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Abstract 

Ozone removal technologies: activated carbon and MnOx-based systems 

Marzieh Namdari, Ph.D. 

Concordia University, 2021 

 

This study focuses on ozone removal technologies and their performance in various conditions. 

Ozone is a highly reactive gas and a critical air pollutant, with a permissible workplace level of 

100 ppb over 8 hours, according to OSHA. To address the risks associated with high outdoor ozone 

concentrations and active ozone emission sources, the use of ozone removal technologies is 

essential. 

Various air treatment technologies, such as activated carbon-based media, and catalytic and 

photocatalytic decomposition systems, have been employed for ozone removal. However, there is 

limited insight into choosing the best technology based on specific application requirements. This 

study aims to fill that gap by systematically evaluating ozone removal using granular activated 

carbon (AC) and granular manganese oxide-cuprous oxide catalysts. The study found that coconut 

shell-based AC has substantial ozone removal capacity at moderate and mild concentration levels 

(<200 ppm, >95% efficiency), even surpassing the catalyst. However, all ACs experience 

deactivation at high concentrations. Catalysts, on the other hand, exhibit a gradual decline in active 

sites over time. The material properties were found to be closely linked to the ozone removal 

capacity. 

To gain a broader perspective on ozone removal technology feasibility, a statistical approach 

using the fractional factorial method was employed. This approach considered ozone 

concentration, humidity level, airflow rate, and media volume, and their effects on the performance 

of different granular materials. The study revealed that humidity can significantly affect the 

performance of materials, depending on their physicochemical properties. Among the tested 

materials, the granular MnOx-based catalyst (CAT-E) demonstrated the best overall performance. 

The research also addressed the deactivation issue of MnOx-based catalysts caused by water 

molecules, particularly at high humidity levels. Physicochemical modifications were investigated 

through synthesis methods and metal doping. These modifications improved the efficiency of the 

catalysts, with Ce-doped catalysts showing promising results. However, prolonged exposure to 

high humidity led to efficiency loss (at 80% RH <20% efficiency 6 h post exposure). To overcome 
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this, a novel modification technique involving a hydrophobic polymer (poly(vinylidene fluoride)) 

mixed with catalytic media was employed, resulting in significantly enhanced performance (at 

80% RH >50% efficiency 6 h post exposure). 

Overall, this study sheds light on ozone removal technologies, their performance under different 

conditions, and potential modifications to enhance efficiency. These findings have implications for 

improving ozone removal systems in various applications. 
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Chapter 1. Introduction 

Preface 

In accordance with the “Concordia Guidelines for Thesis Preparation”, this dissertation is 

presented in a manuscript-based format. A brief introduction to the subject-matter of this thesis, its 

objectives and a summary of presented manuscripts and authors’ contributions are presented in 

Chapter 1. Chapter 2 presents an up-to-date and detailed survey of the relevant literature. Chapters 

3 to 5 present three original research manuscripts. Finally, thesis conclusion and suggestions for 

future works are presented in Chapter 6. 

1.1. Background 

Ozone is one of the most critical inorganic pollutants due to its high reactivity. It has various 

applications in the industry as an oxidizing agent [1], [2]. Because ozone cannot be stored nor 

transported in containers, it has to be generated in situ by industrial ozone generators [3], [4]. 

Therefore, in the industrial environment, ozone generators that work continuously are the main 

sources of ozone [5]. Ozone leakage can occur since it can destruct ozone generator components 

and relevant vessels such as tanks, piping, gaskets, joint sealers, and valves [5], [6]. A large number 

of workers and occupants that deal with ozone generators and other instruments or processes that 

produce it are at risk of exposure to high levels of ozone. The concentration of ozone has to be 

monitored precisely near the ozone generator and in the exhaust gas of the system. If any leakage 

happens, evacuation procedures must be processed [5]. Thus, applying ozone removal technology 

is highly essential for workers’ and occupants’ health. Additionally, because of the low solubility of 

ozone in water (0.456 l O3/ l H2O at 15°C [7]), the off-gas flow of the ozone generator system 

contains high levels of ozone that must be destructed before venting to the atmosphere to protect 

the environment [5]. 

Various types of media including activated carbons (ACs), catalysts, and photocatalysts have 

been studied for ozone removal. AC destructs ozone through chemisorption mechanism, which 

results in the production of oxygen, CO2, and CO [8], [9]. The ozone removal efficiency of 

different kinds of ACs like granular activated carbon (GAC) and activated carbon fiber (ACF) is 

studied in literature [8], [10], [11]. Stronger chemisorption between ozone and adsorption sites is 

a key factor. For instance, the ozone removal efficiency of carbon nanotube supported on quartz 

fiber (CNT/QF) filter is higher than the ACF filter, while the surface area of ACF is far higher than 

CNT/QF. This is due to the much stronger chemisorption of ozone on CNT [12].  
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Meanwhile, AC based filters have some drawbacks: AC is combustible, which is hazardous in 

industrial environments. In addition, the filters become deactivated in a short time; therefore, they 

need regular replacement following disposal of the used filter. Moreover, ozone can destroy the 

pore structure of porous filters. For instance, it can shift the pore size distribution of the porous 

AC filter to larger values. Furthermore, the formation of harmful secondary organic pollutants such 

as formaldehyde and acetaldehyde through the reaction of ozone with organic compounds is 

another disadvantage, since the deposition of dust and soot on the filters is inevitable [10], [13]–

[15]. The main disadvantage of AC-based filters is their low ozone removal efficiency during long 

term exposure to ozone, which makes them unstable. 

Decomposing ozone into harmless products using photocatalysts and catalysts can be a 

promising ozone removal technology due to the moderate reaction conditions, high efficiency, and 

low cost [16]–[18]. According to the following reaction (Equation 1.1), the process of 

decomposing ozone is thermodynamically favored [19].  

𝑂3 → 
3
2⁄ 𝑂2            ∆𝐺298

0 = −163 𝐾𝐽.𝑚𝑜𝑙−1                                                                                                 (1. 1) 

Ozone decomposition reaction can take place on semiconductor materials such as titanium 

dioxide (TiO2), which are activated by absorbing light, usually ultraviolet (UV) radiation. This 

technique is known as photocatalytic oxidation (PCO). Semiconductor materials generate positive 

holes after absorbing light and become activated. Their subsequent interaction with water results 

in the formation of hydroxyl radicals, which can initiate the ozone decomposition process [13]. 

One of the most popular semiconductors that is studied as a photocatalyst is TiO2 [13], [16], [20]–

[23]. The overall photocatalytic ozone decomposition reaction using TiO2 as a photocatalyst is 

[16]: 

𝑂3  
𝑇𝑖𝑂2  ℎ𝑣≥3.2 𝑒𝑣
→           3 2⁄ 𝑂2                                                                                                                                          (1. 2) 

The photocatalytic activity of TiO2 is affected by specific surface area and crystal structure. 

TiO2 can have three phases of anatase, rutile, and mixture of anatase-rutile. The rutile phase has 

the highest activity, and anatase has the least [16], [20]. According to the reports, the ozone 

conversion of pure TiO2 photocatalyst decreased rapidly after a period due to the oxidation of the 

TiO2 surface by ozone and the formation of an oxidation layer on its surface [21], [22]. 

There are various catalytic materials for the decomposition of ozone at room temperature such 

as metals, metal oxides, zeolite, and perlite. Also, the use of transition metal oxides supported on 

Al2O3, SiO2, TiO2, and AC was reported for ozone catalytic decomposition [18], [21], [24]. Among 
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them, MnOx-based catalysts gained more interest due to their highest catalytic activity, which is 

attributed to the manganese ability to form oxides with different oxidation states, as well as low 

price (compare with noble metals), and good stability [17], [24]–[29].  

According to the results of recent studies, the density of oxygen vacancies on the surface of the 

MnOx catalyst, in addition to its reducibility are responsible for the ozone decomposition efficiency 

of the catalyst. A catalyst with the higher surface area has a higher density of oxygen vacancies, 

i.e., the higher density of active sites. Therefore, the morphology and the structure of the catalyst 

are also of great importance [24]–[26], [28], [29]. However, excessive formation of oxygen 

vacancies (bulk oxygen vacancy) results in changing the crystal structure and charge distribution 

significantly, which is not beneficial for ozone decomposition [30], [31].  

Several modification procedures are applied to improve the catalytic performance of the MnOx 

catalyst. For instance, changing the Mn2+ precursors [32], the variation of calcination temperature 

[33], doping Mn with other transition metal oxides [17], [25], [34]–[36], acid treatment [29], [37], 

and coating or impregnating the catalyst on a support [26], [38]. Each of these modifications have 

several effects including enhancement of specific surface area, increasing the adsorption capacity, 

improvement of oxygen vacancies dispersion, increasing the oxygen vacancy density, increasing 

the ratio of Mn3+/Mn4+, strengthen the catalyst reducibility, enhancing the diffusion of ozone into 

the catalyst structure, and decreasing the average oxidation state of Mn, which enhance the 

catalytic activity toward ozone decomposition. 

Despite the high catalytic activity and stability of MnOx-based catalysts for ozone 

decomposition, water vapor has a strong but reversible adverse effect on their performance. Water 

molecules competition with ozone for adsorption on the active sites of the catalyst leading to 

blocking the active sites, therefore ozone cannot reach them [17], [30], [32], [39], [40]. To 

overcome this issue, some modification techniques were applied, such as doping and acid 

treatment. The purpose of these modifications is to make the active sites more hydrophobic and 

make the adsorption of ozone stronger than the water molecules. 

1.2. Research objective 

According to the literature, one of the major challenges that MnOx-based catalysts are facing 

for ozone decomposition is the detrimental effect of humidity on their performance. Therefore, this 

research aims to develop a humidity-resistant MnOx-based catalyst via a feasible procedure for 
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efficient ozone decomposition. to achieve this goal the following objectives are planned to carry 

out: 

• Designing a bench-scale test set up that enables tuning the operation conditions, 

particularly humidity level, ozone concentration and airflow rate. 

• Testing several common ozone removal materials to understand their performance 

followed by studying their physicochemical properties before and after exposure to 

ozone. 

• Using the design of experiment (DoE) approach to statistically investigate the direct 

effects of operational conditions and their interactions on the performance of ACs and 

catalysts and determine which parameters are significant. 

• Modelling the ozone removal packed bed reactor to study the kinetics of the ozone 

removal process including convection, diffusion, dispersion, and reaction of ozone 

through the packed bed.  

• Translating the results of statistical and kinetic modeling investigations into the 

mechanism of water molecules’ adverse effect on the materials’ ozone removal 

performance 

• Synthesizing a novel MnOx-based catalyst via a feasible procedure and seeking 

chemical and physical modifications to improve its humidity-resistance feature.  

• Testing and characterizing the synthesized catalysts to study its ozone removal 

performance at different humidity levels and understand the effect of modifications on 

the catalysts’ properties. 

1.3. Thesis organization 

Chapter 2 presents a review of recent research on ozone removal technologies. Various types 

of technologies including activated carbon-based ones, photocatalytic, and catalytic systems, are 

reviewed and investigated based on their advantages and drawbacks. The recent developments in 

MnOx-based catalyst for ozone decomposition are elaborated.  

Chapter 3 focuses on systematically comparing the common granular activated carbon and 

catalysts for ozone removal. A bench-scale test set up was designed to test and study several 

granular media based on their physicochemical properties before and after exposure to ozone.  

Chapter 4 investigates the effect of operational conditions on the performance of granular 

ozone removal media. The experiments were designed and conducted in a bench-scale test set up. 
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The results were statistically analyzed and kinetically modelled. The direct effect of operational 

conditions in addition to the impact of their two-way interactions were demonstrated. Finally, the 

implications of the findings were presented. 

Chapter 5 elaborates on developing a MnOx-based catalyst for efficient ozone decomposition 

in harsh environments. Different preparation methods and chemical modifications were 

investigated. The lab-made catalysts were studied thoroughly utilizing numerous physical and 

chemical characterization techniques. Also, they were tested in the bench-scale test set up for 

ozone decomposition. A physicochemical approach was applied to modify the catalyst media and 

improve its performance at high ozone concentration and high humidity level.  

Chapter 6 provides a summary of the thesis and key conclusions in addition to potential ideas 

for future research. 

1.4. Contribution of authors 

• Chapter 2: 

“Active ozone removal technologies for a safe indoor environment: A comprehensive 

review;” Building and Environment, 187, p. 107370, 2021.  

Authors: Marzieh Namdari, Chang-Seo Lee, Fariborz Haghighat 

Contribution of authors: MN carried out the investigation and wrote the manuscript. CSL and FH 

assisted with the data interpretation and supervised the work. All the co-authors reviewed and 

edited the manuscript. 

• Chapter 3: 

“A systematic comparative study of granular activated carbons and catalysts for ozone 

removal;” Building and Environment, 224, p. 109510, 2022. 

Authors: Marzieh Namdari, Chang-Seo Lee, Fariborz Haghighat 

Contribution of authors: MN, CSL, and FH conceptualized the work. MN performed the 

experiments, analyzed the data, and wrote the manuscript. CSL and FH assisted with data 

interpretation and supervised the work. All co-authors reviewed and edited the manuscript. 

• Chapter 4: 

“The effect of operational conditions on the performance of granular ozone removal media: 

statistical experimental design and kinetic modeling;” Building and Environment, 235, p. 

110216, 2023 

Authors: Marzieh Namdari, Chang-Seo Lee, Fariborz Haghighat 
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Contribution of authors: MN, CSL, and FH conceptualized the work. MN designed and performed 

the experiments, analyzed the data, and wrote the manuscript. CSL and FH assisted with data 

interpretation and supervised the work. All co-authors reviewed and edited the manuscript. 

• Chapter 5:  

“Synthesis and physicochemical modification of an MnOx-based catalyst for enhanced ozone 

decomposition in humid condition;” (under review). 

Authors: Marzieh Namdari, Mohammad Khavani, Fariborz Haghighat, Chang-Seo Lee, 

Mohammad R. K. Mofrad 

Contribution of authors: MN, CSL, and FH conceptualized the work. MN developed the catalysts, 

performed the experiments, analyzed the data, and wrote the manuscript. MN and MK performed 

the computational parts and analyzed the results. MK, FH, CSL, and MKF assisted with data 

interpretation and supervised the work. All co-authors reviewed and edited the manuscript. 
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Chapter 2.  Active ozone removal technologies for a safe indoor environment: 

A comprehensive review  

2.1. Abstract 

Ozone is a highly reactive gas and one of the critical air pollutants for both indoor and outdoor 

environments. The Occupational Safety and Health Administration (OSHA) determined that the 

permissible level of ozone is 100 ppb—for 8-hour exposure at workplaces. Therefore, using ozone 

removal technology can be crucial when outdoor ozone concentration is high and where active 

ozone emission sources exist. Activated carbon-based filters, catalytic decomposition, and 

photocatalytic decomposition are air treatment technologies that have been used for ozone 

removal. The catalytic decomposition approach showed higher efficiency and higher durability 

with no generation of considerable by-products, particularly manganese oxide (MnOx) based 

catalysts, which can decompose ozone to oxygen at room temperature. The low cost, as well as 

high catalytic activity, are among the advantages of MnOx-based catalysts. High specific surface 

area, high density of oxygen vacancy, high reducibility, and low average oxidation state are 

desirable properties of the catalyst for ozone decomposition. Despite their excellent performance, 

their loss of activity in humid conditions challenges their widespread applications. This review 

presents the recent studies on ozone decomposition technologies, particularly MnOx-based 

catalysts performance and modification techniques used to improve their performance, and 

potential future research directions in this field. 

2.2. Introduction 

Ozone is one of the most critical inorganic pollutants due to its high reactivity and many adverse 

health effects [1]. These effects include respiratory irritation (e.g. cough, shortness of breath), chest 

pain, respiratory inflammation, airway tissue damage, a decrease in lung function, deadening the 

sense of smell, eye irritation, headache, and exacerbation of respiratory diseases and 

cardiovascular problems [41]–[46]. Ozone takes part in reactions with organic pollutants present 

in the indoor environment and generates C1 to C10 saturated aldehydes (e.g. formaldehyde, 

acetaldehyde), acetone, and organic acids [1], [46]–[50]. Therefore, ozone removal from the indoor 

environments is crucial to avoid the adverse effects of not only ozone itself but also the wide range 

of hazardous chemical compounds that form through various reactions involving ozone. 

Despite the hazards of ozone exposure, it has various applications in the industry as an oxidizing 

agent [2]. As it cannot be stored nor transported in containers, it has to be generated in situ by 
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ozone generators. Ozone leakage occurs due to the malfunction of ozone generator components 

such as piping, gaskets, joint sealers, and valves [5], [6], which puts a large number of workers 

and occupants at risk of exposure to high levels of ozone. To ensure the safety of workers, 

regulatory bodies and health organizations set exposure limits[3]–[5] (Table 2.1). An ozone removal 

technology is required to keep the ozone concentration level below these permissible limits or 

guideline levels. Additionally, meteorological conditions—high temperature, intense solar radiation, 

high humidity, low wind speed—and human activities that produce NOx and VOCs favor the ozone 

formation at ground-level. Natural or mechanical ventilation can introduce ozone to the indoor 

environment. Using ozone removal technology in the ventilation system is a practical approach to 

prevent occupants’ exposure. 

The increasing importance of ozone removal from indoor environments, especially industrial 

workplaces, has recently motivated a large number of studies on the effectiveness of various 

removal technologies. This paper reviews the current ozone removal technologies, ozone 

decomposition mechanisms, and the effect of relative humidity on the performance of each 

technology.  

Table 2.1. Ozone concentration permissible limit determined by health organizations 

Organization Exposure limit 

WHO1 (2005)               

Indoor environment 

0.05 ppm (100 µg/m3) 8 h exposure 

Health Canada     

Residential buildings 

0.02 ppm (40 µg/m3) 8 h exposure 

OSHA                   

Workplace 

Permissible exposure limit: 0.1 ppm (200 µg/m3) workers to not be exposed to an 

average concentration of more than 0.1 ppm for 8 h per day and 5 days per week 

NIOSH2                        

Workplace 

Recommended exposure limit: <0.1 ppm (200 µg/m3) / no to be exceeded at any 

time 

1 World health organization  
2 National institute for occupational safety and health 

2.3. Activated carbon-based filters 

Activated carbons (AC), cheap and conventional adsorbents, are commonly used commercial 

ozone removal media [10], [12], [51] in forms of granular activated carbon (GAC) and activated 

carbon fiber (ACF) [8], [10], [11]. AC-based filters convert ozone to oxygen through an adsorptive 

decomposition mechanism (Equation 2.1 and 2.2) [8], [9], [52]. Therefore, the adsorption 

capability affects the removal efficiency. 

𝐶𝑛
      𝑂3     
→     

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝𝑠
(−𝐶𝑂𝑂𝐻,−𝐶𝑂𝐻,−𝐶 = 𝑂)

 +  𝑂2
      𝑂3      
→     𝐶𝑂2, 𝐶𝑂 + 𝑂2                        𝑐ℎ𝑒𝑚𝑖𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (2. 1) 
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2𝑂3
      𝐶𝑛       
→      3𝑂2                                                                                                     𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (2. 2) 

Adsorption capacity depends on the specific area and strength of the chemical bonds. Specific 

surface area increases the performance of AC-based filters by increasing the adsorption sites [8], 

[10], [12]. Chemisorption—depends on AC’s grade that determines its origin and the active sites’ 

density, dispersion, and strength—can also increase the ozone decomposition (Figure 2.1, dark 

blue GAC-A, GAC-D, and ACF have the same surface area but different efficiency) [10]. Some 

reports show that the effect of chemisorption is dominant compared with the surface area. For 

example, the ozone removal efficiency of carbon nanotube supported on quartz fiber (CNT/QF) 

filter—with much stronger ozone chemisorption on CNT than on AC—was in the same range with 

the AC filter that its specific surface area was more than 20 times greater than CNT/QF (AC: 913 

m2.g-1, CNT/QF: 42.84 m2.g-1) [12]. In another study [11] deposited CNT on ACF filter covered 

some of the adsorptive micropores of ACF and reduced the filter specific surface area more than 

90% (CNT/ACF: 128.06 m2.g-1, ACF: 1583.63 m2.g-1), but the ozone removal efficiency decreased 

less than 0.5%. 

 

Figure 2.1. AC ozone conversion versus time in four different studies [9], [10], [12]. AC-based filters lose 

their activity over time. The rate of reduction depends on the AC grade, the ozone concentration, the relative 

humidity, and the residence time.  
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Generally, Figure 2.1 shows that AC-based filters have initial high efficiency, but their efficacy 

declines after a short time; due to carbon consumption by ozone, which produces oxygen, carbon 

dioxide and carbon monoxide (Equation 2.1) [9], [52]. Multiple studies report composition 

changes and pore enlargements after AC exposure to ozone [10], [51], [52]. The deactivation rate 

depends on the AC grade and its intrinsic properties—in Figure 2.1, the deactivation rate of GAC-

A and GAC-B (tested under the same condition [10]) is 3% and 7%, respectively in 100 min. Also, 

the deactivation rate depends on ozone concentration. The experimental data shows lower ozone 

concentration could consume carbon more slowly. 

Relative humidity can have a dual effect on the removal efficiency. It may improve the 

efficiency because water vapor could decompose ozone (Equation 2.3 to 2.6 [10], [53]), and it may 

decrease the efficiency because water vapor could cover the surface or block the filter’s pores [9], 

[10], [54]. When RH<20%, it has no considerable effects; for 20%<RH<80%, the chance of 

positive effect is higher; and in the case of RH>80%, the chance of adverse effect is higher.  

𝑀 +𝑂3 ↔ 𝑀 +𝑂2 + 𝑂                                                                                                                                          (2. 3) 

𝑂 +𝐻2𝑂 → 2𝑂𝐻
•                                                                                                                                                   (2. 4) 

𝑂𝐻• + 𝑂3 → 𝐻𝑂2 + 𝑂2                                                                                                                                           (2. 5) 

𝐻𝑂2 +𝑂3 → 𝑂𝐻
• + 2𝑂2                                                                                                                                        (2. 6) 

where, M—third body—represents the AC surface. 

According to the literature and the experimental results, although AC is a cheap and common 

adsorbent, multiple factors have limited its applications. In addition to its low durability and short-

term protection for workers’ and occupants’ health, ozone reaction with organic compounds 

(deposited dust and soot on the filters) could produce harmful secondary organic pollutants such 

as formaldehyde and acetaldehyde [14], [15], [55], [56]. Besides, AC is flammable, and ozone is 

a strong oxidizer with an exothermic decomposition reaction (ΔH=-143 KJ.mol-1). Thus, it is more 

appropriate to use AC when the ozone concentration is low—indoor air applications. Therefore, 

researchers investigated other active technologies such as photocatalytic and catalytic 

decomposition with more durability. 

2.4. Photocatalysts  

Photocatalytic decomposition is a technology that removes ozone through a reaction on 

semiconductor materials such as titanium dioxide (TiO2). Once semiconductor materials absorb 

light—usually ultraviolet (UV) radiation with wavelengths less than 400 nm [13], [16], [20]–[23], 
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[57]–[59]- they generate holes and electrons (Equation 2.7). Subsequent interaction of holes with 

water forms hydroxyl radicals (Equation 2.11 and 2.12), which can initiate the ozone 

decomposition process (Equation 2.14). Water molecules are essential to generate hydroxyl 

radicals (Equation 2.11 and 2.12) that decompose ozone and by-products (Equations 2.11, 2.14 

and 2.16). Besides, hydroxyl groups could catch the photoexcited holes and prevent the electron-

hole recombination (Equation 2.12) [21], [22], [59], [60]. But, water molecules at elevated levels 

compete with ozone for adsorption on the photocatalyst’s surface and inhibit the ozone reaction 

with photo-generated electrons, leading to reducing the ozone conversion [20]–[22], [59]. 

Therefore, an optimum level of humidity should be maintained to maximize ozone decomposition 

efficiency. The following reactions happen during the photocatalytic decomposition of ozone over 

TiO2 [16], [59], [61]. 

𝑇𝑖𝑂2
ℎ𝜗≥3.2𝑒𝑣
→       ℎ+ + 𝑒−                                                                                                                                           (2. 7) 

𝑒− + 𝑇𝑖4+  →  𝑇𝑖3+                                                                                                                                                  (2. 8) 

𝑂3 + 𝑇𝑖
3+  →  𝑂3

− + 𝑇𝑖4+                                                                                                                                       (2. 9) 

𝑒− + 𝑂3  →  𝑂3
−                                                                                                                                                      (2. 10) 

𝑂3
− +𝐻2𝑂 → 𝑂𝐻

• + 𝑂𝐻− + 𝑂2                                                                                                                     (2. 11) 

ℎ+ + 𝑂𝐻−  →  𝑂𝐻•                                                                                                                                                (2. 12) 

𝑂3
− + 𝑂3  →  𝑂4

− + 𝑂2                                                                                                                                         (2. 13) 

𝑂𝐻• + 𝑂3  →  𝑂4
− + 𝐻+                                                                                                                                       (2. 14) 

𝑂4
− + 𝑂3  →  2𝑂2 + 𝑂3

−                                                                                                                                       (2. 15) 

𝐻+ + 𝑂3
− + 𝑂4

−  →  3𝑂2 + 𝑂𝐻
−                                                                                                                       (2. 16) 

The maximum reported efficiency of pure TiO2 is 59% for P25-TiO2 (Table 2.2). The low 

efficiency of TiO2 attributes to the generated intermediates that cover the surface or occupy the 

active sites [21], [22]. Adding noble metals (such as Pt[21], Pd[23], [58], and Ag[22]), transition 

metals (such as Cu, Mn, Fe)[61] (Table 2.2) or using a support[13], [16] could prevent the 

deactivation and improve the efficiency of the TiO2.  
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Table 2.2. Ozone decomposition efficiency of metal-TiO2 photocatalysts  

Ref Photo-

catalyst  

Explanation  Source of 

light 

Sa 

(m2.g-1) 

[O3]b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td  

(°C) 

RHe 

(%) 

ηf 

[21] 

Pt-TiO2 
1 % Pt loaded TiO2 

photocatalyst Three low 

black light 

lamps (300-

400 nm) 

- 

1 - 25 0 

62% 

TiO2 
Pure P25 TiO2 

photocatalyst 
50 59% 

 

[22] 

Ag-TiO2 

Ag nanoparticles 

deposited on TiO2 

photocatalyst 
UVA light 
(0.2 W) 

11.7 

1000 - 25 70 

>95% 

after 6 h 

TiO2 
Anatase TiO2 

photocatalyst 
12.1 

<5% 

after 2 h 

 

[58] Pd-TiO2 

Pd nanoparticles 

dispersed in TiO2 

photocatalyst film 

low pressure 

mercury lamp 
(VUV, 185-

254 nm, 58.6 

W.m-2) 

- 21.85 - 25 45 >88% 

 

[61] 

P25 

Commercial P25 

TiO2 photocatalyst 

grafted with Cu, Mn, 

and Fe 

UVA-LED-

array (365 nm, 

10 W.m-2) 

50 

1 1.07 - 50 

- 

Cu-P25 - >35% 

Mn-P25 - >40% 

Fe-P25 - >50%  

a specific surface area 
b ozone concentration 
c weight space velocity 
d temperature 
e relative humidity 
f decomposition efficiency 
* lower wsv means higher residence time 

Noble metals and transition metals enhance the photocatalytic activity by facilitating light 

absorption and electron trapping and preventing the electron-hole recombination [21]–[23], [58], 

[61]. Noble metals (like Pt, Pd, and Ag) have catalytic activity; they could reduce the deactivation 

rate over time and ensure a stable ozone conversion in the long-term. For instance, pure anatase-

TiO2 has less than 5% efficiency after 2 h, while the deposition of Ag on its surface increases the 

photocatalytic decomposition efficiency to more than 95% after 6 h under the same condition.  
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Among different supports’ material include glass pad [13], glass tube [16], nickel foam, 

aluminum honeycomb, and activated carbon fiber [13]; the highest efficiency attributes to 

activated carbon support (>95%) due to the high adsorption capacity of AC [13]. TiO2 supported 

on the glass pad, aluminum honeycomb, and nickel foam had negligible ozone removal efficiency 

(less than 10%). But the TiO2/glass tube was efficient for ozone degradation and kept its activity 

after repeating the process [16]. Mills et al. [16] proposed that during the ozone decomposition by 

TiO2/glass tube, the temperature is increased on the surface of TiO2—since the reaction is 

exothermic ΔH=-143 KJ.mol-1—thus, continuous irradiation benefits thermal oxidation and 

photocatalytic reaction [16].  

The overall photocatalysts’ ozone removal efficiency is higher and more stable than the AC-

based filters, and it improves by adding metals, especially Ag; however, continuous UV irradiation 

is energy-consuming and is impractical for some applications (e.g. respirator filter). Also, 

photocatalytic ozone decomposition suffers from inferior efficiency and low durability compared 

to catalytic decomposition. 

2.5. Catalysts  

Catalytic decomposition is another major technology for ozone removal. The whole process of 

catalytic decomposition consists of three main steps: adsorption, reaction, and finally, desorption. 

Figure 2.2 shows that the dissociative adsorption of ozone on the catalyst’s active sites (oxygen 

vacancies) produces an oxygen molecule and an atomic oxygen (𝑂2−). The activation energy of 

this reaction is deficient, 6.2 kJ.mol-1; thus, when ozone reaches the catalyst, a layer of atomic 

oxygen covers its surface. In the next step, the gaseous ozone reacts with the atomic species and 

generates an oxygen molecule in the gas phase and a peroxide species (𝑂2
2−), which occupies the 

oxygen vacancy. The last step is desorption of the peroxide species from the oxygen vacancy in 

the form of a gaseous oxygen molecule. This is the rate-limiting step due to its high activation 

energy (69.0 kJ.mol-1). If the peroxide does not decompose in time, it will transform into lattice 

oxygen; thus, the oxygen vacancy cannot be recovered, and the catalyst becomes deactivated [24], 

[29], [62]–[66]. Desorption of the intermediates (peroxide species) depends on the strength of the 

chemical/physical bond between the peroxide and the oxygen vacancies—a weak bond means the 

oxygen vacancy is stable [40]. At the steady state, the peroxide species permanently occupy the 

weak oxygen vacancies, and only the stable and accessible active sites are left [18]. Therefore, a 

high density of stable oxygen vacancies results in durable ozone decomposition. However, if the 
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density of oxygen vacancies increases beyond a certain level (formation of bulk oxygen vacancy), 

it changes the crystal structure and charges’ distribution significantly, which is detrimental for 

ozone decomposition [30], [31]. Therefore, the density of oxygen vacancies for each catalyst 

should be optimized. The density of stable oxygen vacancies depends on the intrinsic properties 

of the catalyst [40]  

Various catalytic materials decompose ozone at a near-ambient temperature (Tables 2.3 to 2.7) 

including metals (platinum (Pt), palladium (Pd), silver (Ag), and copper (Cu)), metal oxides 

(manganese (Mn), cobalt (Co), copper (Cu), iron (Fe), nickel (Ni), silver (Ag), and aluminum (Al), 

zeolite and perlite. Besides, transition metal oxides supported on Al2O3, SiO2, TiO2, and AC were 

used for catalytic decomposition of ozone [18], [19], [21], [24], [67]–[72]. We review the 

performance of the common catalysts in the following. 

 

Figure 2.2. Ozone decomposition mechanism in dry air: First, the oxygen vacancy adsorbs ozone and 

generates an oxygen molecule and a peroxide species; Then another ozone reacts with the peroxide and 

generates the second oxygen molecule and another peroxide species; Finally, the oxygen vacancy desorbs 

the peroxide species in the form of an oxygen molecule (the third one). The last step, peroxide species 

desorption, is the limiting step and causes catalyst deactivation. 

 

• Cuprous oxide-based: Cu2O, a typical p-type transition metal oxide, has many applications 

as a catalyst. Researchers showed that the morphology and particle size of the Cu2O catalyst 

substantially affects its ozone decomposition performance [68]–[70]. The cubic particles (<50 nm) 

are more active, more stable in the long-term, and more resistant to high humidity—100% 
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efficiency after 8 h at 80% relative humidity (Table 2.3). These particles have {100} plane in their 

crystal structure that desorb intermediates easier than {111} and {110} planes [68], [70].  

Synthesizing the cuprous oxide as a composite, Cu2O/reduced graphene oxide improves its 

efficiency more than 3 times—Cu2O microparticles have 30% efficiency after 2 h under dry 

condition, while Cu2O/reduced graphene oxide has 100% efficiency after 72 h under the same 

condition [69]. The synergistic effect between the Cu2O and reduced graphene oxide facilitates the 

electron transfer between them which could improve the electron transfer from O2
2− to the catalyst 

surface; therefore, it enhances the intermediates desorption, which is beneficial for ozone 

decomposition. 

• Iron oxide-based: Mesoporous 2-line ferrihydrite (an oxyhydroxide of iron) and 

mesostructured semi-crystalline iron oxide (a mixture of amorphous ferrihydrite nanoparticles and 

crystalline γ-Fe2O3) showed good performance due to their mesoporous structure that exposes 

more iron active sites [71], [72] (mesoporous M2LFh and MSIO have 95% and 87% efficiency, 

respectively; non-mesoporous CIO and 2LFh showed 71% efficiency). Ferrihydrite has a higher 

amount of iron active sites at or near its surface than in bulk. These iron sites are unsaturated with 

less oxygen packing around them, making them more available for ozone adsorption [71]. 

Iron oxide was also investigated in the form of a metal-organic framework (MOF) [72]. MOFs 

have a high specific surface area, and their active sites are spatially arranged, uniformly distributed, 

and accessible. The iron (III) based MOF (MIL-100 Fe) with 1726 m2.g-1 surface area showed 

100% ozone conversion after 100 h of exposure to 45 ppm ozone. Contrary to the typical decrease 

in the activity of other catalysts in humid conditions, this catalyst has better performance in the 

presence of water—100% efficiency at >90% RH. Wang et al. [72] proposed that water could 

facilitate the formation and decomposition of the intermediates on the surface sites of the MOF. 

However, MOFs have not been commercialized yet (researchers are investigating the large-scale 

synthesis and the industrial application of MOFs) [73]. Wang and colleagues [72] fabricated this 

catalyst as a film as well and placed it in a face mask. The mask could completely decompose a 

low concentration of ozone (200 ppb) for 12 h [72]. This reveals new use-cases for catalysts to 

protect workers’ and occupants’ health when their exposure to ozone is inevitable. This report 

shows promising results on the use of MOF catalysts for future investigations. 
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Table 2.3. Catalysts, except the MnOx-based ones, that are investigated for ozone decomposition 

Ref 

 

Catalyst’s 

name  

Morphology Sa 

(m2.g-1) 

[O3]b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

 (°C) 

RHe 

(%) 

ηf 

[68] Cu2O 

Cubic 

 - 20 1 25 Dry 

31% after 2 h 

Truncated 

octahedral 
21% after 2 h 

Octahedral 7% after 2 h 

Cubic 40 nm 

 - 

770 

1 

25 
Dry 

100% after 6 h 

200 

100% after 66 h 

80 100% after 8 h 

0 Dry 
100% after 2.5 h 

95 % after 6 h 

Cubic 205 nm 

200 25 Dry 

0% after 8 h 

Cubic 447 nm 10% after 8 h 

Cubic 968 nm <5% after 8 h 

[69] 

Cu2O Cubic (~ 2 µm)  5.7 

20 1 25 

Dry 

30% after 2 h 

Cu2O/rGO 

cubic 

microparticles and 

ultrafine 

nanoparticles (~3 

nm) on the surface 

of reduced 

graphene oxide 

 5.1 

100% after 72 h 

90 >96% after 10 h 

[70] 

Cu2O 
Nanoparticles (<50 

nm) 
 26.5 3000 4 25 

Dry 99.2% after 8 h 

90 >95% after 8 h 

Cu2O-Al 

Honeycom

b 

monolithic  - 
10 1 

25 

Dry 
100% after 24 h 

90 

3000 4 Dry 99.4% after 12 h 

 

[67] 

Ni/NiO Slice structure  7.7 

1000 

4 25 

Dry 100% after 8 h 

90 98% after 8 h 

3000 
Dry 80.4% after 8 h 

90 47.8% after 8 h 

NiO 
Spherical 

nanoparticles 
 - 1000 4 25 

Dry 100% after 8 h 

90 54% after 8 h 
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Table 2.3. Continued 

Ref Catalyst’s 

name  

Morphology Sa 

(m2.g-1) 

[O3]b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

 (°C) 

RHe 

(%) 

ηf 

[71] 

M2LFh Irregular   180 

600 25 25 12 

95% initially 

MSIO 
Spherical and 

fibrous 
 140 87% initially 

CIO 
Tubular (non-

mesoporous) 
 82 71% initially 

2LFh Non-mesoporous  223 71% initially 

[72] 

MIL-100 

(Fe) 

Irregular 

(nanosize) 
 1726 45 

33.33 25 

<5 10% after 12 h 

30 90% after 12 h 

45 100% after 100 h 

>90 100% after 12 h 

MOFilter -  - 0.2 45 100% after 12 h 
 

[74] CoOx-350    67.038 1000 2 25 - 88.1% after 4h 
 

[75] 

Aluminum 

reduced 

anatase-

TiO2 

core-shell 

structured 

nanoparticles  

 - 

8600 0.1 25 100 

95.6% after 12 h 

Anatase-

TiO2 
Nanoparticle   102 4.8% after 1 h 

 

[76] 

Ag/Al2O3 

- 

 0.14 

20000 0.1 25 - 

>90% after 3 h 

Ag/Cl  - >80% after 3 h 

Ag/Perlite  - >70% after 3 h 

Ag/ZSM-5  - <20% after 3 h 

[77] 

Ag/SiO2 

- 

 - 

4390 - 23 Dry 

90% after 2 h 

Ag/Clinoptil

olite 
 - 85% after 2 h 

[78] 

Ag/SiO2 

- 

 342 90% after 6.5 h 

Ag-H-MCM-

41 
 723 94% after 6.5 h 

Ag-Ce-

MCM-41 
 823 65% after 6.5 h 

Ag-H-Beta-

11 
 574 42.5% initially 

a specific surface area 
b ozone concentration 
c weight space velocity 
d temperature 
e relative humidity 
f decomposition efficiency 
* lower wsv means higher residence time 
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• Silver containing: Silver (Ag), a precious noble metal, known as a highly active metal; but 

the Ag containing catalysts such as Ag/SiO2 [77], [78], Ag-clinoptilolite [77], Ag/MCM-41, 

Ag/Beta zeolite [78], [79], Ag/α-Al2O3 [76], and Ag/perlite [80] did not show significantly better 

performance than cuprous oxide, nickel oxide and iron-containing catalysts (Table 2.3). Among 

these, Ag/MCM-41 has the highest initial ozone decomposition efficiency (98%)[78], [79] –its 

efficiency declines after 390 min to <95%. The Ag-clinoptilolite shows more durability keeping 

85% ozone conversion for 5 days [77]. However, the high price of Ag limits its application 

compared with transition metal oxide-based catalysts. 

• Zeolite: Natural and commercial zeolites have a porous structure with uniform pores, high 

internal surface area, ion-exchange ability, selective adsorption, strong and weak Lewis acid sites, 

and thermal and chemical stability [81]–[83]. They, however, show a low ozone conversion rate 

compared with other transition metal oxides. For instance, ZSM-5, which is a commercial zeolite, 

has an ozone conversion efficiency of 40% initially. Although by adding Cu and Fe, its efficiency 

increased to 70% and 90%, respectively [81]; its efficiencies are still lower than transition metal 

oxides efficiencies.  

In all the above studies, catalysts were investigated separately, under different experimental 

conditions, which make it difficult to compare their performance. Dhandapani and Oyama [18] 

tested the ozone decomposition efficiency of several transition metal oxides (supported on γ-Al2O3 

on a cordierite foam) under the same conditions (40 °C, 2 ppm inlet ozone concentration, and 40% 

RH). They reported that the catalytic activity of the oxides for ozone decomposition was in the 

order of MnO2 (42%)> Co3O4 (39%)> NiO (35%)> Fe2O3 (24%)> Ag2O (21%)> Cr2O3 (18%)> 

CeO2 (11%)> MgO (8%)> V2O5 (8%)> CuO (5%), which shows the higher activity of p-type 

transition metal oxides [18]. The p-type transition metal oxides, such as MnOx, and Fe2O3, have 

more positively charged holes to receive the electrons from the 𝑂2
2− than the n-type ones, such as 

V2O5, and Cr2O3. Hence, the oxygen desorbs from the catalyst faster and releases the oxygen 

vacancy easier [18], [19], [67], [84]. Because of their superior performance, the MnOx-based 

catalysts have gained more interest than the other transition metal oxide; therefore, they are 

reviewed in more detail below.  

2.5.1. MnOx-based catalysts 

MnOx-based catalyst has wide applications in ozone decomposition due to its high activity, 

resulting from its ability to form oxides with different oxidation states, as well as its low price 
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(compared with noble metals), being environmentally friendly, and good stability [17], [24]–[29], 

[85]. The presence of multiple oxidation states in the catalyst benefits the ozone decomposition 

that consists of redox steps (Equation 2.17). If the reduction reaction does not happen, it means 

that 𝑀𝑛𝑛+ is permanently oxidized to 𝑀𝑛𝑛+1+ and the catalyst becomes deactivated [17], [24], 

[29], [62]. 

{
𝑂3 + [𝑀𝑛

𝑛+] → 𝑂2 +𝑂
−[𝑀𝑛𝑛+1]

𝑂3 + 𝑂
−[𝑀𝑛𝑛+1] → 2𝑂2 + [𝑀𝑛

𝑛+]
                                                                                                               (2. 17) 

Besides, a mixture of high and low Mn valences in the catalyst structure that results in the 

formation of an oxygen vacancy (Equation 2.18) enhances catalytic activity [24], [40], [86]. 

{
4𝑀𝑛4+ +𝑂2− → 4𝑀𝑛4+ + 2𝑒− + 1 2⁄ 𝑂2 → 2𝑀𝑛

4+ + 2𝑀𝑛3+ + + 1 2⁄ 𝑂2

−𝑀𝑛4+ − 𝑂2− −𝑀𝑛4+ → −𝑀𝑛3+ − −𝑀𝑛3+ −+1 2⁄ 𝑂2                                 
                             (2.18) 

where,  is the oxygen vacancy. 

The crystal structure of the catalyst could affect the density of the oxygen vacancy and the 

reducibility (i.e., the ability to form oxygen vacancies) [87], [88]. The crystal structure can 

determine the Mn-O bond length affecting the catalytic activity of MnOx; a weaker bond (longer 

length) means more active oxygen and thus easier formation of strong oxygen vacancy [30], [86]. 

The impact of different crystal structures, including α-, β-, γ-, and δ- MnOx and Todorokite 

structure (Figure 2.3) were investigated in the literature [24], [25], [29], [32]. Among them, the α 

type showed better results—α-MnO2 100%> γ-MnO2 90%> β-MnO2 50% [24] (Table 2.4). An 

example of an α type catalyst with very good performance is octahedral molecular sieve (OMS-

2), which belongs to the hollandite group (Figure 2.3), with 92% efficiency after 7 h at 90% relative 

humidity [89]. Additionally, The presence of impurities in the catalyst’s structure leads to the 

substitution of some of the Mn(IV) cations with Mn(III) or Mn(II) to balance the charge, which 

results in the formation of oxygen vacancies (Equation 2.17) and decreasing the average oxidation 

state of Mn [24], [40], [86]. 
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Figure 2.3. Different structures of MnOx catalyst: (A) α-MnOx 2*2 tunnels, (B) β-MnOx 1*1 tunnels, (C) 

γ-MnOx 2*1 tunnels, (D) todorokite-MnOx 3*3 tunnels, (E) δ-MnOx layered structure, (F) λ-MnOx spinal 

structure [86]. A, B, C, and D types have a tunnel structure. Each side of the tunnel is constructed of a chain 

of edge-sharing MnO6 octahedra. The sides are connected from the corners. In the sides of the octahedral 

Mn(II), Mn(III), and Mn(IV) are located. Different cations can reside within the tunnels, such as barium 

and potassium[32], [35], [62].  

 

Moreover, catalyst morphology is also a key factor affecting catalyst efficiency. It can affect 

the specific surface area, the average Mn oxidation state, the dispersion of the oxygen vacancies, 

and the exposed crystal facet of the catalyst [28], [90]. The active sites, situated on different crystal 

facets, have various activities. Therefore, the morphology of the particles and their aspect ratio 

determine which facet is more exposed [90]–[93]. It is noteworthy that the crystal facets play a 

crucial role in the formation of oxygen vacancies since each facet has a different energy level [90]. 

To understand the most effective crystal structure or morphology, one should keep the other 

properties (e.g., specific surface area) constant and vary the morphology or the crystal structure by 

controlling the synthesis factors. The critical synthesis factors include the MnOx precursor, the 

composition of the reactants, the reaction temperature, the pH of the media, and the reaction 

duration [25], [37], [88], [91], [94]–[100]. Synthetic methods used are co-precipitation, 

hydrothermal, solid interface reaction (SIR), sol-gel, emulsion, and chemical vapor deposition. 

Co-precipitation and hydrothermal methods garnered more attention than the others (Tables 2.4 to 

2.7).  
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Table 2.4. Pure MnOx-based catalysts with different crystal structures and morphologies which were synthesized with different procedures 1 

Ref Catalyst’s 

name  

Morphology Explanation  Sa 

(m2.g-1) 

[O3]b 

(ppm) 

WSVc  

(L.g-1.min-1) 

Td  

(°C) 

RHe    

(%) 

ηf 

[101], 

[102] 
MnO2 

Bamboo-leaf like 

rod/sheet 

Amorphous MnOx 

is synthesized via 

co-precipitation 

method using 

Mn(Ac)2 as the 

precursor and 

KMnO4 as the 

reducing agent  

calcined at 

different 

temperatures 

Without 

calcination 
299.7 

20 

10 

25 

50 

100% after 12 h 

50 

<80% after 2 h 

70 <60% after 2 h 

[102] 

MnO2-300 
Calcined at 300 

°C 
150.8 

10 50 

100% after 12 h 

MnO2-500 Rod-shaped 
Calcined at 500 

°C 
40.6 60% after 12 h 

 

[24] 

α-MnO2 

Nanofiber  

Synthesized by hydrothermal reaction 

between Mn(Ac)2 and KMnO4 at 140 

°C for 2h 

80.7 

14 11 25 1 

100% after 2 h 

γ-MnO2 

Synthesized via a hydrothermal 

reaction between MnSO4.H2O and 

(NH4)2S2O8 at 90 °C for 24h 

74.6 >90% after 2 h 

β-MnO2 

Synthesized via a hydrothermal 

reaction between MnSO4.H2O and 

(NH4)2S2O8 at 140 °C for 12h 

13.8 >50% after 2 h 

 

[28] α-MnO2 

Nanofiber 

Synthesized by hydrothermal reaction 

between Mn(Ac)2 and KMnO4 at 140 

°C for 2h 

80.7 

23 14.7 25 45 

80% after 2 h 

Nanorods 

Synthesized via a hydrothermal 

reaction between KMnO4 and HCl at 

120 °C for 12h 

33.8 <60% after 2 h 

Nanotube  

Synthesized by hydrothermal reaction 

between KMnO4 and HCl at 140 °C 

for 12h 

39.2 <50% after 2 h 
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Table 2.4. Continued 

Ref Catalyst’s 

name  

Morphology Explanation  Sa 

(m2.g-1) 

[O3]b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe    

(%) 

ηf 

[30] α-MnO2 Nanofiber  

Synthesized via a hydrothermal 

reaction between MnSO4.H2O and 

KMnO4 at 150 °C for 12h. the 

obtained catalyst was treated by 

vacuum de-oxidation method to 

introduce more surface oxygen 

vacancies  

- 20±1 9 25 

<5 >95% after 24 h 

90 <40% after 12 h 

 

[91] 

α-MnO2 Sheet  

Synthesized by the solid interface 

reaction between MnCl2 and KMnO4 

grounded for 20 min at room 

temperature 

76 

60 8.5 - dry 

100% initially 

α-MnO2 Rod  

Synthesized via a hydrothermal 

reaction between MnSO4.H2O and 

KMnO4 at 160 °C for 24h  

59 100% initially 

 

[32] 

OMS-2-Ac 

Nanofiber  

Cryptomelane type MnO2 (OMS-2)** 

catalyst synthesized via hydrothermal 

reaction between different Mn2+ 

precursors (MnAc2, Mn(NO3)2, 

MnCl2) and KMnO4 at 100 °C for 24h 

137 

40±2 10 30 90 

75% after 6 h 

OMS-2-NO3 83 >60% after 6 h 

OMS-2-Cl 78 >60% after 6 h 

 

[89] OMS-2-0.7 Nanorod 

Synthesized with MnAc2 as the 

precursor and KMnO4 as the reducing 

agent via the hydrothermal method at 

100 °C for 24h, the best efficiency 

obtained with the molar ratio of 

KMnO4/MnAc2=0.7 

154 500 - 25 

Dry 100% after 7 h 

90 92% after 7 h 
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Table 2.4. Continued 

Ref Catalyst’s 

name  

Morphology Explanation  Sa 

(m2.g-1) 

[O3]b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe    

(%) 

ηf 

[74] MnOx-350  - 

Synthesized via co-precipitation 

method using Mn(NO3)2 and 

NH4HCO3 stirred at room temperature 

for 4 h. The obtained MnOx catalyst 

calcined at different temperatures, the 

best results obtained at 350 °C 

116.159 1000 2 25 - 98.5% after 4h 

 

[103] MnCO3 Spherical 

Synthesized via co-precipitation 

method using Mn(NO3)2 and 

NH4HCO3 stirred at room 

temperature for 4 h.  

40.5 14 11 25 1 >85% after 24 h 

a specific surface area 1 
b ozone concentration 2 
c weight space velocity 3 
d temperature 4 
e relative humidity 5 
f decomposition efficiency 6 
* lower wsv means higher residence time 7 
** octahedral molecular sieve (OMS-2) belongs to the hollandite group (α-type). OMS-2 MnOx with potassium ions inside the tunnels is named cryptomelane 8 
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2.5.1.1. Catalyst modification techniques 

After the catalyst synthesis, several modification procedures can be applied to improve the 

catalytic performance of the MnOx catalyst. The most important modification techniques are as 

follows: 

2.5.1.1.1. Metal mixing/doping 

Doping—a common technique to modify the catalyst properties—would increase the surface 

oxygen vacancies, the surface acid sites, and decrease the crystallinity. Low crystallinity means 

more surface defects and a higher specific surface area, improving catalytic activity. Doping can 

create a mixture of different crystals [17], [25], [40], [87], [93], [104], and alter the morphology 

of the catalyst particles [25], [40], [93], [104]; changing the morphology is more probable when 

the dopant has a high valence, such as Mo6+ and W6+ dopants [105]. 

The interactions in the interface of two different metal ions and two different crystals can 

facilitate the formation of more oxygen vacancies. Based on density functional theory (DFT) 

calculations, the formation energy of the oxygen vacancies is lower in the interface of two different 

metal ions and two distinct crystal phases [25], [34], [40], [106]. Besides, the metal ions as dopants 

can substitute the Mn in the framework or the impurities in the crystal structure of the MnOx 

catalyst; thus, the average oxidation state (AOS) would change. If the dopant substitutes the Mn4+ 

in the framework, then the AOS of Mn will be reduced, which in turn benefits the ozone 

decomposition. The physical and chemical properties of the dopant are critical as they determine 

the type of substitution [35], [106], [107].  

Several transition metals, including Fe, Co, Ce, W, and V and noble metals such as Ag, were 

used as a dopant (Table 2.5). Among these elements, Ce enhanced the catalyst activity further than 

the other dopants. For instance, in one study, the ozone decomposition efficiency of Ce-γ-MnO2 

was 1.75 times higher than the Co-γ-MnO2 (at the same experimental condition) [40]. In another 

study, the ozone conversion of Ce-OMS-2 was 9 times higher than the Co-OMS-2 and Fe-OMS-2 

[35]. The improving effects of Ce doping may be caused by the contact boundaries of Mn and Ce 

that enrich the oxygen vacancies. Besides, Fe3+ and Co3+ tend to substitute the Mn3+ while Ce4+ 

substitutes both the impurities and the Mn4+ in the framework, which leads to a higher content of 

Mn in the catalyst than the other M-MnOx, a lower AOS and consequently a higher oxygen 

vacancies formation [35], [106].  
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2.5.1.1.2. Acid/base treatment 

The effects of acid/base treatment on the performance of the MnOx-based catalysts are 

presented in Table 2.6. Acid treatment improves the reducibility of the catalyst; therefore, the 

catalytic activity increases. However, it does not affect the morphology or the crystal structure of 

the catalyst [29], [37], [108]. Meanwhile, it can increase the surface area by decreasing the size of 

the particles [108]. Acid treatment could enhance the ozone adsorption, improve the diffusion of 

ozone into the catalyst pores, increase oxygen vacancies, acid sites, and hydrophobicity of the 

surface, subsequently increasing the ozone decomposition efficiency [29], [95]. It must be noted 

that hydrophobic acid sites could be beneficial for stable ozone decomposition under humid 

conditions (as will be discussed below) [95], [104]. 

By base treatment, the basic cations would be introduced to the crystal structure of the catalyst, 

which leads to breaking the charge balance. As mentioned in the previous sections, by breaking 

the charge balance, more oxygen vacancies form (Equation 2.17), and this is beneficial for ozone 

decomposition [65].  

2.5.1.1.3. Coating/impregnating the catalyst on/into a support 

Researchers used in-situ reduction method [26], [38], impregnation method [33], [109]–[111], 

and chemical vapor deposition method [112] to prepare a supported catalyst. The support affects 

the morphology, oxidation state of the Mn, and the catalytic activity of the MnOx catalyst [109], 

[113]. Different types of support were used, such as AC, CNT, Al2O3, and diatomite (DE) (Table 

2.7). Among these, the MnO/AC[111] has the highest specific surface area (1156.6 m2.g-1). Coating 

the MnOx on CNTs support resulted in increasing the specific surface area, and improving the 

electron transfer from CNTs to MnOx, which positively affect the catalytic performance [113]. The 

loading of the catalyst particles and their dispersion are the parameters that can influence the 

performance of the catalyst [26], [111]. Besides, for practical applications, using a supported 

catalyst is more feasible.  
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Table 2.5. Metal doped MnOx-based catalysts for ozone decomposition 1 
Ref Catalyst’s name  Morphology Explanation  Sa 

(m2.g-1) 

[O3]b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe 

(%) 

ηf 

[17] 

MnFe0.5Ox  Nano sphere 
Synthesized via a hydrothermal reaction between 

MnSO4.H2O, Fe(NO3)3 and KMnO4 at 100 °C for 

24 h.  

Molar ratio Fe/Mn= 0.5 

262 

10000 0.2 25 90 

>90% after 8 h  

MnOx  Nanowire  71.7 <40% after 30 min 

 

[34] 

Fe-MnOx Nanoparticle  Synthesized via a hydrothermal reaction between 

MnAc2, Fe(NO3)3 and KMnO4 at 140 °C for 2 h. 

Molar ratio Fe/Mn=0.5 

190 

100 22 25 60 

73% after 6 h 

α-MnO2 Nanofiber  92.9 50% after 1 h 

 

[104

] 

W-MnO2 Nanoparticle  
Synthesized via a hydrothermal reaction between 

MnAc2, Na2WO4.2H2O and KMnO4 at 100 °C for 

12 h. 

Molar ratio W/Mn=0.06 

297 

120 11 25 65 

>50% after 4 h 

α-MnO2 Nanorod 91.3 20% after 4 h 

 

[93] 
V-MnO2 Nanoparticle  Synthesized via a hydrothermal reaction between 

MnAc2, NH4VO3 and KMnO4 at 100 °C for 12 h.  

Molar ratio V/Mn=0.15 

309.8 
110 10 25 

80 38% after 2.5 h 

55 
>50% after 5 h 

α-MnO2 Nanorod  91.3 <25% after 5 h 

 

[40] 

Ce-γ-MnO2 

Microparticle  

Synthesized via a hydrothermal reaction between 

MnSO4.H2O, M(NO3)3 and (NH4)2S2O8 at 90 °C for 

24 h followed by calcination at 300 °C for 2 h 

M: transition metal (Ce, Co) 

Weight ratio M/Mn=0.25 

120 

40±2 14 30 65 

96% after 6 h 

Co-γ-MnO2 87 55 % after 6 h 

γ-MnO2 74 38% after 6 h 
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Table 2.5. Continued 

Ref Catalyst’s name  Morphology Explanation  Sa 

(m2.g-1) 

[O3] b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe 

(%) 

ηf 

[114

] 
Ce-γ-MnO2 

Globule like 

microparticles 

with nanorods 

on the surface 

Synthesized via a hydrothermal 

reaction between MnSO4, Ce(NO3)3, 

and (NH4)2S2O8 at 90 °C for 24 h  

followed by calcination at 300 °C  

The pH of the 

supernatant 

was 7 

118 

40±2 

14 

30 

Dry  100% after 6 h 

65 98% after 6 h 

93.33 Dry 
99% after 6 h 

75% after 160h 

The pH of the 

supernatant 

was 4 

113 
14 

Dry 100% after 6 h 

65 45% after 6 h 

93.33 Dry 70% after 6 h 
 

[115

] 
Ce-OMS-2** Honeycomb 

and rod 

Synthesized via a hydrothermal 

reaction between MnAc2 and 

KMnO4 at different temperatures 

and reaction durations  

70 °C 

24 h 

364 

40±2 10 30 90 

57% after 6 h 

95 °C 171 90% after 6 h 

120 °C 125 11% after 6 h 

95 °C 

2 h 411 61% after 6 h 

14 h 186 93% after 6 h 

36 h 119 74% after 6 h 
 

[35], 

[116

] Ce-OMS-2 Honeycomb  

Synthesized via a hydrothermal reaction between 

MnAc2, Ce(NO3)3 and KMnO4 at 100 °C for 24 h, 

the best result obtained when 80% of the autoclave 

was filled for the synthesis  

216 

40±2 10 30 

45 
91% after 22 

days 

[35] 

Synthesized via a hydrothermal reaction between 

MnAc2, M(NO3)3 and KMnO4 at 100 °C for 24 h. 

The weight ratio of M/Mn=0.125 

M: transition metal (Ce, Co, Fe) 

200 

90 

90 % after 6 h 

Co-OMS-2 Fiber  115 <10 % after 6 h 

Fe-OMS-2 Microparticle  52 <10 % after 6 h 

OMS-2 Fiber 137 >70 % after 6 h 

 

           

           



28 

 

Table 2.5. Continued 

Ref Catalyst’s name  Morphology Explanation  Sa 

(m2.g-1) 

[O3] b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe 

(%) 

ηf 

[117

] 
Na-OMS-2 

Urchin-like 

cluster, 

nanofibers on 

the surface 

Synthesized via SIR method 

between MnO2 and NaNO3 using 

different molar ratios of Na/Mn 

(The MnO2 was synthesized via 

hydrothermal method using 

MnSO4.H2O and KMnO4) 

Na/Mn=0 40.73 

45±2 11 25±1 

30 12.3% after 6 h 

Na/Mn=1/4 68.58 

Dry 100% after 6 h 

30 92.5% after 6 h 

60 70% after 6 h 

90 45% after 6 h 

Na/Mn=1.25/4 58.17 30 81.3% after 6 h 
 

[118

] 
CeMn10Ox Irregular 

Cerium-manganese complex oxide catalyst 

synthesized via a co-precipitation reaction between 

MnAc2, Ce(NO3)3 and urea stirring at 90 °C for 12 

h. the obtained precipitate is calcined at 600 °C for 3 

h  molar ratio of Ce/Mn=0.1 

75 40 

9.33 

30 65 

99.5% after 6 h 

14 96% after 6 h 

 

[119

] 
Ce-MnOx 

Microparticles 

with 

macropores 

and 

mesopores  

Hierarchical porous cerium doped MnOx 

synthesized via a co-precipitation reaction between 

dopamine, Ce(NO3)3 and KMnO4 stirring at room 

temperature for 1 h 

294.4 
100 

9 

25 

50 100% after 10 h 

20 
50 90% after 2 h 

90 55% after 2 h 

20000 0.2 85 100% after 8 h 
 

[66] Ce-MnO2 (300) Irregular  Calcination the Ce-MnO2, that is synthesized via the 

method described in reference 64, at 300 °C for 3 h 
103 20000 

0.2 25 85 

100% after 8 h 

[25] 

Ce-MnO2 Sheet 

Synthesized in 4 steps: 

1. Co-precipitation reaction between MnCl2, 

Ce(NO3)3 and KMnO4 at room temperature for 2 

days. 

2. Ageing the obtained precipitate in the first step 

for more 2 days in deionized water under 

continuous stirring which produces Na-birnessite 

3. Stirring the Na-birnessite in a 1 M 

Mg(CH3COO)2 solution at room temperature for 12 

h to ion exchange of Na ions with Mg ions 

4. Autoclave the ion-exchanged sample at 125 °C 

for 2 days to form the tunnel structure  

108 

50-60 

>75% after 3 h 

T-MnO2 Irregular  26 <30% after 30 min 
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Table 2.5. Continued 

Ref Catalyst’s name  Morphology Explanation  Sa 

(m2.g-1) 

[O3] b 

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe 

(%) 

ηf 

[107

] 

C0.04(FM)0.96 

- 

Cerium modified Mn-Fe mixed oxide catalyst. The 

molar ratio of Ce/(FM)=0.04 
146 

21 8 

25 
Dry 98% after 24 h 

65 63% after 6.5 h 

0 Dry 95% after 7 h 

FM 

Mn-Fe mixed oxide catalyst synthesized via a sol-

gel method followed by calcination at 400 °C. The 

ratio of Mn/Fe=2 

103 
25 

Dry  90% after 16 h 

65 55% after 6.5 h 

0 Dry 70% after 7 h 

 

[110

] 
Co-MnOx-Al Microfibrous  

Co-MnOx composite oxide catalyst structured onto 

Al-fiber felt 
24.5 

1000± 

30 

0.8 
25 

Dry 100% after 12 h 

50 60% after 12 h 

95 30% after 12 h 

1.6 Dry >80% after 3 h 

 

[120

] 

Ag-MnOx 
Nanoparticle 

and nanorod 

Synthesized via a co-precipitation reaction between 

MnSO4, AgNO3 and Na2CO3 at room temperature 

followed by calcination, the best result obtained at 

600 °C calcination and 8 wt.% Ag doping 

32 

40±2 14 30 65 

81% after 6 h 

MnOx Nanoparticle  

Synthesized via a co-precipitation reaction between 

MnSO4 and Na2CO3 at room temperature followed 

by calcination; the best result obtained at 400 °C 

calcination 

21 70% after 6h 

 

a specific surface area 1 
b ozone concentration 2 
c weight space velocity 3 
d temperature 4 
e relative humidity 5 
f decomposition efficiency 6 
* lower wsv means higher residence time 7 
** octahedral molecular sieve (OMS-2) belongs to the hollandite group (α-type). OMS-2 MnOx with potassium ions inside the tunnels is named cryptomelane 8 

 9 
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2.5.1.1.4. Heat treatment 

Heat treatment could be an effective way to desorb the water and hydroxyl groups from the 

surface of the catalyst. Hydroxyl groups are known as a cause of catalyst deactivation because they 

can react with ozone and produce water, which in turn occupies the oxygen vacancy. Hydroxyl 

desorption from the surface helps to make the oxygen vacancies more stable. Up to 180 °C, the 

physically adsorbed H2O is desorbed, above 180 °C desorption of chemically adsorbed H2O 

occurs, and around 300 °C the hydroxyl groups are dehydrated.  

More surface oxygen vacancies can be formed by vacuuming the catalyst under high 

temperatures. At high temperatures, the oxygen escapes from the lattice easier, and the oxygen 

vacancy is formed at the surface of the catalyst [30].  

Heat treatment could also have adverse impacts as it affects the crystal structure and the specific 

surface area [66], [102]. For instance, it can change the crystal structure from an active phase, like 

α-MnO2, to a less active phase, like α-Mn2O3. The temperature, thus, should be optimized based 

on the crystal phase and the oxidation state of the catalyst to obtain desirable results [120]. 
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Table 2.6. Acid/base treated MnOx-based catalysts for ozone decomposition 1 
Ref Catalyst’s 

name  

Morphology Explanation  Sa 

(m2.g-1) 

[O3]b  

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

 (°C) 

RHe 

(%) 

ηf 

[95] 

H-δ-MnO2 

Micro particles  

Birnessite-type MnO2 (δ-MnO2) 

synthesized via a co-precipitation 

method using KMnO4 and CH3OH 

stirred at room temperature for 12 h. 

δ-MnO2 treated by 

a 0.2 M HNO3 

solution at 50 °C 

stirred for 6 h 

228 

115 10 25 50 

50% after 24 h 

MnO2 Pristine δ-MnO2 40 
10% after 30 

min 

 

[108] 

50-1-N-MnO2 
Irregular 

nanoparticles 

Birnessite-type MnO2 (δ-MnO2) 

synthesized via a co-precipitation 

method using KMnO4 and C2H5OH 

stirred at 80 °C for 8 h. The obtained 

catalyst is treated by a 1 M NH4Cl 

solution at 50 °C under continuous 

stirring for 6 h.  

The N-MnO2 catalyst is coated on 

the PET by dip-coating method 

- 221 115 10 

25 50 

80% after 6 h 

60% after 60 h 

N-MnO2/PET - 

The ammonium 

treated catalyst is 

coated on 

polyethylene 

terephthalate 

- 15±1 - 
60-80% in 7 

days 

 

[65] 

K-α-MnO2 

nanowire 

Synthesized via a hydrothermal 

reaction between MnSO4.H2O and 

KMnO4 at 150 °C for 12 h  

α-MnO2 treated 

by potassium 

hydroxide in an 

autoclave at 150 

°C 

52.43 

50±1 9 25 

22 
100% after 15 h 

<25% after 25 h 

70 

<30% after 10 h 

α-MnO2 - 61 25% after 12 h 
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Table 2.6. Continued 

Ref Catalyst’s 

name  

Morphology Explanation  Sa 

(m2.g-1) 

[O3]b  

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

 (°C) 

RHe 

(%) 

ηf 

[29] 

H-δ-MnO2  

Nano sphere 

Synthesized via a hydrothermal 

reaction between MnSO4.H2O and 

KMnO4 at 240 °C for 24 h followed 

by calcination at 300 °C  

The catalyst is 

treated by a 1 M 

HNO3 solution at 

70 °C for 6 h 

206 

2000 10 30 Dry 

100% after 8 h 

K-δ-MnO2  

Potassium 

containing δ-

MnO2 catalyst 

164 35% after 8 h 

a specific surface area 1 
b ozone concentration 2 
c weight space velocity 3 
d temperature 4 
e relative humidity 5 
f decomposition efficiency 6 
* lower wsv means higher residence time 7 

 8 
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Table 2.7. Supported MnOx-based catalysts for ozone decomposition 1 
Ref Catalyst’s 

name  

Morphology Explanation  Sa 

(m2.g-1) 

[O3]b  

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe 

(%) 

ηf 

[26] MnOx/AC 
Curled 

nanobelt 

MnOx catalyst supported on coal-based granular AC 

(1.1 % Mn loading) synthesized by in situ reductions 

of KMnO4 with AC 

- 
21.5-

24 
3 25 60 >80 % after 24 h 

 

[111] MnO/AC Nanoparticle  

Synthesized via wet incipient wetness impregnation 

method using a coal-based AC as the support and 

MnAc2 as the precursor followed by calcination at 

700 °C for 3 h (5 wt% MnO loading) 

1156.6 30 20 25 45 85.9% after 10 h 

 

[113] 

Mn3O4/CNT 

MnOx 

nanosheets on 

CNT 

Synthesized via an in-situ redox reaction between 

KMnO4 and CNT.  

The obtained precipitate:  

      Without calcination: MnO2/CNT 

      After calcination at 300 °C: Mn3O4/CNT 

114.1 

50 20 25 50 

70.4% after 12 h 

MnO2/CNT 

MnOx 

nanoparticles on 

CNT 

93.9 60.3% after 12 h 

CNT Tubular  - 148.6 <40% after 5 h 

 

[36] 

Mn/Al2O3 

- 

Synthesized by in situ precipitation of the precursor 

on γ-Al2O3 

Precursors: Mn(OH)2, Cu(OH)2, and a mixture of 

Mn(OH)2 and Cu(OH)2 

239 

27 - 23 - 

35% after 3 h 

Cu/Al2O3 299 0 % after 3 h  

Mn-Cu/Al2O3 273 >95% after 3 h 
 

[39] Mn-Pd/Al2O3 - 

Synthesized via a sol-gel method, followed by 

calcination at 500 °C 

Preparing a sol from AlOOH, then adding Pluronic 

F127 to the sol, after 1 day adding a mixture of 

Mn(NO3)2 and Pd(NO3)2 to the sol, drying the whole 

mixture to obtain a gel and then calcining it 

292 13 200 40 

Dry 90% after 4 h 

10 <80% after 4 h 

          

[87] 
Ni-MnOx/DE  

Irregular shape 

Synthesized via an impregnation method using 

diatomite as the support, MnAc2 as the precursor and 

Ni(NO3)2 as the dopant(5 wt.% nickel doped) 

31.25 
16 0.33 25 1 

80.1% initially 

MnOx/DE 36.52 <65% initially 
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Table 2.7. Continued 

Ref Catalyst’s 

name  

Morphology Explanation  Sa 

(m2.g-1) 

[O3]b  

(ppm) 

WSVc* 

(L.g-1.min-1) 

Td 

(°C) 

RHe 

(%) 

ηf 

[33] 
Pd-Mn/SiO2-

Al2O3 
- 

Synthesized via an impregnation method using SiO2-

Al2O3 as the support, MnCO3 as the precursor and 

Pd(NO3)2 as the dopant followed by calcination at 

300-400 °C 

97.7 0.6 - 

27 

55-

65 

88.3% initially 

32 100% initially  

40 >90% after 80 h 

a specific surface area 1 
b ozone concentration 2 
c weight space velocity 3 
d temperature 4 
e relative humidity 5 
f decomposition efficiency 6 
* lower wsv means higher residence time 7 
 8 
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2.5.2. Humidity-a major culprit in reducing the performance 1 

Water vapor has a strong but reversible adverse effect on catalyst performance. Water 2 

molecules’ competition with ozone for adsorption on the active sites of the catalyst leads to 3 

blockage of the active sites, rendering them inaccessible to ozone (Figure 2.4) [17], [30], [32], 4 

[33], [35], [39], [40], [75]. The employment of in situ Raman spectroscopy [34] and scanning 5 

tunnelling microscopy (STM) [95], proved the blockage of oxygen vacancies by water molecules. 6 

It shows that the oxygen vacancies are filled with water molecules and the hydroxyl species that 7 

are produced through H2O dissociative adsorption on the oxygen vacancies (Figure 2.4) [30], [34], 8 

[95]. The adsorbed water molecules desorb from the surface slowly, and in the long-term, it can 9 

cause the catalyst deactivation [30]. Some modification techniques, such as doping and acid 10 

treatment, were applied to overcome this issue. The purpose of these modifications is to make the 11 

active sites more hydrophobic and make the adsorption of ozone stronger than the water molecules 12 

(Figure 2.5 and Tables 2.3 to 2.7). Acid treatment enhanced the efficiency of 400% and increasing 13 

the content of Na in the OMS-2 catalyst structure enhanced the efficiency of more than 650%. 14 

 15 
Figure 2.4. The ozone decomposition mechanism in the presence of humidity. Water molecules create an 16 
additional ozone decomposition pathway; however, the water molecule hardly desorbs from the oxygen 17 
vacancy and at high humidity levels water molecules can occupy all the oxygen vacancies. 18 
 19 
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2.6. Research prospects  1 

Despite the advancements in the field of ozone removal, there are still areas where further 2 

research can be carried out to increase our understanding of the current technologies and find new 3 

ways to improve their performance. While past studies focused on the effect of different parameters 4 

individually, to the best of our knowledge, there is no conclusive study on the simultaneous effect 5 

of inlet ozone concentration, residence time, air flow rate through the reactor, media loading, 6 

temperature, and the humidity level on the ozone removal efficiency and the durability of the 7 

technology. The lack of such studies makes it difficult to understand the interaction of various 8 

environmental factors and learn the relative importance of each in a benchmark system. 9 

Specifically, the current data reveal the key effect of humidity on deactivating the catalyst. Novel 10 

catalyst synthesis techniques should be explored to circumvent this issue.  11 

Another important subject to explore is the ozone removal performance in the presence of other 12 

gaseous pollutants such as VOCs, which reflects the real-life scenario for ozone removal. VOCs 13 

can potentially deactivate the catalyst, and their reaction with ozone can form hazardous pollutants; 14 

therefore, gaining a mechanistic understanding of ozone-VOC mixture reactions is essential. 15 

Another valuable subject of study is designing in situ ozone removal technologies such as portable 16 

devices or respirators to protect the workers’ and occupants’ health (e.g., in water treatment plants 17 

using ozone). The development of these removal technologies requires improving and testing the 18 

catalysts for different use-case conditions. These removal technologies can increase the workers’ 19 

safety by eliminating the ozone as soon as it is generated, particularly in settings where the 20 

implementation of a central HVAC system is not possible. 21 

 22 
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 1 

Figure 2.5. Catalyst’s performance improves after modification. Yellow columns and green columns show the efficiency before and after the 2 
modification, respectively [17], [25], [34], [35], [40], [67], [75], [93], [95], [104], [107], [117], [120].  3 
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2.7. Conclusion 

Ozone is one of the most critical gaseous pollutants due to its toxicity and wide industrial 

applications. Many occupants in industrial and non-industrial buildings are at risk of exposure to 

ozone. Dilution by ventilation may not be sufficient as tropospheric ozone can exceed exposure 

limits. Therefore, ozone removal by air cleaning is often necessary for exposure control. We 

reviewed different ozone removal technologies, including AC-based filters, photocatalytic 

decomposition, and catalytic decomposition. 

AC shows low durability because of the saturation and destruction by ozone. Among the 

photocatalysts, silver doped TiO2 showed the best results, but its application is limited to where 

UV-light is present. Catalysts are the most promising. Among different catalysts, Cu2O and MIL-

100 (Fe) (iron (III) base metal-organic framework (MOF)) showed the highest efficiency (100% 

at 80% RH and 100% efficiency at 90% RH, respectively), but the majority of research focused 

on MnOx.  

Various parameters can be controlled to increase the efficiency of MnO2 catalysts. The density 

of the oxygen vacancy on the surface of the catalyst is the most influential factor that affects its 

catalytic activity toward ozone. Increasing the specific surface area, increasing the ratio of 

Mn3+/Mn4+, enhancing the length of the Mn-O bond, improving the reducibility, and decreasing 

the average oxidation state leads to enhancing the density of surface oxygen vacancy. Lack of 

durability, particularly under high humidity levels, is the main drawback of MnOx-based catalysts. 

Future technologies must address this issue. Besides, improving MnOx-based filters may be 

necessary for industrial applications to protect the workers’ health.  
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Chapter 3. A systematic comparative study of granular activated carbons and 

catalysts for ozone removal 

3.1. Abstract 

Ozone is one of the critical air pollutants having direct and indirect adverse health effects. The 

occupational safety and health administration (OSHA) set 100 ppb as the ozone’s permissible 

exposure limit, highlighting the need for an ozone removal mechanism in many indoor settings. 

Activated carbon (AC) and metal oxide catalyst-based ozone removal are two widely used 

technologies for ozone mitigation; however, currently, little insight exists for choosing the best 

technology based on the application requirements. AC tests were typically limited to low ozone 

concentration (e.g., ppb level) making it difficult to obtain a broad picture of the link between their 

performance and properties. Additionally, the ozone removal by ACs and catalysts lacked a 

complete assessment of performance degradation over time. To fill this gap, this study involves a 

systematic evaluation of the ozone removal by various granular ACs and granular manganese 

oxide-cuprous oxide catalysts. The testing methodology was initially based on ASHRAE 145.1 

standard; however, test conditions were later made more challenging to better capture the 

performance decline. It was surprisingly found that, among ACs, the coconut shell-based one have 

a substantial capacity to remove ozone at moderate and mild concentration levels (<200 ppm), 

even higher than catalyst, although all ACs get considerably deactivated at high concentration 

(>99% efficiency at 1 ppm down to <40% efficiency at 900 ppm). By contrast, catalysts feature a 

slow steady decrease of active sites over time (99% efficiency at 1 ppm down to >70% efficiency 

at 900 ppm). Subsequent analysis of the material properties demonstrated a strong link between 

material’s type and its physical and chemical characteristics with its ozone removal capacity. The 

knowledge is envisioned to be of significant utility for numerous applications where ozone 

contamination is a challenging problem.    

3.2. Introduction 

Ozone, one of the strongest oxidizers among the chemical compounds, is a hazardous air 

pollutant due to its direct or indirect adverse health effects. It can directly react with human 

respiratory tissue causing respiratory irritation, lung damage, and exacerbation of asthma and 

cardiovascular problems [121]–[124]. Ozone, alternatively, forms secondary organic pollutants 

through reaction with organic compounds, indirectly producing carcinogens like formaldehyde 

and acetaldehyde [50], [55], [123], [125]. It also indirectly generates hydroxyl and nitrate radicals 
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which fuel the production of a variety of toxic free radicals [55], [56], [122]. To mitigate the 

ozone’s harmful effects, OSHA has determined a permissible exposure limit of 100 ppb for 

workplaces [126], and health organizations suggest keeping the ozone level below a limit—

depending on the type of the indoor environment and duration of exposure [127]. Since in many 

industrial and commercial indoor environments the ozone concentration could be higher than the 

permissible limits, the use of ozone removal technologies is essential. These technologies are 

commonly required to eliminate the ozone that may get accidentally released from ozone-handling 

facilities or are routinely discharged from ozone generators in water treatment units, pulp and paper 

plants, and hospitals; and, to clean the air intake of aircraft cabins in aviation systems [5], [128]–

[134].  

Activated carbon (AC) based filtration and catalytic decomposition are two main technologies 

that have garnered the greatest attention for ozone removal. These technologies function based on 

different mechanisms. AC primarily relies on the use of chemisorption to convert ozone to benign 

gases; catalytic decomposition, in contrast, capitalizes on the catalytic conversion of ozone to 

oxygen. These technologies have unique advantages; they are cheap, readily-available, and rely on 

easy-to-handle materials [10]–[12], [18]. Motivated by the unique properties of AC and catalysts, 

a multitude of studies have previously set out to investigate their ozone removal efficacy. A number 

of works have reported that granular AC and AC fibers, two common industrial form of ACs, can 

efficiently remove ozone when subjected to a concentration range below 1 ppm [10]–[12]. Other 

works have identified catalytic media as promising candidates for ozone removal, especially in 

form of metal oxides [127]. For instance, manganese oxides and cuprous oxides have shown the 

potential to decompose ozone with >95% efficiency [127]. The outstanding performance of 

catalysts made them an important research topic with attempts being made at improving traditional 

catalysts’ performance via metal doping, coating, heat treatment, and acid/base treatment [127].   

Although earlier works have provided valuable insights into removal mechanisms underlying 

these two technologies, there is still a lack of comprehensive study that compares various 

commercially available catalyst and AC media at similar operating conditions. Particularly, not 

only most past studies differ in the operating testing conditions (airflow rate, temperature, and 

humidity) but also, they vary widely in terms of tested ozone concentrations, which could 

significantly impact surface properties and catalytic reactions [127]. ACs for instance were 

generally studied at low concentrations and there is little information about how they compare 
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with catalysts at moderate and high ozone levels [10], [135], [136]. By extension, little knowledge 

is available about how material properties change as a function of operating conditions and how 

any such alteration may be linked to the medium’s performance. Overall, the lack of a comparative 

broad assessment of ozone removal media have caused significant difficulties in the selection of 

appropriate technology for each application. 

This study was aimed to address the current gaps in literature by systematically investigating 

the ozone removal performance of representative commercially available materials at identical 

operating conditions. This assessment involved three widely used AC media including coal-based, 

impregnated coal-based, and coconut shell-based as well as manganese oxide-cuprous oxide 

catalyst. ASHRAE 145.1 test method [137], a relevant laboratory technique to examine the 

performance of loose granular media for ozone removal based on their short-term performance, 

was used as the basis of initial evaluation even though it was further modified by altering the ozone 

concentration, airflow rate, and media loading to identify each material’s response across wide 

range of operating conditions. These experiments were complemented with various surface 

characterization analysis to gain mechanistic insights into catalyst and AC ozone removal 

behavior.  

3.3. Materials and methods 

3.3.1. Materials 

In total, the ozone removal performance of 11 different granular materials including three 

different coal-based activated carbon (CL), two different impregnated coal-based activated carbon 

(IM), three coconut shell-based activated carbon (CS), one palm shell-based activated carbon (PS), 

one mixture media (activated carbon and permanganate) (MIX), and one catalyst (CAT) with two 

different sizes were investigated (Table 3.1). 

3.3.2. Methods 

The bench-scale experimental set-up is portrayed in Figure 3.1. The compressed air was the 

carrier gas, and a mass flow controller controlled its flow rate (the airflow rate was measured at 

the outlet of the reactor). A humidifier was used to adjust the humidity at 50%--the humidity was 

measured at the outlet of the reactor. At 1 ppm and 50 ppm level, ozone was generated by a vacuum 

UV lamp in a pressure vessel with compressed air as the feed gas. Higher ozone levels (100, 200, 

400, 650, and 900 ppm) were produced by an ozone generator (BMT 203, Germany) with oxygen 

as the feed gas. The ozone decomposition reactor is made of glass and polytetrafluoroethylene 
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(PTFE). In the reactor, the media holder is a PTFE tube with a specific volume (diameter of 4.8 

cm, height of 2.75 cm or 1.38 cm). Inside the PTFE tube the media was sandwiched between two 

meshes made of perfluoroalkoxy (PFA). The ozone concentration was measured before and after 

the reactor by an ozone monitor (6-channel Teledyne ozone monitor, 3-channel 2B Technologies 

106M). Before testing the media, the ozone concentration before and after the empty reactor was 

measured, ensuring that the reactor itself did not remove any ozone. 

 

Table 3.1. Materials that are tested in this paper and the operating conditions for each of them 

Label Manufacturer Type of the media Experimental conditions Media weight (g) 
Airflow rate 

(L/min) 

Media 

volume (mL) 

Ozone level 

(ppm) 

CL-A A Coal-based 

28.2 50 
1, 50, 100, 

200 

22.16 

14.1 25 
200, 400, 

650, 900 

11.17 

CS-A A Coconut shell-based 28.2 50 1, 50 23.47 

IM-l-A A 
Low KOH impregnated 

coal based 

28.2 50 
1, 50, 100, 

200 

24.29 

14.1 25 
200, 400, 

650, 900 

12.08 

IM-A A 
Regular KOH 

impregnated coal based 
28.2 50 1, 50 

23.16 

CL-B B Coal-based 28.2 50 1, 50 24.24 

CS-B B Coconut shell-based 

28.2 50 
1, 50, 100, 

200 

28.05 

14.1 25 
200, 400, 

650, 900 

13.41 

MIX-B B 

A mixture of coconut 

shell-based AC and 

potassium permanganate 

28.2 50 1, 50 

41.18 

CL-C C Coal-based 28.2 50 1, 50 30.82 

CS-C C Coconut shell-based 

28.2 50 1, 50 25.26 

14.1 25 
200, 400, 

650, 900 

12.37 

PS-D D Palm shell-based 28.2 50 1, 50 25.43 

CAT-E E 

A mixture of manganese 

oxide and cuprous oxide 

(size: 4.8*2.4 mm) 

28.2 50 1, 50 39.29 

14.1 25 
200, 400, 

650, 900 

19.57 

CAT-s-E E 

A mixture of manganese 

oxide and cuprous oxide 

(size: 2.4*1.4 mm) 

28.2 50 
1, 50, 100, 

200 

39.54 

14.1 25 
200, 400, 

650, 900 

19.97 
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Figure 3.1. The bench scale experimental set-up layout. All the tubes are made of PTFE. The tube size is 

¼ inch. The rotameters, valves, and fittings exposed to ozone are made of ozone compatible materials like 

stainless steel, PTFE, and polyvinylidene fluoride (PVDF).  

 

First, all the media were tested according to the ASHRAE 145.1 standard test method, where 

the ozone concentration is 1 ppm. Then the ozone concentration was increased to 50 ppm to 

identify the performance difference between media. After that, CL-A, IM-l-A, CS-B, and CAT-s-

E (Table 3.1) were selected as representative material from each media category to test their 

performance at two elevated concentrations, 100 ppm and 200 ppm. To study the full profile of the 

media performance, which was necessary for removal mechanism analysis, the ozone 

concentration was further increased to 400 ppm, 650 ppm, and 900 ppm. However, to ensure safe 

operation condition the airflow rate and the volume of media had to be decreased by half, while 

the residence time was kept the same as the ASHRAE standard. At this modified condition CL-A, 

IM-l-A, CS-B, CS-C, CAT-E, and CAT-s-E were selected as the representative materials—CL-A 

and CS-B showed the worst and the best performance, respectively, among AC-based media at 50 

ppm level; to study the effect of impregnation, IM-l-A was selected to compare its performance 

with the virgin CL-A; CAT-s-E was selected from the catalyst group; CS-C was selected to 

compare its efficiency with CS-B; CAT-E was selected to study the effect of catalyst granules’ size 

on the performance. Table 3.1 represents the operating conditions for each material. 

The ozone removal performance of the media is reported in terms of conversion (Equation 3.1) 

and capacity (Equation 3.2).  

𝜂 =
𝐶𝑖𝑛𝑙𝑒𝑡 − 𝐶𝑜𝑢𝑡𝑙𝑒𝑡

𝐶𝑖𝑛𝑙𝑒𝑡
                                                                                                                                 (3. 1) 

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑜𝑧𝑜𝑛𝑒

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑎
                                                                                     (3. 2) 
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𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑜𝑧𝑜𝑛𝑒 =  ∫ 𝜌 (𝐶𝑖𝑛𝑙𝑒𝑡 − 𝐶𝑜𝑢𝑡𝑙𝑒𝑡)𝑄 𝑑𝑡
𝑡

0

                                                    (3. 3) 

where 𝐶𝑖𝑛𝑙𝑒𝑡 and 𝐶𝑜𝑢𝑡𝑙𝑒𝑡 are the ozone concentration before and after the reactor, respectively; 𝜌 is 

the ozone density determined using the ideal gas law, and Q is the airflow rate. 

3.3.3. Characterization 

3.3.3.1. Scanning electron microscopy (SEM)  

The morphology and porous structure of the samples before and after ozone exposure were 

observed using SEM (FEI ESEM Quanta 450 FEG, FEI Company, USA) at different 

magnifications (10000 and 20000). The samples were mounted on a plate using carbon tape, and 

the SEM images were taken without any coating on the sample. 

3.3.3.2. Surface area, pore volume, and pore size distribution  

Nitrogen adsorption-desorption isotherms were obtained by the MicroActive TriStar II Plus 

instrument (Micromeritics Instrument Co.). The specific surface area of the sample was calculated 

according to the Brunauer-Emmet-Teller theory (SBET) using the adsorption data in a relative 

pressure (p/p0) range that gives a linear relationship between the p/p0 and 1/[Q(p0/p-1)], where Q 

is the amount of adsorbed nitrogen (mmol/g) [138]. The micropore surface area (Smic), the 

micropore volume (Vmic) and the total volume (Vtot) were calculated using the t-plot method, where 

the thickness of the adsorbed layer was calculated by Harkins and Jura equation [139]. The pore 

size distribution was determined based on nonlocal density functional theory (NLDFT) using the 

nitrogen adsorption-desorption isotherm. Before the nitrogen adsorption analysis, samples were 

dried at 50 ˚C for one week. 

3.3.3.3. Surface chemistry  

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface chemistry of the 

samples. The samples were completely dried before running the test, and they were characterized 

by a K-α instrument (Thermo Scientific) using an Al-kα radiation source (spot size 400 μm). Three 

points were analyzed for each sample; the survey scan was performed by a 200-eV pass energy 

with 1 eV step size to study the surface elemental composition. The high-resolution scans were 

recorded by a 50-eV pass energy with 0.1 eV step size. The high-resolution scans were 

deconvoluted to their constituent peaks. 

The presence of basic groups on the surface was detected by soaking a specific amount of the 

sample into an acidic solution and measuring the pH. In this method 40 mL of a 0.02 N HCl 

solution was prepared, 20 mL of this solution was put aside as the blank solution. In the rest 20 
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mL of the solution, 200 mg of the sample was soaked and mixed using a shaker for 2 days. After 

the mixture reached equilibrium, the pH of the blank solution and the pH of the mixture were 

measured and the difference between the blank pH and the mixture pH shows the presence of basic 

groups—the surface 𝑂𝐻− ions neutralized some of the existing 𝐻+ ions in the acidic solution 

resulting in an increase in the pH. The increase in the pH can determine the concentration of basic 

groups in the sample. The concentration of 𝑂𝐻− ions were calculated by subtracting the 

[𝐻+]𝑠𝑎𝑚𝑝𝑙𝑒 from the [𝐻+]𝑏𝑙𝑎𝑛𝑘, where the concentration of 𝐻+ ions were obtained from the pH 

equation ([𝐻+]𝑠𝑎𝑚𝑝𝑙𝑒 = 10
−𝑝𝐻).  

3.4. Results and discussion 

3.4.1. Ozone removal performance as a function of concentration 

Granular AC and catalyst samples were assessed according to ASHRAE 145.1 test method 

[137] (Figure 3.2 A). At 1 ppm ozone level, all the materials showed more than 93% efficiency 

during 6 h exposure to ozone; none of the materials reached the 50% breakthrough—the standard’s 

requirement to end testing. The removal efficiency was in fact so high that the performances of 

different materials were indistinguishable; for instance, various AC media including KOH 

impregnated coal-based ones, coconut shell-based ones and the palm shell-based one, all surpassed 

99% efficiency. Han et al. [140] also did not achieve the 50% breakthrough for coal based-AC 

until after 100 h exposure and reported an efficiency of 95% after 80 h ozone exposure for coconut 

shell-based one and a KOH impregnated coal-based one. Therefore, the ASHRAE 145.1 test 

method could not fulfil its requirement in a one-day test run.  

Based on these preliminary results, testing conditions were modified by increasing the ozone 

concentration for two reasons: (i) to accelerate the testing; and (ii) to enable differentiating among 

materials. At 50 ppm ozone and the same airflow rate as previous tests, coal-based-ACs’ efficiency 

started to deteriorate (Figure 3.2 B), yet, none of the materials still reached the 50% breakthrough 

within 6 hours. At 100 ppm and 200 ppm, CL-A among 4 tested media of CL-A, IM-l-A, CS-B, 

and CAT-s-E—chosen hereafter as the representative for each media category—was the only 

material that reached the 50% breakthrough (Figure 3.2 C and D). All the other materials still 

maintained a high performance (>87% efficiency) revealing the following trend: CS-B>CAT-s-

E>IM-l-A. At 100 ppm CS-B had higher efficiency (98%) than the CAT-s-E (96%), but at 200 ppm 

the gap between their efficiency shrank after 5 h ozone exposure and vanished after 6 h (94% 

efficiency for both) (Figure 3.2 D). 
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(A) 1 ppm ozone level 

 

(B) 50 ppm ozone level 

 

(C) 100 ppm ozone level 

 

(D) 200 ppm ozone level 

 

 (E) cumulative mass of removed ozone per mass of the media 

 

(F) media’s performance after 6 h exposure to ozone 

 

Figure 3.2. The ozone removal performance of 11 different media at ASHRAE 145.1 standard test condition 

(28.2 L/min airflow rate, 50 mL media, 48.9±2.6% relative humidity, 20.9±0.8 °C temperature). (A) 1 ppm, 

(B): 50 ppm, (C) 100 ppm, (D) 200 ppm, (E) cumulative mass of removed ozone per mass of the media 

after 6 h exposure to ozone; the subset shows the capacity at 1 ppm, (F) media’s performance after 6 h 

exposure (in (E) and (F), the ozone level from light to dark shade of color is 1, 50, 100, and 200 ppm 

respectively). Up to 100 ppm reaching 50% breakthrough in a one-day test run is not feasible, and at 200 

ppm, one of the media has reached 50% breakthrough.  
* CL: coal, CS: coconut shell, IM: coal impregnated with KOH, PS: palm shell, MIX: coconut shell + potassium permanganate, CAT: catalyst 
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Figure 3.3 shows the ozone removal performance of six media at 200 ppm, 400 ppm, 650 ppm, 

and 900 ppm, and the modified test condition (lower airflow rate, lower media loading, and the 

same residence time—refer to methods). Given the superior performance of the coconut shell-

based AC and the catalyst, this figure also illustrates the performance of another coconut shell-

based sample from different manufacturer, CS-C, and another catalyst with the same material as 

CAT-s-E with bigger granule size, CAT-E. It is seen that at higher concentrations the advantage of 

coconut-shell-based AC over catalyst reversed. At 200 ppm, the CAT-s-E outperformed all the 

media, and CAT-E, while in the beginning underperformed CS-B and CS-C, regained its advantage 

after 3.5 hours. At 400 ppm, where the performance of different materials was discernibly 

segregated, the efficiency of CS-B and CS-C fell further below CAT-E. At 650 and 900 ppm, where 

CS-B and CS-C became so inefficient that, following an abrupt decrease after 1 hr, they 

approached the least efficient material, CL-A. Interestingly, at high concentrations (>400 ppm), 

IM-l-A performed much better than CS-B and CS-C, while, at all concentrations, CAT-s-E showed 

the highest removal among all the media (compare the performance after 6 hours in Figure 3.3 F). 

Calculating the ozone removal capacity after 6 h (Figure 3.2 E and 3.3 E) revealed that up to 

650 ppm the capacity was the highest for IM-l-A, but above this level, the CAT-s-E gained 

advantage. Although CAT-s-E had an outstanding removal efficiency, it also had the highest 

density among all the tested media detracting from its removal capacity, nevertheless, it removed 

more ozone per gram than the other materials at concentrated streams (>650 ppm). 

 

(A) 200 ppm ozone level 

 
 

 

 

 

(B) 400 ppm ozone level 
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(C) 650 ppm ozone level 

 

(D) 900 ppm ozone level 

 
(E) cumulative mass of removed ozone per mass of the media 

 

(F) media’s performance after 6 h exposure to ozone 

 
Figure 3.3. The ozone removal performance of five media at 14.1 L/min airflow rate, 25 mL media, 

50.3±4.2% relative humidity, and 19.9±1.1 °C temperature—at accelerated ozone levels. (A) 200 ppm, (B) 

400 ppm, (C) 650 ppm, (D) 900 ppm, (E) cumulative mass of removed ozone per mass of the media after 

6 h exposure to ozone, (F) media’s performance after 6 h exposure (in (E) and (F), the ozone level from 

light to dark shade of each color is 200, 400, 650, and 900 ppm respectively). Up to 400 ppm three media 

reach 50% breakthrough in a one-day test run, and ≥ 650 ppm all the materials reach 50% breakthrough 

except the catalyst.  
* CL: coal, CS: coconut shell, IM: coal impregnated with KOH, PS: palm shell, CAT: catalyst 

3.4.2. The ozone removal mechanism 

To be able to interpret the ozone removal behavior of catalysts and AC media, a key starting 

step is to analyze the mechanism governing these processes. AC-based materials remove ozone 

through chemisorption and catalytic reaction (Equations 3.4 and 3.5) [9], [10], [51]. Through 

chemisorption, ozone reacts with the AC and forms oxygen containing functional groups. Further 

interaction with ozone produces oxygen, carbon monoxide, and carbon dioxide; thus, during 

chemisorption, ozone consumes carbon while through catalytic decomposition carbon remains 

unconsumed. Surface area, porous structure, pore volume, and the surface chemistry are the 

parameters that affect chemisorption. On the other hand, the number of active sites for catalytic 

reaction determines the catalytic decomposition performance. 
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𝐶𝑛
      𝑂3     
→     

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝𝑠
(−𝐶𝑂𝑂𝐻,−𝐶𝑂𝐻,−𝐶 = 𝑂)

 +  𝑂2
      𝑂3      
→     𝐶𝑂2, 𝐶𝑂 + 𝑂2                        𝑐ℎ𝑒𝑚𝑖𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  (3. 4) 

2𝑂3
      𝐶𝑛       
→      3𝑂2                                                                                                     𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛  (3. 5) 

Catalyst, however, removes ozone through its active sites only (Equation 3.6)—which means 

that ozone does not consume the catalyst. Therefore, the performance of the catalyst strongly 

depends on the density, dispersion, and durability of its active sites [18], [24], [30], [31], [62], [63].  

{

𝑂3 + 𝑉𝑂 → 𝑂2 +𝑂
2−

𝑂3 + 𝑂
2− → 𝑂2 +𝑂2

2−

𝑂2
2− → 𝑂2 + 𝑉𝑂

                                                                                                                                         (3. 6) 

where, 𝑉𝑂 is the active site (i.e., oxygen vacancy). 

These obvious mechanistic differences in chemistry of the two processes provide a reasonable 

basis for interpreting the decomposition curves, which feature generic differences between the two 

categories. A noticeable theme in Figure 3.2 and Figure 3.3 was that the AC-based media had high 

initial efficiency for all levels of ozone concentration, which lasted longer at low ozone 

concentrations. At high ozone concentration levels, however, the efficiency fell steeply before 

reaching a nearly steady efficiency. The catalyst, in contrast, always retained high efficiency across 

the entire tested concentration range. These observations demonstrated that the high initial efficacy 

of AC mostly resulted from a dominant chemisorption mechanism (Equation 3.4) while the 

following drop in the slope was caused by the saturation of the chemisorption sites. Thereat, the 

AC’s limited number of active sites for catalytic reaction substantially restrained the catalytic 

decomposition rate. Contrary to ACs, catalysts, which are typically manufactured to have high 

density of active sites for catalytic reaction, always decompose ozone at a relatively faster rate.  

Ozone removal rate variation through time (ozone removal rate is defined as cumulative gram 

of removed ozone per gram of the media per unit of time, s-1) can more clearly illustrate the 

fundamental difference between ACs and catalysts mechanisms (Table 3.2, Figure S3.1 and S3.2).  

For ACs, at low ozone concentration levels, a constant rate of ozone removal was observed, 

which suggested chemisorption mechanism was dominant (Table 3.2 and Figure S3.2). At high 

concentrations, a nonlinear decay of removal rate indicated a mechanistic shift (Table 3.2, Figure 

S3.1 and S3.2)—from chemisorption to catalytic reaction. Catalysts’ removal rate, in contrast, 

remained always constant versus time displaying a removal rate proportional to the concentration 

(Table 3.2, Figure S3.1 and S3.2)—suggesting that the ozone decomposition reaction was first 

order. This obviously revealed the high density of the catalyst active sites and their durability. 
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Identifying ozone removal mechanisms facilitates the comparison of individual media. Firstly, 

the fact that CL-A, CS-B, and CS-C materials at 900 ppm exhibited a comparable final-point 

efficiency suggested that they consist of nearly equal number of catalytic active sites. It can be 

then hypothesized that the difference in ozone removal performance of various AC media merely 

stems from the variation of chemisorption capacity. To verify this hypothesis, the structure of 

materials was characterized with respect to their morphology, pore volume, specific surface area, 

and surface chemistry.  

Figure 3.4 shows the morphology of the materials before and after exposure to ozone. It shows 

that coconut shell ACs have a porous structure compared to their coal-based counterparts, which 

could enhance their chemisorption ability. After reaction with ozone, it was clearly seen that ozone 

affected coconut shell’s morphology more severely than other ACs—evident in increased surface 

roughness of the CS-B and CS-C compared to the CL-A and IM-l-A (the surface of CL-A and IM-

l-A became flaky after exposure to ozone; IM-l-A more than CL-A) (Figure 3.4). In overall, the 

morphology of the ACs with higher initial efficiency (i.e., higher chemisorption capacity) 

underwent more significant changes. In contrast, the catalyst samples’ morphology remained intact 

meaning that only the catalytic active sites are involved in ozone decomposition. Table 3.3 further 

reveals that ozone exposure significantly decreased the specific surface area (SBET) and the pore 

volume (Vtot and Vmic) of the CS-B (Table 3.3). These morphological and surface effects together 

demonstrated a stronger chemisorption reaction between the coconut shell-based materials and 

ozone. 

Table 3.3 also shows that the micropore volume of all the AC materials are decreased after 

ozone exposure, due to the pore destruction by ozone. The increase in the CL-A total pore volume, 

in contrast to other AC materials, further confirms its lower chemisorption capacity than other 

ACs—ozone destructs CL-A’s micropores and made them larger resulting in increasing total pore 

volume and surface area while for the other ACs the pore destruction is more significant such that 

the total pore volume is decreased. The changes in specific surface area and total pore volume is 

minor for CAT-s-E sample. 
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Table 3.2. Calculated ozone removal rate (s-1) in 6 h exposure to ozone for each media (the continuous 

calculated removal rate versus time is illustrated in Figure S3.2)  

  )1-Ozone removal rate (s 

 

 28.2 L/min airflow rate, 50 mL media 

loading 

14.1 L/min airflow rate, 25 mL media 

loading 

elapsed 

time (h) 
1 ppm 50 ppm 100 ppm 200 ppm 200 ppm 400 ppm 650 ppm 900 ppm 

C
L

-A
 

0 0.00016 0.00672 0.01159 0.02363 0.02321 0.04317 0.05777 0.09324 

2 0.00017 0.00523 0.00854 0.01303 0.01267 0.02097 0.02900 0.03988 

4 0.00016 0.00466 0.00767 0.01160 0.01094 0.01794 0.02495 0.03155 

6 0.00016 0.00449 0.00733 0.01082 0.01022 0.01676 0.02221 0.02819 

IM
-l

-A
 

0 0.00014 0.00664 0.01308 0.02634 0.02625 0.05031 0.06657 0.10011 

2 0.00015 0.00714 0.01287 0.02424 0.02254 0.04072 0.05663 0.07196 

4 0.00014 0.00672 0.01262 0.02462 0.02199 0.03908 0.05054 0.06053 

6 0.00014 0.00667 0.01313 0.02476 0.02163 0.03716 0.04503 0.05132 

C
S

-B
 

0 0.00012 0.00573 0.01433 0.02466 0.02512 0.04722 0.08145 0.10988 

2 0.00012 0.00581 0.01426 0.02338 0.02273 0.02643 0.03326 0.03009 

4 0.00012 0.00591 0.01423 0.02342 0.01995 0.02313 0.02783 0.02559 

6 0.00012 0.00528 0.01476 0.02263 0.01862 0.02050 0.02426 0.02229 

C
S

-C
 

0 - - - - 0.02719 0.05149 0.07313 0.10294 

2 - - - - 0.02340 0.03564 0.0371 0.04303 

4 - - - - 0.02135 0.03161 0.03393 0.03838 

6 - - - - 0.02078 0.02999 0.03174 0.03606 

C
A

T
-E

 

0 - - - - 0.01581 0.03062 0.04648 0.06740 

2 - - - - 0.01430 0.02717 0.04246 0.06004 

4 - - - - 0.01391 0.02630 0.04027 0.05853 

6 - - - - 0.01366 0.02602 0.03921 0.05740 

C
A

T
-s

-E
 

0 0.00008 0.00392 0.00829 0.01670 0.01796 0.03397 0.05764 0.07828 

2 0.00009 0.00423 0.00842 0.01660 0.01671 0.03315 0.05323 0.07350 

4 0.00009 0.00421 0.00818 0.01598 0.01800 0.03287 0.05281 0.07161 

6 0.00009 0.00424 0.00824 0.01621 0.01648 0.03242 0.05204 0.07171 
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Figure 3.4. FE-SEM images from the materials’ surface before and after exposure to ozone with 10000 

magnifications. Ozone affected the morphology of activated carbon samples significantly, while it has 

minor effects on the CAT-s-E.  
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Table 3.3. The calculated surface area and pore volume of 4 different media before exposure to ozone and 

after exposure to 900 ppm ozone for 6 h.  

 Before exposure to ozone After exposure to 900 ppm ozone 

 𝑆𝐵𝐸𝑇
1  𝑆𝑚𝑖𝑐

2  𝑆𝑒𝑥𝑡
3  𝑉𝑡𝑜𝑡

4  𝑉𝑚𝑖𝑐
5

 𝑆𝐵𝐸𝑇 𝑆𝑚𝑖𝑐 𝑆𝑒𝑥𝑡 𝑉𝑡𝑜𝑡 𝑉𝑚𝑖𝑐 

CL-A 1114.93 404.41 710.52 0.4525 0.1656 1372.10 264.43 1107.68 0.5599 0.1153 

IM-l-A 1143.69 297.85 845.84 0.4764 0.1200 1031.25 194.21 837.04 0.4203 0.0839 

CS-B 1001.4 807.45 193.95 0.3980 0.3192 700.18 555.44 144.74 0.2767 0.2192 

CAT-s-E 287.69 18.47 269.22 0.1232 0.0060 254.19 31.33 222.85 0.1228 0.0118 

1 the specific surface area calculated via BET method (m2/g) 
2 the micropores’ surface area calculated via t-plot method (m2/g) 
3 the external surface area (Sext= SBET – Smic) (m2/g) 
4 total pore volume calculated via t-plot method (cm3/g) 
5 micropore volume calculated via t-plot method (cm3/g) 

The surface chemistry of the materials, using the XPS analysis also confirmed the higher 

chemisorption capacity of coconut shells compared to the other ACs (Figure 3.5 and Figure S3.3 

to S3.5). Before exposure to ozone, CS-B had a higher percentage of surface carbon compared to 

CL-A and IM-l-A— CL-A had silicone on its surface and IM-l-A had both potassium and silicone 

(Figure 3.5). After exposure to ozone, the amount of oxygen raised on all surfaces due to the 

emergence of oxygen-containing functional groups (according to Equation 3.4) (Figure 3.5 A to F 

and Figure S3.3-S3.5). The most dramatic change was recorded on the CS-B sample, consistent 

with its strongest reactivity with ozone. This intense interaction most likely resulted from a higher 

initial amount of unsaturated carbon-carbon bonds on the CS-B sample, which reportedly tend to 

react with ozone to produce carboxylic, lactone, and carbonyl groups (Figure S3.3-S3.5) [141]. 

The emergence of potassium after ozone exposure on the CS-B surface was another sign of its 

remarkable ozone reactivity. Given the CS-B initially had potassium in its bulk, the destruction of 

surface layer by ozone exposed the internal atoms resulting in the detection of potassium in the 

XPS analysis. 
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             Before exposure to ozone       After exposure to 900 ppm ozone for 6 h 
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Figure 3.5. The XPS survey of CL-A (A and B), IM-l-A (C and D), and CS-B (E and F), Ozone exposure 

has a significant effect on the surface composition of AC-based materials.  

 

Interestingly, the impregnated coal-based AC had a higher decomposition rate than the virgin 

coal-based—at all ozone levels. This can be well explained by analyzing the IM-l-A’s ozone 

removal pathways. Previous studies showed that, impregnating the AC with KOH increases its 

pore volume, enhancing the chemisorption [142]. Meanwhile, KOH changes the surface chemistry 

by providing 𝑂𝐻− groups on the surface [143], [144], which could contribute to ozone 

decomposition reaction according to Equation 3.7 [144]–[146]. Here the involvement of 𝑂𝐻− in 

the reaction was verified by measuring the number of basic groups on the AC surface. Table 3.4 

shows that the number of basic groups decreased after ozone exposure, demonstrating the 

considerable reactivity between ozone and the basic groups. Therefore, it can be inferred that the 

basic groups at longer exposure time were likely to act as the active site for the catalytic ozone 

decomposition enhancing IM-l-A efficiency over other AC-based materials at high ozone 
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concentration levels (>400 ppm). This notion also corroborated with the observation that CS-C, 

which have higher amount of 𝑂𝐻− groups compared to CS-B (Table 3.4), showed higher efficiency 

than CS-B when ozone was greater than 200 ppm (Figure 3.3). 

𝑂𝐻− +𝑂3 → 𝐻𝑂2
− + 𝑂2                                                                                                                                         (3. 7) 

Table 3.4. The concentration of basic groups on the surface of the materials. Blank sample was a 0.02 N 

HCl solution. The 𝐻+ ion concentration for each sample is calculated using pH equation. The 𝑂𝐻− 

concentration is calculated using: [𝑂𝐻−]𝑠𝑎𝑚𝑝𝑙𝑒 = [𝐻
+]𝑏𝑙𝑎𝑛𝑘 − [𝐻

+]𝑠𝑎𝑚𝑝𝑙𝑒.  

Sample pH 𝐻+ ion concentration 𝑂𝐻− ion concentration 

Blank 2.14 0.007244 - 

CL-A 2.72 0.001905 0.005339 

CL-A exposed to O3 2.39 0.004074 0.003171 

IM-l-A 2.83 0.001479 0.005765 

IM-l-A exposed to O3 2.78 0.001660 0.005585 

CS-B 2.36 0.004365 0.002879 

CS-B exposed to O3 2.28 0.005248 0.001996 

CS-C 2.41 0.003890 0.003354 

CS-C exposed to O3 2.32 0.004786 0.002458 

CAT-s-E 4 0.000100 0.007144 

CAT-s-E exposed to O3 3.66 0.000219 0.007026 

 

Unlike ACs, the XPS analysis of the catalyst showed that the surface atomic composition was 

unaffected by ozone (shown for CAT-s-E in Figure 3.6 A and B, and Figure S3.6). This was 

consistent with the catalytic decomposition mechanism, which necessitates no change in chemical 

composition. The behavior of metal oxide catalysts is instead determined by the density and 

durability of active sites, which is reflected in the average oxidation state (AOS) of the metal [18]. 

According to the XPS results, the AOS of Mn slightly increased from 3.303 to 3.740 (Figure 3.6 

C and D), clearly showing that the active sites were highly conserved for both catalysts (i.e., 

oxygen vacancies). 

Given that the chemical composition of CAT-E and CAT-s-E are identical, the difference in their 

performance must be purely physical. A notable physical distinction between the catalysts was 

their granule size difference. The improved performance of CAT-s-E, which had smaller granule 

size, therefore, most likely arose from its ability to be better packed (with 25 mL media loading, 

the bed porosity of the CAT-E and CAT-s-E was 4.5% and 2.6%, respectively), causing more even 

airflow distribution and a more effective collision between the air stream and the catalyst particles. 
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 Before exposure to ozone After exposure to 900 ppm ozone for 6 h 
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Figure 3.6. The XPS survey of CAT-s-E (A and B) and the high-resolution scan of Mn3s of CAT-s-E (C 

and D). Ozone exposure has a minor effect on the CATs.  

 

An unexpected behavior concerning these two catalysts occurred upon increasing the 

concentration from 650 ppm to 900 ppm. After 45 min the efficiency of CAT-E at 900 ppm 

surpassed its efficiency at 650 ppm, which stood in contrast to the CAT-s-E behavior, and the rest 

of the materials at these concentrations (Figure 3.2 and Figure 3.3). This effect can also be 

explained in terms of the physical structure of the catalysts upon ozone exposure. The pore volume 

and external surface area of the CAT-E exposed to 900 ppm ozone was higher than the one that 

was exposed to 650 ppm (Table S3.1). Ozone decreased the surface area, and the total pore volume, 

while it increased the micropore volume (Tables 3.3 and S3.1). When the ozone increased from 

650 ppm to 900 ppm, the micropore volume of the CAT-E was maintained and the total pore 

volume was increased along with the external surface area (Table S3.1). This showed that further 

exposure of CAT-E to higher levels of ozone changed the morphology leading to increment of pore 

volume and external surface area, which marginally improved the removal efficiency.  

3.4.3. Comparison of the results with previous works 

The mechanistic assessment of various granular AC-based and catalyst media provides new 

insights into catalytic and chemisorption-based ozone decomposition. Previously it has been 

shown that AC-based media can remove ozone efficiently through chemisorption mechanism when 

the concentration is at ppb level [9], [11], [12]. The current results demonstrated that such 
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mechanism can robustly decompose ozone up to 200 ppm establishing that AC was superior to 

catalysts across a wide range of concentration. These results are unique given that catalysts were 

conventionally believed to be more efficient at such high concentrations. However, a key point 

worth noting is that in the earlier studies, the ozone removal media were mostly tested in form of 

a filter not granules [10]–[12]. For instance, Lee and Davidson [10] tested various types of AC-

based commercial filters for removal of 120 ppb ozone (the efficiencies were varied from 98% to 

less than 2%). The filters contained adhesives, woven fabrics, and other materials. In this study, 

AC materials were all in granular form which enabled us to resolve the ACs’ performance in terms 

of their inherent properties. Accordingly, it is deduced that exploiting AC’s excellent 

chemisorption capacity is only possible when it is used in granular form.  

The importance of surface chemistry is further evident when comparing the performance of 

various media. Since the chemisorption relies on surface properties, it has been argued that the 

surface area is among the most critical parameters [8], [10]. Here, it was proved otherwise; the 

surface area of CL-A was 1.11 times higher than CS-B, nonetheless it showed poorer 

performances. It can thus be reasoned that commercial media perhaps benefitted from high density 

of chemisorption sites; the ineffective surface chemistry was instead responsible for the material’s 

low reactivity toward ozone. It is cautiously highlighted that the current work did not provide a 

systematic assessment of the relative significance of physical and chemical factors, these 

preliminary results suggest that surface chemistry along with surface area must be systematically 

studied and optimized to achieve higher removal yields.  

The removal assessments also bring into attention salient points regarding catalytic ozone 

removal. The catalysts were mostly studied in the powder form in the earlier works [127]. Here it 

was demonstrated that a commercial granular catalyst can have high efficiency. However, the 

granular size effect is still an important parameter to be investigated. A granular catalyst in two 

sizes was studied. Both catalysts showed a durable performance—the small size one had higher 

efficiency—and its performance was slightly affected by increasing the concentration. Future 

studies are required to investigate the effect of operational parameters, other than the ozone 

concentration, on the granular catalyst performance. 

Lastly, all these results point to the possibility of predicting the media service life based on the 

lab-scale experimental results. ASHRAE 145.1 standard test method assumes that the results at 

high ozone level in short term predict the performance at lower ozone level in long term [137]: 
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Han et al [147] have confirmed this assumption. Therefore, according to the results at 400 ppm 

ozone level, where the materials’ performances were clearly distinguishable, one can deduce that 

the high efficiency of catalyst media outlasts AC-based media. Furthermore, among the AC 

samples, the service life has the following order: coal AC impregnated with KOH> coconut shell 

AC> coal AC. 

3.4.4. Practical implications of findings 

The current study’s results, obtained from a systematic assessment of various commercially 

available AC and catalytic media, hint to important consideration regarding the application of each 

medium. These results can serve as a preliminary guideline for selecting the type of granular media 

in ozone removal systems. AC-based media are popular for gaseous pollutants removal and 

cleaning the air. However, some organizations like CNESST (standard, equity, occupational health, 

and safety commission) does not suggest AC as an ozone removal media [148]. In many studies, 

accordingly, ozone removal tests have been restricted to low ozone concentrations. Based on 

current results, AC-based media efficiently remove low levels of ozone—below 1 ppm all the 

tested ACs removed ozone with >99% efficiency, and below 50 ppm impregnated coal-based AC 

and coconut shell-based AC removed ozone with >96% efficiency. Therefore, AC-based media are 

good candidates for indoor air applications like residential buildings, and office buildings. If, the 

media can be exposed to high ozone concentrations intermittently or for removal of high levels of 

ozone (<50 ppm) in short-term, coconut-shell based AC are highly desirable (like for the buildings 

placed near high traffics or in the down-stream of a wildfire). For the applications that the media 

is routinely exposed to high levels of ozone or when a reliable performance is desired, such as air 

crafts or the exhaust of industrial ozone generators, catalyst media are most likely the best choice, 

since they have a high and stable efficiency unaffected by the ozone concentration. Moreover, the 

ozone removal mechanism analysis that is discussed in this study could help to find the best 

combination of materials for the air treatment systems that can efficiently remove not only ozone 

but also other types of air pollutants.  

3.5. Conclusion 

Various kinds of granular AC (coal-based, coal-based impregnated with KOH, and coconut 

shell-based), common materials in air cleaning devices, and a granular catalyst, the most common 

material for ozone removal, were investigated in this study. The performance of the chosen 

materials was compared to one another by testing them under different operational conditions. The 
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results confirmed that the ASHRAE 145.1 standard test method cannot fulfil its requirements in a 

one-day test run since none of the materials could reach the 50% breakthrough; therefore, the 

experimental condition had to be modified. The coconut shell-based activated carbon (CS-B) 

showed the best performance at ozone levels below 200 ppm during 6 h exposure to ozone. 

However, the small size catalyst (CAT-s-E) had superior performance than the others when the 

ozone concentration was >200 ppm. Furthermore, KOH impregnated coal-based AC had an 

improved ozone removal performance by more than 60% compared to the virgin coal-based one. 

The materials were analyzed before and after exposure to ozone by multiple characterization 

techniques including specific surface area measurement, SEM imaging, and XPS analysis. These 

techniques provided sufficient information to compare the materials based on their removal 

mechanism. AC-based materials remove ozone through chemisorption and catalytic reaction; here 

it is confirmed that the chemisorption capacity of ACs is much higher than their catalytic 

capability. During chemisorption, oxygen-containing functional groups form on the surface of the 

AC and oxygen, carbon dioxide, and carbon monoxide are produced (ozone consumes the carbon). 

The coconut shell-AC has a high chemisorption capacity, resulting in its high removal performance 

below 200 ppm ozone. SEM images and XPS results show the strong interaction between ozone 

and the CS-B material confirming its high chemisorption capacity. Above 200 ppm ozone, the AC 

materials efficiency decreased significantly, but the small size catalyst (CAT-s-E) showed more 

than 92% efficiency. The catalyst is designed to have a high density of stable active sites, and the 

XPS results showed a minor increase in the AOS of the catalyst, which means only a small portion 

of active sites were deactivated after 6 h exposure to 900 ppm ozone.  

Based on the findings in this study, the high chemisorption capacity of AC-based media makes 

them good candidates for indoor air applications in residential buildings and office buildings. If 

the ozone concentration can rise above 1 ppm (<50 ppm) for a short-term, coconut shell-based 

ACs are the best choice among the AC-based media. When the ozone concentration is constantly 

high, like in the intake air pathway of aircraft cabins or the exhaust of ozone generation systems, 

catalyst-based media with a high density of stable active sites are desirable.  
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3.6. Supporting Information  

Table S 3.1. The calculated surface area and pore volume of CAT-E material after exposure to 650 ppm and 

900 ppm ozone for 6 h.  

 After exposure to 650 ppm ozone After exposure to 900 ppm ozone 

 𝑆𝐵𝐸𝑇
1  𝑆𝑚𝑖𝑐

2  𝑆𝑒𝑥𝑡
3  𝑉𝑡𝑜𝑡

4  𝑉𝑚𝑖𝑐
5

 𝑆𝐵𝐸𝑇 𝑆𝑚𝑖𝑐 𝑆𝑒𝑥𝑡 𝑉𝑡𝑜𝑡 𝑉𝑚𝑖𝑐 

CAT-E 199.911 25.3298 174.581 0.08605 0.00998 219.969 25.3939 194.575 0.09467 0.00993 

1 the specific surface area calculated via BET method (m2/g) 
2 the micropores’ surface area calculated via t-plot method (m2/g) 
3 the external surface area (Sext= SBET – Smic) (m2/g) 
4 total pore volume calculated via t-plot method (cm3/g) 
5 micropore volume calculated via t-plot method (cm3/g) 
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Figure S 3.1. The ratio of cumulative mass of removed ozone to the total mass of the media during 6 h 

exposure to ozone. At low concentration, the ratio increases with a constant rate; however, by increasing 

the ozone concentration, the rate of increase is altering; it decreases over time. (solid lines: airflow rate= 

28.2 L/min, media loading= 50 mL; dashed lines: airflow rate= 14.1 L/min, media loading= 25 mL). 
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Figure S 3.2. The ozone removal rate (s-1) of the media during 6 h exposure to ozone. The profile is different 

for AC-based media and the catalyst media. Regarding AC-based media at low concentrations the removal 

rate is constant and by increasing the concentration an abrupt non-linear decay is observed which indicates 

shifting the removal mechanism. Regarding the catalyst media, the removal rate is almost constant, and it 

is proportional to the concentration level.  
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Figure S 3.3. XPS spectra of CL-A before and after exposure to 900 ppm ozone; survey scan and high-

resolution scans of C1s and O1s. The amount of oxygen is increased after exposure to ozone (survey scan). 

Also, the surface chemistry has changed (high resolution scans) 
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Figure S 3.4. XPS spectra of IM-l-A before and after exposure to 900 ppm ozone; survey scan and high-

resolution scans of C1s and O1s. IM-l-A has potassium on its surface compared to CL-A. The potassium 

caused the peaks at 293.5 ev and 296 ev in the C1s high resolution scan spectra. The amount of oxygen is 

increased after exposure to ozone (survey scan). Also, the surface chemistry has changed (high resolution 

scans) 
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Figure S 3.5. XPS spectra of CS-B material: survey scan and high-resolution scan of C1s, and O1s. After 

exposure to ozone, potassium atoms are detected on the surface. The presence of potassium causes the peaks 

at 293.2 ev and 296 ev in C1s high resolution scan after exposure to ozone. 
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Figure S 3.6. XPS spectra of CAT-s-E material: survey scan and high-resolution scan of Mn3s, Mn2p, O1s, 

and Cu2p.  
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Figure S 3.7. Nitrogen adsorption-desorption isotherm of CL-A, IM-l-A, CS-B, and CAT-s-E. AC-based 

samples affected by ozone much more than the CAT-s-E (solid lines before exposure to ozone; dashed lines 

after exposure to 900 ppm ozone). 
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Figure S 3.8. Pore size distribution of CL-A, IM-l-A, CS-B, and CAT-s-E before and after ozone exposure 

(solid lines: before exposure, dashed lines after exposure to 900 ppm ozone for 6 h). The pore volume of 

micropores decreased after ozone exposure for IM-l-A, and CS-B. On the other hand, the pore volume of 

CL-A increased after ozone exposure. The pore size distribution of CAT-s-E is unaffected by ozone 

exposure. 
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Chapter 4. The effect of operational conditions on the performance of granular 

ozone removal media: Statistical experimental design and kinetic modeling 

4.1. Abstract 

Ozone, a strong oxidizer, and a hazardous air pollutant can adversely affect human health and 

the environment; therefore, its concentration must be kept within a specific limit. Several ozone 

removal technologies are available for this purpose, which may be used under different operational 

conditions. Despite the selection flexibility that these technologies bring about, they raise the need 

to better understand the feasibility of each technique for various applications. Such a broad 

perspective, however, is currently lacking due mainly to the cost and resources required for 

comprehensive studies. Using a statistical design approach, this study aims to address this 

important gap. The fractional factorial method, as a reliable statistical technique, was used to study 

the effect of ozone concentration, humidity level, airflow rate, and media volume on the ozone 

removal performance of common granular materials including different types of activated carbon 

(CL-A: coal-based, CS-B: coconut shell-based, IM-l-A: coal-based impregnated with KOH) and a 

catalyst (CAT-E). The role of individual parameters and their interactions were studied. The results 

show that depending on the physicochemical properties of the material, humidity could 

substantially improve or deteriorate its performance. Among the materials tested across all 

operational conditions, on average, CL-A showed the poorest performance (mean efficiency=62%, 

standard deviation=0.31), CS-B was highly sensitive to operational conditions (efficiency was 

varied from 25% to 100% at different humidity levels ), IM-l-A showed the highest efficiency 

robustness among activated carbon media (mean efficiency=77.6%, standard deviation=0.20), and 

CAT-E featured the best performance (mean efficiency=86.5%, standard deviation=0.16). 

Additionally, the data were fitted into a packed bed kinetic model that elucidated physicochemical 

mechanisms underlying distinctive behaviors of each tested material. 

4.2. Introduction 

Ozone is a well-known oxidizing agent with extensive application in water treatment, and food, 

agriculture, and pulp and paper industries [127], [149] which is expected to have a market share 

of more than $1.22 billion by 2028 [150]. Ozone is generated by means of ozone generators for 

direct industrial use [127] or as a by-product in commercial and industrial devices such as 

photocopiers, laser printers, and welding machines, which can increase the ozone concentration 

beyond the permissible limits [151]–[154]. The prolonged exposure to ozone puts workers' health 
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at risk [127], [152]–[156], causing respiratory inflammation, lung damage, and exacerbating 

cardiovascular problems and asthma [124], [127], [157], [158]. Such adverse effects oftentimes 

manifest at the population levels as statistical surveys report a strong link between the daily 

increase in ambient ozone level and surge in hospital visits and consequently higher mortality rates 

[159], [160]. Also, high ozone level has environmental hazards such as damaging plants in addition 

to reducing crop yields and wildlife food [161]. To protect the workers' and occupants' health and 

safety, and protect the environment, ozone removal technologies are required.  

Despite the common need for ozone removal technologies in various applications, industrial 

and commercial systems differ widely in operational conditions. As reported earlier [10], [124], 

[127], [162], ozone concentration level, humidity level, and residence time are among the key 

factors affecting granular media performance—ozone influences the consumption rate of active 

sites and it can change the physical characteristics of the material [162], humidity can deactivate 

the active sites [10], [127], and residence time plays a key role in the kinetics of ozone 

decomposition reaction. These parameters span a wide range of industrial applications. For 

instance, in the exhaustion pathway of the ozone generator system in a water treatment plant, the 

ozone concentration and humidity levels are significantly high while in the ventilation system of 

an ozone-related industry the ozone concentration is relatively low and variable, the airflow rate 

is high, and the humidity level is moderate. Thus, understanding the effect of operational 

parameters on the performance of ozone removal media is crucial and facilitates selecting the best 

technology for each application.  

Various statistical experimental design methods exist to identify the effect of operational 

parameters on the media performance including one-factor-at-a-time, full factorial, fractional 

factorial, and response surface [163]. Due to their ability to reduce the experimental runs, the 

fractional factorial design method has been preferred in numerous studies to identify the effect of 

parameters and their interactions [164]–[169], and optimize the process operational conditions 

[165], [168], [170]. Despite fewer runs than full factorial designs, fractional factorial design 

outputs the most significant parameters in addition to the effect of some of the interactions in the 

form of a mathematical model [163]. Identifying the key parameters and their range is highly 

important in designing the fractional factorial to achieve a thorough model. The selected range 

should be large enough so that the response variation substantially exceeds experimental error 
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[169], [171]. Therefore, using an appropriate experimental framework with the ability to produce 

a wide range of conditions is necessary to obtain accurate models. 

Eleven different granular media were investigated according to the ASHRAE 145.1 standard 

test method in a bench-scale test set-up [162], where we used this method to capture a wide range 

of ozone removal performances over a practical experimental timescale of a few hours. This study 

used a similar bench-scale test set-up capable of varying experimental conditions to analyze the 

impact of operational parameters including ozone concentration level, humidity level, airflow rate, 

and the media volume on the ozone removal performance of four widely used commercial granular 

media, exploiting statistical experimental design and kinetic modeling. The tested media include: 

a coal-based activated carbon (CL-A), a coal-based activated carbon impregnated with KOH (IM-

l-A), a coconut shell-based activated carbon (CS-B), and a MnO2-CuO catalyst (CAT-E). The 

fractional factorial design (half fraction) with two replicates and resolution IV, which is the highest 

possible resolution consistent with half fraction, was conducted using Minitab software to perform 

the statistical analysis. Furthermore, to discuss the results of statistical analysis and gain 

mechanistic insights into the effect of operational parameters on the materials’ performance an 

empirical kinetic model was proposed and fitted to the experimental data, resulting in obtaining 

the ozone decomposition rate constant of each material and their deactivation rate constant. 

4.3. Methodology  

4.3.1. Fractional factorial design  

Among the key operational parameters affecting the ozone removal performance, humidity 

level, ozone concentration, and residence time, which is adjustable by changing the airflow rate 

and loading volume, were selected. To study the effect of these parameters (humidity level, ozone 

concentration level, airflow rate, and media volume), two levels, a high (+1) and a low (-1), were 

assigned to each (Table 3.1). The selected ranges should be large enough to cause changes that 

exceed experimental error [163], [169]: (i) the high humidity level (70%) was selected based on 

the high end of comfort zone; (ii) the ozone concentration level was selected based on the previous 

study [162], where at 1 ppm no changes were observed in the performance and above 650 ppm 

increasing the ozone level had no effect; therefore, 10 ppm and 600 ppm were selected as the low 

and high level; (iii) a wide range of residence time was included, from 0.05 s (half of the 0.1 s 

suggested by the ASHRAE 145.2 test method) to 0.75 s (more than 0.7 s suggested for granular 

catalysts) by varying the airflow rate and loading volume.  
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With four parameters, each in two levels, the number of experimental runs using half fractional 

factorial design is 8 (1 2⁄ × (24 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑟𝑢𝑛𝑠 𝑓𝑜𝑟 𝑎 𝑓𝑢𝑙𝑙 𝑓𝑎𝑐𝑡𝑜𝑟𝑖𝑎𝑙 𝑑𝑒𝑠𝑖𝑔𝑛)). Each run 

was repeated twice to enable the analysis of variance. Three centre points (0) were added to verify 

the significance of the curvature. Therefore, in total 19 experimental runs were given for each 

material to be carried out in the bench scale test set-up (Figure 4.1). The experiments were done 

randomly (based on the random order that the design assigns) to minimize the effect of unknown 

parameters such as operator error. A summary of the experimental conditions is presented in Table 

4.1. 

According to the fractional factorial design, none of the main effects are aliased with the two-

way interactions; however, two-way interactions are aliased with one another. Since it was desired 

to investigate the effect of all the two-way interactions, the design should have been de-aliased by 

adding extra experimental runs. The design of extra runs for de-aliasing is presented in Table 4.2. 

After performing the experiments and analyzing the data, a regression model (Equation 4.1) 

was established for each material (higher than two-way interaction terms were not considered): 

𝜂 = 𝛽0 + 𝛽1𝐴 + 𝛽2𝐵 + 𝛽3𝐶 + 𝛽4𝐷 + 𝛽12𝐴𝐵 + 𝛽13𝐴𝐶 + 𝛽14𝐴𝐷 + 𝛽23𝐵𝐶 + 𝛽24𝐵𝐷 + 𝛽34𝐶𝐷

+ 𝜀                                                                                                                                    (4. 1) 

where, 𝜂 is the ozone conversion, 𝛽0, 𝛽𝑖, and 𝛽𝑖𝑗 are the regression coefficients for intercept, 

linear coefficients, and interaction coefficients, respectively. A, B, C, and D represents the 

operational parameters in coded units, and 𝜀 is the error term. The regression coefficients are 

estimated based on the least square method. The adequacy of the regression model was verified by 

calculating R2, adjusted R2 (𝑅𝑎𝑑𝑗
2 ), and R2 of prediction (𝑅𝑝𝑟𝑒𝑑

2 ) and using the normal probability 

plot of standardized residuals. 

Besides the adequacy of the regression model, the ANOVA table was tabulated using the 

Minitab software, in which the significance of each model term is expressed by the p-value. In this 

study, a p-value less than 0.05 defined a significant effect. Then, the insignificant terms were 

removed to obtain the reduced model and the ANOVA table for the reduced model was obtained. 

Other statistical analyses including the normal probability plot of standardized effects, Pareto chart 

of standardized effects, and residual plots, were done by the software. 
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Table 4.1. Design of experiment, ½ fractional factorial design. -1 is the lower level, +1 is the upper level 

and 0 is the center point. For humidity level: -1 (0%), 0 (35%), and +1 (70%); ozone concentration: -1 (10 

ppm), 0 (305 ppm), and +1 (600 ppm); airflow rate: -1 (2 L/min), 0 (8.5 L/min), and +1 (15 L/min); media 

loading: -1 (12.5 mL), 0 (18.75 mL), and +1 (25 mL). 

Standard 

Order 

Run 

Order 

Center 

Pt 

Humidity 

level 

Ozone 

concentration 

Airflow 

rate 

Media 

loading 

Residence 

time (s) * 

1 13 1 -1 -1 -1 -1 0.375 

2 4 1 1 -1 -1 1 0.75 

3 12 1 -1 1 -1 1 0.75 

4 6 1 1 1 -1 -1 0.375 

5 1 1 -1 -1 1 1 0.1 

6 17 1 1 -1 1 -1 0.05 

7 7 1 -1 1 1 -1 0.05 

8 16 1 1 1 1 1 0.1 

9 14 1 -1 -1 -1 -1 0.375 

10 19 1 1 -1 -1 1 0.75 

11 8 1 -1 1 -1 1 0.75 

12 11 1 1 1 -1 -1 0.375 

13 18 1 -1 -1 1 1 0.1 

14 10 1 1 -1 1 -1 0.05 

15 5 1 -1 1 1 -1 0.05 

16 2 1 1 1 1 1 0.1 

17 9 0 0 0 0 0 0.132 

18 15 0 0 0 0 0 0.132 

19 3 0 0 0 0 0 0.132 

*𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 =  
𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)

𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝑚𝐿

𝑠
)

⁄    

 
Table 4.2. The design of extra experimental runs to de-alias the original design 

Run 

Order 

Center 

Pt 

Humidity 

level 

Ozone 

concentration 

Airflow rate Media 

loading 

Residence 

time 

20 1 -1 -1 -1 1 0.75 

21 1 1 1 -1 1 0.75 

22 1 -1 1 -1 -1 0.375 

 

4.3.2. The experimental setup  

The designed bench scale test set-up (Figure 4.1) consists of two reactors in parallel to increase 

the throughput. The carrier gas was compressed air and its total flow rate was controlled by a mass 

flow controller. The airflow rate through each reactor was measured from the reactors’ outlet and 

was controlled at the required levels (2 L/min, 8.5 L/min, and 15 L/min) by means of rotameters 

before each reactor (Figure 4.1). A humidifier was used to adjust the humidity level (0%, 35%, and 
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70%). Before ozone injection, the humidified air was passed through the reactors until the humidity 

level before and after the reactors became equal. Ozone was generated at 10 ppm level by a vacuum 

UV lamp in a pressure vessel with compressed air as the feed gas and was injected into the 

mainstream. Higher ozone levels (305, and 600 ppm) were produced by an ozone generator (BMT 

203, Germany) with oxygen as the feed gas. All the measured operational parameters are presented 

in Table S4.1.  

The ozone decomposition reactor is made of glass and polytetrafluoroethylene (PTFE). Within 

the reactor, the media holder is a PTFE tube with a specific volume (12.5 mL, 18.75 mL, 25 mL). 

Inside the PTFE tube, the media was sandwiched between two meshes made of perfluoroalkoxy 

(PFA). The ozone concentration was measured before and after the reactor by an ozone monitor 

(3-channel 2B Technologies 106M). Before testing the media, the ozone concentration before and 

after the empty reactor was measured, ensuring that the reactor itself did not remove any ozone. 

The ozone removal performance of the media was reported in terms of conversion (Equation 

4.2), calculated using the measured ozone concentration before and after the reactor. 

𝜂 =
𝐶𝑖𝑛𝑙𝑒𝑡 − 𝐶𝑜𝑢𝑡𝑙𝑒𝑡

𝐶𝑖𝑛𝑙𝑒𝑡
                                                                                                                                                 (4. 2) 

 
Figure 4.1. Bench-scale test set-up layout. All the tubes are made of PTFE. The tube size is ¼ inch. The 

rotameters, valves, and fittings exposed to ozone are made of ozone-compatible materials like stainless 

steel, PTFE, and polyvinylidene fluoride (PVDF). 
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4.3.3. Kinetic model 

A kinetic model was developed, assuming the ozone reaction is first order, based on the model 

proposed by Fogler [172] for packed beds containing porous media with axially dispersed plug 

flow, assuming that the ozone reaction is first order, there is no radial dispersion within the bed, 

the air velocity and temperature are uniform and constant, and the granules are uniformly 

distributed in the bed and their physical characteristics such as specific surface area and porosity 

remain constant during the reaction [124], [172]–[174]: 

𝜕𝐶

𝜕𝑡
= 𝐷𝑎

𝜕2𝐶

𝜕𝑧2
− 𝑢

𝜕𝐶

𝜕𝑧
− 𝑘′′𝜌𝑏𝑆 𝑎 𝐶 Ω                                                                                                                 (4. 3) 

𝑑𝑎

𝑑𝑡
= −𝑘𝑑  𝑎

𝑛1 𝐶𝑛2                                                                                                                                                   (4. 4) 

Initial conditions: 

𝑡 = 0 ∶ 𝐶 = 0 , 𝑎 = 1                                                                                                                                              (4. 5) 

Boundary conditions: 

𝑧 = 0 ∶ 𝐶 = 𝐶0                                                                                                                                                  (4. 6 − 1) 

𝑧 = 𝐿 ∶  
𝜕𝐶

𝜕𝑧
= 0                                                                                                                                                 (4.6 − 2) 

where, C (
𝑚𝑜𝑙

𝑚3
) is the ozone concentration in the bulk, t (s) is the time, z (m) is the axial coordinate, 

𝐷𝑎 (
𝑚2

𝑠
) is the axial dispersion coefficient (Appendix A), u(

𝑚

𝑠
) is the face velocity, 𝑘′′ (

𝑚

𝑠
) is the 

reaction rate, 𝜌𝑏  (
𝑔

𝑚3
) is the material’s bulk density, S (

𝑚2

𝑔
) is the material’s specific surface area, 

a is the activity of the material, 𝑘𝑑(
1

𝑠
 (
𝑚3

𝑚𝑜𝑙
)𝑛2) is the activity decay rate, Ω is the overall 

effectiveness factor (Appendix A), 𝐶0 (
𝑚𝑜𝑙

𝑚3
) is the inlet ozone concentration, and L (m) is the 

packed bed length. 

To solve the system of equation, first, they were nondimensionalized as follows. Non-

dimensionalized equations enable identifying the most important parameter and make it feasible 

to compare the importance of each term relatively. Also, it is helpful in reducing the stiffness of 

the equation and increasing the numerical stability. 

𝐶′ =
𝐶

𝐶0
  ;    𝑧′ =

𝑧

𝐿
   ;    𝑡′ =

𝑡

𝑡𝑓
                                                                                                                             (4. 7) 

where 𝐶0 (
𝑚𝑜𝑙

𝑚3
) is the inlet ozone concentration, L (m) is the packed bed length, and tf (s) is the 

reaction duration.  
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The nondimensionalized system of equations are: 

𝜕𝐶′

𝜕𝑡′
=
𝐷𝑎  𝑡𝑓

𝐿2
𝜕2𝐶′

𝜕𝐶′2
−
𝑢 𝑡𝑓

𝐿

𝜕𝐶′

𝜕𝑧′
− 𝑘′′𝜌𝑏𝑆 𝑎 𝐶

′Ω 𝑡𝑓                                                                                              (4. 8) 

𝑑𝑎

𝑑𝑡′
= −𝑘𝑑 𝑎

𝑛1 𝐶′
𝑛2
 𝐶0

𝑛2 𝑡𝑓                                                                                                                                  (4. 9) 

Initial conditions: 

𝑡′ = 0 ∶ 𝐶′ = 0 , 𝑎 = 1                                                                                                                                         (4. 10) 

Boundary conditions: 

𝑧′ = 0 ∶ 𝐶′ = 1                                                                                                                                               (4. 11 − 1) 

𝑧′ = 1 ∶  
𝜕𝐶′

𝜕𝑧′
= 0                                                                                                                                           (4.11 − 2) 

Then, the nondimensionalized system of equations (Equations 4.8 to 4.11) were numerically 

solved in Python, using scipy.integrate.solve_ivp, and were fitted to the experimental data (the 

ratio of ozone concentration in the outlet to the inlet), using scipy.optimize.curve_fit, to determine 

𝑘′′, 𝑘𝑑, n1, and n2.  

4.3.4. Characterization 

The specific surface area of media was calculated using the N2 adsorption-desorption isotherm 

obtained from the MicroActive TriStar II Plus instrument (Micromeritics Instrument Co.) based 

on the Brunauer-Emmet-Teller theory (SBET).  

The pore volume and pore size distribution were determined based on nonlocal density 

functional theory (NLDFT) using the same isotherms; this method is applicable for pores with a 

diameter less than 400 Å. To include the pores with greater sizes in the pore volume and pore size 

distribution analysis Mercury intrusion porosimetry was done, using the MicroActive AutoPore V 

instrument. Because of the different sizes of nitrogen and mercury molecules, by performing both 

techniques, a wide range of pore diameters were included in the porosimetry analysis.  

4.4. Results and Discussion 

4.4.1. Preliminary evaluation of the results  

The ozone removal performance of media after 6 h exposure to ozone, where the ozone 

concentration in the outlet became almost stable, at the conditions given by the experimental 

design are presented in Table S4.2. These data were first used to illustrate the direct effect of 

parameters, excluding interactions, in Figure 4.2. The operational conditions of airflow rate, ozone 

concentration, loading volume, and humidity were determined to substantially impact the reactor 

yield in most cases. Notably, these responses are non-linear in several cases, particularly for the 
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AC-based media where deviations of the center points from the dashed-blue line were shown to 

be more significant. The degree of significance of operational parameters along with their two-

way interactions was more rigorously investigated using the Minitab software to calculate the p-

value (Table 4.3), and plot the normal probability of standardized effects (Figure 4.3-A) and Pareto 

chart (Figure 4.3-B). Normal probability of standardized effect shows the direction and 

significance of the regression model variables, and Pareto chart (Figure 4.3) shows the absolute 

values of the standardized effect. The reference line in the Pareto chart is calculated based on the 

significance level (here is 0.05), and each variable that crosses this line is considered statistically 

significant. Since Pareto chart shows the absolute value, thus it makes it feasible to compare the 

magnitude of the effects.  

Initially, all the parameters and their two-way interactions were considered in the regression 

model. After conducting an analysis of variance (ANOVA), the parameters with p-value>0.05 were 

removed to reduce the deviation of residuals from normality in the normal probability plot of 

standardized residuals, and to prevent over fitting (p-value>0.05 represent statistically 

insignificant) [163]. Then, only the statistically significant parameters were retained. A summary 

of the software’s output including the coded coefficients and the ANOVA is presented in Table 4.3. 

The advantage of coded coefficients is that the absolute value of the factor’s coefficient is a true 

indicator of the effect of that factor. The coded coefficients thus allow comparing the effect of the 

factors on the ozone removal performance among different media. 
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Figure 4.2. The main effect of the operational parameters on the media’s ozone removal performance after 

6 h exposure to ozone. The main effect of each parameter (positive or negative) was revealed by averaging 

the responses at each parameter's level obtained from the experiments. The red circle is the center point. 

The deviation of the red circle from the dashed blue line shows non-linearity. 
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Table 4.3. The obtained results from the Minitab software (using the ozone removal conversion of the 

media after 6 h exposure to ozone) include coded coefficient a for each factor, p-value b of each factor, the 

regression model, and the model summary. (A: RH, B: O3 concentration, C: airflow rate, D: loading volume) 

 CL-A CS-B IM-l-A CAT-E 

 Coded 

Coef.a 

P-valueb Coded 

Coef. 

P-value Coded 

Coef. 

P-value Coded 

Coef. 

P-value 

Model N/A 0.00 N/A 0.00 N/A 0.00 N/A 0.00 

  Linear N/A 0.00 N/A 0.00 N/A 0.00 N/A 0.00 

    A -0.11 0.00 -0.04 0.00 - - -0.1  

    B -0.18 0.00 -0.17 0.00 -0.09 0.00 -0.02 0.00 

    C -0.20 0.00 -0.13 0.00 -0.15 0.00 -0.11 0.00 

    D 0.11 0.00 0.04 0.00 0.07 0.00 0.03 0.00 

  2-way 

interaction 

N/A 0.00 N/A 0.00 N/A 0.00 N/A 0.00 

    A*B -0.03 0.004 - - - - - - 

    A*C -0.06 0.00 - - - - -0.08 0.00 

    A*D 0.02 0.015 0.04 0.00 - - 0.02 0.00 

    B*C -0.08 0.00 -0.15 0.00 -0.08 0.00 -0.01 0.00 

    B*D 0.05 0.00 - - - - - - 

    C*D 0.02 0.037 -0.02 0.02 0.03 0.00 0.01 - 

  Curvaturec N/A 0.00 N/A 0.00 N/A 0.00 N/A 0.00 

  Lak-of-fitd N/A - N/A 0.31 N/A 0.23 N/A 0.51 

Fitted 

regression 

model for 

ozone 

conversion  

0.66 – 0.11 * A – 0.18 

* B – 0.20 * C + 0.11 

* D – 0.03 * A*B – 

0.06 * A*C + 0.02 * 

A*D – 0.08 * B*C + 

0.05 * B*D + 0.02 * 

C*D – 0.25 * CtPt 

0.80 – 0.04 * A – 

0.17 * B - 0.13 * C 

+ 0.04 * D + 0.04 

* A*D – 0.15 * 

B*C – 0.02 * C*D 

– 0.53 * CtPt 

0.79 – 0.09 * B – 0.14 

* C + 0.07 * D – 0.08 * 

B*C – 0.13 * CtPt 

0.87 – 0.10 * A – 

0.02 * B – 0.11 * C 

+ 0.03 * D – 0.08 * 

A*C + 0.02 * A*D 

– 0.01 * B*C – 

0.05 * CtPt 

R2 (%) 99.68 99.21 98.78 99.78 

𝑅𝑎𝑑𝑗
2  (%) 99.40 98.82 98.37 99.65 

𝑅𝑝𝑟𝑒𝑑
2  (%) 98.73 97.89 97.37 99.35 

a Coded coefficient: the coefficient describes the size and direction of the relationship between a term in the model 

and the response variable. 
b p-value: the p-value is a probability that measures the evidence against the null hypothesis. Lower probabilities 

provide stronger evidence against the null hypothesis. p-value<0.05: rejects the null hypothesis 
c Curvature: a curved relationship between the factors and the response 
d If the p-value is larger than 0.05, you cannot conclude that the model does not fit the data well 
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(A) 

(B) 

Figure 4.3. (A) Normal probability plot of standardized effect. The colored square means that the parameter 

has a significant effect and is included in the regression model. The gray circle represents the term that was 

not statistically significant and was excluded from the regression model. The sign of each parameter 

determines its direction. A: RH, B: O3, C: airflow, D: loading. (B) Pareto chart of the standardized effect. 

Bars that cross the reference line (the vertical dashed line) are statistically significant  

 

Based on the calculated p-values (Table 4.3), the following points can be remarked: i) The 

regression model captures the variation of the media’s ozone conversion and the lack of fit of the 
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model is not statistically significant; ii) the linear effects of the operational parameters, which are 

RH, O3 concentration, airflow rate, and loading volume, are significant and correlated with the 

media performance; iii) the effect of two-way interactions between the parameters are statistically 

significant and the ones with a p-value<0.05 strongly impact the media performance; iv) for all 

media at least one parameter has a curved relationship (non-linear relationship) with the 

performance (p-value of the curvature = 0.00); v) the regression models adequately fit the 

experimental data for all the material (R2 >98.78%); and vi) The small difference between R2, the 

𝑅𝑎𝑑𝑗
2 , and the 𝑅𝑝𝑟𝑒𝑑

2  for all the regression models indicates that the models do not over-fit the data. 

To further analyze these statistical results, it was essential to first classify and then assess the 

materials based on their ozone removal mechanism. Here along with the statistical analysis, we 

prepared a reaction-diffusion model of the packed bed reactor (Equation 4.8) and analyzed it 

against the statistical derivations (see Materials and Methods and Appendix 4.A). In this model, 

the ozone decomposition reaction rate constant (𝑘′′ (
𝑚

𝑠
)) and the activity decay function 

parameters (𝑘𝑑(
1

𝑠
 (
𝑚3

𝑚𝑜𝑙
)𝑛2), 𝑛1, 𝑎𝑛𝑑 𝑛2) of each material were determined (Table S4.3) by fitting 

the model to the experimental data. Broadly, the model approximately fits the experimental data 

with a considerable difference between the reaction rate constant and activity decay function of 

ACs and catalyst. This can be attributed to the fundamental difference in the removal mechanism 

between AC and catalyst, which matches the previous study analyses [162]. AC removes ozone 

through chemisorption and generates O2, CO2, and CO while the catalyst decomposes ozone to 

oxygen [162]; among the ACs, CS-B has a higher chemisorption capacity than others [162], which 

is reflected in its higher reaction constant rate (Table S4.3). Besides the fundamental difference in 

the reaction mechanism, the pore structure of the materials is different as the N2 adsorption-

desorption isotherms of CL-A, CS-B, and IM-l-A are type I and for the CAT-E it is type II [162], 

and their specific surface area, pore volume, and pore size distribution are substantially different 

(see Table 4.4 and Figure 4.5). Because of the physicochemical distinctions between ACs and 

catalyst, herein, the effects of operational parameters are discussed separately. 

4.4.2.  Detailed analysis of AC-based media 

Considering the direct effects of the operational parameters, decreasing the airflow rate has the 

highest positive effect on AC-based media performance (Figure 4.3). At reduced airflow rates, the 

overall effectiveness factor (Ω, Equation 4.15) decreases due to the reduction in mass transfer 
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coefficient (Equation 4.18); however, this effect is countered by the attenuated ozone axial 

dispersion and convection through the bed (presented by the 1st and 2nd term, respectively, on the 

right-hand side of Equation 4.8). Also, lower airflow rates reduce the chance of channeling in 

packed beds (which is not accounted for in the reaction-diffusion equation). The results show latter 

effects, i.e., lower ozone dispersion and convection and lower airflow channeling, are dominant, 

leading to the overall improvement of the bed’s ozone removal performance.  

In relative terms, the airflow rate effect is the smallest on CS-B followed by IM-l-A and CL-A, 

which can be attributed to the higher importance of the reaction compared to the convection and 

dispersion. This effect is clearly observed in the difference in the reaction rate constant (k”, Table 

S4.3) and granule size and shape, where CS-B has higher k” and smaller granules than CL-A and 

IM-l-A. This behavior is also consistent with the fact that the airflow rate variation did not affect 

the activity decay rate of CL-A, while it resulted in changes in the activity decay function of CS-

B and IM-l-A (Table S4.3, CL-A: n1=~2 and n2=~1.1 for all the airflow rates, IM-l-A: n2=0, n1 

increased from ~3.3 to ~4.5 from high to low airflow rates, CS-B n1=~2.1, n1 varied ~0.5 to ~1 

from high to low airflow rates, note that according to Equation 4.9, higher n1 and n2 values mean 

lower deactivation rate). Assessing the two-way interaction highlights that the effect of airflow 

rate and loading volume interaction on ACs was statistically significant (Table 4.3, Figure 4.3). 

This interaction had a positive effect on CL-A and IM-l-A which was more pronounced at the 

lower loading volume while it had a negative impact on CS-B with a stronger correlation at the 

higher volume (see Figures 4.3 and S4.1 to S4.3). This may be due to the potential channeling 

effect between ACs since airflow channeling is affected by granule size and shape [175].  

Another important parameter affecting the packed bed performance was the inlet ozone 

concentration, which had a negative effect on all ACs. The inlet ozone concentration directly 

affects the activity decay function (Equation 4.9), which could reduce the performance through the 

reaction term (Equation 4.8) and the Ω factor (Equation 4.15). The extent of the effect depends on 

the material’s reaction rate constant and properties (e.g., specific surface area, bulk density, and 

granule size), which according to the experimental results and the kinetic model was shown to be 

overall greater on CL-A followed by CS-B and IM-l-A. The statistical analysis of experimental 

data further detected the most severe effect of inlet ozone concentration at high airflow rate on 

ACs (Figures S4.1 to S4.3 and Table 4.3). A higher airflow rate means higher ozone dispersion and 

convection through the bed, and higher inlet ozone concentration translated to a higher 
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deactivation rate. Thus, increasing both the airflow rate and inlet ozone concentration deteriorated 

the bed’s performance synergistically. This interaction had the strongest effect among all the two-

way interactions (Table 4.3, Figure 4.3), with a greater effect on CS-B than IM-l-A and CL-A.  

Loading volume had a positive effect on the ACs’ performance (Table 4.3, Figure 4.2), caused 

by decreasing the axial dispersion, increasing the residence time, and reducing the bed porosity. 

Examining the coded coefficient of this parameter in the regression model indicates that this effect 

was greatest for CL-A followed by IM-l-A and CS-B. The granules’ surface area per unit volume 

calculations (A, Equation 4.16), which is affected by bed porosity and granule size, showed that 

doubling the bed volume (from 12.5 mL to 25 mL), enhanced A more noticeably in CL-A (~4.2%) 

than IM-l-A (~4%) and CS-B (~2.9%). It is worth noting that an association also exists between 

the ozone concentration and loading volume, which could potentially result from the relative 

competition between the decomposition reaction and ozone convection (Equation 4.8). This 

interaction predictably was statistically significant only for CL-A (Figure S4.1) where the negative 

effect of increasing ozone level at low media loading was higher due to a lower chemisorption 

capacity and higher ozone convection. 

4.4.3. Humidity effect on AC-based media 

The humidity seemed to have the most unpredictable effects, and thus deserved a detailed 

analysis. Based on the results, increasing the humidity level had a negative effect on CL-A and 

CS-B’s ozone removal performance, but it had no effect on IM-l-A (Figure 4.2, and Table 4.3). 

Previous studies [9], [10] mentioned that humidity could have a dual effect on ACs’ ozone removal 

performance. To further investigate it, extra experiments were carried out whereby all the 

parameters were kept constant at the center point (305 ppm ozone, 8.5 L/min airflow rate, 18.75 

mL media loading), and the relative humidity level was adjusted at 0%, 35%, and 70%. The results 

(Figure 4.4) confirmed a negative effect on CL-A, while further unveiling a dual strong effect on 

CS-B and a small positive effect on IM-l-A. This is captured consistently in the deactivation 

equation of the model by the effect of the kinetic parameters, namely the decay rate constant (𝑘𝑑) 

and the decay power (n1). That is the decay rate constant of CL-A, on one hand, increased at high 

RH, while remaining constant for CS-B and IM-l-A; on the other hand, the trend for the latter two 

followed the variation of n1 (Table S4.3). 
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Figure 4.4. The effect of relative humidity on the performance of media. The humidity level increases from 

light to dark shade of colour. Measured operational conditions are: ozone concentration = 303.2±6.5 ppm; 

airflow rate = 8.52±0.02 L/min; media loading volume = 18.75 mL; humidity level = <1%; 35.4±1.1%, 

70.1±1.2%. 

 

It must be noted, however, that the direct effect of RH and the possible route of ozone reaction 

with water molecules on the surface of AC were not considered in the kinetic model. Therefore, in 

some scenarios, the model overestimated the ozone outlet concentration.   

The humidity response implies a complex physicochemical interaction among the water, media, 

and ozone. When the airflow passes through the AC bed the primary sites (surface functional 

groups such as oxygen-containing ones) and the secondary sites (adsorbed water molecules) 

adsorb water vapor as a result of hydrogen bonding [176], [177]. In case of a constant flow of 

water vapor, it could lead to the formation of water clusters on the surface of AC [176], [177] that 

can contribute to ozone removal. Moreover, ozone is known as an oxidizer whose chemisorption 

by AC increases the number of oxygen-containing functional groups, which can adsorb water 

molecules on the AC's surface over time [162]. Drawing on this fundamental mechanism, the effect 

of humidity on different AC media could be more deeply investigated by assessing their physical 

and chemical properties. 
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Table 4.4. Materials properties calculated from N2 adsorption-desorption isotherm and mercury intrusion 

porosimetry results. 

 CL-A CS-B IM-l-A CAT-E 

N2 adsorption-desorption isotherm  

    SBET (m2/g) 1114.93 1001.4 1143.69 287.69 

    Vtotal (NLDFT1) (cm3/g) 

    (pore width<387.34 Å) 

0.5 0.42 0.53 0.34 

    Average pore width (Å) 18.65 16.78 19.59 47.23 

Mercury intrusion porosimetry  

    Vtotal (cm3/g) 0.47 0.19 0.36 0.31 

    Average pore width (µm) 2.54 0.59 2.94 0.03 

    Porosity (%) 27.35 13.89 22.6 46.07 

    Tortuosity  5.69 4.66 5.93 5.47 

    Permeability2 (mD) 1669.52 9677.59 1665.73 3140.38 

    Conductivity formation factor3 0.004 0.025 0.005 0.006 

1 the pore volume was calculated based on the non-local density functional theory (NLDFT) method 
2 The capacity of a material to transmit fluid. The conductance of fluid flow that a porous or fractured medium exhibits. 
3 The ratio of the electrical conductance of a sample permeated with a conductive liquid to the electrical conductance 

of the liquid 

 
Figure 4.5. Material’s pore size distribution. Left: Obtained from N2 adsorption-desorption isotherm by 

NLDFT method, and Right: Obtained from mercury intrusion porosimetry. 

 

CL-A has a high specific surface area and pore volume (Table 4.4). The pore size distribution 

obtained from N2 adsorption-desorption isotherm and mercury intrusion shows that CL-A pore 

sizes are in the range of 15 to 30 Å and 0.1 to 10 µm (Figure 4.5), proving a porous structure 

having micro-, meso-, and macro-pores. It is very likely that water molecules introduced by the 

airflow condense within the pores due to capillary effects and cover the AC active sites, hindering 

ozone from reaching the active site and reducing the yield. Another effect to consider is the 

chemical interaction of adsorbed water molecules with ozone. Previously, we observed CL-A has 
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a lower chemisorption capacity, hence a lower reaction rate constant, than CS-B; so smaller 

numbers of oxygen-containing functional groups were formed on its surface during chemisorption, 

and, in addition, it had a lower number of basic groups (𝑂𝐻−) than IM-l-A [162]. Therefore, 

although water molecules themselves could contribute to ozone removal [127], CL-A’s adsorption 

of water vapor, was insufficient to compensate for the deactivated sites. 

IM-l-A, albeit having a similar specific surface area, pore volume, and pore size distribution as 

CL-A (Table 4.4 and Figure 4.5), harbors a higher density of 𝑂𝐻− groups on its surface [162], 

hence, it could adsorb more water molecules than CL-A. The water clusters formed on 𝑂𝐻− and 

other oxygen-containing functional groups (formed through chemisorption) could, therefore, 

contribute to ozone removal and improving the IM-l-A’s performance from the RH of 35% to 70%. 

Across the 0% to 35% RH range, the efficiency enhancement was less than 5%, indicating a 

potentially lower chance of forming water clusters relative to highly humid conditions. Notably, 

the model reports a smaller reaction rate constant for IM-l-A compared to CL-A, nevertheless, this 

may not represent the realistic reaction mechanisms for this material due to overlooking the 𝑂𝐻− 

surface reaction, which can deviate substantially at high-humidity circumstances. 

CS-B has a lower specific surface area, and lower pore volume than CL-A and IM-l-A (Table 

4.4), and its pore sizes vary mostly between 15 to 30 Å, 0.4 to 4 µm and 150 to 300 µm (Figure 

4.5), thus CS-B has larger pores than CL-A and IM-l-A—the SEM images [162] from the surface 

of these materials show the macro-pores on CS-B surface. Although CS-B has a lower pore volume 

than CL-A and IM-l-A, it has a significantly higher conductivity formation factor (which is directly 

related to porosity) and permeability (Table 4.4). Therefore, it can be inferred that the CS-B’s pores 

better resemble interconnected tunnels. Additionally, CS-B has the highest chemisorption capacity 

and reaction rate constant among the ACs (Table S4.3) [162]; therefore, it is expected that a higher 

number of oxygen-containing functional groups form on its surface during the ozone removal 

process. Consequently, when the RH was elevated to 35%, it is more likely that the water vapour 

swiftly condenses in the pores due to the capillary effects, impairing the efficiency. At 70% RH, 

water clusters might form on the secondary adsorption sites and the extra adsorbed water 

molecules can contribute to ozone removal, outbalancing the inhibiting effect of the covered-

active-site. This could justify the enhanced ozone removal performance—even higher than the dry 

condition. 
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The effect of RH interaction with other operational parameters in some cases was statistically 

significant, which is discussed in the following. 

• RH*loading 

The RH*loading did not affect IM-l-A, and it had a positive effect on both CL-A and CS-B 

(Figures 4.3 and S4.1 to S4.3) such that, at low loading volume, (12.5 mL) the effect of humidity 

was stronger and statistically more significant for CS-B (Table 4.3, see coded coefficients). From 

the variation of CS-B’s data, it is hypothesized that there would be an optimum loading volume 

and humidity level to maximize the efficiency, which can be investigated in future studies. The 

distinctly different physical and chemical properties of the AC-based media could underlie the 

considerable difference between their responses to this confounding relationship, yet further 

studies are needed to resolve the governing mechanisms.  

• RH*ozone and RH*airflow rate 

Among the AC-based media, the effect of these two-way interactions was negative and 

statistically significant in the case of CL-A media (Table 4.3, Figure 4.3) which could be more 

susceptible to water deactivation due to its lower total chemisorption capacity than the other two 

media. Specifically, the RH*airflow factor, which is determined to be stronger interaction, 

uncovers a stiff collective interaction between the RH and airflow. Further identification of this 

mechanism demands future experimental and modeling investigations. 

4.4.4. Catalyst media 

Increasing the airflow rate had the largest negative impact on the ozone removal performance 

of the CAT-E media (Figures 4.2 and 4.3-B). Comparing the coded coefficients of the parameters 

for CAT-E (Table 4.3) revealed that the airflow rate, in terms of either direct or two-way 

interactions, had the largest effect among all the operational parameters. At elevated airflow rates, 

despite the increase in the mass transfer coefficient and subsequently Ω factor, the ozone axial 

dispersion, and faster convection through the packed bed (i.e., lower residence time) (Equation 

4.8), which have larger numerical values, are the major factors in degrading the bed’s performance.  

The second important parameter was RH such that humidity, known previously to reduce the 

catalyst removal efficiency through the occupation of active sites [127], causes a 400-fold rise in 

decay rate. Interestingly, the RH also appeared in a confounding term with the airflow rate, the 

most influential two-way interaction among all. While RH's effect proved to be negligible at a low 
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airflow rate (2 L/min), it becomes prominent at higher inflows (15 L/min) (Figure S4.4). At high 

airflow rates, the mass transfer coefficient of water molecules increases, which could make the 

competition between water molecules and ozone for active sites more intense leading to the 

escalated effect of RH at elevated air flows. 

The loading volume has a slightly favorable effect, which was the lowest term compared with 

all the AC media, caused by a decrease in the axial dispersion. This could be related to the porosity 

that, unlike ACs, by expanding the bed volume from 12.5 mL to 25 mL has remained constant. 

The loading volume interacted with both RH level and airflow rate (Table 4.3, Figure 4.3). These 

interactions had a positive effect on ozone elimination, highlighting that the detrimental effect of 

RH level or airflow rate was abated by incorporating a larger amount of loading material (Figure 

S4.4). A possible explanation for this observation is that, with more media loading, the channeling 

effect resulting from a high airflow rate might be weaker [175], lessening its negative effect.  

Lastly, increasing the ozone level slightly decreased the efficiency of the media—the effect of 

ozone exposure on CAT-E was significantly weaker than the AC-based media [162]. CAT-E has 

the highest reaction rate constant among all the media and n2=0 in the activity decay function, 

meaning that the deactivation is independent of the inlet ozone abundance. CAT-E media as a 

manganese oxide-cuprous oxide-based catalyst designed for ozone removal; has a high density of 

stable active sites (i.e., oxygen vacancies) [162]. Such functionality can arguably make the media 

resilient to ozone concentration, particularly at low airflow rates (Figure S4.4) where the ozone 

influx is less, and the residence time is higher. Comparing the coded coefficient (Table 4.3) of the 

O3*airflow rate for each material revealed that it had a more pronounced impact on ACs (CS-B > 

CL-A, IM-l-A > CAT-E), which is in alignment with the degradation of their material structure and 

dependence of deactivation on ozone concentration, in the chemisorption in contrast to catalytic 

decomposition. 

4.5. Limitations 

The incorporation of statistical and kinetic model analyses elucidates how operational 

parameters affect the ozone removal performance of granular media. However, both regression 

and kinetic models that were proposed in this study have limitations.  
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• The regression model is based on fractional factorial design outcomes. Although the design 

was de-aliased and center points were added, a factorial design does not consider the non-

linear effect of parameters in the regression model.  

• In the kinetic model, chemisorption and catalytic reactions were integrated in one term 

despite the fact that their decay rate could be different. Also, the ozone reaction with OH 

groups was not considered in the model. The mass transfer was considered one dimensional 

and the radial mass transfer and dispersion was excluded based on the assumption that the 

ozone concentration in radial direction is uniform. 

4.6. Conclusion 

The ozone removal performance of granular media could vary over a wide range depending on 

the operational conditions. Herein it was demonstrated that, due to differences in chemical and 

physical properties of granular materials, each ozone removal technology performs uniquely. 

Important correlational relationships between operational parameters and ozone removal 

efficiency were found via statistical and kinetic modeling analyses. These methods revealed that 

the airflow rate and ozone level were the most influential parameters for ACs whereas the effect 

of humidity was the most significant one on the catalyst’s performance. The effect of humidity 

was, in fact, one of the most complex effects owing to the sophisticated chemical and physical 

interactions of water with the materials’ surface. Increasing the humidity level from 0% to 70% 

had a negative effect on the removal performance of CL-A, a dual effect on CS-B (first negative 

up to 35% and then positive until 70%), no effect on IM-l-A, and a negative effect on CAT-E. 

Furthermore, the statistical analysis showed that the impact of two-way interactions of parameters 

could be statistically significant, namely, the most important ones were found to be O3*airflow on 

ACs and RH*airflow on CAT-E. At low airflow rates, CS-B and IM-l-A were indifferent to ozone, 

and humidity had no effect on CAT-E, while at high airflow rates the impacts were considerable.  

The results from statistical analyses have important implications for media selection for various 

applications. Among ACs, the ozone removal efficiency of CS-B, despite having the highest 

chemisorption capacity, experienced the most dramatic vulnerability to the change of the 

operational parameters (its center point had the largest deviation from the corners), while IM-l-A, 
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having 𝑂𝐻− groups on its surface, experienced the least. Therefore, according to these findings, 

CL-A is not recommended for extensive ozone elimination, particularly for indoor air quality 

applications, while IM-l-A could be drawn upon as a reliable ozone removal media. For industrial 

applications, at elevated ozone concentrations, catalyst could be the best candidate—comparing 

the ACs with the catalyst revealed that, on average, catalyst is the most efficient ozone removal 

media. The main limitation of the study is its inability to consider the non-linearity of the 

operational variables in the regression model. However, the broad insights gained here can fuel 

complementary studies for each material in the future. 

4.7. Appendix 4.A 

The axial dispersion coefficient, 𝐷𝑎, is estimated by the correlation proposed by Wakao and 

Funaskri [178] for packed beds where mass transfer is taking place between the fluid and the 

granules’ surface and the Re number is between 3 to 10000: 

𝐷𝑎𝜀𝑏 

𝐷𝑚
= 20 + 0.5 𝑅𝑒 𝑆𝑐                                                                                                                                       (4. 12) 

𝑅𝑒 =
𝑑𝑠 𝑢

𝜈 (1 − 𝜀𝑏)
                                                                                                                                                    (4. 13) 

  𝑆𝑐 =
𝜈

𝐷𝑚
                                                                                                                                                                (4. 14) 

where 𝜀𝑏 is the bed porosity, ds (m) is the granule spherical equivalent diameter, u(m/s) is the 

face velocity, Re is the Reynolds number, Sc is the Schmidt number, 𝜈 (m2/s) is the kinematic 

viscosity, and Dm (m2/s) is the molecular diffusivity. 

The overall effectiveness factor, Ω, was calculated according to the following equation [172]: 

Ω =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑖𝑓 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑤𝑎𝑠 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑏𝑢𝑙𝑘 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

=
ω

1 +
𝜔 𝑘′′ 𝜌𝑏 𝑆 𝑎

𝐾 𝐴

                                                                                                                                                (4. 15) 

𝐴 = 6
1 − 𝜀𝑏
𝑑𝑠

                                                                                                                                                           (4. 16) 

𝑑𝑠 =
3

2
𝑑⁄ + 1 𝑙⁄

                                                                                                                                                      (4. 17) 

𝐾 𝑑𝑠
𝐷𝑚

=
1 − 𝜀𝑏
𝜀𝑏

 𝑆ℎ                                                                                                                                                  (4. 18) 

𝑆ℎ = 2 + 1.1 𝑅𝑒
3
5⁄  𝑆𝑐

1
3⁄                                                                                                                                     (4. 19) 
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where 𝜔 is the internal effectiveness factor, 𝑘′′(
𝑚

𝑠
)  is the reaction rate constant, 𝜌𝑏(

𝑔

𝑚3
) is the 

material’s bulk density, 𝑆 (
𝑚2

𝑔
) is the specific surface area, 𝑎 is the activity, K (m/s) is the mass 

transfer coefficient, A (m2/m3) is the surface area per unit volume, 𝜀𝑏 is the bed porosity, ds (m) is 

the granule spherical equivalent diameter, d (m) is the granule diameter, l (m) is the granule height, 

and Sh is the Sherwood number, which is calculated based on the correlation proposed by Wakao 

and Funaskri [178] for packed beds when Re number is between 3 to 10000.  

The internal effectiveness, 𝜔, is calculated based on the following equation [172]:  

𝜔

=
𝑎𝑐𝑡𝑢𝑎𝑙 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑖𝑓 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑤𝑎𝑠 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑔𝑟𝑎𝑛𝑢𝑙𝑒′𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

=
3

𝜑
(

1

tanh𝜑
−
1

𝜑
)                                                                                                                                                 (4. 20) 

𝜑 =
𝑑𝑠
2
 √
𝑘′′ 𝜌𝑝 𝑆 𝑎

𝐷𝑒𝑓𝑓
                                                                                                                                              (4. 21) 

𝐷𝑒𝑓𝑓 =

𝜀𝑝
𝜏⁄

1
𝐷𝐾
⁄ + 1 𝐷𝑚

⁄
                                                                                                                                          (4. 22) 

𝐷𝐾 =
𝑑

3
√
8 𝑅 𝑇

𝜋 𝑀
                                                                                                                                                      (4. 23) 

where, 𝜑 is the Thiele modulus, 𝑑𝑠 (m) is the granule spherical equivalent diameter, 𝑘′′(
𝑚

𝑠
)  is 

the reaction rate constant, 𝜌𝑝 (
𝑔

𝑚3
) is the material’s apparent density, 𝑆 (

𝑚2

𝑔
) is the specific surface 

area, 𝑎 is the activity, 𝐷𝑒𝑓𝑓 (m2/s) is the effective diffusivity, 𝐷𝐾 (m2/s) is Knudsen diffusion 

coefficient, Dm (m2/s) is the molecular diffusivity of ozone in the air, 𝜀𝑝 is the granule porosity, 𝜏 

is the granule tortuosity, R (g m/s2mol K) is the global gas constant, T (K) is the temperature, and 

M (g/mol) is the molecular weight. 
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4.8. Supporting Information 

 
Figure S 4.1. Two-way interactions’ effect on the ozone removal performance of the CL-A. Parallel lines 

means the effect is insignificant. The red circle shows the center point. Each point is the average of the 

responses at the related conditions given by the regression model (Table 4.6) 

 

 
Figure S 4.2. Two-way interactions’ effect on the ozone removal performance of the CS-B. Parallel lines 

means the effect is insignificant. The red circle shows the center point. Each point is the average of the 

responses at the related conditions given by the regression model (Table 4.6) 
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Figure S 4.3. Two-way interactions’ effect on the ozone removal performance of the IM-l-A. Parallel lines 

means the effect is insignificant. The red circle shows the center point. Each point is the average of the 

responses at the related conditions given by the regression model (Table 4.6) 

 

 
Figure S 4.4. Two-way interactions’ effect on the ozone removal performance of the CAT-E. Parallel lines 

means the effect is insignificant. The red circle shows the center point. Each point is the average of the 

responses at the related conditions given by the regression model (Table 4.6) 
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Table S 4.1. Operational condition 

conditions given by the software measured operational conditions 

Humidity 

level (%) 

Ozone 

(ppm) 

Airflow 

rate 

(L/min) 

Media 

loading 

(mL) 

Humidity 

level (%) 

Ozone 

(ppm) 

Airflow 

rate 

(L/min) 

Media 

Loading 

Temperat

ure (˚C) 

0 10 2 12.5 <1 10±0.4 2.03±0.03 12.5 18.8±0.1 

70 10 2 25 70.3±0.6 10.1±0.6 2.01±0.01 25 19.5±0.1 

0 600 2 25 <1 598.6±8.9 2.02±0.01 25 19.07±0.1 

70 600 2 12.5 71.2±2.1 601±7.2 2.04±0.01 12.5 19.5±0.2 

0 10 15 25 <1 10.1±0.2 15±0.01 25 19.5±1.3 

70 10 15 12.5 69.7±2.9 10.5±1.1 15.06±0.04 12.5 18.9±0.2 

0 600 15 12.5 <1 601.1±7.1 15.04±0.02 12.5 19.4±0.1 

70 600 15 25 69.8±2.5 599.3±9.1 15.01±0.02 25 20.1±0.2 

0 10 2 12.5 <1 10.6±0.3 2.01±0.02 12.5 18.8±0.2 

70 10 2 25 70.1±0.9 10.3±0.5 2.01±0.01 25 18.5±0.2 

0 600 2 25 <1 590.6±7.3 2.03±0.02 25 18.6±0.1 

70 600 2 12.5 70.5±3.1 599.6±8.1 2.1±0.03 12.5 18.8±0.1 

0 10 15 25 <1 10.4±0.4 15.02±0.04 25 18.4±0.3 

70 10 15 12.5 70.7±2.2 10.4±0.9 15.05±0.02 12.5 18.5±1.5 

0 600 15 12.5 <1 600.2±4.5 15.02±0.04 12.5 19.2±0.2 

70 600 15 25 71.7±3.3 597.4±9.4 15.02±0.02 25 18.8±0.1 

35 305 8.5 18.75 35.3±0.4 305.6±5.5 8.51±0.01 18.75 19.5±0.2 

35 305 8.5 18.75 35.9±1.8 304.9±6 8.53±0.02 18.75 19.1±0.1 

35 305 8.5 18.75 34.9±1.3 300.7±6 8.52±0.01 18.75 18.8±0.2 

 
Table S 4.2. Ozone removal performance of different media after 6 h exposure to ozone at the given 

operational conditions by the experimental design. 

Humidity 

level (%) 

Ozone 

(ppm) 

Airflow 

rate 

(L/min) 

Media 

loading 

(mL) 

η 

CL-A IM-l-A CS-B CAT-E 

0 10 2 12.5 0.969 0.938 1 0.999 

70 10 2 25 0.988 0.988 0.999 0.998 

0 600 2 25 0.959 0.978 0.999 0.999 

70 600 2 12.5 0.473 0.867 0.824 0.923 

0 10 15 25 0.911 0.922 0.996 0.995 

70 10 15 12.5 0.507 0.729 0.890 0.559 

0 600 15 12.5 0.242 0.389 0.403 0.881 

70 600 15 25 0.209 0.618 0.398 0.603 

0 10 2 12.5 0.969 0.938 1 0.999 

70 10 2 25 0.992 0.996 0.999 0.999 
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0 600 2 25 0.961 0.985 0.999 0.999 

70 600 2 12.5 0.560 0.875 0.704 0.916 

0 10 15 25 0.918 0.929 0.998 0.992 

70 10 15 12.5 0.458 0.701 0.899 0.571 

0 600 15 12.5 0.252 0.388 0.401 0.892 

70 600 15 25 0.200 0.529 0.349 0.628 

35 305 8.5 18.75 0.403 0.689 0.252 0.821 

35 305 8.5 18.75 0.393 0.657 0.263 0.843 

35 305 8.5 18.75 0.417 0.637 0.282 0.814 

 
Table S 4.3. Kinetic parameters of each material obtained after curve fitting the kinetic model with the 

experimental data. 

S
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n
d
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Chapter 5. Synthesis and physicochemical modification of an MnOx-based 

catalyst for enhanced ozone decomposition in humid conditions 

5.1. Abstract  

Ozone is a hazardous air pollutant with many adverse effects on human health and the 

environment. As the application of ozone in industry is growing, it becomes increasingly important 

to implement appropriate ozone removal systems to mitigate these effects. MnOx-based catalysts 

hold immense promise for ozone decomposition; however, a major challenge in their application 

is deactivation by water molecules, especially at high humidity levels. This study seeks to address 

this limitation by investigating physicochemical modifications through synthesis using solid 

interface reaction and co-precipitation methods. The developed catalysts were tested in a bench-

scale removal setup and characterized using various techniques, including X-ray diffraction 

crystallography, X-ray photoelectron spectroscopy, scanning electron microscopy, transmission 

electron microscopy, and N2 adsorption-desorption. Additionally, the properties of the catalysts 

were studied performing density functional theory (DFT) calculations. It was determined that 

MnOx-based catalysts made via a solid interface reaction method offer the highest efficiency. 

Further catalyst modification by doping with transition metals such as silver and cerium enhanced 

the physicochemical properties of the catalysts. Ce-doped catalyst (molar ratio 
𝐶𝑒3+

𝑀𝑛2+
= 0.1) feature 

a large surface area via flower-like hollow spherical structures and high density of oxygen 

vacancies. Also, DFT calculations showed that the energy gap between the frontier orbitals of the 

Ce-doped catalyst and the 𝑂2
2− intermediate was the lowest. Ce(0.1)Mn-S catalyst achieved the 

highest efficiency (47.5%), 1.6 times higher than the undoped one, at 80% RH level and 10 ppm 

ozone, 1 h post-exposure. The catalyst, however, experienced efficiency loss due to humidity 

during prolonged exposures (after 6h the efficiency decreased to 22%). To prevent this, a novel 

modification technique was employed involving the mixing of poly(vinylidene fluoride) particles, 

a hydrophobic ozone compatible polymer, with catalytic media. This modification boosted the 

performance dramatically to 91.5% efficiency, 1 h post-exposure, and 50%, 6 h post-exposure, at 

the above-mentioned conditions. It is expected that the proposed hybrid media will be of 

significant utility in numerous ozone removal systems. 
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5.2. Introduction 

Ozone is an oxidizing compound with a growing range of applications in industry; it is, 

however, harmful to human health and the environment [46], [150], [179], [180]. To protect the 

occupants’ health and safety and the environment, its concentration should be kept below a specific 

limit, both indoors and outdoors [181], [182]. The permissible exposure limits are determined by 

regulatory bodies such as occupational safety and health administration (OSHA) and world health 

organization (WHO) [127], [183]. Accordingly, increasing ozone utilization in industry is followed 

by rising demands for efficient, robust, and economical ozone removal technologies [184]. 

Activated carbon-based materials and catalysts were investigated and suggested for ozone removal 

[162], [185], [186]. Among these, Manganese oxides (MnOx) have garnered significant attention 

because not only are they earth-abundant, inexpensive, and non-toxic, but also, they have high 

catalytic activity [18], [86], [151].  

Manganese (Mn) is a transition metal that forms oxides with variable oxidation states (from +2 

to +7), giving it catalytic properties [85]. Owing to the Mn’s capability in possessing various 

oxidation states, a stable manganese oxide (MnOx) catalyst could perform either as a reducing 

agent or oxidizing agent [62], [85], [187]. The presence of different oxidation states results in the 

formation of oxygen vacancies that act as the catalyst’s active sites for ozone decomposition [31]. 

At dry conditions, MnOx-based catalysts convert ozone to oxygen efficiently; however, at humid 

conditions, the efficiency reduces as water molecules compete with ozone to reach the active sites 

[30], [185]. Furthermore, as a result of the ozone reaction with active sites, peroxide intermediates 

form on the oxygen vacancies [30], [39], [62]. These intermediates can be transferred into the 

lattice structure, causing catalyst deactivation [63], [188]. Therefore, it is of significant interest to 

create durable active sites that are humidity-resistant and able to easily decompose intermediates. 

To increase the robustness and effectiveness of MnOx-based catalysts, researchers have 

attempted to strengthen the oxygen vacancies and optimize the average Mn oxidation state (AOS) 

in addition to improving the other physicochemical properties of the material such as specific 

surface area, crystal structure, and morphology [127], [189]. Studies showed that synthesizing 

procedure substantially affects the catalyst’s properties [91], [96]. MnOx-based catalysts 

synthesizing methods include co-precipitation, hydrothermal, sol-gel, and solid interface reaction 

(SIR) [151], [190]. By changing the Mn precursors [32], [191] and controlling the synthesizing 

condition (e.g., temperature and pH) [37], [97], [115] catalysts with different properties will be 
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formed. Also, several modification techniques including metal doping [189], coating [39], [111], 

[113], acid/base treatment [29], [95], and heat treatment [30] were introduced to fine-tune the 

catalyst characteristics. Each of these modifications have several effects including reducing the 

AOS of Mn, enhancing the specific surface area, improving the dispersion of oxygen vacancies, 

increasing the oxygen vacancy density, strengthen the catalyst reducibility, and facilitate the 

diffusion of ozone into the catalyst structure. 

Doping, one of the most common modification techniques, could increase the density of surface 

oxygen vacancies, and change the crystallinity [189]. Decreasing crystallinity results in more 

surface defects and a higher specific surface area, which have positive effects on catalytic activity 

[35], [40], [101]. In addition, doping can create a mixture of different crystals, and change the 

morphology of the catalyst particles. The physical and chemical properties of the dopant are 

important and determine the nature of the change [35], [40], [105], [189]. Several transition metals, 

including Fe, Co, Ce, W, V, and noble metals such as Ag and Pd, have been used as dopants [189]. 

Among the transition metals, cerium (Ce) has been highlighted as a greatly effective dopant: it is 

able to change the crystal structure and morphology, the specific surface area, the density of 

oxygen vacancies, and oxygen vacancy recovery [25], [35], [40], [66], [107], [114], [115], [118], 

[119]. Among noble-metal dopants, silver (Ag) causes improvements in the catalytic activity by 

increasing the reducibility of the catalyst [120]. Additionally, doping a transition metal oxide with 

a lanthanide, such as lanthanum (La), forms a perovskite-type mixed oxide, which shows durability 

at high relative humidity [192]. 

Whereas the aforementioned modification techniques improve the MnOx-based catalyst ozone 

decomposition performance; the catalysts have been unable to maintain their high efficiency at 

high humidity levels. This is because, although the increase in oxygen vacancies improves the 

catalyst’s performance at low-humidity settings, it also renders the surface more hydrophilic, 

causing higher water absorption and catalyst deactivation. To address this challenge, this study 

explored physicochemical modifications to elevate the MnOx catalyst's resistance against 

humidity. The SIR method was selected as the main synthesis procedure because of its feasibility 

to produce polycrystalline materials with high-throughput and its capability for large-scale 

production. An enhanced MnOx-based catalyst was synthesized via chemical modification 

techniques, including doping with Ce, and Ag. To reduce the adverse effect of humidity, a novel 

technique was employed where catalysts were physically mixed with a polymer powder to change 
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the hydrophilicity of the media. The catalysts were coated on a nickel-foam filter to be evaluated 

in a flow-through bench-scale test set-up. It was found that the hybrid modifications improve the 

catalyst’s performance via multiple mechanisms including enhancing the density of oxygen 

vacancy and repelling water molecules from the catalytic media. Furthermore, the structural 

stability, thermochemical properties, and the frontier orbitals’ energy of the catalysts were 

investigated by conducting density functional theory (DFT) calculations.    

5.3. Methodology 

5.3.1. Catalyst synthesis 

Two feasible preparation methods were chosen based on the literature: co-precipitation and SIR. 

Manganese sulfate monohydrate (MnSO4.H2O, Fisher Chemical) was used as the precursor, and 

potassium persulfate (K2S2O8, Thermo-Scientific), or potassium permanganate (KMnO4, Sigma-

Aldrich) was used as the oxidizing agent. 

The first type of catalyst, denoted as Mn-P-a, was synthesized by dissolving the same molar 

amounts of MnSO4.H2O and K2S2O8 in de-ionized (DI) water separately. After two homogeneous 

solutions were obtained, the latter solution was added to the first solution dropwise. The mixture’s 

pH was decreased to 1 by adding sulfuric acid (H2SO4, Fisher Chemical). Silver nitrate (AgNO3, 

Fisher Chemical) was added as a catalyst for the reaction (molar ratio of AgNO3 to MnSO4.H2O 

was 0.025), and it was stirred vigorously at 40 ℃ for 24 h. The precipitate was washed with DI 

water several times and dried in an oven at 180 ℃ for 6 h. 

The second type of catalyst, denoted as Mn-P-b, was synthesized by dissolving MnSO4.H2O 

and KMnO4 separately in DI water with molar ratio of 
𝑀𝑛2+

𝑀𝑛7+
= 1.5. After homogeneous solutions 

were obtained, the latter solution was added dropwise to the first one. The mixture was stirred at 

high speed at room temperature for 24 h. The precipitate was washed several times with DI water 

and dried in an oven at 180 ℃ for 6 h.  

The last type of catalyst was synthesized via SIR method (Mn-S) where MnSO4.H2O and 

KMnO4 with molar ratio of 
𝑀𝑛2+

𝑀𝑛7+
= 1.5 were fully grounded by a pestle in a mortar for 30 min. 

The obtained solid was washed several times with DI water and dried in an oven at 180 ℃ for 6 

h. To dope the catalyst with a transition metal, the desired amount of the dopant’s precursor (silver 

nitrate (AgNO3, Fisher Chemical), cerium(III) nitrate hexahydrate (Ce(NO3)3.6H2O, Thermo-

Scientific), and lanthanum(III) nitrate hexahydrate (La(NO3)3.6H2O, Thermo-Scientific)) was 
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grounded in the mortar with the mixture of reactants The molar ratio of the dopant to the Mn was 

determined according to the literature—two levels for each: 
𝐴𝑔+

𝑀𝑛2+
= 0.06, 0.1; 

𝐶𝑒3+

𝑀𝑛2+
=

0.1, 0.17; 
𝐿𝑎3+

𝑀𝑛2+
= 1, 1.67. The doped catalyst was named M(x)Mn-S, where S refers to the SIR 

synthesis procedure, M refers to the transition metal, and x refers to the molar ratio of the transition 

metal ion to the Mn2+. The catalysts’ notations are explained in Table 5.1.  

Table 5.1. Description of the lab-made catalysts’ notations  

 Synthesis method Reactants Dopant molar 

ratio 

PVDF-to-catalyst 

mass ratio 

Mn-P-a co-precipitation MnSO4.H2O 

K2S2O8 

N/A N/A 

Mn-P-b co-precipitation MnSO4.H2O 

KMnO4 

N/A N/A 

Mn-S 

SIR 
MnSO4.H2O 

KMnO4 

N/A N/A 

Mn-S-0.2 N/A 0.2 

Mn-S-0.4 N/A 0.4 

Ag(0.06)Mn-S 

SIR 

MnSO4.H2O 

KMnO4 

AgNO3 

𝐴𝑔+

𝑀𝑛2+
= 0.06 

N/A 

Ag(0.1)Mn-S 𝐴𝑔+

𝑀𝑛2+
= 0.1 

N/A 

Ce(0.1)Mn-S 

SIR 

MnSO4.H2O 

KMnO4 

Ce(NO3)3.6H2O 

𝐶𝑒3+

𝑀𝑛2+
= 0.1 

N/A 

Ce(0.1)Mn-S-0.2 𝐶𝑒3+

𝑀𝑛2+
= 0.1 

0.2 

Ce(0.17)Mn-S 𝐶𝑒3+

𝑀𝑛2+
= 0.17 

N/A 

La(1)Mn-S 

SIR 

MnSO4.H2O 

KMnO4 

La(NO3)3.6H2O 

𝐿𝑎3+

𝑀𝑛2+
= 1 

N/A 

La(1.67)Mn-S 𝐿𝑎3+

𝑀𝑛2+
= 1.67 

N/A 

5.3.2. Coating the catalyst on nickel foam filter  

The prepared catalysts, unmodified and metal doped, were coated on a nickel foam filter 

(Shanghai Tankii Alloy Material Co.) to be assessed in a bench-scale test set-up. To create coatings, 

the sample was first sieved using a 60 mesh (~250 µm) and then added to a mixture of ethanol and 

DI water (2:1 v/v) to prepare a 1 wt.% suspension. The mixture was stirred for 12 h using a 

magnetic stirrer followed by sonication for 1 h in an ultrasonic bath to reach a well-dispersed 

suspension. Next, the catalyst ink was uniformly drop casted on one side of a 1015 cm pre-washed 

Ni-foam filter and dried in an oven at 80 ℃ for 1 h. The drop casting was repeated for the other 
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side of the filter and the final filter was dried in the oven at 80 ℃ overnight to evaporate water and 

ethanol from the filter. The filter’s mass was measured before and after coating to calculate the 

mass of catalyst per surface area of the filter.  

Physical modification of the catalyst media was performed by adding of poly(vinylidene 

fluoride (PVDF, Thermo-Scientific) as a hydrophobic polymer to the catalytic media. For this 

purpose, PVDF suspensions in the catalyst ink were prepared at the PVDF-to-catalyst mass ratios 

of 0.2 and 0.4. Tween 20 (Fisher Chemical) was added as the surfactant to the mixture to enable 

the dispersion of the hydrophobic PVDF in the water-ethanol solution. The mixture was stirred 

overnight and then sonicated for 1 h in an ultrasonic bath. The drop casting was performed similar 

to the procedure used for previous filters and the filter’s mass was measured before and after 

casting. 

5.3.3. Characterization 

The particle size distribution (PSD) in the suspensions was studied by a laser scattering particle 

size distribution analyzer (Partica LA-950V2, Horiba Scientific). X-ray diffraction (XRD, Bruker, 

D8 advance) was used to identify the crystal phase of synthesized catalysts. Scanning electron 

microscopy (SEM, FEI ESEM Quanta 450 FEG) was used to observe the morphology of catalysts 

in addition to the deposition state of the media on the Ni-foam filter at the microscale. ImageJ 

(National Institute of Health) was used to measure the particle size from SEM images. 

Transmission electron microscopy (TEM, Thermo Scientific Talos F200X G2) was deployed to 

further analyze the crystal structure and shape at the nanoscale and to map the elemental 

composition.  

Nitrogen adsorption-desorption was measured by a surface area and porosity analyzer apparatus 

(MicroActive TriStar II Plus, Micromeritics). The specific surface area of the sample was 

calculated according to the Brunauer-Emmet-Teller theory (SBET) using the adsorption data [138]. 

Additionally, the t-plot method was used to calculate the micropore surface area (Smic), the 

micropore volume (Vmic) and the total volume (Vtot), where the thickness of the adsorbed layer was 

calculated by Harkins and Jura equation [139]. Also, the pore size distribution was determined 

based on the Barret-Joyner-Halenda (BJH) approach using the nitrogen adsorption-desorption 

isotherm [193]. Before performing the nitrogen adsorption analysis, samples were dried at 50 ℃ 

for one week. 

https://www.sciencedirect.com/topics/engineering/micropore
https://www.sciencedirect.com/topics/engineering/adsorbed-layer
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The surface chemistry including the elemental composition and Mn average oxidation state 

were analyzed by doing X-ray photoelectron spectroscopy by a K-α instrument (Thermo 

Scientific) using an Al-Kα radiation source (spot size: 400 μm). Three points were analyzed for 

each sample; the survey scan was performed by a 200-eV pass energy with 1 eV step size to study 

the surface elemental composition. The high-resolution scans were recorded by a 50-eV pass 

energy with 0.1 eV step size. The high-resolution scans were deconvoluted to their constituent 

peaks. The samples were completely dried before running the test. 

5.3.4. Computational details 

Several software packages are used for performing DFT calculations in computational 

chemistry, such as ORCA, VASP, and Gaussian, offering a wide range of quantum chemistry 

methods. ORCA is known for its efficiency, accuracy, and scalability. Additionally, it supports 

parallel computing, which facilitates studying large complex systems and accelerates 

computational chemistry simulations, including DFT calculations [194].  

In this study, the structural optimization, frequency calculations, and DFT calculations were 

performed using ORCA 5.0.3 software, an ab initio quantum chemistry package [194], [195], on 

the Expanse supercomputer network (total of 345215 core-hour). Perdew-Burke-Ernzerhof (PBE) 

functional [196] was used. For oxygen and potassium DF2-SVP basis set [197], [198] was selected 

and for manganese, silver, and cerium Stuttgart-Dresden (SDD) effective core potential (ECP) was 

employed [199]–[201]Further details are explained in the supporting information.  

After conducting the theoretical computations, the length of the Mn-O bond, frontier orbital 

energies (highest occupied molecular orbital: HOMO, lowest unoccupied molecular orbital: 

LUMO), and thermochemical properties were calculated. Furthermore, DFT calculations of 𝑂2
2− 

intermediate was conducted to calculate the LUMO energy of the 𝑂2
2−, enabling the determination 

of the HOMO-LUMO gap between the synthesized catalysts and the 𝑂2
2− intermediate. 

5.3.5. Catalyst activity 

The activity of synthesized catalysts for ozone decomposition was evaluated in a continuous 

bench-scale experimental set-up, illustrated in Figure 5.1, at room temperature (20 ℃). The 

compressed air was used as the carrier gas, and a mass flow controller set the airflow rate at 5 

L/min (GHSV=~27000 1 ℎ−1⁄ ). A bubbler was used to adjust the humidity level at 20%, 50%, and 

80%. Ozone was generated in a pressure vessel by a vacuum UV-lamp and injected into the airflow 

to set the mainstream concentration at 1 ppm and 10 ppm. Two reactors were run in parallel to 

https://www.sciencedirect.com/topics/engineering/surface-elemental-composition
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increase the throughput. The reactors are three-stage filter holder assembly made of 

perfluoroalkoxy alkane (PFA). In the reactor, two coated Ni-foam filters with 47 mm diameter 

were mounted on each stage; therefore, in total, six filters were placed in each reactor with an 

average total thickness of 6.2 mm (residence time was 0.12 s). The ozone concentration was 

measured before and after the reactor by an ozone monitor (3-channel, 106 M, 2B Technologies). 

All the tubes, rotameters, valves, and fittings that were exposed to ozone were made from ozone 

compatible materials such as stainless steel 316, PTFE, and PVDF. The ozone removal 

performance of the media was calculated by the following equation: 

𝑜𝑧𝑜𝑛𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛: 𝜂 =
𝐶𝑖𝑛𝑙𝑒𝑡 − 𝐶𝑜𝑢𝑡𝑙𝑒𝑡

𝐶𝑖𝑛𝑙𝑒𝑡
                                                                                                           (5. 1) 

 
Figure 5.1. Bench-scale test set-up layout. Ozone was generated by the UV lamp in the pressure vessel and 

injected into the mainstream at point 1. The ozone laden airflow was split into two streams at point 3, which 

were introduced to the reactors (the streams have the same temperature, RH, and ozone concentration). The 

ozone concentration was measured before the reactors at point 2 and after each reactor. 

 

5.4. Results and discussion 

5.4.1. XRD characterization 

The XRD patterns (Figure 5.2) show that all the synthesized catalysts were cryptomelane 

minerals having a monoclinic crystal system (potassium octahedral molecular sieve, K-OMS-2, 

chemical formula: 𝐾𝑥(𝑀𝑛
4+𝑀𝑛3+)8𝑂16) [35], [86], [202]. The K-OMS-2 has a tunnel structure 

in which potassium ions are placed within a tunnel constructed of double chains of edge-sharing 
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MnO6 units (22 tunnel). The simultaneous presence of 𝑀𝑛4+ and 𝑀𝑛3+ results in the formation 

of oxygen vacancy, which functions as active sites in the system [86], [203].  

 
Figure 5.2. XRD patterns of synthesized catalysts. Preparation method and type of the oxidizing agent 

affects the crystal structures. SIR method produces catalysts with low crystallinity.  

 

As shown by narrower peaks with higher intensity, Mn-P-a, synthesized with K2S2O8 as the 

oxidizing agent, had higher crystallinity and crystal size compared to the Mn-P-b and Mn-S, made 

with KMnO4 (Figure 5.2). This difference could be attributed to the pH of the reaction 

environment. Acidic conditions reportedly impact the crystal structure and crystallinity [204]. 

Here, the KMnO4 solution was neutral while K2S2O8 solution was acidic, with the pH adjusted to 

1 for preparing Mn-P-a catalyst. Considering the MnO2 crystal structure, concentration of K+ has 

been previously shown to be an influential factor [98], [202]. K+ ions released from K2S2O8 

solutions are three times higher than that of KMnO4. Despite the fact that at low K+ concentrations 

crystals with 11 tunnel are common, all the catalysts produced in this study had a 22 tunnel 

structure; therefore, the concentration of K+ ion was enough in all catalysts to build 22 tunnel 

frameworks [98]. Figure 5.2 shows that in the metal doped catalysts’ patterns, no distinctive peaks 

were observed for the dopant indicating that the dopant was homogeneously dispersed in the 

catalyst’s crystal structure and no separate phase, like Ce2O3 or Ag2O, was formed. TEM elemental 

mapping (Figure 5.3) also indicates the uniform dispersion of dopants and other elements in the 

catalysts’ structure. 
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5.4.2. XPS characterization 

The XPS general survey and the EDS-TEM results confirm the presence of Mn, O, K, and the 

dopant in the catalyst structure and show their molar ratios (Figures 5.3 and 5.4 and Table 5.2). 

According to the XPS results (Table 5.2) the elemental composition of Mn-P-b and Mn-S, which 

were synthesized using the same reactants but via different methods, were similar having 

𝐾0.38𝑀𝑛8𝑂16.03 and 𝐾0.40𝑀𝑛8𝑂16.40 chemical formulas, respectively. However, deconvoluting the 

high-resolution scan of Mn2p (Figure 5.5) showed that Mn-S have higher ratio of 
𝑀𝑛3+

𝑀𝑛4+
 than Mn-

P-b (the ratios are presented in Table 5.2). The calculated AOS for both materials further confirmed 

a higher amount of Mn3+ in Mn-S structure (Table 5.2 and Figure 5.5).  

According to the XPS and EDS-TEM results, shown in Figures 5.3 to 5.5 and presented in Table 

5.2, doping the Mn-S catalyst with Ag and Ce was successful. However, the XPS general survey 

results (Figure 5.4 and Table 5.2) indicated that the actual amount of doping was lower than the 

initial amount that was used as reactant. Doping altered the surface chemistry of the catalyst, since 

the molar ratios, AOS, 
𝑀𝑛3+

𝑀𝑛4+
 ratio, and 

𝑂𝐼𝐼

𝑂𝐼
 ratio were changed (Table 5.2).  

Table 5.2. Elemental composition derived from XPS general survey scan and 
𝑀𝑛3+

𝑀𝑛4+
 and 

𝑂𝐼𝐼

𝑂𝐼
, which are 

derived from Mn2p and O1s high resolution scans, respectively. The adventitious carbon percentage is 

excluded here, so the total amount of elemental composition is less than unity. 

 Mn O K Ag Ce 𝑴𝒏𝟑+

𝑴𝒏𝟒+
 
𝑶𝑰𝑰
𝑶𝑰

 
AOS Chemical formula 

Mn-P-b 0.29 0.58 0.14 N/A N/A 0.81 0.23 3.64 𝐾0.38𝑀𝑛8𝑂16.03 

Mn-S 0.30 0.61 0.15 N/A N/A 1.42 0.25 3.42 𝐾0.40𝑀𝑛8𝑂16.37 

Ag(0.06)Mn-S 0.29 0.58 0.01 0.01 N/A 0.86 0.65 3.41 𝐾0.34𝐴𝑔0.36𝑀𝑛8𝑂16.37 

Ag(0.1)Mn-S 0.27 0.55 0.01 0.02 N/A 0.75 0.27 3.63 𝐾0.42𝐴𝑔0.55𝑀𝑛8𝑂16.24 

Ce(0.1)Mn-S 0.25 0.52 0.006 N/A 0.02 1.4 0.77 3.49 𝐾0.19𝐶𝑒0.76𝑀𝑛8𝑂16.39 

Ce(0.17)Mn-S 0.24 0.55 0.006 N/A 0.02 0.83 0.42 3.56 𝐾0.21𝐶𝑒0.80𝑀𝑛8𝑂18.28 
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Figure 5.3. HAADF, EDS, and elemental mapping of the synthesized catalyst obtained via TEM. The EDS 

is over the marked area in the HAADF image. 
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Figure 5.4. XPS general survey scan of the synthesized catalysts. C1s peak is attributed to the adventitious 

carbon and was used for charge correction. The C-C binding energy was adjusted at 284.8 ev. 
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Figure 5.5. High-resolution XPS scans of Mn3s, Mn2p3/2, and O1s of synthesized catalysts. The difference 

in binding energy of the Mn3s peaks determines the AOS (AOS=8.956-1.126 ΔEs). Mn2p3/2 was 

deconvoluted into two peaks Mn3+ and Mn4+, and O1s was deconvoluted into two peaks OI (lattice oxygen) 

and OII (adsorbed oxygen) 

 

5.4.3. Morphology 

The catalyst morphology and structure were studied by SEM and TEM imaging (Figure 5.6). 

All the catalysts have a flower-like spherical shape except Mn-S-Ag(0.1), which has a hierarchical 
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nanofiber morphology. The particle sizes measured using SEM images are presented in Table 5.3. 

Doping the catalyst with Ce (
𝐶𝑒3+

𝑀𝑛2+
=0.1) decreased the particle size significantly. On the other hand, 

doping the catalyst with Ag (
𝐴𝑔+

𝑀𝑛2+
= 0.1) changed the morphology to nanofiber, Figure 5.6, with 

the width of 20 nm. Additionally, according to the SAED pattern, Mn-S-Ag(0.1) had a crystalline 

structure, in agreement with the XRD data. HR-TEM, SAED demonstrated amorphous structure 

for Mn-P-b and polycrystalline for Mn-S, Mn-S-Ag(0.06), Mn-S-Ce(0.1), and Mn-S-Ce(0.17). 

 

Table 5.3. Particle size as measured by ImageJ using SEM images and particle size in suspensions as 

obtained from laser scattering particle size analyzer. 

Catalyst  single particle size (μm) agglomerated particles size 

in suspension (μm) 

Mn-P-a 0.335±0.098 8.21±0.27 

Mn-P-b 0.326±0.079 4.67±0.07 

Mn-S 0.383±0.080 5±0.13 

Mn-S-0.2 N/A 5.05±0.52 

Mn-S-0.4 N/A 5.88±0.5 

Ag(0.06)Mn-S 0.376±0.124 3.34±0.41 

Ag(0.1)Mn-S 19.94±7.8 (nm) 2.98±0.48 

Ce(0.1)Mn-S 0.173±0.021 2.36±0.28 

Ce(0.1)Mn-S-0.2 N/A 3.26±0.25 

Ce(0.17)Mn-S 0.321±0.043 2.80±0.67 

La(1)Mn-S  4.08±0.09 

La(1.67)Mn-S  3.93±1.05 
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Figure 5.6. SEM, TEM, HR-TEM, and SAED images of synthesized catalysts. All the catalysts have 

flower-like spherical shape except Ag(0.06)Mn-S, which has a hierarchical nanofiber morphology. Also, 

according to the SAED patterns, all the catalysts formed polycrystalline or amorphous structure except 

Ag(0.06)Mn-S, which has a crystalline structure. 
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Table 5.4. Calculated surface area and pore volume using N2 adsorption-desorption data. 

 Mn-P-a Mn-P-b Mn-S Ag(0.06) 

Mn-S 

Ag(0.1) 

Mn-S 

Ce(0.1) 

Mn-S 

Ce(0.17) 

Mn-S 

La(1) 

Mn-S 

La(1.67) 

Mn-S 

SBET (m2/g) 90.60 174.31 165.79 217.51 194.79 229.72 262.48 28.19 31.78 

Smicropore t-plot (m2/g) 4.28 6.81 8.11 9.00 8.47 5.50 4.40 1.08 0.92 

Sexternal t-plot (m2/g) 86.32 167.51 157.67 208.51 186.32 224.22 258.08 27.11 30.87 

Vtotal t-plot (cm3/g) 0.0438 0.0712 0.0715 0.0850 0.0869 0.0985 0.1261 0.0121 0.0152 

Vmicropore t-plot (cm3/g) 0.0018 0.0007 0.0025 0.0009 0.0023 0.0005 0.0004 0.0002 0.0002 

SBJH-adsorption (m2/g)  79.51 169.58 159.46 215.45 199.56 216.90 252.19 25.81 28.98 

SBJH-desorption (m2/g) 94.19 200.09 189.52 243.174 223.11 241.23 278.35 26.82 30.91 

VBJH-adsorption (cm3/g) 0.1531 0.2270 0.2357 0.2709 0.3969 0.3528 0.5000 0.1248 0.1357 

VBJH-desorption (cm3/g) 0.1815 0.2547 0.3207 0.3035 0.4752 0.3875 0.3885 0.0914 0.1141 

dpore adsorption (Å) 70.93 53.72 58.83 51.23 82.33 63.53 65.43 147.89 165.02 

dpore desorption (Å) 80.95 57.14 66.88 55.25 97.14 68.97 60.78 139.58 162.21 
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5.4.4. N2 adsorption-desorption 

The N2 adsorption-desorption isotherms are shown in Figure 5.7. According to the IUPAC 

classification, all the synthesized materials have a type II adsorption isotherm and a type H3 

hysteresis loop, which are attributed to aggregates of particles creating slit-shaped pores [205], 

[206]. The calculated micropore volume via the t-plot method (Table 5.4), also shows the 

negligible volume of micropores. Moreover, no microscale pore was observed in SEM or TEM 

images. From the adsorption-desorption data, the specific surface area, pore volume, pore size 

distribution, and average pore width were calculated (see section 5.3). Using KMnO4 (Mn-P-b) as 

the oxidizing agent instead of K2S2O8 (Mn-P-a) led to a catalyst with a higher specific surface area, 

higher pore volume and smaller pore width. It seems that the acidic environment of K2S2O8 

solution reduced the specific surface area by causing higher crystallinity. On the other hand, the 

SBET, pore volume, and pore width of Mn-P-b and Mn-S were in the same range (Table 5.4). 

Doping the catalyst increased the SBET by decreasing the crystallinity, leading to larger amounts of 

accessible oxygen vacancies [35], [189]. 

 
Figure 5.7. N2 adsorption-desorption isotherms. All the catalysts have a type II adsorption isotherm with a 

type H3 hysteresis loop according to IUPAC standard classification. 
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5.4.5. Ozone decomposition performance of synthesized catalysts 

The synthesized catalysts were coated on Ni-foam filters to be assessed for ozone 

decomposition. It was confirmed that the uncoated Ni-foam filter had no ozone removal capability. 

The mass of deposited catalyst on the Ni-foam filter per unit of area was 1.36±0.11 mg/cm2. The 

particle size distribution was measured to assess the quality of deposition. SEM images of the 

filters (Figure 5.8 and Figure S5.1) showed that the deposition was uniform. Agglomerations were 

of larger size for Mn-P-a particles (Figure S5.1). For other catalysts, no difference between the 

size of agglomerations deposited on the filters was seen in SEM images, since their sizes in the 

suspension were in the same range. Undoped catalysts with and without PVDF were tested at 10 

ppm ozone and dry condition. They had 100% efficiency during 6 h exposure to ozone. According 

to previous studies, humidity has a detrimental effect on the MnOx-based catalysts. To evaluate the 

influence of modification techniques on humidity’s adverse effects, all the filters were exposed to 

10 ppm ozone for 6 h in three different humid conditions. Filters with better performance were 

selected and exposed to 1 ppm ozone concentration for 6 h. The results are shown in Figure 5.9 

and discussed below. 

5.4.5.1. The effect of synthesizing procedure 

Mn-P-b showed significantly better ozone removal performance than Mn-P-a (Figure 5.9). At 

20% RH level, Mn-P-b showed >95% efficiency after 6 h ozone exposure while Mn-P-a had <55% 

efficiency. Elevating the RH level deteriorated the performance of both catalysts, but Mn-P-a 

experienced a greater decline than the Mn-P-b. For instance, at 50% RH, Mn-P-a experienced 50% 

efficiency loss in less than 30 min while Mn-P-b underwent the same loss after 6 h. That means, 

the Mn-P-b had more humidity-resistant active sites. Furthermore, according to the XRD results, 

Mn-P-b had a lower crystallinity, and consequently smaller crystal size than Mn-P-a. Lower 

crystallinity translates into a higher specific surface area, at least two times higher, as proved by 

the calculated SBET (Table 5.4). The SEM images (Figure 5.6) show that both catalysts have similar 

spherical shapes, morphologies, and particle sizes (Mn-P-a: 334±98 nm, Mn-P-b: 326±79 nm). 

However, in the suspension used for catalyst deposition on filters, Mn-P-a sizes were larger (almost 

two times, Table 5.3), indicating the aggregation of Mn-P-a particles, which could reduce the 

available surface area for reaction. Therefore, the enhanced performance of Mn-P-b could be due 

to its higher specific surface area and its ability to form a well dispersed suspension, which 
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increased the available and accessible oxygen vacancies for ozone decomposition on the filter 

compared with Mn-P-a. 

Mn-P-b and Mn-S had similar ozone decomposition performances, except at 50% RH where 

Mn-S showed a better performance (56% compared to 45%, Figure 5.9). Their XRD pattern, 

morphology, particle size, specific surface area, and pore volume were similar; however, their 

chemical properties were different. During the SIR process, the continuous grinding exposes the 

surfaces of the reactants to interaction. This results in surface reactions and the formation of well-

dispersed defects on the surface of produced materials, which is an advantage of the method [91], 

[96], [207]. The AOS of Mn-S was lower than that of Mn-P-b and its 
𝑀𝑛3+

𝑀𝑛4+
 ratio was higher (Table 

5.2), meaning that its surface density of oxygen vacancies were higher. Therefore, the SIR method 

produced catalysts with enhanced density of surface active sites that were more humidity-resistant 

than those on the Mn-P-b surface. Based on these results, Mn-S was selected for further 

modifications using chemical and physical methods. 

5.4.5.2. The effect of metal doping 

Doping of Mn-S with Ce and Ag improved its ozone decomposition performance while doping 

with La worsened the performance dramatically. Overall, the relationship between doping intensity 

and efficiency seemed complicated. Higher doping levels in most cases had adverse or negligible 

effects, and lower doping levels had a favorable effect in all cases. The level of La doping, selected 

according to the previous studies [192], [208], was much higher than Ce, and Ag, which led to 

reducing the SBET (Table 5.4) and the efficiency (Figure 5.9) dramatically. Ce at a low doping level 

(0.1) showed the highest performance in moderate and high humidity (50-80%) and outperformed 

Ag. High Ce content, however, had a significant negative effect on the catalytic performance. The 

catalysts with the highest efficiencies, Mn-S, Ag(0.06)Mn-S, and Ce(0.1)Mn-S, were also tested 

at a lower ozone level (1 ppm). In this condition, Ce(0.1)Mn-S outperformed the others at all 

humidity levels (Figure 5.9)—with better results at lower humidities. Surprisingly, in some cases, 

even the low doping levels had poor performance. Notably, Ag(0.06)Mn-S suffered a considerable 

efficiency loss (Figure 5.9). 
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Figure 5.8. SEM images of the surface of the coated Ni-foam filters.  
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Figure 5.9. The ozone removal of filters coated with synthesized catalysts at two ozone concentration and 

three humidity levels. The airflow rate was 5 L/min, and the temperature was 20 ℃. Humidity had a 

negative effect on all the catalysts. Doping with Ce and depositing PVDF beside the catalyst improved its 

efficiency significantly. 

 

To gain insights into this variability, key catalytic parameters were analyzed. Doping increased 

the SBET of the Mn-S catalyst and changed the particle size (Tables 5.3 and 5.4). Doping also 

changed the morphology of the catalysts (Figure 5.6). Pristine Mn-S had a flower-like spherical 

shape, doping with a lower level of Ce and Ag, transformed the morphology into flower-like 

hollow spherical shapes. At increased dopant levels, Ag resulted in nanofibers while Ce produced 

spheres like Mn-S. The particle sizes were also dopant dependent. Ce(0.1)Mn-S had the smallest 

size among the spheres while there was no substantial change in particle size for Ag(0.06)-doped 

samples. The combined effect of particle shape (hollow spherical structures) and size (smaller 
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particles) makes the lower doping level more favorable in terms of the reaction surface area. In 

addition, higher coating quality was observed for Ce(0.1)Mn-S filters (Figure 5.8) as smaller 

particles in suspensions tend to cause better dispersion and less agglomeration. 

XPS characterization showed that changes in surface chemistry at lower amount of dopant 

could lead to higher catalytic activity than higher amounts. During the metal doping process, the 

dopant could substitute for the potassium ions within the tunnel or one of the manganese ions in 

the framework [35], [86], [203]. High-resolution XPS scan of Mn3s (Figure 5.5) revealed that the 

AOS of the doped catalyst using the lower amount was close to the Mn-S; however, intense doping 

increased AOS. Also, according to the high-resolution scan of Mn2p (Figure 5.5), Ag and Ce 

doping slightly decreased the 
𝑀𝑛3+

𝑀𝑛4+
 ratio. Previously, it was reported that Ag ions can substitute for 

the K+ ions inside the tunnel [120], while Ce ions can substitute for both K+ and Mn ions [25], 

[66], [115], [119]. Variation in the charge balance leads to formation of oxygen vacancy, to hold 

up the neutrality of the material, which could decrease the AOS [35], [40], [101], [105], [189]. 

Since a lower amount of dopant changed AOS negligibly, the dopants are likely substituted with 

K+ ions in the tunnel. The elemental composition results (Table 5.2) show the reduction in K 

abundance after doping, which confirmed this hypothesis. But further additions of dopant 

increased the AOS, highlighting that the distortion was not in favor of increasing the 
𝑀𝑛3+

𝑀𝑛4+
 ratio. 

The most remarkable changes were in the O1s spectra (Figure 5.5). OI and OII in the high-

resolution scan of O1s are ascribed to lattice oxygen and oxygen species adsorbed in oxygen 

vacancies, respectively. OII amount, in other words, represents the density of surface oxygen 

vacancy [188]. Ce(0.1)Mn-S, with the best ozone decomposition performance, had the highest 
𝑂𝐼𝐼

𝑂𝐼
 

ratio implying that it had the greatest density of surface active sites. The reduced susceptibility of 

Ce(0.1)Mn-S to humidity at 80% RH is consistent with the high concentration of active sites 

observed in this characterization. These results show that the doping performed with the 

appropriate material at an optimized composition can significantly improve the catalyst activity at 

low and moderate RH but cannot solve the catalytic removal of ozone in highly humid conditions.  

5.4.5.3. The impact of PVDF deposition besides MnOx catalyst  

Doping the Mn-S catalyst with Ce enhanced its performance, particularly below the 80% RH 

level. However, at 80% RH, water molecules could inhibit ozone molecules from reaching the 

active sites (i.e., oxygen vacancies). To overcome the detrimental effect of humidity, this study 
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presents a novel and feasible approach. PVDF polymer powder, a hydrophobic (PVDF contact 

angle ~145°) [209], [210] and ozone compatible material, was added to the catalyst suspension 

and dispersed using Tween 20 surfactant. A well-mixed suspension containing catalyst and 

polymer particles was coated on the Ni-foam filters. The patches of agglomerated polymer 

particles (hydrophobic zone), placed uniformly among catalyst particles (active hydrophilic zone), 

were observed in the SEM images (Figure 5.8). The ozone decomposition results illustrate the 

remarkable effect of the added hydrophobic polymer (Figure 5.9). PVDF-to-catalyst mass ratios 

of 0.2 and 0.4 were tested for Mn-S catalysts, termed Mn-S-0.2 and Mn-S-0.4, respectively. Mn-

S-0.2 had better performance than Ag- and Ce-doped catalysts in all humid conditions. Below 80% 

RH, the Mn-S-0.4 had lower efficiency than the Ag- and Ce-doped catalysts; however, 

interestingly, at 80% RH, its efficiency was greater than both, which demonstrates the strong 

contribution of physical modifications in tackling humidity effects. 

To leverage both physical and chemical effects, the most efficient doped catalyst, Ce(0.1)Mn-

S, was modified by adding polymer. The modification produced a superior impact such that the 

efficiency of Ce(0.1)Mn-S-0.2 at 80% RH and 10 ppm ozone was 2.5 times higher than the 

Ce(0.1)Mn-S. At 1 ppm ozone level, Ce(0.1)Mn-S-0.2 had >99% efficiency up to 50% RH, and, 

at 80% RH, it had >91% efficiency after 6 h exposure to ozone, which was 1.2 times higher than 

the efficiency of Ce(0.1)Mn-S. Moreover, polymer incorporation prevents the sudden efficiency 

drop at early exposure times. Therefore, the filter could hold up the initial efficiency longer (Figure 

5.9). For instance, comparing Ce(0.1)Mn-S and Ce(0.1)Mn-S-0.2, the latter had >90% efficiency 

by 1 h while the first one fell below 90% by 20 min.  

To elucidate the mechanism governing the effect of hydrophobic polymer blends, first the 

detrimental effect of humidity was studied. Not only do water molecules compete with ozone for 

active sites, but also form water bridges in the neck between catalyst particles as a result of 

capillary condensation, according to the Kelvin equation [211], [212]. The deposited catalyst 

particles on the Ni-foam filter form raspberry-like densely packed agglomerates with concave 

sites. Thus, at high RH levels, water molecules condense in the interparticle cavities and cover the 

active sites, leading to efficiency loss. Chemical modification of catalyst could strengthen the 

active sites against humidity and enable ozone to win the competition, but it cannot inhibit the 

formation of water bridges at high RH. Depositing a hydrophobic polymer among the catalyst 

zones changes the hydrophilicity of the filter. Considering the excellent dispersion of PVDF 
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particles, sized 0.230±0.075 µm (Figure S5.2), among the catalyst particles, this could result in an 

interconnected network of hydrophobic and hydrophilic regions. These effects prevent the 

formation of water bridges in the neck between a hydrophobic and a hydrophilic surface and 

improve efficiency. The modification of surface wettability could also hinder water condensation 

between the catalyst particles and the Ni-foam filter, enhancing the active reaction surface. Using 

an excessive amount of polymer decreased the efficiency, due to the potential wrapping of the 

catalyst surface with PVDF agglomerates (Figure S5.3).  

These findings indicate that the simultaneous improvement of the density of oxygen vacancies 

and their humidity resistance, along with physical modifications that prevent interparticle water 

bridges and capillary condensation, could result in a highly efficient MnOx-based catalytic media 

for ozone removal. It is envisioned that such catalysts will be of interest to a wide range of 

applications. A potential application could be usage as cartridges in face masks for protecting 

workers’ health. Ce(0.1)Mn-S-0.2 showed >90% efficiency for 6 h at 1 ppm ozone and 80% RH, 

so, it can keep the concentration below the permissible exposure limit (PEL, 100 ppb). Also, at 

elevated ozone concentrations, the high initial efficiency was extended, and the filter could 

decrease the ozone concentration from the immediately-dangerous-to-human-health level (IDHL, 

5 ppm) to the short-term exposure limit (STEL, 300 ppb) level for at least 1 h. Furthermore, the 

Ce(0.1)Mn-S-0.2 has the potential to be used in aircraft cabins and the exhaust of industrial ozone 

generators. Because the filter showed a superior performance at high RH, it can minimize energy 

consumption by reducing the operating temperature of ozone decomposition units. For this 

purpose, coating techniques for the catalyst/polymer blend should be improved in future works.  

5.4.6. Theoretical calculations 

All the structures were optimized using the DFT method at the PBE/Def2-SVP level of theory. 

To calculate the structural stability and thermodynamic parameters of the corresponding 

complexes, frequency calculations were performed, and it was confirmed that the stationary points 

correspond to minima with real frequencies. This indicates the stability of the Mn complexes with 

the selected atoms K, Ag, and Ce. The optimized geometries are shown in Figure 5.10 and the 

theoretical computation results are represented in Table 5.5. The Mn-O bond length in the Ce-

doped catalyst was longer than the Ag-doped and the undoped ones. Longer Mn-O bond facilitates 

the formation of oxygen vacancies [24], which is conforming to the XPS results showing a higher 

density of oxygen vacancies for the Ce-doped catalyst.  
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Mn-S 

 
AgMn-S 

 

CeMn-S 

Figure 5.10. Optimized geometries of the Mn-S AgMn-S and CeMn-S catalysts at PBE/Def2-SVP level of 

theory. The dangling bonds at the edges of the corresponding structures were saturated by hydrogen atoms. 

(red spheres: O, light purple spheres: Mn, Dark purple: K, light blue: Ag, light yellow: Ce) 

 

The calculated energies of the frontier orbitals, which are the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO), indicate that the Ce-doped catalyst 

has the lowest HOMO-LUMO energy gap. The smaller band gap means that the catalyst can easily 

accept or donate electrons, making it more reactive [213]. Also, it implies that the catalyst has a 

higher ability to undergo the redox process [214], [215]. These findings confirm the highest 

catalytic activity of the Ce-doped catalyst compared to the Ag-doped and the undoped ones for 

ozone decomposition. 

The ozone decomposition mechanism includes three steps (Equations 5.2-5.4). Among these 

steps, step three (Equation 5.4) has proved to be the limiting one [24], [63]. According to the 

frontier orbital theory [216], electron transfer occurs between the HOMO of the 𝑂2
2− intermediate 

and the LUMO of the catalyst [91]. The orbital energies were calculated through DFT simulations 

and the HOMO and LUMO energies are reported in Table 5. The energy gap between HOMO of 

the 𝑂2
2− and LUMO of the catalyst is the lowest for the Ce-doped catalyst, implying easier electron 

transfer and oxygen vacancy release. These results are consistent with the catalytic performance 

of the synthesized materials.  

𝑂3  +  𝑀𝑛
(𝑛+2)+ − 𝑉𝑂  →  𝑂2  +  𝑀𝑛

(𝑛)+ −𝑂2−                                                                                             (5. 2) 

𝑂3 +𝑀𝑛
(𝑛)+ − 𝑂2− → 𝑂2 +𝑀𝑛

(𝑛)+ − 𝑂2
2−                                                                                                     (5. 3) 

𝑀𝑛(𝑛)+ − 𝑂2
2− → 𝑂2 +𝑀𝑛

(𝑛+2)+ − 𝑉𝑂                                                                                                              (5. 4) 
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Table 5.5. Theoretical computation results. All the energies are in ev unit. 

 Mn-S AgMn-S CeMn-S 𝑶𝟐
𝟐− 

HOMO energy -7.8645 -8.0047 -3.024 14.88 

LUMO energy -7.8315 -7.8887 -3.0006 18.25 

ELUMO – EHOMO  0.033 0.116 0.0234 3.37 

𝑬𝑯𝑶𝑴𝑶,𝑶𝟐
𝟐−

− 𝑬𝑳𝑼𝑴𝑶,𝒄𝒂𝒕𝒂𝒍𝒚𝒔𝒕 
22.72 22.77 17.88 NA 

Mn-O bond length (Å) 1.83 1.84 1.85 NA 

Hardness1 0.0165 0.0580 0.0117 NA 

Electronic chemical 

potential2 -7.8480 -7.9467 -3.0123 NA 

1 ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 =
𝐸𝐿𝑈𝑀𝑂−𝐸𝐻𝑂𝑀𝑂

2
 

2 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =
𝐸𝐿𝑈𝑀𝑂+𝐸𝐻𝑂𝑀𝑂

2
 

 

5.5. Conclusion 

This study investigated the simultaneous chemical and physical modification of an MnOx-based 

catalyst for ozone decomposition. The SIR method, a feasible synthesis procedure, produced Mn-

S catalyst with superior properties than Mn-P-b, which was prepared via co-precipitation method. 

Moreover, Mn-S catalysts were successfully doped with transition metals including Ag, Ce, and 

La, through the SIR procedure. Metal doping with optimum type and amount of dopant, improved 

the catalyst’s physicochemical properties, such as the specific surface area and the density of 

oxygen vacancies. Catalyst doping with La at the tested molar ratios (
𝐿𝑎3+

𝑀𝑛2+
= 1, 1.67) had adverse 

effect on the Mn-S properties such that La-doped catalyst had much lower efficiency than Mn-S. 

Ce(0.1)- and Ag(0.06)-doped catalysts (used the low level of dopant), showed a substantial 

improvement in ozone decomposition. Among the produced morphologies, varying from nanofiber 

to spherical, the flower-like hollow spherical shapes, observed in Ce(0.1)Mn-S, had the highest 

performance. Additionally, DFT calculations confirmed the higher density of oxygen vacancy of 

the Ce-doped catalyst compared to the Ag-doped and the undoped ones. The Ce-doped catalysts, 

however, still suffered from considerable efficiency loss due to detrimental effect of water 

molecules, particularly at 80% RH. This can be attributed to the higher likelihood of water 

condensation among catalyst particles, which can cover the active sites. Therefore, a physical 
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modification strategy was used to overcome this issue. The catalysts were physically blended with 

PVDF, a hydrophobic polymer, and deposited on Ni-foam filters. At optimum amounts, polymer 

addition resulted in a significant improvement in Ce(0.1)Mn-S performance. Even the undoped 

catalysts mixed with PVDF showed better removal efficiency than the Ce(0.1)- and Ag(0.06)-

doped catalysts, which highlights the importance of the inhibition of interparticle water 

condensation. Leveraging both chemical and physical modification techniques an enhanced 

MnOx-based catalyst, Ce(0.1)Mn-S-0.2, was prepared and evaluated. This catalyst has the 

potential to be used in several applications, from face mask cartridges to aircraft cabins. 

5.6. Supporting information 

5.6.1. Computational details 

The choice of exchange-correlation functional, basis set, convergence criteria, and other 

computational parameters affect the accuracy and efficiency of the calculations. Therefore, it is 

crucial to carefully select the appropriate methods. The selected exchange-correlation Perdew-

Burke-Ernzerhof (PBE) functional in this study, which belongs to the class of generalized gradient 

approximation (GGA) functionals, has been widely used for solid-state systems. The DEF2-SVP 

(split valence polarization) basis set was employed. It includes a set of valence functions that 

describe the core and valence electrons of the atom and a set of polarization functions that capture 

the electron correlation effects. However, to reduce the computational costs, an effective core 

potential (ECP) approach was used for heavier atoms (Mn, Ag, and Ce). The ECP replaces the 

potential experienced by the core electrons with an effective potential, reducing the computational 

burden while maintaining accuracy for valence electrons. Therefore, by using an ECP the number 

of electrons that need to be explicitly included in the electronic structure calculations is reduced. 

Stuttgart-Dresden (SDD) ECP was used in this study for Mn, Ag, and Ce atoms. SDD ECP replaces 

the core electrons of the heavy atoms with a pseudopotential. It can capture the effect of core 

electrons on the valence electrons. 
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Figure S 5.1. SEM images of the synthesized catalysts coated on Ni-foam filter. 

 

 
Figure S 5.2. SEM images of the Ni-foam filter coated with PVDF 

 

 
Figure S 5.3. SEM image of Ni-foam filter coated with Mn-S-0.4 
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Chapter 6. Conclusion and future works 

6.1. Summary and conclusion 

Ozone is one of the most important inorganic pollutants due to its wide application in industry 

as well as its capability to change air chemistry by generating secondary organic pollutants. 

Occupants and workers could be at risk of exposure to ozone beyond the permissible limits set by 

organizations like OSHA and WHO. In case of ozone leakage in the industrial environments, 

immediate evacuation is mandatory. Also, ozone can adversely affect the environment and 

agricultural production. Therefore, ozone removal is a critical issue to protect occupants’ health 

and environment. Different technologies including AC-based filters, catalytic oxidation and 

photocatalytic oxidation have been investigated for ozone removal. Depending on the operational 

conditions, an AC-based media or a MnOx-based catalyst can be used for efficient ozone 

decomposition. MnOx-based catalytic processes have shown the best performances at high ozone 

levels and airflow rates. However, their efficiency declines significantly in the presence of high 

levels of water molecules. The main goal of this research was to develop a novel humid-resistant 

MnOx-based catalyst. An enhanced MnOx-based catalyst was synthesized via a feasible method, 

which has the capability of mass production. Metal doping, using silver, and cerium, was used to 

modify this catalyst. This modification resulted in increasing the specific surface area, and 

enhancing the density of oxygen vacancies. Also, the Ce-doped catalyst showed more resistance 

at high humidity levels than Ag-doped or the undoped ones. The Ce-doped catalyst was further 

modified by mixing it with PVDF polymer particles. This modification led to preventing the 

formation of water bridges between the catalyst particles and improving the efficiency. Moreover, 

the common ozone removal media, including ACs, and catalysts, were investigated thoroughly in 

this research to elucidate the impact of operational conditions on the materials performance, which 

led to facilitate selecting the best method for ozone removal. The major results of this research are 

presented more specifically in the following. 

Chapter 3 

• Testing all the materials according to the ASHRAE 145.2 standard method revealed that this 

test method cannot fulfil its requirements in a one-day test run since none of the materials 

could reach the 50% breakthrough. 
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• Coconut shell-based AC showed the best performance (among the eleven tested granular 

media) at ozone levels below 200 ppm during 6 h exposure to ozone, despite having lower 

specific surface area than coal-based ACs. 

• At ozone levels higher than 200 ppm small size MnOx-based catalyst had the superior 

performance compared to the other materials. 

• KOH impregnated coal-based AC had an improved ozone removal performance by more 

than 60% compared to the virgin coal-based one. 

• The chemisorption capacity of ACs is much higher than their catalytic capability. 

• SEM images and XPS results showed the strong interaction between ozone and the coconut 

shell-based AC, highlighting its high chemisorption capacity than the other ACs that were 

tested in this study. 

• The high chemisorption capacity of AC-based media makes them good candidates for 

indoor air applications in residential buildings and office buildings: 

o If the ozone concentration can rise above 1 ppm (<50 ppm) for a short-term, 

coconut shell and KOH impregnated coal ACs are the best choices among the AC-based 

media. 

• When the ozone concentration is constantly high, like in the intake air pathway of aircraft 

cabins or the exhaust of ozone generation systems, catalyst-based media with a high density 

of stable active sites are desirable. 

Chapter 4 

• The ozone removal performance of granular media could vary over a wide range depending 

on the operational conditions. 

• Due to differences in chemical and physical properties of granular materials, each ozone 

removal technology performs uniquely. 

• Statistical and kinetic modeling analyses revealed important correlational relationships 

between operational parameters and ozone removal efficiency. 

o The airflow rate and ozone level were the most influential parameters for ACs 

whereas the effect of humidity was the most significant one on the catalyst’s 

performance. 

o The effect of humidity was one of the most complex effects owing to the 

sophisticated chemical and physical interactions of water with the materials’ surface. 
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o Increasing the humidity level from 0% to 70% had a negative effect on the removal 

performance of coal-based AC, a dual effect on coconut shell-based AC (first negative 

up to 35% and then positive until 70%), no effect on KOH impregnated coal-based, and 

a negative effect on MnOx-based catalyst. 

• The statistical analysis showed that the impact of two-way interactions of parameters could 

be significant; the most important ones were found to be O3*airflow on ACs and RH*airflow 

on catalyst. 

o At low airflow rates, coconut shell AC and KOH impregnated coal AC were 

indifferent to ozone, and humidity had no effect on CAT-E, while at high airflow rates 

the impacts were considerable. 

• Among ACs, the ozone removal efficiency of the coconut shell one, despite having the 

highest chemisorption capacity, experienced the most dramatic vulnerability to the change 

of the operational parameters, while KOH impregnated coal, having 𝑂𝐻− groups on its 

surface, experienced the least. 

• For industrial applications, at elevated ozone concentrations, MnOx-based catalysts could 

be the best candidate. 

• Comparing the ACs with the catalyst revealed that, on average, the MnOx-based catalyst is 

the most efficient ozone removal media. 

Chapter 5 

• The solid interface reaction method, a synthesis procedure, produced a catalyst with superior 

properties than the catalyst that was prepared via co-precipitation method. 

• The catalysts were successfully doped with transition metals including Ag, Ce, and La, 

utilizing the solid interface reaction method. 

• Metal doping with optimum type and amount of dopant, improved the catalyst’s 

physicochemical properties, such as the specific surface area and the density of oxygen 

vacancies. 

• Doping catalyst with La at the tested molar ratios (
𝐿𝑎3+

𝑀𝑛2+
= 1, 1.67) had adverse effect on 

the pristine catalyst’s properties such that La-doped catalyst had much lower efficiency. 

• Ce(0.1)- and Ag(0.06)-doped catalysts (used the low level of dopant), showed a substantial 

improvement in ozone decomposition. 



127 

 

• Among the produced morphologies, varying from nanofiber to spherical, the flower-like 

hollow spherical shapes, observed in Ce(0.1)-doped MnOx, had the highest performance. 

• The doped catalysts, however, still suffered from considerable efficiency loss due to 

detrimental effect of water molecules, particularly at 80% RH. This can be attributed to the 

higher likelihood of water condensation among catalyst particles, which can cover the active 

sites. 

• The catalysts were physically blended with PVDF, a hydrophobic polymer, to overcome the 

adverse effect of water molecules. At optimum amounts, polymer addition resulted in a 

significant improvement in Ce(0.1)-doped MnOx performance. 

o The undoped catalysts mixed with PVDF showed better removal efficiency than 

the Ce(0.1)- and Ag(0.06)-doped catalysts. 

• The beneficial impact of blending the catalyst with PVDF (physical modification) on ozone 

decomposition performance at high humidity conditions highlighted the importance of the 

inhibition of interparticle water condensation. 

• Leveraging both chemical and physical modification techniques an enhanced MnOx-based 

catalyst was prepared and evaluated. This catalyst has the potential to be used in several 

applications, from face mask cartridges to aircraft cabins. 

6.2. Future works 

At the tropospheric level, ozone is generated through a series of reactions involving volatile 

organic compounds (VOCs) and NOx. Therefore, the concentrations of these hazardous pollutants 

correlate. Especially in regions near traffic or downstream of wildfires, where the ozone 

concentration could be above the permissible limits, the levels of other pollutants could be high as 

well. Also, ozone has the capability to change air pollution chemistry. It is a strong oxidizer, and 

it can react with organic compounds containing carbon-carbon double bonds and produce 

secondary organic pollutants such as formaldehyde and acetaldehyde, which are known as 

carcinogens. Therefore, it is of utmost importance to study the performance of ozone removal 

media in the presence of other pollutants including VOCs, NOx, and particulate matters.  

Additionally, this study showed that water molecules play an important role in the ozone 

removal process of ACs and catalysts. Therefore, it recommended that the proposed empirical 

kinetic model be improved to include the humidity contribution in both ozone decomposition and 

media’s deactivation. The statistical analyses revealed that the correlation between the operational 
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parameters and the removal efficiency of the materials is nonlinear. More investigations are 

suggested to improve the predictive regression model, which was obtained from the statistical 

studies.  

An enhanced MnOx-based catalyst was synthesized in this research leveraging chemical and 

physical modifications. One of the limitations of this work was the coating method. The amount 

of catalyst that was deposited on the Ni-foam filters was 1.36±0.11 mg/cm2, and on average 0.14 

g catalyst was deposited in total, which is remarkably lower than commercially fabricated filters. 

Ni-foam filter pressure drop is negligible; therefore, since coating process is a vast field of study 

and physical blending of the catalyst with a hydrophobic polymer add to the complexity, it is 

suggested to explore the coating procedures more profoundly and find the best method. 

Furthermore, the catalyst could be functionalized to become intrinsically hydrophobic. For 

instance, it is reported that fluorination converted the hydrophilic nature of graphite oxide to 

hydrophobic. Also, fabricating a highly porous composite mixed matrix media, benefiting the 

catalytic activity of the inorganic metal oxide and the hydrophobicity of the organic polymer could 

result in a humidity-resistant ozone decomposition media. 

Several types of materials including ACs, metals, and metal oxides, were previously 

investigated for ozone decomposition, and their efficiency in various combinations of operational 

conditions at different scales were reported. Leveraging machine learning and artificial neural 

network methods could lead to recognizing the existing patterns and correlations, which could 

facilitate developing a predictive model for the ozone removal process.  
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