decreases oxidation state 

of the manganese and increases catalytic activity towards catalytic ozonation of toluene. Similar 

studies have found that catalysts with lower oxidation state of Mn are more active in catalytic 

ozonation of acetone and benzene [40,78]. 

Therefore, among the detected Mn species in this work, Mn3O4 is the most active species, 

followed by Mn2O3, and MnO2. On the other hand, Mn2O3 is the dominant Mn species of the 

catalyst with 82% abundance, while Mn3O4 constitutes only 7% of the Mn species. Thus, one can 

conclude that Mn2O3 was the main Mn species responsible for the catalytic ozonation of acetone 

in this work. 
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Fig. 4.1. XANES spectra of Mn K-edge; 

 (a) Mn2O3 (b) Mn3O4 (c) MnO2 (d) MnO (e) MnOx-Al2O3. 

 

EXAFS is utilized to determine coordination number, distances and species of the 

neighboring atoms [103,104]. EXAFS can be described in terms of the wave behavior of 

photoelectron created in the absorption process. Since this phenomenon is an interference effect 

and depends on the wave nature of the photoelectron, it is better to describe it by means of 

photoelectron wavenumber (k) rather than X-ray energy. EXAFS model can be described by the 

following equation: 

x(k) =  ∑
NjS0

2fj(k)e
−2Rj/λ(k)

e
−2k2σj

2

KRj
2j sin[2kRj + δj(k)] (4.1) 
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where f(k), δ(k), R and N are scattering amplitude, phase-shift, distance and coordination number 

of the neighboring atoms. Also, σ2, So
2 and λ(k) are mean square disorder of neighbor distance, 

amplitude reduction term and mean free path of photoelectron, respectively. The sum is over shells 

of similar neighboring atoms [22-24]. 

Mn2O3, the dominant manganese oxide phase of the catalyst, was used to estimate So
2 for 

EXAFS analyses. Mn2O3 has two Mn sites with occupancies of 25% and 75%. The site with 75% 

occupancy has two oxygen bonds at 1.90 Å, two oxygen bonds at 1.98 Å, and another set of two 

oxygen bonds at 2.25 Å. On the other hand, the site with 25% occupancy has 6 oxygen atoms at 

1.99 Å, which are very close to the oxygen bond length of the other Mn site at 1.98 Å. The close 

atomic coordinates of oxygen in the two Mn sites make the EXAFS analysis complicated. 

Therefore, aggregate FEFF calculation was used to integrate the two Mn sites into one single site 

for EXAFS analysis. In the aggregate method, the path lists are weighted by fractional 

population of each site in the unit cell, before running for fuzzy degeneracy [105]. 

Fig. 4.2 shows the magnitude and real part of the Fourier transform of Mn K-edge spectra 

and fittings for the catalyst and Mn2O3. Also, Table 4.1 presents crystal structure of Mn2O3 and 

EXAFS fitting results for Mn2O3 and the catalyst. An amplitude reduction factor of 0.754 was 

obtained for Mn2O3. This is comparable with So
2 of 0.740 found by Longo et al. [106] for Mn2O3. 

Fitting EXAFS data of Mn2O3 based on the aggregate method locates the first shell oxygen atoms 

at interatomic distances of ca. 1.87, 1.96 and 2.22 Å with coordination numbers of 1.5, 3.0 and 

1.5, respectively. Also, Mn atom at the second shell was located at interatomic distance of ca. 

3.11 Å with coordination number of 6.  
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Fig. 4.2. (a) Magnitude and (b) real part of the Fourier transform of Mn K-edge data (symbols) 

and fitting (solid lines); (1) Mn2O3 (2) MnOx/-Al2O3. 
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Fitting EXAFS data of the catalyst found 5.58 Mn atoms at the second Mn shell at 

interatomic distance of ca. 3.12 Å. This is slightly lower than the number of Mn atoms at the 

second Mn shell of Mn2O3, which can be assigned to contribution of other manganese phases as 

identified by LCF of the XANES spectra. 

On the other hand, 1.5, 3.0, and 1.7 oxygen atoms were found at the first Mn shell at 

interatomic distances of ca. 1.88, 1.97 and 2.23 Å, respectively. These are in good agreement 

with the values obtained for Mn2O3. Therefore, there were 6.2 oxygen atoms at the first Mn shell 

of the catalyst. Absolute percentage misfit between data and model was less than 2.5% for both 

catalyst and Mn2O3 EXAFS fittings, indicating that the models were fitted closely to the EXAFS 

data. 

Fig. 4.3 shows deconvolution of the Mn 2p1/2 and Mn 2p3/2 XPS spectra of the MnOx/γ-

alumina catalysts. Four peaks were found from deconvolution of the spectra. The peaks at 641.0 

and 652.7 eV are assigned to Mn3+, and the peaks at 642.1 and 653.8 eV are attribute to Mn4+
 

[71,107]. Mn3+ to Mn4+ ratio was 6.7 with Mn3+ abundance of 87%. Considering that Mn2O3 has 

an Mn oxidation state of +3, the XPS results confirm the XANES results that Mn2O3 is the 

dominant manganese oxide phase of the catalyst. 



 

 

 

5
2
 

Table 4.1.  Crystal structure and EXAFS results by using aggregate FEEF method. 

 Path / Bond CN R (Å) σ2 (×10-3 Å2) ΔEo (eV) So
2 Rf (%)a 

Mn2O3 (crystal structure) MnO 

MnO 

MnO 

MnMn 

1.5 

3.0 

1.5 

6.0 

1.90 

1.99 

2.25 

3.11 

 

   

Mn2O3 (EXAFS fitting) MnO 

MnO 

MnO 

MnMn 

1.5 

3.0 

1.5 

6.0 

1.87 ± 0.02 

1.96 ± 0.02 

2.22 ± 0.02 

3.11 ± 0.02 

4.8 ± 2.9 

 

 

7.7 ± 2.5 

-3.87 ± 2.29 0.754 ± 0.173 1.2 

MnOx/-Alumina MnO 

MnO 

MnO 

MnMn 

1.5 ± 0.3 

3.0 ± 0.6 

1.7 ± 0.7 

5.6 ± 1.9 

1.88 ± 0.01 

1.97 ± 0.01 

2.23 ± 0.01 

3.12 ± 0.02 

3.6 ± 2.1 

 

 

12.0 ± 3.9 

-0.16 ± 1.67 0.754 2.4 

a Absolute percentage misfit between data and model 
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Fig. 4.3. Mn 2p1/2 and Mn2p3/2 XPS spectra of the MnOx/-alumina catalyst and their 

deconvoluted peaks. 

 

 Catalytic activity of MnOx/γ-alumina in catalytic ozonation of toluene 

Catalytic ozonation of toluene was carried out over MnOx/γ-alumina catalyst at 25 and 90 

°C. Toluene and ozone conversion profiles as a function of reaction time are presented in Fig. 4.4 

(a). Also, Fig. 4.4 (b) shows CO and CO2 concentrations in the product stream during the 

catalytic ozonation. 

At 90 °C, a stable reaction was observed with high conversions of about 91% for toluene 

and 92% for ozone. However, at 25 °C operation, a decline in toluene and ozone conversions 
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was observed. After 150 minutes of the reaction at 25 °C, toluene and ozone conversions 

dropped to 64% and 37%, respectively. At 90 °C, carbon monoxide and carbon dioxide 

concentrations increased gradually with reaction time and reached constant concentrations of 200 

and 500 ppmv, respectively. On the other hand, at 25 °C, carbon monoxide and carbon dioxide 

concentrations increased initially and reached maximum values of 75 and 235 ppmv, 

respectively, followed by a decline in CO2 concentration. 

It has been suggested [86,87] that ozone decomposition on the surface of the catalyst 

generates highly reactive oxygen species that rapidly oxidize the adsorbed VOCs in catalytic 

ozonation processes. Ozone decomposition on manganese oxide occurs as follows [58,60]: 

O3 + Mnn+ → O2 + O2- + Mn(n+2)+  (4.2) 

O3 + O2- + Mn(n+2)+ → O2 + O2
2- + Mn(n+2)+   (4.3) 

O2
2- + Mn(n+2)+→ O2 +Mnn+   (4.4) 

 

The similarity of VOC and ozone conversion profiles can suggest that higher ozone 

conversion may lead to higher VOC conversion. However, a study [75] showed that Pd/-Al2O3 

(1 wt%), which is very active for ozone decomposition (without VOCs), fails in catalytic 

ozonation of toluene and experiences a severe deactivation. Therefore, higher ozone conversion 

by a catalyst does not necessarily enhance VOC conversion, although ozone decomposition 

remains an essential part of all gas phase catalytic ozonation systems and is strongly linked to the 

overall oxidation process. 
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Fig. 4.4. Catalytic ozonation of toluene at 25 and 90 °C on MnOx/γ-alumina, (a) toluene and 

ozone conversions; (b) CO and CO2 concentrations in the exhaust stream; WHSV = 350 L h-1 g-1, 

[O3] = 1200 ppmv, and [toluene] = 130 ppmv; error bars are standard errors. 
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 Catalytic activity of γ-alumina in catalytic ozonation of toluene 

Similar experiments were conducted by using -alumina to investigate its role in catalytic 

ozonation of toluene. Toluene and ozone conversion profiles along with the produced CO and 

CO2 concentrations are presented in Fig. 4.5. 

Rapid catalyst deactivation was observed at both 25 and 90 °C, however, toluene and 

ozone conversions were relatively higher at 90 °C compared to those at the 25 °C reaction. After 

only 40 minutes of reaction at 90 °C, toluene and ozone conversions dropped to 50% and 37%, 

respectively. At 25 °C, toluene and ozone conversions plunged to 21% and 7%, respectively. 

Similarly, produced carbon monoxide and carbon dioxide concentrations for reactions over -

alumina were significantly lower than those for reactions over MnOx/-Al2O3 catalyst.  

This observation emphasizes the important role of the Mn sites in the catalytic activity of 

the MnOx/-Al2O3 catalyst. Moreover, this observation suggests that -Al2O3 is not an inert 

support and it can oxidize toluene in the presence of ozone, although the reaction is not stable 

and a rapid catalyst deactivation occurs. Studies on catalytic ozonation of VOCs, using 

manganese oxide supported on γ-alumina, silica, titania, and zirconia, found that VOC removal 

rates normalized by surface area of the catalysts were comparable or slightly lower than those 

with the γ-alumina supported catalysts [26,27].  
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Fig. 4.5. Catalytic ozonation of toluene at 25 and 90 °C on γ-alumina, (a) toluene and ozone 

conversions; (b) CO and CO2 concentrations in the exhaust stream; WHSV = 350 L h-1 g-1, [O3] 

= 1200 ppmv, and [toluene] = 130 ppmv; error bars are standard errors. 
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 Reaction kinetics of catalytic ozonation of toluene on MnOx/-alumina 

Kinetic data were obtained at three different temperatures (70, 80, and 90 °C), since 

catalyst activity is stable at temperatures above 60 °C and catalyst deactivation occurs at lower 

temperatures. Homogeneous reaction between ozone and toluene (in the absence of catalyst) was 

negligible at these temperatures. Similar observation has been reported by other researchers 

[108]. As mentioned in Chapter 3, the employed catalyst powder size, reaction conditions and 

reactor configurations inhibited mass transfer limitations. Reaction rates were obtained using 

differential method of analysis as discussed in section “3.7. Kinetic analyses”. Table 2.1  

presents the obtained reaction rates for catalytic ozonation of toluene on MnOx/γ-alumina. The 

power law model has been used in several kinetic studies of catalytic ozonation [80,81] of 

VOCs. This model is expressed by Eq. (4.5): 

−𝑟′
𝑡𝑜𝑙 = 𝑘′𝐶𝑡𝑜𝑙

𝛼 𝐶𝑂3

𝛽
  (4.5) 

where, 𝑟′𝑡𝑜𝑙 is toluene reaction rate (mole kg-1 s-1), 𝐶𝑡𝑜𝑙 is concentration of toluene (mole L-1), 

and 𝐶𝑂3
 is concentration of ozone (mole L-1). In addition, there are three unknown parameters (α, 

β, and k). α and β are orders of reaction with respect to toluene and ozone, respectively. 𝑘′ is the 

reaction rate constant, which can be expressed as: 

 𝑘′ = 𝐴(exp (
−𝐸𝑎

𝑅𝑇
))  (4.6) 

where, 𝑅 is the universal gas constant (8.314 J K-1 mole-1), 𝐴 is frequency factor (i.e. pre-

exponential factor), 𝐸𝑎 is the apparent activation energy, and 𝑇 is the reaction temperature (K).  
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Table 4.2.  Reaction rates for catalytic ozonation of toluene on MnOx/γ-alumina. 

Temperature (K) Toluene a (×106 mole L-1) Ozone b (×106 mole L-1) -rtol (×104 mole kg-1 s-1) 

363 5.3 49.1 26.9 

363 4.7 42.4 24.6 

363 4.3 40.6 23.7 

363 3.5 36.0 21.6 

363 2.1 20.8 15.4 

363 1.1 10.8 10.2 

363 0.3 1.5 3.2 

353 5.3 49.1 18.8 

353 4.8 43.9 16.8 

353 4.3 39.9 15.1 

353 2.9 29.2 10.8 

353 2.1 23.4 8.3 

353 1.0 10.3 4.1 

343 5.3 49.1 11.8 

343 4.7 43.0 10.9 

343 4.0 39.2 10.1 

343 3.5 34.7 9.4 

343 2.3 22.0 7.0 

a Standard error within ± 3%. 
b Standard error within ± 1.5%.  

 

Combining Eqs. (4.5) and (4.6) results in Eq (4.7): 

−𝑟′𝑡𝑜𝑙 = 𝐴(exp (
−𝐸𝑎

𝑅𝑇
))𝐶𝑡𝑜𝑙

𝛼 𝐶𝑂3

𝛽
  (4.7) 



 

60 

 

Reaction data were fitted to Eq. (4.7) by using the non-linear least squares regression. 

This allows non-isothermal fitting of the data. Results of fitting are presented in Table 4.3. Also, 

Fig. 4.6 compares the experimental and predicted rates of toluene removal in catalytic ozonation. 

The obtained apparent activation energy (33 kJ mole-1) is comparable to the apparent 

activation (29 kJ mole-1) of catalytic ozonation of toluene over MnO2/graphene [80]. Also, the 

obtained activation energy is lower than the activation energy (56 kJ mole-1) of homogenous 

gaseous reaction of toluene with ozone [109], indicating that a heterogenous reaction occurs on 

MnOx/γ-alumina. In addition, apparent activation energy (83 - 107 kJ mole-1) of catalytic 

oxidation of toluene (in the absence of ozone) [110,111] is significantly higher than the obtained 

apparent activation energy for catalytic ozonation. 

The obtained reaction orders for toluene and ozone were positive, fractional, and between 

zero and one. Similar reaction orders were obtained for catalytic ozonation of toluene over 

MnO2/graphene [80]. Positive reaction orders for both toluene and ozone mean that an increase 

in concentration of toluene or ozone enhances the reaction rate. 

 

Table 4.3.  Fitting results of the kinetic model for catalytic ozonation of toluene. 

𝐴 (mole0.348 L0.652 kg-1 s-1) 𝐸𝑎 (kJ mole-1) α β R2 a 

1.580 ×105 33 0.183 0.469 0.955 

a Coefficient of determination of the regression analysis. 
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Fig. 4.6. Comparison of the experimental and predicted rates of toluene removal in catalytic 

ozonation.  

 

 In situ DRIFTS of catalytic ozonation of toluene 

To better understand the effect of temperature on catalyst activity, in situ DRIFTS studies 

were conducted. Fig. 4.7a and Fig. 4.7b show in situ DRIFTS spectra of the catalytic ozonation 

of toluene over MnOx/-Al2O3 catalyst at 25 °C and 90 °C, respectively. 

Toluene adsorption on the catalyst did not change the spectrum of the fresh catalyst, due 

to low concentration of toluene in the inlet stream. Once ozone was introduced into the reactor, a 

number of peaks appeared. The peaks at around 1429, 1740, and 1603 cm-1 were the main bands 

corresponding to C-H asymmetric deformation vibration, C=O stretching, and overlap of 

aromatic ring stretching and COO- stretching of surface carboxylates, respectively. Moreover, 
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there was a broad band from 2400 to 3750 cm-1 corresponding to the overlap of OH stretching of 

alcohols, carboxylic acids and water. Similar observations have been reported during in situ 

DRIFTS study of catalytic ozonation of benzene over MnO2/-Al2O3 [26]. Complete list of 

significant bands and corresponding functional groups are presented in Appendix D [19,26,112]. 

The in situ spectra suggest that catalytic ozonation started with a similar mechanism at 

both 25 and 90 °C. This caused appearance and initial increase of similar bands at both 

temperatures. However, the bands corresponding to the undesired product formation (i.e. 1740, 

and the broad band at 2400 – 3750 cm-1) were stronger at 25 °C, which is in agreement with the 

deactivation pattern of the catalyst at 25 ° C. 

In situ DRIFTS spectra for catalytic ozonation of toluene using pure -alumina at 25 ° C 

are depicted in Fig. 4.8. The significant bands were at around 1325-1393 and 1600 cm-1 

corresponding to COO- stretching of the surface carboxylates, and overlap of aromatic ring 

stretching and another COO- stretching, respectively. In addition, there was a broad band from 

2500 to 3750 cm-1 corresponding to the overlap of OH stretching of alcohols, carboxylic acids 

and water. 

The most important difference between the spectra obtained from MnOx/- alumina and 

-alumina was the presence of a very strong band at around 1740 cm-1 (corresponding to C=O 

stretching) on the spectra of the MnOx/-alumina catalyst. The same band appeared only as a 

shoulder on the spectra of the -alumina catalyst. This implies that the presence of manganese 

oxide is essential to effectively oxidize carbonaceous materials on the surface of the catalyst. 
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Fig. 4.7. In situ DRIFTS spectra of catalytic ozonation of toluene over MnOx/-alumina at (a) 25 

°C and (b) 90 °C; WHSV = 350 L h-1 g-1, [O3] = 1200 ppmv, and [toluene] = 130 ppmv. 
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Fig. 4.8. In situ DRIFTS spectra of catalytic ozonation of toluene over -alumina at 25 °C; 

WHSV = 350 L h-1 g-1, [O3] = 1200 ppmv, and [toluene] = 130 ppmv. 

 

 Temperature programmed analysis on the spent catalyst 

Thermo-gravimetric analysis was conducted under inert N2 environment. Fig. 4.9 shows 

weight loss profile of the spent MnOx/-alumina catalyst during the thermo-gravimetric analysis. 

After heating the spent catalysts at a rate of 20 °C/min to 790 °C, the spent catalysts of 25 and 90 

°C reactions lost 27% and 11% of their weights, respectively. This indicates that higher amount 

of materials accumulated on the catalyst at the 25 °C operation. 
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Fig. 4.9. Weight loss during thermo-gravimetric analysis of MnOx/-alumina catalyst used in 

catalytic ozonation of toluene at 25 °C and 90 °C. 

 

Fig. 4.10 depicts in situ DRIFTS spectra at different temperatures of 325, 525 and 870 °C 

during temperature programmed desorption (TPD) of the catalyst used in the 25 °C catalytic 

ozonation. TPD was carried out under inert N2 flow and the spent catalyst was heated up to 870 

°C at a rate of 20 °C/min. By heating the spent catalyst to 325 °C, intensities of all bands 

decreased to some extent. Further increase in temperature to 525 °C, reduced intensities of the 

band at 1740 cm-1 (C=O stretching) and the broad band at 2400 – 3750 cm-1 (OH stretching). On 

the other hand, it increased intensities of the bands at 1429 (C-H asymmetric deformation 

vibration) and 1600 cm-1 (overlap of aromatic ring stretching and COO- stretching of surface 

carboxylates). At 525 °C, there were still two other bands at 2930 cm-1 and 3060 cm-1 
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corresponding to saturated and unsaturated C-H stretching, respectively. Further increase in 

temperature to 870 °C, removed the bands at 1740 and 2930 cm-1 and reduced intensity of the 

bands at 1429 and 1600 cm-1. Therefore, even at 870 °C, the bands at 1429, 1530 – 1600, and 

3060 cm-1 (as indicated in Fig. 4.10) remained on the spectra. 

 

Fig. 4.10. In situ DRIFTS spectra during TPD analysis of spent MnOx/-alumina catalyst used in 

catalytic ozonation of toluene at 25 °C. 

 

The evolved gases during TPD were analyzed and Table 4.4 presents a summary of the 

detected compounds at each temperature range. CO and CO2 were found in the exhaust gas 

during TPD of the spent catalyst at almost all TPD temperatures (25 - 870 °C). The presence of 

significant amounts of CO and CO2 in a wide range of temperature indicates that the detected 
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COx not only originated from desorption of adsorbed CO and CO2, but also they evolved from 

decomposition of larger carbonaceous compounds that were deposited on the catalyst. 

During TPD of the catalyst used for the 25 °C catalytic ozonation, acetic acid, formic 

acid and water were desorbed by heating the spent catalyst to 325 °C. Benzene and methane 

were detected during TPD from 525 to 870 °C. This is the same temperature range at which the 

bands corresponding to saturated C-H stretching, aromatic ring stretching and COO- stretching of 

surface carboxylates were decreased/removed as well (Fig. 4.10). This implies that benzene and 

methane evolved from decomposition of larger surface carboxylate compounds. Surface 

carboxylates have been found in catalytic ozonation of VOCs using SiO2-based catalysts as well 

[28]. During TPD of the catalyst used for the 90 °C catalytic ozonation, benzene and methane 

were detected at 525 - 870 °C temperature range. This indicates that the surface carboxylates, 

associated with benzene and methane, were present at the 90 °C catalytic ozonation as well. 

 

Table 4.4.  Compounds detected in the exhaust gas during TPD of the spent MnOx/-alumina 

used in catalytic ozonation of toluene. 

Sample 
Temperature 

range (°C) 
Detected compounds 

25 °C reaction 25 - 325 acetic acid, formic acid, water vapor, CO, CO2 

25 °C reaction 325 - 525 water vapor, CO, CO2 

25 °C reaction 525 - 870 benzene, methane, CO, CO2 

90 °C reaction 25 - 325 water vapor, CO, CO2 

90 °C reaction 325 - 525 water vapor, CO, CO2 

90 °C reaction 525 - 870 benzene, methane, CO, CO2 
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Temperature programmed oxidation (TPO) of the spent catalysts was conducted under 

atmospheric-pressure flow of oxygen-nitrogen (20-80 v%) and heating rate of 10 °C/min. Fig. 

4.11 depicts in situ DRIFTS spectra during TPO of the catalyst used in the 25 °C catalytic 

ozonation. By increasing temperature to 745 °C almost all bands corresponding to carbonaceous 

materials disappeared. Similar results have been reported for TPO of spent MnO2/-alumina 

catalysts used for catalytic ozonation of benzene [26]. This is different from TPD (under N2) 

results that even at 870 °C, some bands at 1429, 1530 – 1600, and 3060 cm-1 remained on the 

spectra. 

 

 

Fig. 4.11. In situ DRIFTS spectra during TPO analysis of spent MnOx/-alumina catalyst used in 

catalytic ozonation of toluene at 25 °C. 
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Fig. 4.12 shows the variations in CO and CO2 concentrations during TPO analysis. For 

the catalyst used in the 25 °C catalytic ozonation (Fig. 4.12a), maximum CO generation was at 

342 °C with a concentration of 385 ppmv. Also, maximum CO2 concentration was 2260 ppmv 

that was obtained at 372 °C. Most of the CO2 was generated in the temperature range of 275 – 

525 °C. This is in agreement with the DRIFTS spectra during TPO (Fig. 4.11) that increasing 

temperature to 525 °C decreased the intensity of the band at 1740 cm-1 (C=O stretching) 

significantly. Benzene and methane gases were not detected during TPO analysis. This indicates 

that the surface carboxylates, associated with benzene and methane, were oxidized to CO and 

CO2. 

Similar results were obtained for the catalyst used in the 90 °C catalytic ozonation (Fig. 

4.12b), however, CO and CO2 concentrations were relatively lower. In this case, the maximum 

CO concentration was 195 ppmv that was obtained at 308 °C, and CO2 concentration reached a 

maximum value of 1330 ppmv at 345 °C. For the catalyst used in the 25 °C reaction, total 

amount of the evolved COx during TPO was almost 2 times higher than that of the 90 °C reaction 

(Table 4.5), indicating that higher amount of carbonaceous materials accumulated on the catalyst 

in the 25 °C reaction. 

Table 4.5 shows the quantitative data for the overall carbon balance in the process. The 

overall carbon balance was calculated based on Eq. (3.4) as described in section “3.4. 

Temperature programmed analyses”.  For the 25 °C operation, about 25.57 mg carbon entered 

the reactor during the saturation and reaction time. On the other hand, 25.13 mg carbon was 

detected in the exhaust of the reactor as unreacted toluene, produced COx during reaction, and 

COx during TPO. This resulted in a 94.58% overall carbon balance. 
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Fig. 4.12. Variation of CO and CO2 concentrations during TPO analysis of the spent MnOx/-

alumina used in catalytic ozonation of toluene at (a) 25 °C (b) 90 °C. 
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For the 90 °C operation, about 25.01 mg carbon entered the system and the same amount 

was detected in the exhaust stream resulting in a 100% overall carbon balance. 

 

Table 4.5.  Breakdown of carbon (numbers are in mg) distribution and the overall carbon balance 

for catalytic ozonation of toluene over MnOx/-alumina. 

 25 °C reaction 90 °C reaction 

Total carbon in a  26.57 25.01 

Total carbon out before TPO b 14.72 19.70 

Total carbon evolved during TPO c 10.41 5.31 

Total Carbon out 25.13 25.01 

Carbon balance (%) 94.58 100 

a During reaction and catalyst saturation with toluene. 
b As COx and unreacted toluene. 
c As evolved COx during TPO. 

 

 Identification of carbonaceous deposits by GC-MS 

The carbonaceous species accumulated on the spent MnOx/-alumina catalyst were 

extracted with dichloromethane and were analyzed with GC-MS. For the catalyst used at 25 °C, 

a number of organic compounds such as formic acid, acetic acid, acetol, formyl acetate, acetic 

anhydride, acetoxyacetic acid, -isoamylene oxide, and isopropyl methyl ketone were found. 

These compounds are listed in the order of increasing the number of carbon atoms in their 

structures. For the catalyst used at 90 °C, none of the mentioned compounds were detected by 

GC-MS analysis of the extract. 
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 Role of surface carboxylates 

The surface carboxylates, with the most significant band at around 1600 cm-1, were 

observed during the catalytic ozonation of toluene over MnOx/-alumina catalyst. As discussed 

earlier, the surface carboxylates were found in the catalytic ozonation with pure -alumina as 

well. To investigate whether the surface carboxylates form on the manganese oxide sites, 

catalytic ozonation of toluene using pure Mn2O3 was conducted. Mn2O3 was chosen to represent 

the MnOx Since Mn2O3 was the major manganese phase of the MnOx/-alumina catalyst with 

82% abundance (see section “4.1. Characterization of MnOx/γ-alumina”). In situ DRIFTS spectra 

for catalytic ozonation of toluene using pure Mn2O3 at 25 ° C are depicted in Fig. 4.13.  

 

 

Fig. 4.13. In situ DRIFTS spectra of catalytic ozonation of toluene over Mn2O3 at 25 °C; WHSV 

= 350 L h-1 g-1, [O3] = 1200 ppmv, and [toluene] = 130 ppmv. 
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Interestingly, the only significant band was at around 1760 cm-1 corresponding to C=O 

stretching. Also, surface carboxylates, with a significant band at around 1600 cm-1, were not 

formed on pure Mn2O3. Therefore, it is plausible that the surface carboxylases resided mainly on 

the -alumina part of the MnOx/-alumina catalyst. 

In situ DRIFTS spectra of a one-minute catalytic ozonation reaction over MnOx/-

alumina at 25 °C (Fig. 4.14) shows that the surface carboxylases were formed on the surface of 

the catalyst from the early moments of the reaction.  

 

Fig. 4.14. In situ DRIFTS spectra of the one-minute catalytic ozonation of toluene at 25 °C over 

MnOx/-alumina. 

 

Therefore, these compounds were present from the early moments of the reaction, 

however, toluene and ozone conversions were not decreased in the first 20 minutes of the 
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reaction at 25 °C (See Fig. 4.4). The surface carboxylates were observed during the catalytic 

ozonation at 90 °C as well, while a stable catalytic ozonation was observed. Achieving a stable 

catalytic activity despite the presence of surface carboxylates indicates that surface carboxylates 

do not cause deactivation of the MnOx/-alumina catalyst. This conclusion is different from 

previous studies [26,28,64,108] that have assumed all accumulated materials are detrimental to 

the catalytic activity, without differentiating between their roles in the reaction. 

 

 Reaction pathway of catalytic ozonation of toluene 

As discussed in Chapter 2, there are two proposed reaction mechanisms for catalytic 

ozonation of toluene over manganese oxides supported on graphene and alumina [79,80]. The 

reaction mechanism proposed for alumina supported manganese oxide catalyst [79] does not 

have any experimental evidence to support the suggested mechanism and has ignored the role of 

alumina support in the reaction. The reaction mechanism proposed for graphene supported 

manganese oxide catalyst [80] has no experimental evidence and is an adopted version of a 

mechanism suggested by Reed et al. [81] for catalytic ozonation of acetone on silica supported 

manganese oxide catalyst. However, findings in this work showed a different possible pathway 

for catalytic ozonation of toluene.  

As discussed earlier, ozone decomposition on the surface of the catalyst generates highly 

reactive atomically adsorbed oxygen species (■O) that rapidly oxidize adsorbed VOCs [86,87]:  

O3 + ■ → O2 + ■O (4.8) 

■O + O3 → O2 + ■O2 (4.9) 
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■O2 → O2 + ■ (4.10) 

where ■ represents a catalyst active site. Ozone decomposition occurs on both -alumina and Mn 

sites of the MnOx/-alumina catalyst (see Fig. 4.4 and Fig. 4.5). Therefore, ■ can be either an 

alumina or Mn site. 

Fig. 4.15 shows the breakthrough curves of toluene adsorption on MnOx/-alumina, pure 

-alumina, and pure Mn2O3. Adsorption breakthrough times for MnOx/-alumina, and pure -

alumina were 4 and 5 min, respectively. However, breakthrough time for pure Mn2O3 was very 

short (less than 1 min). Therefore, toluene is mainly adsorbed on -alumina sites of the MnOx/-

alumina catalyst.  

 

 

Fig. 4.15. Breakthrough curves of toluene adsorption on MnOx/-alumina, -alumina, and Mn2O3 

at 25 °C. 
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As discussed in section “4.3. Catalytic activity of -alumina in catalytic ozonation of 

toluene”, alumina not only acts as a reservoir for toluene, but also it interacts effectively with 

toluene, in the presence of ozone, to create surface carboxylate intermediates. The presence of 

highly reactive atomic oxygen species, resulted from ozone decomposition, creates an oxidative 

environment. Many quick reactions can occur in this oxidative environment, which makes it 

difficult to identify unstable reaction intermediates.  

However, studies on interaction of toluene with metal oxides have shown [113–116] that 

toluene interacts with the surface of metal oxides via abstraction of H atoms from the methyl 

group. Therefore, a possible pathway for catalytic ozonation of toluene on the MnOx/-alumina 

catalyst is as follows: 

C6H5CH3 + ▲ ↔ ▲C6H5CH3 (4.11) 

▲C6H5CH3
 + ▲ → ▲C6H5CH2 + ▲H (4.12) 

▲C6H5CH2
 + 2▲O → ▲C6H5COO + 2▲H (4.13) 

where ▲ represents an alumina site. Eq. (4.11) shows adsorption of toluene on the first alumina 

site. Eq. (4.12) is based on dissociation of one H atom from the methyl group of toluene [113–

116]. Then, the unstable benzyl species (▲C6H5CH2) reacts with oxygen species (Eq. (4.13)) to 

produce adsorbed benzoate (▲C6H5COO), which is a stable surface carboxylate intermediate. 

Eq. (4.13) may include multiple steps. The adsorbed protons (▲H) can react with the oxygen 

species and produce water (Eqs. (4.14  4.16)) [79,116]: 

▲H + ▲O ↔ ▲OH (4.14) 

2▲OH ↔ ▲H2O + ▲O (4.15) 



 

77 

 

▲H2O ↔ ▲ + H2O (4.16) 

Pure -alumina cannot further oxidize surface carboxylates (see section “4.3. Catalytic 

activity of -alumina in catalytic ozonation of toluene”) and the presence of Mn sites is necessary 

for further oxidation of the surface carboxylates (Eqs. (4.17) and (4.18)): 

▲C6H5COO + * ↔ *C6H5COO (4.17) 

*C6H5COO + n *O → products (4.18) 

where * represents a surface Mn site. It has been reported [108] that room temperature oxidation 

of species with COO group (representing carboxylates) in the presence of ozone transforms 

them to species containing C=O and C–O functional groups such as carboxylic acids. As 

discussed earlier, formic acid and acetic acid were found during TPD of the catalyst used for 

catalytic ozonation at 25 °C (see Table 4.4). In addition to formic acid, acetic acid, acetol, formyl 

acetate, acetic anhydride, acetoxyacetic acid, -isoamylene oxide, and isopropyl methyl ketone 

were detected in the extract of the spent catalyst. It is believed that these undesired products, 

which were found only in the 25 °C operation, accumulated on the surface of the catalyst and 

caused catalyst deactivation. 

 

 Summary 

In this chapter, characterization of MnOx/-alumina catalyst and catalytic ozonation of 

toluene were discussed. BET surface area and pore volume of the MnOx/-alumina catalyst were 

200 m2/g and 0.56 cm3/g, respectively. Nominal manganese loading was 10 wt%. LCF of the Mn 

K-edge XANES spectra showed that Mn2O3 was the dominant manganese oxide phase of the 
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catalyst with 82% abundance, followed by 11% MnO2, and 7% Mn3O4. Absorption energy of 

Mn K-edge was determined to be 6553.86 eV for the catalyst. XPS results confirmed that Mn2O3 

was the major manganese oxide phase of the catalyst. 

Catalytic ozonation of toluene was conducted over MnOx/-alumina catalyst at 25 and 90 

°C. At 90 °C, a stable reaction was observed with high conversions of about 91% and 92% for 

toluene and ozone, respectively. However, at 25 °C operation, a decline in toluene and ozone 

conversions was observed. Kinetic studies over MnOx/-alumina showed that reaction orders for 

toluene and ozone were 0.181 and 0.469, respectively. Also, an apparent activation energy of 33 

kJ mole-1 was determined. Rapid catalyst deactivation was observed at both 25 and 90 °C 

operation when using pure -alumina (without manganese) as catalyst. This emphasizes the 

important role of the manganese in the catalytic activity of the MnOx/- alumina catalyst. 

In situ DRIFTS studies, along with a number of temperature programmed analyses 

helped to distinguishing the role of surface carboxylates from that of undesired products such as 

acetic acid and formic acid. This helped to develop a better understanding of the reaction 

mechanism and catalyst stability. During catalytic ozonation of toluene, surface carboxylates 

were observed on MnOx/-alumina and pure -alumina. However, they were not formed on pure 

manganese oxide.  

Alumina not only acts as a reservoir for toluene, but also it interacts effectively with 

toluene, in the presence of ozone, to create surface carboxylate intermediates. Pure alumina 

cannot further oxidize surface carboxylates and hence the presence of manganese sites is 

necessary for further oxidation of the surface carboxylates. 
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It is believed that at 25 °C, undesired products such as acetic acid and formic acid 

accumulate on the surface of the MnOx/-alumina catalyst and decrease the catalyst activity. 

However, at 90 °C, the undesired products are quickly oxidized to carbon dioxide and carbon 

monoxide. Therefore, a stable catalytic activity is observed at 90 °C. 
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Chapter 5:  

Catalytic ozonation of acetone  

 

Results of catalytic ozonation of acetone on MnOx/-alumina are presented and discussed 

in this chapter. First, catalyst activity and reaction kinetics will be discussed, followed by in situ 

DRIFTS studies and characterization of the spent catalyst. Finally, reaction pathway of catalytic 

ozonation of acetone will be discussed. 

 

Contribution of the PhD candidate: 

The PhD candidate, Mostafa Aghbolaghy, was the major contributor of this chapter. All 

of the written text was prepared by Mostafa Aghbolaghy. Dr. Jafar Soltan supervised and provided 

consultation during the experimental period and thesis preparation. All experiments were designed, 

performed, analyzed, and interpreted by Mostafa Aghbolaghy. An earlier version of the 

experimental setup had been designed and constructed by Dr. Ebrahim Rezaei. The experimental 

setup was significantly upgraded by Mostafa Aghbolaghy. The upgrade included changes to 

design, tubing, flow control, and analysis systems. Suggestions from advisory committee 

members (alphabetic order: Dr. Ning Chen, Dr. Mehdi Nemati, Dr. Catherine Niu, and Dr. Hui 

Wang) were used to improve the quality of this work. 
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 Catalytic activity of MnOx/γ-alumina in catalytic ozonation of acetone 

Catalytic ozonation of acetone was conducted over MnOx/-alumina catalyst at 25 and 90 

°C. Fig. 5.1a shows profiles of ozone and acetone conversion with reaction time at both 

temperatures. A stable catalyst activity was observed at 90 °C with acetone and ozone 

conversions of 90 % and 91 %, respectively. On the other hand, a gradual decline in the 

conversions was observed at 25 °C, so that at reaction time of 150 min, acetone and ozone 

conversions were 47 % and 26 %, respectively. 

Fig. 5.1b shows the profiles of carbon monoxide and carbon dioxide concentrations in the 

exhaust gas stream with reaction time for catalytic ozonation of acetone over MnOx/-alumina 

catalyst. At 90 °C, carbon monoxide and carbon dioxide concentrations were almost constant at 

93 and 255 ppmv, respectively. However, at 25 °C, carbon monoxide and carbon dioxide 

concentrations decreased gradually and reached values of 38 and 127 ppmv (at 150 min), 

respectively. 

 

 Catalytic activity of γ-alumina in catalytic ozonation of acetone 

Similar experiments were conducted by using pure -alumina as catalyst. The profiles of 

acetone and ozone conversions at 25 and 90 °C on -alumina are shown in Fig. 5.2a. It was 

observed that after 40 minutes, acetone and ozone conversions at 25 °C dropped to 18 % and 8 

%, respectively. At 90 °C, not only pure -alumina did not show stable catalytic activity, but also 

acetone and ozone conversions dropped to 39 % and 34 %, respectively.  
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Fig. 5.1. Catalytic ozonation of acetone at 25 and 90 °C on MnOx/γ-alumina, (a) acetone and 

ozone conversions; (b) CO and CO2 concentrations in the exhaust stream; WHSV = 350 L h-1 g-1, 

[O3] = 1200 ppmv, and [acetone] = 130 ppmv; error bars are standard errors. 
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Carbon dioxide and carbon monoxide concentrations for catalytic ozonation over pure -

alumina (Fig. 5.2b) were lower than those of MnOx/-alumina catalyst. Although catalyst 

deactivation occurred rapidly for pure -alumina, these results suggest that -alumina is not an 

inert support and it can oxidize acetone in the presence of ozone. Moreover, these observations 

indicate that the presence of manganese oxide sites is necessary for an effective catalytic 

ozonation process. 

 

 Reaction kinetics of catalytic ozonation of acetone on MnOx/-alumina 

Kinetic data were obtained at three different temperatures (70, 80, and 90 °C). Blank 

experiments in the absence of catalyst showed negligible homogeneous non-catalytic reaction 

between acetone and ozone (less than 1% acetone or ozone conversion). Reed et al. [40,81] have 

reported that reaction between acetone and ozone follows a homogeneous path at temperatures 

higher than 200 °C, and a catalytic path at temperatures lower than 125 °C. As mentioned in 

Chapter 3, the employed catalyst powder size, reaction conditions and reactor configurations 

inhibited mass transfer limitations. Reaction rates were obtained using differential method of 

analysis as discussed in section “3.7. Kinetic analyses”. The power law model for catalytic 

ozonation of acetone is expressed by Eq. (5.1): 

−𝑟′𝑎𝑐𝑒 = 𝑘′𝐶𝑎𝑐𝑒
𝜔 𝐶𝑂3

𝜈   (5.1) 

where, 𝑟′𝑎𝑐𝑒 is acetone reaction rate (mole kg-1 s-1), 𝐶𝑎𝑐𝑒 is concentration of acetone (mole L-1), 

and 𝐶𝑂3
 is concentration of ozone (mole L-1). 
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Fig. 5.2. Catalytic ozonation of acetone at 25 and 90 °C on γ-alumina, (a) acetone and ozone 

conversions; (b) CO and CO2 concentrations in the exhaust stream; WHSV = 350 L h-1 g-1, [O3] 

= 1200 ppmv, and [acetone] = 130 ppmv; error bars are standard errors. 
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ω and ν are reaction orders with respect to acetone and ozone, respectively. Also, 𝑘′ is the 

reaction rate constant, which is expressed as: 

 𝑘′ = 𝐴(exp (
−𝐸𝑎

𝑅𝑇
))  (5.2) 

 

where, 𝑅 is the universal gas constant (8.314 J K-1 mole-1), 𝐴 is frequency factor (i.e. pre-

exponential factor), 𝐸𝑎 is the apparent activation energy, and 𝑇 is the reaction temperature (K). 

Combining Eqs. (5.1) and (5.2) results in Eq (5.3), which allows non-isothermal fitting of the 

data: 

−𝑟′𝑎𝑐𝑒 = 𝐴(exp (
−𝐸𝑎

𝑅𝑇
))𝐶𝑎𝑐𝑒

𝜔 𝐶𝑂3

𝜈   (5.3) 

 

Table 5.1  presents the obtained reaction rates for catalytic ozonation of acetone on 

MnOx/γ-alumina. 

Reaction data were fitted to Eq. (5.3) by using non-linear least squares regression. Table 

5.2 presents the fitting results. Also, Fig. 5.3 compares the experimental and predicted rates of 

acetone removal in catalytic ozonation.  

An apparent activation energy of 40 kJ mole-1 was obtained for catalytic ozonation of 

acetone. This is significantly lower than apparent activation energy of catalytic oxidation of 

acetone in the absence of ozone that has been reported to be in the range of 79 - 118 kJ mole-1 

[117,118].  
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Table 5.1.  Reaction rates for catalytic ozonation of acetone on MnOx/γ-alumina. 

Temperature (K) Acetone a (×106 mole L-1) Ozone b (×106 mole L-1) -race (×104 mole kg-1 s-1) 

363 5.3 49.1 11.4 

363 5.0 47.0 10.6 

363 4.6 42.9 9.9 

363 3.8 37.9 7.9 

363 3.2 33.4 7.0 

363 2.0 22.4 5.0 

363 0.4 4.7 1.8 

353 5.3 49.1 7.1 

353 5.0 46.0 6.4 

353 4.4 42.0 5.7 

353 3.8 38.6 5.0 

353 2.9 32.3 4.4 

343 5.3 49.1 4.3 

343 4.8 44.8 3.6 

343 4.4 42.6 3.2 

343 4.0 34.6 2.5 

a Standard error within ± 2.6%. 
b Standard error within ± 1.4%.  

 

Table 5.2.  Fitting results of the kinetic model for catalytic ozonation of acetone. 

𝑨 (mole0.385 L0.615 kg-1 s-1) 𝑬𝒂 (kJ mole-1) ω ν R2 a 

2.741 ×105 40 0.109 0.506 0.914 

a Coefficient of determination of the regression analysis. 
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Obtained reaction orders for acetone and ozone were 0.109 and 0.506, respectively. 

These are comparable to the values obtained by Reed et al. [81] for catalytic ozonation of 

acetone on MnOx/SiO2. They have reported reaction orders of 0.194 and 0.634 for acetone and 

ozone, respectively [81]. The positive reaction orders mean that an increase in concentration of 

acetone or ozone enhances the reaction rate. 

 

Fig. 5.3. Comparison of the experimental and predicted rates of acetone removal in catalytic 

ozonation.  

 

 In situ DRIFTS of catalytic ozonation of acetone 

In order to better understand the formation of products during catalytic ozonation of 

acetone, in situ DRIFTS study was conducted. Fig. 5.4a and Fig. 5.4b show in situ DRIFTS 
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spectra of the catalytic ozonation of acetone over MnOx/-alumina catalyst at 25 °C and 90 °C, 

respectively. Also, FT-IR spectrum of acetone in the gas phase is depicted in Fig. 5.5. 

 A number of peaks were observed after adsorption of acetone on the catalyst, suggesting 

that both physical and chemical adsorption mechanisms were involved in the adsorption process. 

The peaks at 1370, 1427, and 2973 cm-1 were similar to those of the gas phase acetone. 

However, the peak at 1702 cm-1 (corresponding to C=O stretching) [26,112] was different from 

that of the gas phase acetone at 1737 cm-1. Moreover, after acetone adsorption, a new strong 

peak appeared at around 1600 cm-1, corresponding to antisymmetric and symmetric COO- 

stretching of carboxylates [112]. 

The shift in the peak corresponding to C=O stretching indicates that acetone interacted 

with the surface of the catalyst mainly via its carbonyl group. Also, appearance of the new peak 

corresponding to COO- stretching of carboxylates indicates that some of the adsorbed acetone 

was partially oxidized by lattice oxygen [119,120].  

Another observation was that the peaks at 1370 and 1702 cm-1 had higher intensities at 25 

°C than 90 °C adsorption. However, the peak at around 1600 cm-1 at 90 °C was stronger than that 

at 25 °C adsorption, despite the shorter adsorption breakthrough time at 90 °C (Fig. 5.6.). This 

indicates that although physical and chemical adsorptions occurred at both operating 

temperatures, chemical adsorption was more dominant at 90 °C. 
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Fig. 5.4. In situ DRIFTS spectra of catalytic ozonation of acetone over MnOx/-alumina at (a) 25 

°C and (b) 90 °C; WHSV = 350 L h-1 g-1, [O3] = 1200 ppmv, and [acetone] = 130 ppmv. 
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Fig. 5.5. FT-IR spectrum of acetone in the gas phase. 

 

 

Fig. 5.6. Breakthrough curves of adsorption of acetone on MnOx/-alumina at 25 and 90 °C. 
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Once ozone was introduced into the reaction chamber in the presence of MnOx/-alumina 

catalyst, the peaks related to the physical adsorption of acetone disappeared and a number of new 

peaks emerged. The bands at around 1410, 1462, 1725 cm-1 were the main peaks. Moreover, 

addition of ozone to the system increased the intensity of the peak at around 1600 cm-1 (COO- 

stretching of carboxylates) significantly. The list of significant peaks and their corresponding 

functional groups are presented in Appendix D [19,26,112]. 

Although the observed trends in the DRIFTS spectra after addition of ozone are generally 

the same at 25 and 90 °C, there was relatively stronger carboxylic acid C=O stretching peak at 25 

°C. Also, there was a small peak at 1854 cm-1 (C=O stretching of anhydrides) that was present 

only at the 25 °C spectra.   

Fig. 5.7a and Fig. 5.7b show in situ DRIFTS spectra of the catalytic ozonation of acetone 

over -alumina at 25 °C and 90 °C, respectively. A number of peaks were observed after 

adsorption of acetone on the -alumina. These peaks were similar to those of the acetone 

adsorption on MnOx/-alumina catalyst. Similarly, the peak at around 1600 cm-1 (COO- 

stretching of carboxylates) at 90 °C was stronger than that at 25 °C adsorption. 

At both 25 and 90 °C, addition of ozone to the system in the presence of pure -alumina 

increased intensity of the peak at around 1600 cm-1, however, it did not generate a strong C=O 

stretching peak at 1700-1725 cm-1. The C=O stretching appeared only as a shoulder for -

alumina at both 25 and 90 °C operations. This implies that the presence of Mn sites is necessary 

to effectively utilize ozone and achieve further oxidation of carboxylates on the surface of the 

catalyst. 
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Fig. 5.7. In situ DRIFTS spectra of catalytic ozonation of acetone over -alumina at (a) 25 °C 

and (b) 90 °C; WHSV = 350 L h-1 g-1, [O3] = 1200 ppmv, and [acetone] = 130 ppmv. 

 



 

93 

 

 Temperature programmed analysis on the spent catalyst 

Thermo-gravimetric analysis was carried out under nitrogen flow at a heating rate of 20 

°C/min. Variation in weight of the catalyst versus temperature is shown in Fig. 5.8. By heating 

the spent MnOx/-alumina catalysts up to 790 °C, the spent catalyst of the 25 °C reaction lost 

10% of its weight, whereas the spent catalyst of the 90 °C reaction lost only 5% of its weight. 

This indicates that the amount of reaction products deposited on the spent catalyst of the 25 °C 

reaction was higher than that of the 90 °C reaction. 

 

 

Fig. 5.8. Weight loss during thermo-gravimetric analysis of MnOx/-alumina catalyst used in 

catalytic ozonation of acetone at 25 °C and 90 °C. 
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Temperature programmed desorption (TPD) was conducted on the spent catalysts under 

nitrogen flow at a heating rate of 20 °C/min. Fig. 5.9 shows in situ DRIFTS spectra during TPD 

of the spent MnOx/-alumina catalyst used in the 25 °C catalytic ozonation of acetone. A 

significant decrease in intensities of the bands corresponding to C=O stretching and OH 

stretching was observed by heating the spent catalyst up to 425 °C. Increase in temperature to 

625 °C, decreased the intensities of the bands corresponding to COO- stretching of carboxylates 

and C-H stretching. Then, almost complete removal of these bands was observed by further 

increase in temperature to 860 °C. Similar results were obtained for TPD of the spent MnOx/-

alumina catalyst used for catalytic ozonation of acetone at 90 °C. 

The evolved gases during TPD were analyzed and the compounds detected in the evolved 

gas stream are presented in Table 5.3. Carbon dioxide and carbon monoxide were detected as 

evolved gases in a wide temperature range of 25 - 860 °C. The presence of carbon dioxide and 

carbon monoxide in such a wide temperature range indicates that these compounds were not only 

desorbed from the surface of the catalyst, but they also were generated from decomposition of 

larger carbonaceous molecules that were accumulated on the catalyst. In addition, methane was 

detected in the gas phase in the same temperature range that intensities of the peaks 

corresponding to COO- stretching of carboxylates and C-H stretching decreased significantly. 

These findings suggest that carbon dioxide, carbon monoxide, and methane were most probably 

evolved as a result of decomposition of a surface carboxylate such as acetate which had not 

desorbed at lower temperatures. On the other hand, acetic acid and physically adsorbed acetone 

were desorbed at relatively lower temperatures.   
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Fig. 5.9. In situ DRIFTS spectra during TPD analysis of spent MnOx/-alumina catalyst used in 

catalytic ozonation of acetone at 25 °C. 

 

Table 5.3. Compounds detected in the gas phase during TPD analysis of the spent MnOx/-

alumina catalyst used in catalytic ozonation of acetone. 

Sample 
Temperature 

range (°C) 
Detected compounds 

25 °C reaction 25 - 425 acetic acid, acetone, water vapor, CO, CO2 

25 °C reaction 425 - 860 methane, CO, CO2 

90 °C reaction 90 - 425 acetone, water vapor, CO, CO2 

90 °C reaction 425 - 860 methane, CO, CO2 
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Temperature programmed desorption was conducted on the spent -alumina as well. Fig. 

5.10 shows in situ DRIFTS spectra during TPD of the spent -alumina used in the 25 °C catalytic 

ozonation of acetone. Similar to the MnOx/-alumina catalyst, almost complete removal of these 

bands was observed by further increase in temperature to 860 °C. Methane was detected in the 

evolved gas stream in the temperature range of 425 – 860 °C. Also, intensities of the bands 

corresponding to COO- stretching of carboxylates and C-H stretching decreased in the same 

temperature range. This confirms that -alumina is not an inert support, and surface carboxylates 

such as acetate were formed on alumina regardless of the presence or absence of manganese 

sites. 

 

Fig. 5.10. In situ DRIFTS spectra during TPD analysis of spent -alumina catalyst used in 

catalytic ozonation of acetone at 25 °C. 
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Temperature programmed oxidation (TPO) was conducted on the spent catalysts. TPO 

analysis was performed under oxygen-nitrogen (20-80 v%) flow at a heating rate of 10 °C/min. 

Fig. 5.11 depicts in situ DRIFTS spectra during TPO of the spent MnOx/-alumina catalyst used 

for 25 °C catalytic ozonation of acetone. Increase of temperature to 625 °C was enough to 

remove all the bands corresponding to the carbonaceous materials. This is significantly lower 

than the temperature required in TPD (860 °C under pure nitrogen flow) for removal of all the 

bands corresponding to the carbonaceous materials. 

 

Fig. 5.11. In situ DRIFTS spectra during TPO analysis of spent MnOx/-alumina catalyst used in 

catalytic ozonation of acetone at 25 °C. 

 

Fig. 5.12 shows the profiles of concentration of carbon dioxide and carbon monoxide in 

the product gas stream during the TPO analyses. TPO of the catalyst used in the 25 °C operation, 
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produced maximum carbon dioxide concentration of 680 ppmv at 318 °C, and maximum carbon 

monoxide concentration of 55 ppmv at 308 °C. 

For the catalyst used in the 90 °C operation, maximum carbon dioxide concentration of 

285 ppmv at 345 °C, and maximum carbon monoxide concentration of 20 ppmv at 284 °C. Total 

amount of the evolved carbon during TPO of the catalyst used in the 25 °C reaction was 2.06 

mg, which was almost 60% higher than that of the 90 °C reaction. This indicates that higher 

amount of carbonaceous materials accumulated on the spent catalyst in the 25 °C reaction 

compared to the 90 °C reaction. In addition, methane was not detected in the product gas stream 

during TPO analysis, indicating that the surface carboxylates associated with methane (e.g. 

acetate) were oxidized to carbon dioxide and carbon monoxide. 

Table 5.4 presents the carbon distribution breakdown and overall carbon balance. The 

overall carbon balance was calculated based on Eq. (3.4) as described in section “3.4. 

Temperature programmed analyses”. 

For the 25 °C operation, the total amount of carbon entering the reactor was 14.74 mg. 

About 14.46 mg of carbon left the reactor in the form of unconverted acetone, COx produced 

during the ozonation reaction and COx during TPO. This resulted in a 98.10% overall carbon 

balance. For the 90 °C operation, 12.39 mg carbon entered the reactor, and 12.35 mg total carbon 

was detected in the product stream (ozonation and subsequent TPO). Therefore, the overall 

carbon balance was about 99.68%. 
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Fig. 5.12. Variation of CO and CO2 concentrations during TPO analysis of the spent MnOx/-

alumina used in catalytic ozonation of acetone at (a) 25 °C (b) 90 °C. 
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Table 5.4.  Carbon distribution breakdown (numbers are in mg) and the overall carbon balance 

for catalytic ozonation of acetone over MnOx/-alumina. 

 25 °C reaction 90 °C reaction 

Total carbon in a  14.74 12.39 

Total carbon out before TPO b 12.40 11.06 

Total carbon evolved during TPO c 2.06 1.29 

Total Carbon out 14.46 12.35 

Carbon balance (%) 98.10 99.68 

a During reaction and catalyst saturation with acetone. 
b As COx and unreacted acetone. 
c As evolved COx during TPO. 

 

 Identifying carbonaceous deposits by GC-MS 

The spent MnOx/-alumina catalysts were extracted with dichloromethane and were 

analyzed by GC-MS to identify the carbonaceous species that were deposited on the catalyst 

during the ozonation reaction. Compounds such as acetic acid, acetic anhydride, -isoamylene 

oxide and isopropyl methyl ketone were found for the catalyst used in the 25 °C reaction. It has 

been reported [26] that formic acid, acetic acid, phenol, and oxalic acid were detected in catalytic 

ozonation of benzene over alumina-supported manganese oxide at room temperature. Also, Xi, et 

al. [87] have reported that compounds such as acetic acid, acetaldehyde, ethylene, and acetylene 

were detected in the exhaust stream of catalytic ozonation of acetone over silica-supported 

manganese oxide. At 25 °C, incomplete oxidation of acetone led to the formation of the partially 

oxidized undesired products that gradually accumulated on the catalyst. None of the mentioned 
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compounds were found in GC-MS analysis of the catalyst used for the 90 °C reaction. It is 

believed that increase of temperature led to better oxidation of carbonaceous deposits to COx. 

 

 Reaction pathway of catalytic ozonation of acetone 

Reed et al. [81] suggested a possible reaction mechanism for catalytic ozonation of 

acetone on 10 wt% MnOx/SiO2. In this mechanism, silica support is a reservoir for the physically 

adsorbed acetone, and acetone molecules migrate to the Mn sites and react with highly active 

atomic oxygen species produced from ozone decomposition [81]: 

CH3COCH3 + ● ↔ ●CH3COCH3 (5.4) 

●CH3COCH3 + * ↔ * CH3COCH3 + ● (5.5) 

O3 + * → O2 + *O (5.6) 

*CH3COCH3 + m *O → products (5.7)  

where * represents a surface manganese site, ● represents a surface silica site. 

However, findings in this research showed a different possible pathway for the catalytic 

ozonation of acetone on alumina-supported manganese oxide, leading to the following scheme: 

CH3COCH3 + ▲ ↔ ▲CH3COCH3 (5.8) 

▲CH3COCH3 + ▲O → ▲CH3COO + ▲CH3 (5.9) 

▲CH3COO + * ↔ *CH3COO + ▲ (5.10) 

*CH3COO + n *O → products (5.11)  

where * represents a surface manganese site, ▲ represents a surface alumina site. As discussed in 

sections 5.4 and 5.5, alumina not only acts as a reservoir for acetone (Eq. (5.8)), but also it 
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interacts with acetone to create surface carboxylate intermediates such as surface acetate 

(▲CH3COO). Although the surface carboxylates are formed during the adsorption process as 

well, the presence of ozone enhances formation of these intermediates significantly. Formation of 

the surface carboxylates is shown by (Eq. (5.9)). Pure -alumina is not able to further oxidize the 

surface carboxylates (see Fig. 5.2) and the presence of manganese sites is necessary for effective 

oxidation of the surface carboxylates to carboxylic acids and anhydrides, and eventually to 

carbon dioxide and carbon monoxide (Eqs. (5.10) and (5.11)). Unlike acetate (▲CH3COO), 

▲CH3 is highly reactive and unstable [121] and can be immediately oxidized. 

It has been suggested [86,87] that oxygen species such as O2
−, O2

2−, and O2− may be 

responsible for oxidation of VOCs in catalytic ozonation processes. Other studies [63,81,122] 

have shown that molecular oxygen species do not contribute to the oxidation reaction and are 

generated due to catalytic self-decomposition of ozone (Eqs. (5.13) and (5.14)). Rather, atomic 

oxygen species (O2-) is responsible for oxidation of VOCs/carbonaceous deposits in catalytic 

ozonation processes [63,81,122]. 

O3 + ■ → O2 + ■O (5.12) 

■O + O3 → O2 + ■O2 (5.13)  

■O2 → O2 + ■ (5.14) 

where, ■ can be either an alumina or Mn site.  

At 90 °C, the surface carboxylates are quickly oxidized to carbon dioxide and carbon 

monoxide. At 25 °C, in addition to carbon dioxide and carbon monoxide, undesired products 

such as acetic acid are produced (see Table 5.3). It is believed that these undesired products 

accumulate on the surface of the MnOx/-alumina catalyst and reduce the catalyst activity. 
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 Summary 

Catalytic ozonation of acetone was conducted on alumina-supported manganese oxide. A 

stable catalyst activity was observed at 90 °C with acetone and ozone conversions of 90 % and 

91 %, respectively. On the other hand, a gradual decline in the conversions was observed at 25 

°C. An apparent activation energy of 40 kJ mole-1 was obtained for catalytic ozonation of 

acetone over alumina-supported manganese oxide catalyst. Also, reaction orders of 0.109 and 

0.506 were obtained for acetone and ozone, respectively. 

Stable activity was not achieved for catalytic ozonation of acetone over pure -alumina at 

either 25 or 90 °C. Although catalyst deactivation occurred rapidly for pure -alumina, -alumina 

was not an inert support and it oxidized acetone to some extent in the presence of ozone. 

In situ DRIFTS studies showed that acetone interacted with the surface of the alumina-

supported manganese oxide catalyst mainly via its carbonyl group. Surface carboxylates such as 

surface acetate were produced during acetone adsorption and catalytic ozonation on both 

MnOx/-alumina and pure -alumina as a result of interaction of alumina with the adsorbed 

acetone. The presence of Mn sites was necessary to achieve further oxidation of carboxylates on 

the surface of the catalyst. 

Temperature programmed oxidation of the spent MnOx/-alumina catalysts showed that 

more carbonaceous materials accumulated on the spent catalyst in the 25 °C reaction compared 

to the 90 °C reaction. Increase of temperature to 625 °C under oxygen-nitrogen (without ozone) 

flow was enough to remove all the deposited carbonaceous materials. 
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 At 25 °C, incomplete oxidation of acetone produced compounds such as acetic acid, 

acetic anhydride, -isoamylene oxide and isopropyl methyl ketone. These undesired products 

accumulated on the MnOx/-alumina and reduced the catalytic activity. Thus, a gradual catalyst 

deactivation occurred at 25 °C. However, at 90 ° carbonaceous deposits were quickly oxidized to 

carbon dioxide and carbon monoxide, which led to a stable catalytic activity. 
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Chapter 6:  

Catalytic ozonation of mixture of toluene and acetone  

 

A wide variety of VOCs with different physicochemical properties are present in indoor 

and outdoor environments. Performance of a catalytic ozonation system used for removal of a 

mixture of VOCs may differ from its performance for removal of individual VOC compounds.  

Therefore, investigating catalytic ozonation of mixture of VOCs can help to understand the 

limitations of the catalytic ozonation and can aid with potential commercialization of the 

catalytic ozonation technique. Despite its importance, low temperature (below 100 °C) catalytic 

ozonation of mixture of VOCs has not been reported in the literature. In this chapter, results of 

catalytic ozonation of mixture of toluene and acetone on MnOx/-alumina are presented and 

discussed. Moreover, the results of catalytic ozonation of the mixture will be compared with the 

results of catalytic ozonation of single toluene and acetone. First, catalyst activity will be 

discussed, followed by in situ DRIFTS studies, characterization of the spent catalyst, and catalyst 

regeneration. 

For the sake of consistency, catalytic ozonation of mixture of toluene and acetone at 25, 

60, and 90 °C will be referred to as mixture-25, mixture-60, and mixture-90, respectively. 

Similarly, catalytic ozonation of single component VOCs will be referred to as toluene-25, 

toluene-60, toluene-90, acetone-25, acetone-60, and acetone-90. It should be noted that the 

results corresponding to toluene-25, toluene-90, acetone-25, and acetone-90 have already been 
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presented and discussed in Chapter 4 and Chapter 5; in this chapter, these data are referred to for 

comparison and further discussion. 

 

Contribution of the PhD candidate: 

The PhD candidate, Mostafa Aghbolaghy, was the major contributor of this chapter. All 

of the written text was prepared by Mostafa Aghbolaghy. Dr. Jafar Soltan supervised and provided 

consultation during the experimental period and thesis preparation. All experiments were designed, 

performed, analyzed, and interpreted by Mostafa Aghbolaghy. An earlier version of the 

experimental setup had been designed and constructed by Dr. Ebrahim Rezaei. The experimental 

setup was significantly upgraded by Mostafa Aghbolaghy. The upgrade included changes to 

design, tubing, flow control, and analysis systems. Suggestions from advisory committee 

members (alphabetic order: Dr. Ning Chen, Dr. Mehdi Nemati, Dr. Catherine Niu, and Dr. Hui 

Wang) were used to improve the quality of this work. 

 

 Catalytic activity of MnOx/γ-alumina in catalytic ozonation of mixture of VOCs 

Fig. 6.1 shows VOCs and ozone conversions, and carbon dioxide and carbon monoxide 

concentrations for catalytic ozonation of mixture of toluene and acetone. Total VOCs 

concentration in the inlet stream was 130 ppmv. Therefore, 65 ppmv of each toluene and 65 

ppmv of acetone were used for catalytic ozonation of the mixture of toluene and acetone. 
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Fig. 6.1. Catalytic ozonation of mixture VOCs on MnOx/γ-alumina, (a) conversions at 25 °C; (b) 

conversions at 60 °C; (a) conversions at 90 °C; (d) CO and CO2 concentrations in the exhaust 

stream; WHSV = 350 L h-1 g-1, [O3] = 1200 ppmv, [toluene] = 65 ppmv, and [acetone] = 65 

ppmv; error bars are standard errors. 
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 In the mixture-25 reaction, toluene conversion was significantly higher than acetone 

conversion. After 150 min, toluene conversion was about 89%, while ozone conversion was 

almost 35%. However, acetone conversion drastically dropped to 13%. Carbon monoxide 

concentration was relatively constant at 65 ppmv, while carbon dioxide concentration decreased 

gradually and reached 159 ppmv after 150 min of reaction. Similar to the mixture-25, in the 

mixture-60 reaction, toluene conversion was higher than acetone conversion. Toluene conversion 

was relatively constant at around 93%. However, acetone and ozone conversions gradually 

declined and reached 61% and 79% after 150 min of the reaction, respectively. 

Carbon monoxide and carbon dioxide concentrations in the exhaust stream of the 

mixture-60 reaction were 148 and 362 ppmv, respectively. These values were significantly 

higher than those of the mixture-25 reaction. A stable removal of both acetone and toluene was 

achieved by increasing the reaction temperature to 90 °C. In the mixture-90 reaction, toluene, 

acetone and ozone conversions were 95%, 93%, and 96%, respectively. Carbon monoxide and 

carbon dioxide concentrations in the exhaust stream of the mixture-90 reaction increased initially 

and reached constant values of 180 and 420 ppmv, respectively. 

Fig. 6.2 compares catalytic ozonation of single VOCs with that of mixture of acetone and 

toluene at three reaction temperatures of 25, 60, and 90 °C. Significant differences were 

observed. Toluene conversion in the mixture-25 was higher than that of the single compound 

(toluene-25). Contrarily, acetone conversion in the mixture-25 was lower than that of the single 

compound (acetone-25). A similar pattern was observed at 60 °C. However, at 90 °C toluene and 

acetone conversions in catalytic ozonation of the mixture were comparable with those in 

catalytic ozonation of the single compounds. 
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Fig. 6.2. Comparison of catalytic ozonation of single VOCs and mixture VOCs on MnOx/γ-

alumina, (a) conversions of VOCs (b) average COx yields. 
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Increase of temperature in catalytic ozonation of either single VOCs or the mixture of 

VOCs enhanced the VOCs conversion and COx yield. Also, the gap between toluene and acetone 

conversions decreased by increase of temperature from 25 to 90 °C. At all temperatures, COx 

yields for catalytic ozonation of the mixture of VOCs were lower than COx yields of the single 

acetone removal and higher than those of the single toluene removal. In other words, the overall 

COx yield was improved compared to catalytic ozonation of single toluene. 

The results indicate that there were considerable mixture effects in catalytic ozonation of 

toluene and acetone. Catalytic ozonation in the mixture was favourable for toluene conversion, 

while it was repressive for acetone conversion. 

Kolar et al. [123] studied synergic effect of catalytic combustion and ozone for removal 

of a mixture of 2-methylbutanal and 3-methylbutanal at 160 °C. Ozone helped to decrease the 

temperature required for total degradation of these compounds. However, at this relatively high 

reaction temperature ozone reacted with the VOCs mainly in the gas phase [123]. At high 

temperatures ozone is thermally decomposed before reaching the catalyst [124]. Studies 

[8,91,92,125] on catalytic oxidation (without ozone) of mixture of VOCs have suggested that 

competitive adsorption on the catalyst plays an important role in determining the reactivity of 

VOCs. Therefore, competitive adsorption may explain the observed mixture effects in the 

catalytic ozonation of toluene and acetone as well. However, breakthrough curves of adsorption 

of toluene and acetone as a mixture on MnOx/-alumina at 25 °C (Fig. 6.3) showed that in the 

absence of ozone, acetone is adsorbed better on the catalyst. Interestingly, after about 20 minutes 

of adsorption of the mixture of toluene and acetone, toluene concentration in the exhaust stream 

became higher than its concentration in the inlet stream. This indicates that acetone competes 
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with toluene for adsorption and forces the initially adsorbed toluene molecules to be gradually 

desorbed. Similar trends were observed at 60 and 90 °C. Therefore, better reactivity of toluene in 

the catalytic ozonation of the mixture cannot be attributed to competitive adsorption of VOCs on 

the catalyst. 

 

 

Fig. 6.3. Breakthrough curves of adsorption of toluene and acetone as a mixture on MnOx/-

alumina at 25 °C. 

 

Activation energies of catalytic ozonation reactions can better explain why catalytic 

ozonation in the mixture is favourable for toluene conversion. Apparent activation energy of 

catalytic ozonation of toluene (33 kJ mole-1) is lower than apparent activation energy of catalytic 

ozonation of acetone (40 kJ mole-1). This is a significant advantage for catalytic ozonation of 
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toluene and indicates that tendency to react with active oxygen species (resulted from catalytic 

decomposition of ozone) is a more important factor than ability to be adsorbed on the catalyst in 

the absence of ozone. Similarly, Burgos et al. [126] have studied catalytic oxidation (without 

ozone) of mixtures of 2-propanol, toluene, and methyl ethyl ketone on Pt/Al2O3/Al monoliths 

and have reported that competition of VOCs to react with chemisorbed oxygen atoms is more 

important than competitive adsorption of VOCs on the catalyst [126].    

 

 In situ DRIFTS of catalytic ozonation of mixture of VOCs 

In situ diffuse reflectance infrared Fourier transform spectroscopy was used to monitor 

surface of the MnOx/γ-alumina catalyst and understand the formation of products during catalytic 

ozonation. DRIFTS spectra for catalytic ozonation of mixture of VOCs at 25, 60, and 90 °C are 

depicted in Fig. 6.4. Appendix D presents a summary of the functional groups observed in the 

DRIFTS spectra [19,26,112]. 

The intensity of the peak at around 1600 cm-1, corresponding to COO- stretching of 

surface carboxylates, varied in different reactions. As discussed earlier for single acetone, the 

peak at 1600 cm-1 appeared during adsorption of acetone on the catalyst (see Fig. 5.4 in “5.4. In 

situ DRIFTS of catalytic ozonation of acetone”). On the other hand, for single toluene, 

adsorption on the catalyst did not change spectra of the fresh catalyst, while an intense peak at 

1600 cm-1 appeared immediately after addition of ozone (see Fig. 4.7 in section “4.5. In situ 

DRIFTS of catalytic ozonation of toluene”).  
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Fig. 6.4. In situ DRIFTS spectra of catalytic ozonation of mixture of toluene and acetone over 

MnOx/-alumina at (a) 25 °C, (b) 60 °C,  and (c) 90 °C; WHSV = 350 L h-1 g-1, [O3] = 1200 

ppmv, [toluene] = 65 ppmv, and [acetone] = 130 ppmv. 

 

DRIFTS spectrum after adsorption of the mixture of acetone and toluene at 25 °C (Fig. 

6.4a) was similar to that of single acetone adsorption. Once ozone was introduced to the reaction 

systems, the intensity of the peak at around 1600 cm-1 increased significantly. This indicates that 

partial oxidation of toluene and acetone to surface carboxylates is an essential step in catalytic 

ozonation of these VOCs. Increase of temperature to 60 (Fig. 6.4a) and 90 °C (Fig. 6.4c) 

significantly increased intensity of the peak at 1600 cm-1, indicating that more oxidation to 

surface carboxylates occurred at higher temperatures. This observation is consistent with the 

improved VOC conversions at 60 and 90 °C. The peak at around 1720 (C=O stretching) and the 

broad band from 2400 to 3750 cm-1 (OH stretching) were other significant bands. These bands 
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appeared later during the reaction and their intensities increased with time. These bands are 

assigned to compounds such as carboxylic acids, ketones and alcohols that formed on the surface 

of the catalyst during catalytic ozonation of VOCs. 

 

 Temperature programmed analysis on the spent catalyst 

Thermo-gravimetric analysis was carried out under nitrogen flow to monitor variation in 

weight of the spent catalysts with increase of temperature to 790 °C. Fig. 6.5s depicts profiles of 

the weight change of the spent catalysts used in catalytic ozonation of mixture of VOCs. The 

spent catalysts of 25, 60, and 90 °C reactions lost 20%, 12%, and 6% of their weights, 

respectively. Fig. 6.5b compares weight losses during thermo-gravimetric analysis used for 

catalytic ozonation of single VOCs with those of the mixture of acetone and toluene. Catalysts 

used for catalytic ozonation of single toluene showed the most intense weight losses at each 

temperature. While, catalysts used for catalytic ozonation of single acetone showed the least 

intense weight losses. This is consistent with the observed COx yields (see Fig. 6.2b). For 

instance, although toluene-25 reaction showed higher VOC removal rate than acetone-25, 

considerably lower COx yield of toluene-25 resulted in build-up of significant amount of 

products on the catalyst. 

Less intense weight losses were observed for catalysts used at higher temperatures. The 

catalysts used at 90 ° showed the least weight losses, followed by the catalysts used at 60 and 25 

°C. This is in agreement with the observed COx yields as well. Higher reaction temperatures 

increased conversion of the VOCs to COx, which led to deposition of less products on the 

catalyst. 
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Fig. 6.5. Thermo-gravimetric analysis of MnOx/-alumina, (a) weight loss profile of the catalysts 

used in catalytic ozonation of the mixture toluene acetone; (b) comparison of weight losses of the 

catalysts used in catalytic ozonation of single VOCs and the mixture of VOCs. 
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Temperature programmed oxidation (TPO) was performed at a heating rate of 10 °C/min 

under 350 mL/min of oxygen-nitrogen (20-80 v%) flow. Fig. 6.6 shows the profiles of carbon 

dioxide and carbon monoxide concentrations during TPO of the catalysts used in catalytic 

ozonation of the mixture of toluene and acetone. TPO of the mixture-25, mixture-60, and 

mixture-90 catalysts, produced maximum CO2 concentrations of 1160, 750, and 370 ppmv, 

respectively. Also, TPO analyses produced maximum CO concentrations of 257, 127, and 41 

ppmv for the mixture-25, mixture-60, and mixture-90 catalysts, respectively. The TPO profiles 

showed that a significant amount of accumulated carbonaceous materials was oxidized at around 

325 °C. 

TPO results were used to calculate the overall carbon balance of the reaction systems. 

The carbon distribution breakdown is presented in Table 6.1. The results in Table 6.1 showed a 

good carbon balance (greater than 96%) for all reactions. For the mixture-25 catalyst, total 

amount of the evolved COx during TPO was 1.8 times higher than the evolved COx during TPO 

of the mixture-60 catalyst. Also, total amount of the evolved COx during TPO for the mixture-25 

catalyst was 3.5 times higher than that for the mixture-90 catalyst. This indicates that higher 

amount of carbonaceous materials accumulated on the spent catalysts in the 25 °C reactions 

compared to the 60 and 90 °C reactions. 

In addition, the total amount of the evolved COx during TPO for the catalysts used in 

removal of the single toluene (see Table 4.5) were higher than that for the catalysts used in 

removal of single acetone (see Table 5.4). This can be attributed to higher number of carbons in 

the structure of toluene compared to acetone. Also, this observation is consistent with lower COx 

yields during catalytic ozonation of toluene (see Fig. 6.2b). 



 

119 

 

 

 

 



 

120 

 

 

Fig. 6.6. Variation of carbon dioxide and carbon monoxide concentrations during TPO analysis 

of the spent MnOx/-alumina used in catalytic ozonation of mixture of acetone and toluene at (a) 

25 °C, (b) 60 °C, and (c) 90 °C. 

 

Table 6.1.  Carbon distribution breakdown (numbers are in mg) and the overall carbon balance 

for catalytic ozonation of the mixture of VOCs over MnOx/-alumina. 

 25 °C reaction 60 °C reaction 90 °C reaction 

Total carbon in a  26.24 22.89 21.77 

Total carbon out before TPO b 19.23 18.94 19.96 

Total carbon evolved during TPO c 6.10 3.42 1.74 

Total Carbon out 25.33 22.36 21.70 

Carbon balance (%) 96.53 97.68 99.68 

a During reaction and catalyst saturation with VOCs. 
b As COx and unreacted VOCs. 
c As evolved COx during TPO. 
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 Identification of carbonaceous deposits by GC-MS 

During the reaction, carbonaceous species build up on the catalyst and cause a decline in 

the catalyst activity. In order to identify the carbonaceous species accumulated on the catalyst 

during catalytic ozonation, the spent catalysts were contacted with dichloromethane and the 

resulting extracts were analyzed with GC-MS. For the mixture-25, a number of organic 

compounds were identified such as formic acid, acetic acid, acetol, formyl acetate, acetic 

anhydride, acetoxyacetic acid, -isoamylene oxide, and isopropyl methyl ketone. These 

compounds are listed in order of increasing the number of carbon atoms in their structures. 

Compounds found for the mixture-25 were the same as those of the toluene-25 (see section 4.7).  

This is in contrast to the remarkably high conversion of toluene in the mixture-25 reaction, 

indicating that oxidation of toluene was severely incomplete. Moreover, this indicates that low 

COx yield for the mixture-25 reaction (Fig. 6.2b) was mainly due to poor oxidation of toluene.  

As discussed earlier, for the acetone-25 (see section 5.6), compounds such as acetic acid, 

acetic anhydride, -isoamylene oxide, and isopropyl methyl ketone were identified on the spent 

catalyst. These compounds are among the compounds found for the mixture-25 and toluene-25 

catalysts as well. 

For the toluene-60 catalyst, the identified compounds were formic acid, acetic acid, acetic 

anhydride, -isoamylene oxide, isopropyl methyl ketone. However, a number of compounds that 

were found for the toluene-25 catalyst, including acetol, formyl acetate, and acetoxyacetic acid 

were not found for the toluene-60 catalyst. In addition, for the acetone-60 catalyst only acetic 

acid and isopropyl methyl ketone were found. This suggests that increase of temperature 
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improved oxidation of VOCs to COx. This is consistent with the reported COx yields (Fig. 6.2b). 

Interestingly, for the mixture-60 catalyst, only formic acid, acetic acid and isopropyl methyl 

ketone were identified on the spent catalyst; while, acetic anhydride and -isoamylene oxide 

were not detected. This confirms that catalytic ozonation in the mixture was favourable for 

toluene conversion to COx. 

For the mixture-90 catalyst, none of the above compounds were found by GC-MS 

analysis (similar to toluene-90 and acetone-90). In another attempt, the mixture-25 catalyst, was 

heated to 425 °C under 350 ml/min of nitrogen flow. Then the catalyst was washed with 

dichloromethane and the resulting extract was analyzed with GC-MS. The results did not show 

any extracted compounds. This indicates that all the mentioned carbonaceous materials were 

mostly desorbed by heating the spent catalyst to 425 °C. 

As discussed earlier, difference in reactivity of toluene and acetone in the mixture can be 

attributed to the difference in the apparent activation energies. Moreover, accumulation of the 

numerous carbonaceous materials, which are produced from the severely incomplete oxidation of 

toluene, affects acetone conversion negatively. This causes the acetone conversion in the 

mixture-25 to be lower than that of the acetone-25. 

In addition, the majority of the identified compounds for the mixture-25 and mixture-60 

catalysts are polar. Acetone is polar as well, while toluene is non-polar. Dipole moment of 

acetone is 2.88 D, whereas toluene has a dipole moment of 0.38 D [127]. One may conclude that 

non-polar compounds are more reactive in catalytic ozonation, although further research with a 

wide variety of VOCs is required to validate this conclusion.  
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 Catalyst regeneration 

As discussed in section 6.4, heating the mixture-25 catalyst to 425 °C under nitrogen was 

enough to desorb the majority of the deposited carbonaceous products. Also, according to the 

thermo-gravimetric analysis (see Fig. 6.5) for the mixture-25 catalyst, almost 80% of the 

observed weight loss occurred by heating the spent catalyst to 425 °C under nitrogen flow. This 

suggests that heating the spent catalyst up to 425 °C may be adequate for catalyst regeneration. 

To investigate this possibility, the catalyst that was used in catalytic ozonation of mixture 

of VOCs at 25 °C (mixture-25) was heated to 425 °C under 350 ml/min N2 flow and was used 

for a second catalytic ozonation reaction. All other reaction conditions were the same. Fig. 6.7 

compares VOCs and ozone conversions, and CO and CO2 concentrations obtained from use of 

the fresh and regenerated catalysts. 

Performances of the fresh and regenerated catalysts in catalytic ozonation of the mixture 

of toluene and acetone were comparable. This confirms that heating the spent catalyst to 425 °C 

was enough to regenerate the spent catalyst and regain high catalytic activity. Interestingly, CO 

and CO2 concentrations were significantly higher for the regenerated catalyst in the first 30 

minutes of the reaction. Higher COx concentration in the first 30 minutes can be attributed to the 

oxidation of the carbonaceous materials that accumulated in the first catalytic ozonation reaction 

and were not desorbed by heating the catalyst to 425 °C. 
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Fig. 6.7. Catalytic ozonation of mixture VOCs at 25 °C by using fresh and regenerated MnOx/γ-

alumina, (a) VOCs and ozone conversions; (b) CO and CO2 concentrations in the exhaust 

stream; WHSV = 350 L h-1 g-1, [O3] = 1200 ppmv, [toluene] = 65 ppmv, and [acetone] = 65 

ppmv; error bars are standard errors. 
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As discussed in Chapter 4 and Chapter 5, in situ studies during temperature programmed 

desorption under nitrogen flow showed that surface carboxylates remain on the surface of the 

catalyst even after heating the catalyst up to 425 °C (see Fig. 4.10 and Fig. 5.9). Therefore, the 

surface carboxylates were present from the beginning of the second catalytic ozonation reaction 

(by using the regenerated catalyst). Regaining high catalytic activity despite the presence of the 

surface carboxylates indicates that the surface carboxylates do not cause deactivation of the 

MnOx/-alumina catalyst. This is similar to the conclusion made in section “4.8. Role of surface 

carboxylates”. 

 

 Summary 

VOCs in both indoor and outdoor environments are usually present as mixtures of 

different compounds. Despite this, low temperature catalytic ozonation of mixture of VOCs has 

not been reported in the literature. In this chapter, catalytic ozonation of a binary mixture of 

toluene and acetone was investigated. Considerable mixture effects were observed in catalytic 

ozonation of toluene and acetone. Catalytic ozonation in the mixture was favourable for toluene 

conversion, and repressive for acetone conversion. In the absence of ozone, acetone was 

adsorbed better on the catalyst. Also, in situ DRIFTS spectrum after adsorption of the mixture of 

acetone and toluene was similar to that of single acetone adsorption. Despite this, in the presence 

of ozone, toluene removal in the mixture at 25 °C was about seven times higher than acetone 

removal.  
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Undesired products found on the catalyst used for catalytic ozonation of the mixture at 25 

°C were the same as those of the catalytic ozonation of toluene. This was despite the remarkably 

high conversion of toluene in the catalytic ozonation of the mixture, indicating that oxidation of 

toluene in the mixture was severely incomplete. The catalyst deactivation caused by the 

undesired products was reversible. Heating the spent catalyst to 425 °C under nitrogen was 

enough to regenerate the spent catalyst and regain high catalytic activity. 

Studies on catalytic oxidation (without ozone) of mixture of VOCs have suggested that 

competitive adsorption on the catalyst plays an important role in determining the reactivity of 

VOCs. However, breakthrough curves of adsorption of toluene and acetone as a mixture on 

MnOx/-alumina showed that in the absence of ozone, acetone is adsorbed better on the catalyst. 

Therefore, better reactivity of toluene in the catalytic ozonation of the mixture cannot be 

attributed to competitive adsorption of VOCs on the catalyst. Favourable reaction towards 

toluene removal can be assigned to lower apparent activation energy of catalytic ozonation of 

toluene. In other words, tendency to react with active oxygen species (resulted from catalytic 

decomposition of ozone) is a more important factor than ability to be adsorbed on the catalyst in 

the absence of ozone. Also, repressive reaction towards acetone removal can be attributed to 

oppressive effect on acetone conversion caused by accumulation of carbonaceous materials that 

resulted from severely incomplete oxidation of toluene. Increase of temperature from 25 to 60 

and 90 °C increased removal of both VOCs and enhanced COx yield. Also, increasing the 

reaction temperature decreased the gap between toluene and acetone conversions. 
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Chapter 7:  

Conclusions and recommendations for future work 

  

 Summary of the thesis 

In this thesis research, catalytic ozonation of single VOCs and a binary mixture of VOCs 

over γ-alumina-supported manganese oxide catalyst was investigated. VOCs are important 

indoor and outdoor air pollutants that have adverse health effects on humans. The most common 

methods for removal of VOCs from air are adsorption, photocatalytic oxidation, non-thermal 

plasma, biological treatment, catalytic oxidation and ozone-assisted catalytic oxidation (i.e. 

catalytic ozonation). Among these, catalytic ozonation has gained increasing attention in the 

recent years due to its advantages over catalytic oxidation. Compared to catalytic oxidation, the 

reaction temperature for catalytic ozonation is significantly lower. In addition, catalysts based on 

transition metal oxides have high efficiencies in removal of VOCs by catalytic ozonation, 

eliminating the need for expensive noble metals that are commonly used in catalytic oxidation of 

VOCs by oxygen. 

As discussed in Chapter 2, catalysts based on manganese oxides are the most active 

catalysts for removal of VOCs in gas phase in the presence of ozone. Catalytic ozonation with 

manganese oxide-based catalysts has been used for oxidation of a variety of VOCs in air at 

temperatures below 100 °C. Catalytic ozonation of VOCs using manganese oxide supported on 

γ-alumina have shown higher VOC removal rates than catalysts supported on silica, titania, and 
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zirconia. Therefore, alumina supported manganese oxide catalyst was used for catalytic 

ozonation of acetone and toluene. Acetone and toluene have different chemical properties and 

both are common VOCs in indoor and outdoor environments. 

Literature review on catalytic ozonation of VOCs showed that topics such as effect of 

operating conditions, comparison of transition metal oxides, comparison of supports, effect of 

water vapor, effect of manganese loading, and effect of noble metals have been studied 

extensively. On the other hand, catalytic ozonation of a mixture of VOCs and identifying the role 

of reaction intermediates are among the remaining knowledge gaps. Therefore, the objectives of 

this work were to investigate the nature and roles of intermediates that are formed on the surface 

of the catalyst, and to study catalytic ozonation of a mixture of toluene and acetone. 

Alumina supported manganese oxide catalyst was prepared by dry impregnation method 

and was used in an atmospheric reactor to carry out catalytic ozonation of toluene and acetone. 

In situ diffuse reflectance infrared Fourier transform spectroscopy, X-ray spectroscopy 

techniques, and a number of temperature programmed analyses were used to achieve the 

objectives of this investigation. Details of experimental setup and reaction conditions were 

discussed in Chapter 3.  

As discussed in Chapter 4, XANES and XPS studies showed that Mn2O3 was the 

dominant manganese oxide phase of the MnOx/-alumina catalyst. Absorption energy of Mn K-

edge of the catalyst was determined as 6553.86 eV. Mn2O3 was used to estimate the amplitude 

reduction factor (So
2) for EXAFS analyses. Mn2O3 has two Mn sites with occupancies of 25% 

and 75%. Aggregate FEFF calculation was used to integrate the two Mn sites into one single site 

for EXAFS analysis. An amplitude reduction factor of 0.754 was obtained for Mn2O3. Fitting 
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EXAFS data of the MnOx/-alumina catalyst found 5.58 Mn atoms at the second Mn shell at 

interatomic distance of ca. 3.12 Å. Also, 1.5, 3.0, and 1.7 oxygen atoms were found at the first 

Mn shell at interatomic distances of ca. 1.88, 1.97 and 2.23 Å, respectively. 

Catalytic ozonation of toluene was conducted on MnOx/-alumina catalyst at 25 and 90 

°C. At 90 °C, a stable reaction was observed; however, at 25 °C, a decline in toluene and ozone 

conversions was observed. Kinetic studies over MnOx/-alumina showed that reaction orders for 

toluene and ozone were 0.181 and 0.469, respectively. The apparent activation energy of the 

reaction was estimated as 33 kJ mole-1. Rapid catalyst deactivation was observed at both 25 and 

90 °C when using pure -alumina (without manganese) as catalyst indicating the important role 

of the manganese in the catalytic activity of the MnOx/- alumina catalyst. During catalytic 

ozonation of toluene, surface carboxylates were observed on MnOx/-alumina and pure -

alumina; however, they were not formed on pure manganese oxide. Alumina not only acts as a 

reservoir for toluene, but also it interacts effectively with toluene, in the presence of ozone, to 

create surface carboxylate intermediates. Based on these observations, a reaction pathway was 

proposed for catalytic ozonation of toluene on MnOx/-alumina. 

Catalytic ozonation of acetone was discussed in Chapter 5. Similar to toluene, a stable 

catalyst activity was observed at 90 °C, while a gradual decline in conversions was observed at 

25 °C. An apparent activation energy of 40 kJ mole-1 was obtained for catalytic ozonation of 

acetone over alumina-supported manganese oxide catalyst. Also, reaction orders of 0.109 and 

0.506 were obtained for acetone and ozone, respectively. In situ DRIFTS studies showed that 

acetone interacted with the surface of the alumina-supported manganese oxide catalyst mainly 

via its carbonyl group. Surface carboxylates such as surface acetate were produced during 
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acetone adsorption and catalytic ozonation on both MnOx/-alumina and pure -alumina as a 

result of interaction of alumina with the adsorbed acetone. The presence of Mn sites was 

necessary to achieve further oxidation of carboxylates on the surface of the catalyst. Temperature 

programmed oxidation of the spent MnOx/-alumina catalysts showed that higher amount of 

carbonaceous materials accumulated on the spent catalyst in the 25 °C reaction compared to the 

90 °C reaction. Increase of temperature to 625 °C under oxygen-nitrogen (without ozone) flow 

was enough to remove all the deposited carbonaceous materials. 

Catalytic ozonation of a binary mixture of toluene and acetone was discussed in Chapter 

6. Remarkable mixture effects were observed in catalytic ozonation of toluene and acetone. 

Catalytic ozonation in the mixture was favourable for toluene conversion, and repressive for 

acetone conversion. In the absence of ozone, acetone was adsorbed better on the catalyst. Also, 

in situ DRIFTS spectrum after adsorption of the mixture of acetone and toluene was similar to 

that of single acetone adsorption. Despite this, in the presence of ozone, toluene removal in the 

mixture at 25 °C was about seven times higher than acetone removal. Undesired products found 

on the catalyst used for catalytic ozonation of the mixture at 25 °C were the same as those of the 

catalytic ozonation of toluene. This was despite the remarkably high conversion of toluene in the 

catalytic ozonation of the mixture, indicating that oxidation of toluene in the mixture was 

severely incomplete. The catalyst deactivation caused by the undesired products was reversible. 

Heating the spent catalyst to 425 °C under nitrogen was enough to regenerate the spent catalyst 

and regain high catalytic activity. Increase of reaction temperature from 25 to 60 and 90 °C 

increased removal of both VOCs and enhanced COx yield. Also, increasing the reaction 

temperature decreased the gap between toluene and acetone conversions. 
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 Conclusions 

The following are the main conclusions from this work that were obtained based on the 

defined research objectives: 

• Surface carboxylates form during catalytic ozonation of acetone and toluene on 

the alumina supported manganese oxide catalyst, even though these VOCs have 

significantly different chemical properties. The surface carboxylates form on 

alumina sites of the catalyst at both 25 °C (with catalyst deactivation) and 90 °C 

(with stable catalytic activity).  

• Pure -alumina cannot further oxidize surface carboxylates and the presence of 

manganese sites is necessary for further oxidation of the surface carboxylates. 

• The surface carboxylates are present from the beginning of the first catalytic 

ozonation reaction (using fresh MnOx/-alumina catalyst) and from the beginning 

of the second catalytic ozonation reaction (by using the regenerated MnOx/-

alumina catalyst). Regaining high catalytic activity despite the presence of the 

surface carboxylates indicates that the surface carboxylates do not cause 

deactivation of the MnOx/-alumina catalyst. 

• At 25 °C, undesired products such as acetic acid and formic acid accumulate on 

the surface of the MnOx/-alumina catalyst and decrease the catalyst activity. 

However, at 90 °C, the undesired products are quickly oxidized to carbon dioxide 

and carbon monoxide. Therefore, a stable catalytic activity is observed at 90 °C. 
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• Catalytic ozonation in the mixture is favourable for toluene conversion, and 

repressive for acetone conversion. Increase of the reaction temperature increases 

removal of both VOCs, enhances COx yield, and decreases the gap between 

toluene and acetone conversions. 

• Favourable reaction towards toluene removal can be attributed to lower apparent 

activation energy of catalytic ozonation of toluene. Tendency to react with active 

oxygen species, generated from catalytic decomposition of ozone, is a more 

important factor than competitive adsorption of VOCs on the catalyst in the 

absence of ozone. Also, accumulation of the numerous carbonaceous materials, 

resulted from the severely incomplete oxidation of toluene, affects acetone 

conversion negatively. 

 

 Recommendations for future work 

Catalytic ozonation has been used to remove a variety of VOCs such as aromatics, 

aldehydes, chlorinated VOCs, ketones, alcohols, and cycloalkanes. Despite the recent 

developments, catalytic ozonation is still facing some important challenges and it is far from a 

perfect method for removal of VOCs. The main advantage of catalytic ozonation is lower 

reaction temperature compared to catalytic oxidation. However, the required temperature for 

stable operation of catalytic ozonation is still higher than the room temperature. The ultimate 

goal for catalytic ozonation is achieving a stable catalytic activity at room temperature. Here are 
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a number of recommendations for the future work that will help to further understand and 

improve catalytic ozonation of VOCs: 

• Investigating effective removal of small carboxylic acids such as acetic acid and formic acid 

Small carboxylic acids such as acetic acid and formic acid are the most recalcitrant 

compounds to be removed by catalytic ozonation. Unfortunately, these compounds are produced 

during catalytic ozonation of many VOCs. As discussed in this work, accumulation of these 

compounds on the surface of catalyst is the main cause of catalyst deactivation at room 

temperature. Therefore, effective removal of these compounds should be one of the main goals 

of future catalyst improvement/optimization studies. It is believed that a catalytic ozonation 

system capable of oxidizing small carboxylic acids at room temperature will have significantly 

higher chance to perform stably for a long time at room temperature. 

• Conducting theoretical study of the catalytic ozonation of VOCs using density functional 

theory 

Theoretical studies of the reaction using density functional theory (DFT) can help to 

better understand the catalytic ozonation mechanism. Presence of highly active oxygen species 

and very quick reactions make it very challenging to study reaction mechanism experimentally. 

Therefore, a theoretical or a combined theoretical-experimental study can further elucidate the 

reaction mechanism. DFT studies have been used to in similar topics such as homogenous 

reaction of ozone with benzene, and catalytic oxidation of hydrocarbons [128–130]. 
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• Using manganese based catalyst promoted by a limited amount of cobalt to improve carbon 

dioxide selectivity 

Although manganese based catalysts have shown the highest activity in catalytic 

ozonation of VOCs, these catalysts do not have a good selectivity towards carbon dioxide and 

usually a considerable amount of carbon monoxide is produced as well. Cobalt is the second 

most active transition metal catalyst in the catalytic ozonation of VOCs and it has shown 

excellent activity in conversion of carbon monoxide to carbon dioxide. Therefore, manganese 

based catalyst promoted by a limited amount of cobalt (a dual function catalyst) has a potential to 

increase the selectivity toward carbon dioxide without decreasing activity of the original catalyst. 

• Investigating catalytic ozonation of a variety of VOC mixtures with a wide range of polarity 

Investigating catalytic ozonation of a binary mixture of VOCs showed that studies on a 

single compound cannot fully represent the catalyst application. Some compounds may have 

positive or negative effects on removal of other VOCs in the mixture. Commercial application of 

catalytic ozonation will require simultaneous removal of a wide variety of VOCs. Also, as 

mentioned in Chapter 7, polarity of VOCs may affect their reactivity in the catalytic ozonation. 

Therefore, further studies on catalytic ozonation of VOCs with a large number of compounds is 

necessary.  

• Investigating removal of biological air contaminates by catalytic ozonation 

Catalytic ozonation, as an air treatment technique, should be able to treat biological air 

contaminates such as bacteria and viruses as well. Non-catalytic ozone treatment has been 

successfully used for removal of biological contaminants from air [131,132]. Ozone has been 
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more effective than UV radiation in removal of microorganisms such as Escherichia coli, 

Pseudomonas aeruginosa, and Staphylococcus aureus [133]. Most probably a more effective 

removal of biological air contaminates can be achieved by catalytic ozonation compared to non-

catalytic ozone treatment. 
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Appendix A:  

Preliminary comparison of catalytic ozonation of toluene, acetone and 

benzene 

   

Preliminary catalytic ozonation investigations were conducted on three VOCs including 

toluene, benzene, and acetone. Preliminary studies showed very similar results for catalytic 

ozonation of toluene and benzene. This was probably due to similar structure of toluene and 

benzene. Therefore, acetone and toluene were chosen as model compounds for the main body of 

this thesis. 

 

A.1. Experimental 

Alumina supported manganese oxide catalyst was prepared with the same method that 

was discussed in Section “3.1. Catalyst preparation”. Also, experiments were conducted by 

using a setup similar to Fig 3.3 with the difference that instead of the FTIR analyzer, a GC-MS 

system was used for gas analysis. CHNS analysis (Vario EL III, Elementar Americas Inc.) was 

utilized to determine weight percentage of carbon, as adsorbed pollutant and accumulated 

products, on the catalysts. 

When exhaust gas (containing residual ozone and VOC) from the reactor passes through 

the GC-MS system, unwanted reactions occur due to residence time in the column and relatively 

high temperatures in the injector, column and detector sections of the GC. Unwanted non-
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catalytic reactions between ozone and each model compound were observed during blank tests 

using the empty reactor, with a maximum conversion of 18, 18, and 15.5% for toluene, benzene 

and acetone, respectively. The non-catalytic conversion was subtracted from the total conversion 

by assuming a first order reaction between ozone and each VOC in the gas phase. For this 

reason, the FTIR system was used for the main body of this work (except these preliminary 

experiments). The FTIR system provided fast analyses with negligible unwanted reactions 

between compounds. 

  

A.2. Results and discussion 

Fig. A.1 shows conversion of VOC by catalytic oxidation using MnOx/-Al2O3 (10 wt%) 

catalyst in the absence of ozone. The data points in Fig. A.1 were obtained under steady state 

conditions. Catalytic oxidation (without ozone) required operating temperatures higher than 200 

°C for removal of acetone, benzene and toluene. Acetone was oxidized much faster than toluene 

and benzene in the catalytic oxidation and even its complete removal was achieved at 290 °C. 

To study catalytic ozonation of toluene, benzene, and acetone, a continuous VOC 

removal experiment was conducted for each VOC and the results are presented in Fig. A.2. 

Catalytic ozonation was started at 25 °C and after 150 min the operating temperature was 

increased to 40 °C without changing the catalyst or feed flow rate. After 120 min, the reaction 

temperature was increased to 60 °C and kept constant for another 120 min. Then, the reaction 

temperature was increased to 75 °C. After 90 min, the temperature was increased to 90 °C and 

the reaction was allowed to continue for another 60 min. 
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Fig. A.1. Performance of catalytic oxidation in removal of single VOC (120 ppmv) streams of 

toluene, benzene and acetone; WHSV = 300 L h-1 g-1. 

 

A rapid catalyst deactivation occurred at 25 °C and this reduced the VOC conversion 

dramatically. Temperature increase to 40 °C increased the conversion temporarily, followed by 

another rapid catalyst deactivation. The temporary rise in conversion is believed to be due to 

desorption of some VOC and reaction intermediates from the catalyst surface, which led to better 

adsorption of newly introduced VOC and slightly improved conversion.  The increase in 

conversion was quickly suppressed by continuous deactivation of the catalyst. A similar but 

more significant conversion rise occurred when the reaction temperature was increased to 60 °C. 

Further increase of temperature to 75 °C and 90 °C, led to higher conversions for all VOCs. 
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Fig. A.2. Continuous catalytic ozonation of single VOC (120 ppmv) streams of toluene, benzene 

and acetone at 25 - 90 °C on MnOx/γ-alumina. WHSV = 300 L h-1 g-1, [O3] = 1100 ppmv; error 

bars are standard errors. 

 

Another important observation is that the catalyst was regenerated and regained its 

activity by increase in temperature, indicating that the deactivation was reversible. In other word, 

the catalyst can be regenerated without changing the gas flow and only by increasing the reaction 

temperature in the presence of ozone. 

Fig. A.3 shows carbon content on the catalysts used for catalytic ozonation of single 

VOCs at 25 °C. The amount of the measured carbon in these samples includes adsorbed VOCs 
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and the accumulated carbonaceous products on the catalyst. Carbon content of the fresh catalyst 

was negligible. Carbon content of the catalyst used for catalytic ozonation of acetone was 

noticeably less than that of benzene and toluene. The lower carbon contents on the spent 

catalysts for acetone ozonation may be attributed to the fewer carbon atoms in the chemical 

structure of acetone. Acetone has three carbon atoms in its structure, while toluene and benzene 

have 7 and 6 carbon atoms, respectively. Another reason can be deposition of less carbonaceous 

products on the surface of the catalyst due to significantly lower conversion of acetone at 25 °C, 

compared to those of toluene and benzene. 

 

 

Fig. A.3. Carbon content on the catalysts used for catalytic ozonation of single VOC (120 ppmv) 

streams of toluene, benzene and acetone at 25 °C; WHSV = 300 L h-1 g-1, [O3] = 1100 ppmv. 
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Based on the obtained results, it was concluded that toluene and benzene behave very 

similarly during the catalytic ozonation reaction. In addition, as discussed in Chapter 2 benzene 

is a mutagenic compound, which needs extra caution during handling and experiments. 

Therefore, experiments for the main body of the thesis were performed using toluene and 

acetone only. 

As a part of the preliminary studies, catalytic ozonation of a mixture of acetone and 

benzene at 25 °C was investigated. For this experiment, 240 ppmv of total VOCs was used (120 

ppmv of each VOC) and ozone concentration was doubled to 2200 ppmv. Fig. A.4 shows the 

profiles of conversion of VOCs and ozone versus reaction time. 

 

Fig. A.4. Catalytic ozonation of a mixture of acetone and benzene (each 120 ppmv) at 25 °C; 

WHSV = 300 L h-1 g-1, [O3] = 2200 ppmv. 
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It can be seen that acetone conversion in the mixture was significantly less than 

conversion of benzene. Catalytic ozonation of acetone in the mixture with toluene was also 

repressive for acetone (See Chapter 6). This confirms that the choice of acetone and toluene for 

the main body of this work was appropriate. 
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Appendix B:  

Calibration data for gas analyses 

  

Concentrations of acetone, toluene, carbon dioxide, and carbon monoxide in the gas 

stream were analyzed by passing the stream through a long-path gas cell (PIKE, volume 0.1 L, 

2.4 m optical length, KBr window), coupled with a Nicolet iS50 FTIR spectrometer. Deuterated 

L-alanine doped triglycine sulfate (DLaTGS) detector was employed. Spectra were collected at a 

resolution of 4 cm−1 in the range of 4000-400 cm−1.  

Calibration curves based on either peak height or peak area can be used for FTIR 

analyses [134], and both were reliable in quantification of the gases used in this work. The 

following figures show calibration curves for acetone, toluene, carbon monoxide, and carbon 

dioxide by using peak height of the peaks at 1737, 729, 2174, and 2361 cm-1, respectively. 
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Fig. B.1. Acetone calibration based on peak height at 1737 cm-1; error bars are standard errors. 

 

 

Fig. B.2. Toluene calibration based on peak height at 729 cm-1; error bars are standard errors. 
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Fig. B.3. CO calibration based on peak height at 2174 cm-1; error bars are standard errors. 

 

 

Fig. B.4. CO2 calibration based on peak height at 2361 cm-1; error bars are standard errors.
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Appendix C:  

Mass transfer calculations and effect of particle size 

  

Mear’s criterion was used to investigate whether external mass transfer is limiting the 

reaction rate [135]. Based on Mear’s criterion if 

𝐶𝑀 =  
−𝑟′

𝐴 𝜌𝑏 𝑅 𝑛

𝑘𝑐𝐶𝐴
< 0.15 (C.1) 

then external mass transfer effects are negligible. Parameters in Eq. (C.1) are defined as follows: 

−𝑟′
𝐴 : reaction rate of A (mole kg-1 s-1) 

𝜌𝑏 : catalyst bed bulk density (kg m-3) 

𝑅 : radius of the catalyst particle (m) 

𝑛 : reaction order 

𝑘𝑐 : external mass transfer coefficient (m s-1) 

𝐶𝐴 : bulk concentration of A in the gas phase (mole m-3) 

The external mass transfer coefficient (𝑘𝑐) can be calculated by using Frossling equation  

[135]: 

𝑆ℎ =  2 + 0.6𝑅𝑒
1

2⁄ 𝑆𝑐
1

3⁄  (C.2) 
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where, 𝑆ℎ is Sherwood number, 𝑅𝑒 is Reynolds number, and 𝑆𝑐 is Schmidt number. These 

dimensionless numbers are defined as: 

𝑆ℎ =  
𝑘𝑐𝑑𝑝

𝐷𝐴𝐵
 (C.3) 

𝑅𝑒 =  
𝜌𝑔𝑈𝑔𝑑𝑝

𝜇𝑔
 (C.4) 

𝑆𝑐 =  
𝜇𝑔

𝜌𝑔𝐷𝐴𝐵
 (C.5) 

Parameters in Eqs. (C.1), (C.2), and (C.3) are defined as follows: 

𝑑𝑝 : catalyst particle diameter (m) 

𝐷𝐴𝐵 : diffusivity coefficient of A in B (m2 s-1) 

𝜌𝑔 : density of the gas phase (kg m-3) 

𝜇𝑔 : viscosity of the gas phase (kg m-1 s-1) 

𝑈𝑔 : superficial gas velocity (m s-1) 

Chemical and physical parameters used for calculations are presented in Table C.1. 

Catalytic ozonation reactions at atmospheric pressure and 90 °C were considered for this sample 

calculation. The following results are obtained for catalytic ozonation of toluene:   

𝑅𝑒 =  3.08  𝑆𝑐 =  1.91  𝑆ℎ =  3.31   𝑘𝑐 =  0.19 m s-1 

Therefore, the Mear’s criterion is satisfied as 𝐶𝑀 =  0.028 < 0.15. 



 

168 

 

Table C.1. Chemical and physical parameters used for the mass transfer calculations.  

Parameter Unit Value 

𝑑𝑝 m 2.08 × 10-4 

𝜌𝑔 kg m-3 0.97 

𝜇𝑔 kg m-1 s-1 2.17 × 10-5 

𝑈𝑔 m s-1 3.31 × 10-2 

𝑅 m 1.04 × 10-4 

𝜌𝑏 kg m-3 500 

𝐶𝐴 mole m-3 0.53 × 10-2 

𝐷𝐴𝐵 for toluene m2 s-1 1.17 × 10-5 

𝐷𝐴𝐵 for acetone m2 s-1 1.67 × 10-5 

−𝑟′
𝐴 for toluene mole kg-1 s-1 2.69 × 10-3 

−𝑟′
𝐴 for acetone mole kg-1 s-1 1.14 × 10-3 

 

Similarly, the following results are obtained for catalytic ozonation of acetone:   

𝑅𝑒 =  3.08  𝑆𝑐 =  1.34  𝑆ℎ =  3.16   𝑘𝑐 =  0.25 m s-1 

Therefore, the Mear’s criterion is satisfied as 𝐶𝑀 =  0.005 < 0.15. Hence, external mass transfer 

effects can be neglected.  
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Using a small enough catalyst particle size eliminates internal mass transfer limitations 

[135]. For this purpose, different particle sizes in the range of 0.080 to 0.417 mm were examined 

for the catalytic ozonation reactions. The results are depicted in Fig. C.1 and Fig. C.2. 

It can be seen that activity of the catalyst activity for catalytic ozonation of acetone 

declines when particle size is larger than 0.355 mm. On the other hand, the catalyst for catalytic 

ozonation of toluene decreases when particle size is larger than 0.208 mm. Therefore, catalyst 

particle size of smaller than 0.208 mm was used for all catalytic ozonation reactions. 

 

 

Fig. C.1. Effect of particle size on the catalyst activity in catalytic ozonation of toluene; (a) 

<0.080 mm, (b) 0.080-0.208 mm, (c) 0.208-0.355 mm, (d) 0.355-0.417 mm.
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Fig. C.2. Effect of particle size on the catalyst activity in catalytic ozonation of acetone; (a) 

<0.080 mm, (b) 0.080-0.208 mm, (c) 0.208-0.355 mm, (d) 0.355-0.417 mm. 
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Appendix D:  

FTIR functional groups 

  

Table D.1. Significant bands observed during in situ DRIFTS studies of catalytic ozonation of 

VOCs and the corresponding functional groups.  

Significant band (cm-1) Assigned functional groups 

1308 - 1393 
Methyl C-H bending, and antisymmetric and symmetric COO- stretching of 

carboxylates 

1410-1429 C-H asymmetric deformation vibration 

1453 Aromatic ring stretching 

1462 Methyl and methylene C-H bending 

1498 Aromatic ring stretching 

1570-1605 antisymmetric and symmetric COO- stretching of carboxylates  

1702-1740 C=O stretching of ketones and carboxylic acids 

1854 C=O stretching of anhydrides 

2350 Adsorbed carbon dioxide 

2871 - 2988 Saturated C-H stretching 

3008 - 3072 Unsaturated C-H and aromatic C-H stretching 

2400 - 3750 OH stretching of alcohols, carboxylic acids and water 
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Appendix E:  

Permissions to use the published papers 

  

Fig. E.1. Permission to use the published paper “Role of Surface Carboxylates in the Gas Phase 

Ozone-Assisted Catalytic Oxidation of Toluene”. 
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Fig. E.2. Permission to use the published paper “The Role of Surface Carboxylates in Catalytic 

Ozonation of Acetone on Alumina-Supported Manganese Oxide”. 
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