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Abstract 

In China, the textile industry is important for the economy. However, the industry contributes 

to emissions of organic material and other pollutants. This affects the environment and the 

quality of life for people and animals. All over the world, water scarcity is becoming an 

increasing problem, which is why the UN has water purification as one of the goals for 

sustainable development. To achieve these goals and the regulations in countries, wastewater 

is purified in water treatment plants before it is discharged. 

One of the methods that can be used to purify water is catalytic ozonation, an oxidation 

process in which ozone is used as an oxidant to break down organic material. Catalysts, 

usually metal oxides, are used to increase the selectivity and the reaction rate. However, this is 

a relatively unexplored area in water purification and several details within the process are 

unknown, such as optimal conditions for various catalysts and the exact reaction mechanism. 

In this work, catalytic ozonation treatment with the metal oxide MnOx-CeOx/γ-Al2O3 has been 

investigated. Firstly, a literature study was carried out to find earlier research in the field. Then 

experiments were conducted, varying four different factors and the impact these factors had on 

the catalytic ozonation was analyzed. The factors examined were contact time, ozone dosage, 

gas flow and amount of catalyst. All factors had three different levels. COD and UV254 were 

analyzed to find the conditions that gave the highest reduction of organic matter. 

The highest reduction of COD was 67 % which gave a COD concentration of 23 mg/L and 

UV254 90 %. Since the regulations on COD emissions in China are 30 mg/L, the catalytic 

ozonation gave a satisfying result. The result showed that the highest yield was achieved at the 

highest level for contact time (40 min), ozone dosage (0.3 mg/L) and amount of catalyst (100 

% filled reactor), but the second highest for the gas flow (0.3 L/min). However, the contact 

time was calculated to be the only significant factor for reducing COD in water. The other 

factors did not have a significant effect on the reduction of COD or UV254. 

Furthermore, the conditions that were calculated to give the greatest reduction were used to 

analyse the reduction of impurities in the wastewater with three dimensional fluorescence. 

Three dimensional fluorescence showed that the wastewater contained organic compounds, 

mainly aromatic proteins, soluble microbial by-products and humic acids. All of these 

compounds were reduced during the catalytic ozonation with MnOx-CeOx/ γ-Al2O3.  

The residual amount of ozone was analyzed in effluent gas flow was measured with different 

incoming gas flows. The residual ozone after the ozone treatment was approximately 45 % of 

the ingoing gas flow. 



Sammanfattning 

I Kina är textilindustrin viktig för ekonomin. Dock bidrar industrin till utsläpp av organiskt 

material och andra föroreningar. Detta påverkar miljön och livskvalitén för människor och 

djur. Världen över börjar vattenbrist bli ett allt större problem, varför FN har med vattenrening 

som ett av målen för hållbar utveckling. För att nå dessa mål och de regleringar som gäller 

renas avloppsvatten i vattenreningsanläggningar innan det släpps ut.  

En av de metoder som kan användas för att rena vattnet är katalytisk ozonbehandling, vilket är 

en oxidationsprocess där ozon används som oxidationsmedel för att bryta ned organiskt 

material. För att öka selektiviteten och reaktionshastigheten används katalysatorer, vanligen 

metalloxider. Detta är dock ett relativt outforskat område inom vattenrening och flera detaljer 

inom processen är okända, såsom optimala betingelser och reaktionsmekanismen. 

I detta arbete har därför katalytisk ozonbehandling med metalloxiden MnOx-CeOx/ γ-Al2O3 

undersökts. Först utfördes en litteraturstudie för att ta fram tidigare forskning inom området. 

Därefter utfördes experiment där fyra olika faktorers påverkan på den katalytiska 

ozonbehandlingen analyserades. De faktorer som undersöktes var uppehållstid, ozondosering, 

gasflöde och mängd katalysator. Samtliga faktorer hade tre olika nivåer. De faktorer som 

analyserades var COD och UV254 för att hitta de förhållanden som gav högst reduktion av 

organiskt material.  

Den högsta reduktionen av COD var 67 %, vilket gav en COD-koncentration på 23 mg/L och 

UV254 reducerades upp till 90 %. Eftersom gränsen på COD-utsläpp i Kina är 30 mg / L gav 

den katalytiska ozonbehandlingen ett tillfredsställande resultat. Det nivåer som gav bäst utbyte 

var de högsta för uppehållstiden (40 min), ozondoseringen (0.3 mg/L) och mängden 

katalysator (100 % fylld reaktor), men den näst högsta för gasflödet (0.3 L/min). Den enda 

faktorn som hade en signifikant påverkan på reduktionen av organiskt material var dock 

uppehållstiden. Övriga faktorer hade ingen signifikant påverkan på varken reduktionen av 

COD eller UV254. 

Vidare användes ändå de nivåer som beräknats ge störst reduktion av organiskt material för att 

analysera reduktionen av föroreningar i avloppsvattnet med tredimensionell fluorescens. 

Avloppsvattnet innehåller organiskt material som aromatiska proteiner, lösliga mikrobiella 

biprodukter och humussyror och dessa föroreningar reducerades vid katalytiska 

ozonbehandlingen med MnOx-CeOx/ γ-Al2O3.  

Dessutom analyserades resterande mängd ozon i utgående gasflöde vid olika storlek på 

ingående gasflöde. Resterande mängd ozon efter ozonbehandlingen var ungefär 45 % av 

ingående mängd.  
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1 Introduction 

For a country to develop its economy, establishing plants and factories plays an important 

role. This does, however, lead to water being polluted and throughout the world, clean water 

is becoming scarce. Some of the highest amounts of water pollutions originates from the 

People’s Republic of China (hereafter ‘China’). The textile industry is an important part of 

China’s economy and the industry uses more water than most other (Yusuf, 2018). To reduce 

the chemicals in wastewater and reach the goals set by the government of China (2002), as 

well as the United Nations (2015), research has to be conducted in the field of wastewater 

treatment.  

One of the possible methods for wastewater treatment is Advanced Oxidation Processes 

(AOPs). Catalytic ozonation is a kind of AOP and is used to reduce the amount of organic 

matter in wastewater, as well as to reduce other variables, such as bacteria, taste and odour 

(Masten & Davies, 1994). During ozonation, organic matter is transformed to more soluble 

and easily degradable compounds. To enhance the reaction, catalysts of metal oxides can be 

used. (Foladori, Andreottola & Ziglio, 2010) 

The aim for this project is to investigate catalytic ozonation to find good conditions to reduce 

organic matter in wastewater from textile industries. The catalyst that was used was the 

alumina-supported manganese-cerium mixed oxide (MnOx-CeOx/ γ-Al2O3).  

A literature study on catalytic ozonation for wastewater treatment has been conducted. 

Wastewater samples from the effluent of the biological treatment at two textile factories in 

Beijing were treated with catalytic ozonation in a laboratory at Beijing University of 

Chemical Technology (BUCT). Four factors were varied; contact time, ozone dosage, water 

volume and amount of catalyst. These factors were varied at three different levels using an 

orthogonal experiment.  

The water was analyzed using three dimensional fluorescence to analyse which compounds 

were present in the wastewater and how these contaminants were affected by the treatment. 

The residual ozone was also measured to see how much excess ozone is present in the effluent  

The contaminants being analyzed were Chemical Oxygen Demand (COD) and organic matter 

through UV254 absorbance. Furthermore, the focus was on the limitations on wastewater 

pollution set by the government of China. 
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2 Wastewater  

In China, the water pollution is one of the worst in the world. 70 % of the country’s water in 

lakes, rivers and reservoirs are affected by the pollutions. When water is polluted it is 

discharged as wastewater. The pollutions can for example be organic matter, suspended 

solids, bacteria and dissolved salts and gases. (Yusuf, 2018) 

2.1 Wastewater treatment plants (WWTPs) 

The effluent from any industry has to be treated, which is done in a wastewater treatment 

plant (WWTP). Instead of using fresh water, the water could be reused if treated in an 

external cleaning plant. This will reduce the use of fresh water and further minimize the stress 

on water shortage as well as reduce pollutions derived from wastewater. (Yusuf, 2018) 

The WWTP is divided into primary, secondary and tertiary methods. Primary is mechanical 

treatment such as screening or sedimentation. Secondary is biological treatments for instance 

aerobic or anaerobic treatment. Tertiary treatments are more advanced treatment methods, for 

example oxidation, electrochemical or membrane technologies. (Senthil & Saravanan, 2018) 

2.2 Textile effluent in China 

13 % of the world’s exported clothing comes from China, the leading world producer 

(Sweeny, 2015). There are over 50 000 textile mills in China and the textile industry is 

estimated to be the industry that uses the most water (Yusuf, 2018). The water is often 

discharged without being treated and 40 % of the chemicals being discharged from textile 

industries in the world originate from China. (Sweeny, 2015) 

In 2011 Greenpeace launched a global campaign to challenge the textile industries to reduce 

the use of hazardous chemicals. Investigations showed that the textile industries in China and 

other countries had persistent, hazardous chemicals in their textile effluents. The campaign 

increased awareness about the pollution caused by the textile industries, and since then China 

has enforced stricter wastewater policies. (Cobbing & Vicaire, 2018) 

2.2.1 Characteristics of textile effluent 

As one of the most polluted wastewaters, textile effluents have high COD concentrations and 

contains alkalinity, residual dyes as well as other pollutants. The wastewater contains 

proteins, carbohydrates, oils and lipids. (Senthil & Saravanan, 2018) 

The water also contains textile dyes, which are organic compounds that are used to colour 

textiles. Reactive dyes are commonly used because of its colour fastness, colour brilliance and 

easy application. However, it has a low fixation rate and high solubility, which leads to high 

emissions of these reactive dyes. (Yusuf, 2018) 
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The pollutions from textile wastewaters affect colour, turbidity, taste and odour of the water. 

Textile wastewater also affects the photosynthetic function in plants and can affect marine 

life. (Holkar et al., 2016) 

2.3 Sustainable development 

Due to the effect wastewater has on the environment and human beings as well as animals, 

regulations and goals has been set for industries to follow.  

2.3.1 United Nation’s sustainable development goals 

The United Nation’s 2030 Agenda for sustainable development was made to have global 

Sustainable Development Goals (SDGs) aiming to protect the planet while striving for 

prosperity. Many of the 17 SDGs are set to enhance water quality. Goal 12 is to “ensure 

sustainable consumption and production patterns”. (United Nations, 2015) 

Consumption of materials and natural resources are increasing, especially in Eastern Asia, 

China included. These industries contribute to water pollutions faster than what the nature can 

purify on its own. The excessive use of water is a contributing factor to the lack of water in 

the world. (United Nations, 2015) 

One of the targets in goal 12 is target 12.4, which aims to reduce the chemicals and other 

pollutants being released into water. By doing so, the effect wastewater has on humans and 

the environment will be minimized. To reach this goal, further research has to be done to 

develop the water treatment methods currently available. (United Nations, 2015) 

Target 6.3 aims to reduce pollutions and minimize the release of hazardous chemicals and 

materials to water and thus enhance water quality. Target 14.1 is for reducing the pollutants 

that effect marine life, such as nutrient pollutions. Further, target 12.5 is a target to reduce 

waste through recycling and reuse. (United Nations, 2015) 

2.3.2 Regulations in Beijing 

In China, the wastewater is regulated by the environmental quality standards for surface 

water, set by the Ministry of Ecology and Environment (MEE). These are the Guobiao 

standards (GB standards) and are China’s national standards, where the prefix GB indicates 

that the standard is mandatory and enforced by law (GB China National Standards, 2001). 

These are the Emission Limit Values (ELVs) in China. (OECD, 2018) 

Guidelines on Available Technologies of Pollution Prevention and Control (GATPPCs) are 

used in China as Best Available Technology (BAT). GATPPC is used as non-binding 

guidance for technology to enforce the ELVs. The difference between the ELVs and 

GATPPC is that the ELVs are enforced by law, whereas the GATPPCs are only 

recommendations. GATPPC is not promoted by MEE due to accountability issues because of 
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concerns that an industry may not reach the GB standards while complying to the GATPPCs. 

(OECD, 2018)  

The goal to be reached for textile effluents is the class IV in GB 203838-02. This quality 

standard sets a threshold for the amount of pollutants in wastewater, and says that the 

wastewater has to have a COD concentration lower than 30 mg/L. (Ministry of Ecology and 

Environment – The Peoples Republic China, 2002)  

2.4 Measurements for wastewater 

To ensure that the factories reach the goals various methods for measuring contaminants in 

wastewater are used, such as COD and other measurements of organic matter. 

2.4.1 Organic matter 

Organic matter can be measured in more ways than COD. For example, total organic carbon 

(TOC) or dissolved organic matter (DOM) can be measured to analyse the amount of organic 

pollutants in water. Unlike COD, these two methods only measures organic matter or carbon 

and not the total amount of oxidizable material. (Yusuf, 2018) 

Organic matter can lead to eutrophication, which is when water is enriched with nutrients 

which leads to an accelerated growth of algae and other plant life that further disturbs the 

ecosystem in the water. (Lemley & Adams, 2019) 

2.4.2 Chemical Oxygen Demand (COD) 

COD is a measurement that is useful for determining water quality. COD is used to measure 

the amount of organic pollutants in water. It is defined as the amount of oxygen being used 

when the organic matter is oxidized in a sample under acidic conditions. The unit mg/L 

indicates the oxygen mass being consumed per litre of water. During the process, organic 

matter will be oxidized to carbon dioxide (CO2) and water (H2O). (Yusuf, 2018) 

The COD test is completed in a few hours compared to the five days it takes for Biological 

Oxygen Demand (BOD) to be completed. As a result, COD is the more common method for 

analysis of industrial wastewaters. (Patel & Vashi, 2015) 

The reason oxygen is used as a measurement for water quality is because it is used to break 

down organic matter. If too much organic matter is emitted to the environment, oxygen will 

be used to break this down. This leads to an imbalance of oxygen in the water which can kill 

water life and lead to algae blooming. (Ruhlin) 
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3 Catalytic ozonation 

Catalytic Ozonation Processes (COPs) are AOPs and can be used for wastewater treatment. It 

can reduce COD and other pollutants in water (Yusuf, 2018). Oxidation, and primarily 

ozonation and catalytic ozonation will be discussed further in this chapter. 

3.1 Oxidation 

Oxidation is the most used method for degradation of dyes, where AOP is a common method 

(Holkar et al., 2016). AOPs are defined as water phase oxidation processes where the 

intermediate hydroxyl radical (OH•) is the primary base for the destruction of water 

pollutants. AOPs usually uses ozone (O3), hydrogen peroxide (H2O2) and/ or ultraviolet light 

(UV). These can for example be combined as O3/ H2O2, O3/ UV, UV/ H2O2, O3/ UV/ H2O2 

and catalytic ozonation. (Esplugas et al., 2002) 

3.2 Ozone 

Ozone is a highly instable molecule, and can therefore be used as an oxidant in AOPs for 

purification of water. This enhances the biological degradability of contaminants. Ozone can 

be used for ozonation as a tertiary treatment of wastewater. (Foladori, Andreottola & Ziglio, 

2010) 

As an oxidant, ozone reacts with unsaturated organic compounds and produces ozonides. It 

can react with all oxidizing material, even inorganic materials. Since ozone is instable it is 

degraded spontaneously. (Ozontech, 2019) 

Ozone has different resonance structures, which gives ozone the advantage of being able to 

react as a dipole, an electrophilic or nucleophilic agent (Yusuf, 2018). It also has a high 

Electrochemical Oxidation Potential (EOP) of 2.08 eV (Karat, 2013). The resonance 

structures of ozone are shown in figure 1 (Hoigné, 1998). 

 
Figure 1 – Resonance structures of ozone. 

3.3 Catalysts 

Ozonation is getting more and more attention as a method for degradation of organic 

pollutants in water but ozone does not oxidize the pollutants completely. This has led to new 

approaches to ozonation such as using a catalyst (Gharbani & Mehrizad, 2012). A catalyst can 
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be used to enhance the selectivity and rate of ozonation. The efficiency of the process is 

highly dependent on which catalyst is used. (Kasprzyk-Hodern, Ziółek & Nawrocki, 2003) 

A catalyst can make a system environmentally greener, economically more efficient and 

minimize the consumption of resources. The design of the catalyst is also important for 

factors such as activity, selectivity, recovery, durability and recyclability. By developing new 

catalysts that are better in the factors mentioned above, the pollution from industries has 

decreased. For a catalyst to be considered to be green, the preparation also has to be green. 

(Atalay & Ersöz, 2016) 

The reaction with a catalyst occurs at the catalyst surface. Thus, a larger surface area of the 

catalyst will give a higher reaction rate. Moreover, the surface has to be accessible for the 

reactants. These factors are important when deciding what catalyst to use and how to prepare 

it. (Atalay & Ersöz, 2016)  

Catalysis can be divided into homogeneous and heterogeneous, where the former is when the 

reactant and catalyst are in the same physical phase and the latter is when they are in different 

phases. In homogeneous catalysis, the product can be hard to separate from the catalyst. On 

the other hand, it gives a high selectivity. (Atalay & Ersöz, 2016)  

3.3.1 Alumina-supported manganese cerium mixed oxides 

Manganese oxide (MnOx) is a promising catalyst. MnOx has oxidation states between 

manganese (II) (Mn2+) and manganese (IV) (Mn4+), which gives the MnOx a superior active 

site that can generate Reactive Oxygen Species (ROS). The degradation is then continued 

with ROS rather than ozone. The mechanism of the reaction with MnOx is yet unknown since 

it seems to be different depending on the composition of the water being treated. (Wu et al., 

2018) 

During COP, only a small amount of Mn has shown to be needed to start the chain reactions, 

where OH• is formed. (Kasprzyk-Hordern, Ziólek & Nawrocki, 2003) 

Cerium oxides (CeOx) can also be used as a catalyst. It has two oxidative states; cerium (III) 

and cerium (IV) (Ce3+/ Ce4+) with the 4f orbit structure, which enhances the catalytic effect 

through the ability of storing and releasing oxygen. CeOx together with MnOx has shown to 

be a mixture that reduces various pollutants, for example VOC and NOx. (Wu et al., 2018) 

The oxide mixture is supported by aluminium oxide (Al2O3). This alumina-supported 

manganese-cerium mixed oxide (MnOx-CeOx/ γ-Al2O3) has the structure of the Al2O3, a large 

surface area and pore volume. Furthermore, it has shown to increase the efficiency of 

ozonation and decrease the amount of ozone being used. It is possible to mass produce MnOx-

CeOx/ γ-Al2O3, which gives it great potential for catalytic ozonation for wastewater treatment. 

(Wu et al., 2018) 
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3.3.2 Catalyst preparation 

The catalyst preparation can have an effect on the catalyst’s function. A catalyst should be 

homogenous, have uniform particle size, adapted pore structure, have mechanical stability and 

high activity, high selectivity as well as low cost. These factors are affected by the preparation 

method. Depending on the preparation technique, the catalyst can be classified as bulk, 

supporting or impregnated. The active phase can be a new solid phase or it can be absorbed 

on an already existing solid, a carrier. (Atalay & Ersöz, 2016) 

The impregnated catalyst is mainly limited by the catalyst solubility. The carrier is 

impregnated in a solution of the catalyst, which mainly is a salt. It is then aged, dried and 

calcinated. The impregnation can be done with an excess amount of solution, which is called 

wet impregnation. If the volume of solution equals the pore volume, the process is called 

incipient wetness. The MnOx-CeOx/ γ-Al2O3 catalyst can be prepared by the wet impregnation 

process. (Atalay & Ersöz, 2016) 

3.4 The catalytic ozonation process (COP) 

In the COP oxygen gas (O2) or dry air is converted into ozone in an ozone generator. The 

conversion is induced by an electrical discharge. With O2, higher concentrations are obtained 

than with dry air. The ozone gas and wastewater gets mixed in a reactor filled with catalyst. 

The contaminants are then degraded to more easily degradable compounds. The purified 

water is taken out and residual ozone has to be destructed in a separate ozone destruction unit. 

(Hoigné, 1998) 

3.5 Chemistry of ozonation 

The radicals that are formed during ozonation, mainly hydroxyl radicals (OH•), are highly 

reactive but not selective, whereas the molecular ozone is highly selective but not as reactive. 

Both the radicals and the ozone can be used as oxidants in AOPs. OH• has an EOP of 2.33 

eV, which is higher than that of ozone. OH• shows a faster rate of reaction than other 

oxidants such as H2O2 and potassium permanganate (KMnO4) (Holkar et al., 2016). 

Furthermore, other oxidants, for instance carbonate radicals (CO3•
-) and hydrogen peroxide 

(H2O2) can be formed and react in the process. (Hoigné, 1998) 

The metal oxides adsorb water molecules, which dissociates into hydroxyls and ultimately 

works as Brønsted acid for catalytic ozone decomposition. Therefore, the acidity and 

alkalinity of the catalyst surface is an important part of catalytic ozonation. (Wu et al., 2018) 

The ozonation can occur with different pathways, direct or indirect. The former being 

molecular ozone reacting with the material being oxidized and the latter being the hydroxyl 

radicals or other radicals reacting. (Suresh & Rakshit, 2018) 
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During catalytic ozonation, another mechanism occurs than that of ozonation alone. The 

simple ozonation mechanism is not enhanced but rather, new pathways occur during catalytic 

ozonation. (Karpel Vel Leitner & Fu, 2005)  

The reactions that occur during catalytic ozonation have a high rate and as a consequence, the 

process is limited by the mass transfer and mixing process primarily. The selectivity is still 

affected by the kinetics and hence, the mechanism is still important to know. (Hoigné, 1998).  

3.5.1 Mechanism for ozone (O3) 

Due to its high reactivity, ozone is highly unstable in water. The decomposition of ozone in 

water depends on factors such as pH and temperature. When decomposed it forms O2 and 

H2O2. (Kasprzyk-Hodern, Ziółek & Nawrocki, 2003) 

The ozone will be consumed within a few seconds once added to water. After this fast 

reaction, the residual ozone is depleted at a lower speed. With higher pH values the lifetime of 

ozone in water decreases. (Hoigné, 1998) 

The mechanism for decomposition of ozone has been studied by Hoigné (1998) and occurs 

according to equation 1 to 5, where radicals such as OH•, hydroperoxyl (HO2•) and ozonide 

(O3•
-) are formed. 

𝑂3 + 𝑂𝐻− → 𝑂2 + 𝐻𝑂2
−     (Eq. 1) 

𝑂3 + 𝐻𝑂2
− → 𝐻𝑂2

∙ + 𝑂3
−     (Eq. 2) 

𝑂3 + 𝑂2
− →  ∙ 𝑂3

− + 𝑂2     (Eq. 3) 

∙ 𝑂3
− + 𝐻+ → 𝐻𝑂3

∙      (Eq. 4) 

𝐻𝑂3
∙ → 𝑂𝐻 ∙ +𝑂2     (Eq. 5) 

These reactions are enhanced by higher pH values or with the presence of dissolved organic 

compounds, such as humic material. However, additional reactions may occur, and therefore 

experimental determination of the rate of the decomposition should be applied. (Hoigné, 

1998) 

3.5.2 Mechanism for hydroxyl radicals (OH•) 

The radicals that are formed during ozonation are highly reactive and will continue to oxidize 

organic and inorganic material. The general mechanism of the reaction with OH• is the 

following. (Karat, 2013)  

𝑂𝐻 ∙ + 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡𝑠 → 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠 → 𝐶𝑂2 + 𝐻2𝑂 + 𝑒𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

This is the optimal reaction, but it will however not always be feasible due to the energy 

required for this reaction to fully oxidize all the contaminants. The OH• can react through 
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different attacks; it can steal a hydrogen atom from the pollutant, it can be added to the 

pollutant or it can transfer its unpaired electron to the pollutant. (Karat, 2013)  

3.5.3 Mechanism with catalyst 

A possible mechanism for the COP with a metal oxide has been suggested by Legube and 

Karpel Vel Leitner (1999). OH• or other radicals are generated through ozonation with metal 

catalyst and oxidation of organic material with oxidized metals. This process is described in a 

scheme in figure 2.  

  

Figure 2 – Scheme of the possible mechanism for COP with a metal oxide catalyst. 

3.6 Water improvements by ozonation 

Ozone can oxidize various compounds in water, such as iron, nitrite, sulphides, manganese 

and bromide. In organic compounds, the ozone attacks the C=C double bonds. (Suresh & 

Rakshit, 2018) 

The radicals that are formed during ozonation transform the organic compounds to other, 

more soluble compounds. Microorganisms (MO) are damaged and inactivated, organic matter 

is converted into biologically degradable molecules and from chemical oxidation, soluble 

organic matter is mineralized. (Foladori, Andreottola & Ziglio, 2010) 

For catalytic ozonation various transition metal oxides can be used for different mechanisms 

(Wu, Zhang, Zhang & Yang, 2018). By using a catalyst in form of a metal in the solution, 

TOC removal is enhanced. Manganese (Mn) for example has shown to reduce organic matter 

and oxalic acid in water (Legube & Karpel Vel Leitner, 1999). Using a catalyst during 

ozonation also has an effect on the removal of small carboxylic acids. (Karpel Vel Leitner & 

Fu, 2005) 
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Pure ozonation, without a catalyst, has shown to reduce COD with 18 %, whereas COD 

reduction with a Mn or iron (Fe) catalyst has shown to reach reductions of 66 %. TOC has 

been reduced with 5 % with only ozonation and 40 % with a catalyst. (Kasprzyk-Hodern, 

Ziółek & Nawrocki, 2003) 

Using a cyclic rotating-bed biological reactor together with catalytic ozonation, COD removal 

of cathecol has been recorded to reach up to 91 %, according to Ahmad, Gholamreza & 

Yaghmaeian (2015).  

Karat (2013) showed that ozonation reduced COD to up to 53 % in pulp and paper mills. It 

was also indicated to have a varying result on COD depending on the nature of the 

wastewater. Furthermore, ozonation reduce odour, colour and toxicity. 

Using the MnOx-CeOx/ γ-Al2O3 catalyst for COP reduced TOC by up to 64 %, according to 

Wu et al. (2018). Furthermore, it was indicated to be a robust and stable catalyst with high 

activity and great potential for wastewater treatment. The catalyst also increases the ozone 

utilization efficiency and decreases the amount of both consumed ozone as well as residual 

ozone.  

3.7 By-products from catalytic ozonation  

Some concerns with using ozone is its odour of the residual, the short lifetime of ozone in 

water and the by-products being formed such as permanganate, aldehydes and bromide. 

(Hoigné, 1998) 

Other by-products that can be formed are organic acids, biologically degradable organics, 

bromate (BrO3
-) and N-nitrosodimethylamine (NDMA). The organic acids will impact the pH 

of the COP. When biologically degradable organics are formed, it will have an impact on the 

biological stability. Other by-products, such as aldehydes, have to be go through further 

treatment since they are regulated and genotoxic. (Suresh & Rakshit, 2018) 

3.8 Factors affecting catalytic ozonation 

Various factors have an effect on the catalytic ozonation. Besides the factors being analyzed 

in this project, other factors such as pH and temperature can affect the COP.  

Some of the contaminants in the water can impact the ozonation to various degrees. Organic 

acids can impact the pH of the system. Biologically degradable organics can have an impact 

on the biological stability and give a better performance on biological treatment. Aldehydes 

can be toxic and are therefore regulated. BrO3
- and NDMA are carcinogens and can affect 

public health. (Suresh & Rakshit, 2018) 

Organic compounds have shown to have a higher degradation at higher pH-values with a 

metal oxide catalyst. At a pH of 9 it was recorded to be degraded by 99.6 %, while at pH 3 it 
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was only degraded by 77.3 %. The reason for this difference is the presence of hydroxide ions 

(OH-) at higher pH values. OH- are part of a chain reaction that forms OH•. (Gharbani & 

Mehrizad, 2012) 

The effect of pH is different for catalytic ozonation than that of ozonation alone. For catalytic 

ozonation, the mechanism of the reaction varies under acidic versus basic pH values (Karpel 

Vel Leitner & Fu, 2005). With Mn as catalyst, the efficiency of the reaction has shown to 

increase with decreasing pH values. This is due to the charge of the oxide surface, which 

depends on the pH. (Kasprzyk-Hodern, Ziółek & Nawrocki, 2003) 

The temperature also has an effect on the ozonation when using Mn. Increasing the 

temperature from 10 to 35 C increases the efficiency of the reaction. However, at too high 

temperatures the ozone solubility increases and therefore higher temperatures are not optimal. 

(Kasprzyk-Hodern, Ziółek & Nawrocki, 2003) 

3.9 Economy of COP 

The main limitation of COP is the high cost. A higher ozone dosage generally gives a higher 

reduction of various contaminants, but it also increases the operational costs. For a more 

economically feasible process, COP should be followed by a biological treatment. The COP is 

used to convert various compounds into more easily biologically degradable compounds. By 

doing so, the less expensive biological treatment will lower the overall cost of the WWTP. 

(Foladori, Andreottola & Ziglio, 2010) 

Ozonation has a higher cost than most other AOPs. Compared to the Fenton process, 

ozonation is much more expensive. However, the ozonation process does not produce as 

much sludge. The costs are therefore not entirely reliable and further studies should be done 

to valuate the costs more thorough. (Holkar et al., 2016)  
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4 Methods 

For the experiments several factors have been examined. Firstly, the catalyst preparation was 

done, followed by orthogonal experiments with four factors. This was then analyzed with 

various analytical and statistical methods.  

4.1 Catalyst preparation 

The catalyst was prepared with wet impregnation by pre-treating the carrier, Al2O3, and then 

impregnate it with a solution of excess CeOx-MnOx followed by drying and calcination. The 

process is shown in figure 3 and further explained with calculations in appendix 1.  

 

Figure 3 – Flow chart for catalyst preparation. 

 

The MnOx-CeOx/ γ-Al2O3 catalyst is shown in figure 4.  

 

Figure 4 – γ-Al2O3 impregnated with MnOx-CeOx. 
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4.2 Orthogonal experiments with four factors 

Orthogonal experiment is a kind of factorial experiment. The software IBM SPSS Statistics 

was used for the orthogonal experiments. Initially, factors that theoretically affect the result of 

the experiments and appropriate levels for these factors were determined. A suitable 

orthogonal table was selected so that two levels would never interact more than once. The 

composition of the experiments was determined using SPSS Statistics. 

The factors being analyzed were contact time (CT), ozone dosage (OD) in the wastewater, 

catalyst volume (CS) and gas flow (GF). Each factor had three different levels that were 

analyzed; contact time at 20, 30 and 40 min, ozone dosage of 10, 20 and 30 mg/L, catalyst 

volume of 50, 75 and 100 % of the reactor’s volume and gas flow of 0.2, 0.3 and 0.4 L/min. 

The reactor had a volume of 1.9 L. 

The three different levels of the factors in all nine experiments are shown in table 1.  

Table 1 - Levels of the factors for the orthogonal experiment. 

# 

Contact time  

[min] 

Ozone dosage  

[mg/L] 

Catalyst volume 

[%] 

Gas flow 

[L/min] 

1 30 10 100 0.3 

2 40 30 50 0.3 

3 40 20 100 0.2 

4 20 10 50 0.2 

5 40 10 75 0.4 

6 30 20 50 0.4 

7 30 30 75 0.2 

8 20 20 75 0.3 

9 20 30 100 0.4 

 

Continuous catalytic ozonation was then performed. Before starting the experiments, the 

catalyst was cleaned with purified water. The oxygen gas was then turned on to a pressure 

around 0.05-0.10 MPa. The pH of the wastewater before treatment was measured. The water 

was then pumped in to the reactor continuously. After this the ozone generator was switched 

on and changed until the ozone concentration of the gas flow was stable. The timer for the 

reaction started here.  

After the contact time had passed the ozone generator was turned off, the water was taken out 

and the oxygen gas was turned off. This process is shown in a flow chart in figure 5. 
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Figure 5 – Flow chart of COP. 

 

These experiments were conducted with two different wastewaters from two textile factories, 

plant A and plant B. Eleven experiments were conducted with water from plant A to analyse 

its COD reduction. 18 experiments from plant A and nine from plant B were conducted to 

analyse UV254 reduction. The calculations for the experiments are shown in appendix 2.  

5 Analysis 

To analyse the wastewater, different methods were used to investigate which levels of each 

parameter was optimal for the COP with MnOx-CeOx/ γ-Al2O3.  

5.1 COD analysis 

Permanganate index (PI) is a method that is used to determine COD in water. KMnO4 is 

mixed with sulphuric acid and the water sample under heat. Excess sodium oxalate (NaC2O4) 

is then added to the solution, which is then titrated with KMnO4. The reaction that occurs 

during titration is shown in equation 6. (Metrohm, 2012) 

2𝑀𝑛𝑂4
− + 5𝐶2𝑂4

2− + 16𝐻+ → 𝑀𝑛2+ + 8𝐻2𝑂 + 10𝐶𝑂2  (Eq. 6) 
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COD is then calculated with the volume of used permanganate during titration. 

The samples were diluted ten times with water and 5 mL (1+3) sulphuric acid was added. 10 

mL 0.01 M potassium permanganate was added followed by stirring and heating in a boiling 

water bath during 30 min. 0.01 M sodium oxalate solution was then added followed by 

titration with 0.01 M KMnO4 solution 

The PI was then calculated using equation 7. 

𝑃𝐼 (𝑂2,
𝑚𝑔

𝐿
) =

{[(10+𝑉1)𝐾−10]−[(10+𝑉0)𝐾−10]𝐶}𝑀∙8∙1000

𝑉2
    (Eq. 7) 

𝑉0 = 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑝𝑜𝑡𝑎𝑠𝑠𝑖𝑢𝑚 𝑝𝑒𝑟𝑚𝑎𝑛𝑔𝑎𝑛𝑎𝑡𝑒 𝑖𝑛 𝑏𝑙𝑎𝑛𝑘 [𝑚𝐿] 

𝑉1 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑜𝑡𝑎𝑠𝑠𝑖𝑢𝑚 𝑝𝑒𝑟𝑚𝑎𝑛𝑔𝑎𝑛𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 [𝑚𝐿] 

𝑉2 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑚𝐿] 

𝐾 = 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

𝐶 = 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

𝑀 = 𝑃𝑜𝑡𝑎𝑠𝑠𝑖𝑢𝑚 𝑝𝑒𝑟𝑚𝑎𝑛𝑔𝑎𝑛𝑎𝑡𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑚𝑜𝑙

𝐿
] 

The volume used for the blank was 0.3 mL and for the wastewater from plant A was 1.05 mL. 

The volumes used for PI titrations of the samples are shown in table 2 and the calculations for 

COD are shown in appendix 3. 
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Table 2 – Volumes used for PI titrations. 

# V1 [mL] 

1 0.60 

2 0.50 

3 0.52 

4 0.83 

5 0.76 

6 0.90 

7 0.61 

7 0.65 

7 0.57 

8 0.70 

9 0.55 

 

5.2 UV254 analysis 

Spectrophotometry can be used to measure various contaminants in water. UV254 is one of 

these spectrophotometric methods, which works at the ultraviolet-visible light (UV/Vis) at a 

wavelength of 253.7 nm, usually rounded up to 254 nm. It can be used as a way of measuring 

the efficiency of a water treatment method to see how much the organic matter has been 

reduced. UV254 is absorbed by aromatic compounds and conjugated double bonds (Lamsal, 

Walsh & Gagnon, 2011). The water will absorb light proportional to the concentration of 

these compounds. (American Water Works Association, 2014) 

Before the catalytic ozonation was carried out, the wastewater had an absorbance of 0.076 

from plant A and 0.113 from plant B. The absorbance measured after the COP for the samples 

are shown in table 3.  

Table 3 – Spectrophotometric result for organic matter at UV254 nm. 

# 

Absorbance 

in plant A1 

Absorbance in 

plant A2 

Absorbance in 

plant B 

1 0.027 0.027 0.029 

2 0.026 0.019 0.011 

3 0.017 0.024 0.023 

4 0.020 0.032 0.020 

5 0.020 0.027 0.024 

6 0.027 0.030 0.024 

7 0.009 0.026 0.021 

8 0.020 0.019 0.028 

9 0.011 0.027 0.037 
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This was used to calculate the reduction of absorbance for each sample.  

5.3 Three dimensional fluorescence 

Three dimensional analysis is used to show the spectra of the intensity of fluorescence by 

getting a function of emission and excitation wavelengths. This is an indication of quality and 

quantity of substances in water, such as DOM. These substances fluoresce, meaning they 

absorb and reemit light at different wavelengths. (Urban-Rich, McCarty & Shailer, 2004) 

The spectra can be analyzed for organic matter using the information provided in figure 6. 

(Urban-Rich, McCarty & Shailer, 2004) 

 

Figure 6 – Areas of organic compounds in the three dimensional fluorescence spectra. 

 

Three dimensional fluorescence was done on the wastewater from plant A before treatment 

and after treatment with the levels that gave the greatest reduction of COD. The emission was 

measured between 250 and 550 nm and the excitation between 200 and 450 nm. 

5.4 Residual ozone 

The residual ozone in the outlet of the reactor was analyzed five times with different ingoing 

ozone concentrations. This is shown in table 4 and was then used to calculate the average 
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percentage of residual ozone. This was carried out with a catalyst volume of 100 % and with 

various contact times and gas flows, with water from plant A. 

 

Table 4 – In- and outgoing ozone concentrations. 

IN [mg/L] OUT [mg/L] 

0.8 0.4 

1.4 0.6 

1.6 0.7 

1.8 0.7 

2.4 1.1 

3.0 1.4 
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6 Results 

The results from the orthogonal experiments, COD and UV254 reduction, residual ozone and 

statistical analysis are shown in this chapter. Before the experiments the untreated water had a 

neutral pH. 

6.1 COD reduction 

The concentration of COD in the wastewater before treatment was calculated to be 69 mg/L 

for plant A. Concentrations of COD and the percentage of reduction of COD with COP, are 

shown in table 5. 

Table 5 – COD reduction in samples after COP for plant A. 

# COD [mg/L] Reduction 

1 31 55 % 

2 23 67 % 

3 25 64 % 

4 51 27 % 

5 45 35 % 

6 57 18 % 

7 32 53 % 

7 36 48 % 

7 29 58 % 

8 40 42 % 

9 27 61 % 

 

6.2 UV254 reduction 

The UV254 absorbance in the wastewater before treatment was 0.076 for plant A and 0.113 for 

plant B. The reduction of absorbance by COP is shown in table 6.  
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Table 6 – Reduction of UV254 absorbance in samples after COP from plant A & B. 

# 

Reduction 

for plant A1 

Reduction for 

plant A2 

Reduction for 

plant B 

1 64 % 64 % 74 % 

2 66 % 75 % 90 % 

3 78 % 68 % 80 % 

4 74 % 58 % 82 % 

5 87 % 64 % 79 % 

6 74 % 61 % 79 % 

7 88 % 66 % 81 % 

8 74 % 75 % 75 % 

9 86 % 64 % 67 % 

 

6.3 Results of statistical analysis of COD and UV254 reduction 

The levels that gave the greatest reduction of COD was calculated using SPSS Statistics. This 

shows that ozone dosage at 30 mg/L, contact time of 40 min, catalyst volume of 100 % and 

gas flow of 0.3 L/min would give the greatest reduction. The COD reduction obtained with 

these levels are shown in table 7 where the upper and lower levels are calculated with 95 % 

confidence interval using SPSS Statistics. 

Table 7 – Mean obtained COD after COP for plant A. 

Factor Level Mean [mg/L] 

CT 40 min 31  8.8 

OD 30 mg/L 28  7.7 

CS 100 % 28  8.8 

GF 0.3 L/min 31  8.8 

 

The levels that gave the greatest reduction of UV254 absorbance in plant A was also calculated 

using SPSS Statistics. This indicated that ozone dosage of 30 mg/L, contact time of 40 min, 

catalyst volume of 75 % and gas flow of 0.4 L/min gave the greatest reduction. The UV254 

reduction obtained with these levels are shown in table 8 where the error is calculated with 95 

% confidence interval. 
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Table 8 – Highest obtained UV254 reduction for each factor using COP on water from plant A. 

Factor Level Mean [%] 

CT 40 min 73  10 

OD 30 mg/L 74  10 

CS 75 % 76  10 

GF 0.4 L/min 73  10 

 

In plant B, the same contact time and ozone dosage gave the greatest reduction, but with 50 % 

catalyst volume and a gas flow of 0.3 L/min.  

The standard error of the result from COD and UV254 was calculated using SPSS Statistics 

and was between 1.788 and 2.028 for COD and 3.142 for UV254. This is shown in more detail 

in appendix 5. 

The significance level of the results given for plant A was calculated using SPSS Statistics 

and are shown in table 9. For COD, the level for significance was calculated to be 0.078 and 

for UV254 0.912.  

Table 9 – Significance of each factors for reduction of UV254 and COD. 

 COD UV254 

OD 0.050 0.673 

CT 0.132 0.852 

CS 0.057 0.882 

GF 0.107 0.488 

 

For COD, the level for significance was calculated to be 0.078 and for UV254 0.912. The only 

significant factor was therefore contact time, which had a significant effect on the COD 

reduction. 

6.4 Results of three dimensional fluorescence 

The result of three dimensional fluorescence is shown in appendix 4. These data points were 

used to get the spectra for the water using the software Origin. This is shown in chart 1 and 2.   
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Chart 1 – Three dimensional fluorescence spectra of wastewater before treatment. 

 

 

 

Chart 2 – Three dimensional fluorescence spectra of wastewater after treatment. 
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The water before treatment contained matter from region I, III, IV and V from figure 6. That 

is aromatic proteins such as tyrosine, fulvic acid-like matter such as hydrophobic acid, soluble 

microbial by products such as tryptophan and tyrosine as well as humic acid-like matter such 

as marine humic acids and hydrophobic acids. Chart 2 shows how all of these were reduced 

during COP and only smaller amounts of the contaminants were still remaining in the water 

after treatment. Mainly humic acid-like matters were still present in the water, but were also 

reduced. 

6.5 Result of residual ozone 

The percentage of residual ozone after COP was calculated to be 45 % in average. The 

amount of reduced ozone in the gas flow is shown in table 10.  

Table 10 – Reduced ozone in outgoing gas. 

IN  

[mg/L] 

OUT  

[mg/L] 

Outgoing 

[%] 

0.8 0.4 50 

1.4 0.6 43 

1.6 0.7 44 

1.8 0.7 39 

2.4 1.1 46 

3.0 1.4 47 

Average  45 
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7 Discussion 

Overall COP reduced COD and UV254 concentrations. The result indicated what levels are 

give the greatest reduction of organic matter in wastewater for COP with MnOx-CeOx/ γ-

Al2O3. However, further research has to be done to evaluate all factors more thorough as well 

as other factors that may affect the results.  

7.1 Literature study 

The literature study showed various results from different projects, which indicates the 

difficulty in getting a unanimous result that accounts for different types of wastewater. Hence, 

it is important to study the specific wastewater of a plant before deciding on which levels for 

all parameters will be used. How well the catalyst work varies depending on the wastewater. 

Earlier research has shown that acidic pH and temperatures below 35 C is preferred for COP, 

according to Kasprzyk-Hodern, Ziółek & Nawrocki (2003). Gharbani & Mehrizad (2012) 

have however showed that the presence of OH- will enhance the formation of OH•. Therefore, 

the optimal pH for the process in unknown so far and should be investigated in the future. For 

this study a neutral pH was used, but at other pH values the degradation of contaminants 

could be both enhanced or impaired. 

7.2 Result 

The result showed that the highest reduction of COD was 67 % to a concentration of 23 mg/L, 

which was given with contact time of 40 minutes, 30 mg O3/L, reactor filled with 50 % 

catalyst and incoming gas flow of 0.3 L/min. The lowest COD reduction recorded was 18 % 

with the same amount of catalyst. This indicates that the amount of catalyst is not the most 

important variable for reduction of COD. However, the only significant factor was contact 

time since it had a significant effect on COD reduction. The other factors did not have a 

significant effect on the reduction of COD or UV254. 

Four experiments reached a reduction of COD to below 30 mg/L, which is the acceptable 

threshold in China. Using COP with MnOx-CeOx/ γ-Al2O3 is therefore a method that, under 

the correct circumstances, can be used to reach the regulations in China. COP degrades 

organic matter to more easily degradable particles and therefore it is advantageous to have a 

subsequent biological treatment step. This added step will make the reduction of COD 

greater. 

UV254 was reduced between 64 and 90 %. There are no regulations on UV254 in China. Hence, 

UV254 can be used as an indication of how well the COP works. In this case, the UV254 

showed that the water quality was enhanced when using COP. Compared to the COD results, 

UV254 indicates a greater reduction of organic matter. 
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Using SPSS Statistics for orthogonal design with respect to COD reduction, the optimal levels 

were calculated to be 40 minutes of contact time, 30 mg O3/L, reactor filled with 100 % 

catalyst and a gas flow of 0.3 L/min. With respect to UV254 reduction, the optimal contact 

time was calculated to be 40 minutes, 30 mg O3/L, reactor filled with 75 % catalyst and gas 

flow of 0.4 L/min. Comparing plant A and plant B indicated that the same level of contact 

time and ozone dosage gave the greatest UV254 reduction but for plant B 50 % catalyst 

volume and a gas flow of 0.3 L/min gave the higher reduction. This indicates that the 

composition of the wastewater somewhat affects the result of UV254 reduction. 

The contact time had the greatest significance for COD reduction, according to table 9. The 

high contact time is preferred since this gives the reactants more time to react and to degrade 

the organic material in the water. The high ozone concentration gives a higher amount of 

reactants, which enhances the reaction towards products, i.e. degrade more organic matter and 

other pollutants. The high ozone concentration also gives a higher partial pressure of ozone 

over water, which theoretically should enhance the rate of which ozone is dissolved into 

water.  

The gas flow should not be too high, since this does not give the ozone enough time to 

dissolve into the water. However, if the gas flow is too low, the mixing will not be sufficient 

and thus the contact between reactants will not be enough.  

7.3 Errors 

The ozone generator was hard to control and therefore the exact concentration could not be 

held during the whole experiments. Instead it fluctuated and varied around the correct 

concentration with an error of 1. This could affect the result of the COP. 

The permanganate index had a very limited interval of which the equivalence point was 

reached. Hence, this was not easy to detect and might have lead to smaller errors of the 

analysis.  

7.4 Further research 

The results from the experiments were not uniform enough to give any clear results. The 

influence of various contaminants should be studied, since the water from the different plants 

gave different results. This is probably due to the effect of different contaminants, which thus 

should be studied more thorough. The reaction mechanism varies depending on the 

contaminants which also leads to different reduction rates. 

The effect of parameters such as pH and temperature should be further studied. The factors, 

such as life-time of the catalyst and engineering design should also be studied. Effect on 

economy for various parameters should also be looked in to since the economy is the most 

pressing issue with COP. 
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The residual ozone was 45 % of the ingoing ozone. This ozone could perhaps be used in some 

way and therefore, this area should also be further examined since this is a waste of ozone, 

which is the main contributor to the high cost of COPs.  
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8 Conclusion 

The results from this study showed that both UV254 and COD in the wastewater were reduced 

when treating textile wastewater with COP with MnOx-CeOx/ γ-Al2O3. The COD was reduced 

between 18 and 67 % and UV254 was reduced between 58 and 90 %. Four of the nine 

experiments gave a reduction of COD to below 30 mg/L, which complies with the regulations 

in China.  

The result showed that a high contact time (40 min), ozone dosage (30 mg/L) and catalyst 

volume (100 %) gives a higher reduction of organic materials. The gas flow should not be too 

high though since this might not give the ozone enough time to dissolve and react. However, 

the contact time had a significant effect on COD reduction and was the only significant factor. 

Earlier research has shown that higher temperatures up to 35 C is preferred for COP. The 

experiments also showed that different wastewaters gave different results. Thus, the 

wastewater being treated with COP should be evaluated before deciding which levels of all 

parameters to use for the process. Other factors such as pH and temperature should also be 

further examined. 

Three dimensional fluorescence showed that the wastewater contained organic compounds 

such as aromatic proteins, soluble microbial by-products and humic acids. All of these 

compounds were reduced when the wastewater was treated with catalytic ozonation. The 

outgoing gas from the reactor still had 45 % of the ingoing ozone left. Hence, residual ozone 

has to be destructed in a destruction unit.  

In conclusion, the COP with MnOx-CeOx/ γ-Al2O3 reduced organic matter, but to various 

degrees. The optimal levels needs to be experimentally determined for the specific wastewater 

being treated. 
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Appendix 1 – Catalyst preparation 

To prepare the catalyst, the carrier Al2O3 was pre treated by washing it with water. This was 

followed by drying the carrier at 105 C for four hours and then calcination at 600 C for four 

hours.  

The catalyst carrier was weighed to 181.69 g. The ratio of how much water the carrier can 

absorb is 2:1. Thus, 1 g of carrier can absorb 0.5 g of water. However, an excess of three 

times more water should be used. The density of water was assumed to be 1 g/cm3. 

𝑉𝐻2𝑂 =
181.69 [𝑔] ∙

1
2 ∙ 3

1 [
𝑔

𝑚𝐿]
≈ 273 𝑚𝐿 

For the catalyst, Ce(NO3)3·6H2O and Mn(NO3)2·4H2O was used. The solution should have a 

Ce- and Mn-content of 1 weight-% of the carrier. Hence, the total weight of Ce and Mn was 

calculated to 1.817 g. The weight ratio was as follows. 

𝐶𝑒: 𝑀𝑛 = 4: 1 

Therefore, the total weight of each metal nitrate was calculated with the following equations.  

𝑚𝐶𝑒(NO3)3·6H2O =
1.817[𝑔𝑐𝑎𝑡] ∙ 0.8 [

𝑔𝐶𝑒

𝑔𝑐𝑎𝑡
]

140 [
𝑔𝐶𝑒

𝑚𝑜𝑙𝐶𝑒
]

∙ 434 [
𝑔𝐶𝑒(NO3)3·6H2O

𝑚𝑜𝑙𝐶𝑒(NO3)3·6H2O
] ≈ 4.5 𝑔 

𝑚𝑀𝑛(NO3)2·4H2O =
1.817[𝑔𝑐𝑎𝑡] ∙ 0.8 [

𝑔𝑀𝑛

𝑔𝑐𝑎𝑡
]

140 [
𝑔𝑀𝑛

𝑚𝑜𝑙𝑀𝑛
]

∙ 434 [
𝑔𝑀𝑛(NO3)2·4H2O

𝑚𝑜𝑙𝑀𝑛(NO3)2·4H2O
] ≈ 2.4 𝑔 

The carrier was dipped in the solution during four hours and stirred every ten minutes. The 

catalyst was then dried at room temperature for 12 h and then at 105 C for 6 h. Then, the 

calcination was done at 235 C for 0.5 h, 450 C for 0.5 h and 600 C for 3 h. The 

temperature profile during drying and calcination is shown in figure 7. 
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Figure 7 – Temperature diagram for catalyst calcination. 
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Appendix 2 – Calculations for experiments. 

Depending on how much of the reactor was filled with catalyst, how much water was needed 

to fill the reactor varied. This is shown in table 11. 

Table 11 - Relationship between catalyst volume and water volume. 

Catalyst 

volume [%] 

Water volume 

[L] 

50 1.3 

75 1.0 

100 0.7 

 

To calculate the ozone concentration in the gas flow, the following equation was used.  

𝑑𝑜𝑠𝑎𝑔𝑒𝑜𝑧𝑜𝑛𝑒 ∙ 𝑉𝑤𝑎𝑡𝑒𝑟 = 𝑡 ∙ 𝑔𝑎𝑠𝑓𝑙𝑜𝑤 ∙ 𝑐𝑜𝑧𝑜𝑛𝑒   (Eq. 12.2) 

To calculate the pump work, the relationship of 1 L/min as 3.33 rpm was used. The calculated 

pump work and ozone concentration used in the experiments are shown in table 12. 

Table 12 - Pump work and ozone concentration to be held throughout experiments. 

# 

Pump work 

[rpm] 

Ozone concentration 

[mg/L] 

1 4.7 0.8 

2 6.5 3.3 

3 3.5 1.8 

4 13.0 3.3 

5 5.0 0.6 

6 8.7 2.2 

7 6.7 5.0 

8 10.0 3.3 

9 7.0 2.6 
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Appendix 3 – Calculations for COD 

10 ml 0.01 M C2O4
2- was titrated with 0.01 M MnO4

-. The used volume was 9.64 ml. K was 

then calculated by using the following equation. 

𝐾 =
10.00

𝑉𝑀𝑛𝑂4
−

=
10.00

9.64
= 1.04 

This was repeated twice, with the same result; K=1.04. 

The experiments were done with blanks, using only purified water. This was repeated twelve 

times and the results varied around 0.2 and 0.3 mL and the mean value of 0.25 mL was used 

for the calculations. 

The PI was then calculated with equation 7, using the following values.  

𝑉0 = 0.25 𝑚𝐿 

𝑉2 = 10 𝑚𝐿 

𝐶 = 0.9 

The result is shown in table 13, where sample # 0 is the wastewater before treatment. 

Table 13 – Permanganate Index for samples. 

# V1 [mL] COD [mg/L] 

0 1.05 69 

1 0.60 31 

2 0.50 23 

3 0.52 25 

4 0.83 51 

5 0.76 45 

6 0.90 57 

7 0.61 32 

7 0.65 36 

7 0.57 29 

8 0.70 40 

9 0.55 27 

 

To get the COD values, the PI was multiplied by 10 due to it being diluted. 
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Appendix 4 – Data given with three dimensional 

fluorescence. 

Wastewater before treatment 

The peaks and data points of the three dimensional fluorescence on wastewater before 

treatment are shown in table 14 and 15. 

Table 14 – Peaks of wastewater before treatment. 

No. ApexEX/EM(nm) Height(Data) 

1 210.0/260.0 41.49 

2 210.0/370.0 163.9 

3 230.0/300.0 4079 

4 240.0/380.0 2950 

5 240.0/400.0 2925 

6 270.0/300.0 5011 

7 280.0/310.0 4568 

8 280.0/380.0 5046 

9 280.0/400.0 4877 

10 320.0/260.0 9.038 

11 340.0/270.0 9.027 

12 350.0/380.0 4597 

13 350.0/400.0 5853 

14 370.0/260.0 10.66 

15 370.0/280.0 9.803 

16 370.0/400.0 6620 

17 380.0/330.0 12.36 

18 410.0/270.0 7.078 

19 430.0/260.0 4.992 
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Table 15 – Data points for wastewater before treatment. 

EM\EX 200.0 210.0 220.0 230.0 240.0 250.0 260.0 270.0 280.0 290.0 300.0 310.0 320.0 330.0 340.0 350.0 360.0 370.0 380.0 390.0 400.0 410.0 420.0 430.0 440.0 450.0 

250.0 20.24 
-

5.923 
30.94 142.4 76.10 9999.9 86.15 15.52 6.749 7.376 6.815 8.656 2.149 5.259 6.910 9.486 6.821 10.36 4.632 4.166 4.653 4.561 4.366 1.924 2.729 2.953 

260.0 24.14 41.49 11.99 35.46 255.1 481.3 9999.9 139.0 13.71 11.80 6.140 5.824 9.038 5.047 8.133 6.304 7.809 10.66 6.968 4.265 3.676 2.794 4.224 4.992 3.426 2.287 

270.0 67.71 0.064 12.00 17.68 83.37 291.1 519.0 9999.9 160.9 9.380 10.00 8.083 5.368 5.092 9.027 7.445 6.556 7.186 6.611 5.663 4.457 7.078 2.681 3.570 4.202 2.225 

280.0 60.12 101.6 117.3 312.1 148.1 228.9 375.0 897.4 9999.9 116.4 11.20 7.444 6.478 8.843 5.219 5.808 7.186 9.803 9.171 6.216 4.950 5.090 2.934 5.856 4.186 4.890 

290.0 110.2 86.36 483.9 2306 1116 576.0 1508 2811 2886 9999.9 97.60 14.04 9.380 9.170 8.913 8.496 8.692 9.120 5.231 5.860 7.308 6.721 5.648 4.926 8.554 10.76 

300.0 190.1 151.8 759.5 4079 1866 929.0 2119 5011 4102 1038 9999.9 87.99 15.48 11.36 7.628 9.304 7.399 9.696 7.453 6.714 6.766 7.408 4.055 6.546 9.785 18.68 

310.0 88.33 176.6 670.6 4077 2024 1024 2113 4378 4568 747.6 624.7 9999.9 90.85 13.33 11.22 10.64 7.412 8.337 8.333 6.367 7.825 5.533 6.058 4.259 8.174 20.33 

320.0 191.9 121.5 566.7 2708 1577 911.5 1771 3421 3407 1317 318.9 654.2 9999.9 85.16 15.29 14.70 9.450 8.919 8.555 7.762 7.875 6.293 5.816 4.850 8.084 15.95 

330.0 87.43 161.0 352.5 2359 1532 840.4 1477 2653 2766 1324 795.1 329.1 664.3 9999.9 92.65 18.13 13.89 9.933 12.36 7.426 7.302 6.779 5.088 5.175 6.074 11.58 

340.0 34.62 111.6 332.9 1929 1576 861.4 1274 2180 2242 1466 1063 624.1 361.7 672.6 9999.9 90.56 13.93 16.23 8.867 8.715 7.114 5.100 6.392 3.997 7.479 13.19 

350.0 44.69 110.2 236.2 1648 1578 917.1 1166 1833 2116 1565 1128 1205 648.9 418.2 694.3 9999.9 87.78 22.24 12.15 9.473 8.105 7.366 6.817 4.012 5.806 11.16 

360.0 119.1 60.07 195.9 1435 1469 1007 1117 1613 1904 1646 1360 1205 1432 748.6 503.4 697.7 9999.9 107.4 25.46 12.75 9.082 9.759 7.134 7.407 7.652 9.812 

370.0 134.8 163.9 154.6 1212 1573 1215 1253 1757 2218 1813 1576 1519 1544 1686 1112 993.2 1166 9999.9 448.3 33.11 15.66 11.30 7.448 8.965 7.957 7.814 

380.0 124.5 145.2 175.2 1445 2950 1933 1748 3217 5046 2265 1838 1996 2302 2690 3341 4597 3970 6505 9999.9 210.4 25.10 13.67 11.34 9.518 7.597 10.35 

390.0 96.39 162.7 289.1 1208 2645 1889 1745 2900 4423 2329 1937 2148 2503 2819 3495 4412 3736 5177 2684 9999.9 112.2 19.98 11.86 11.65 6.452 10.80 

400.0 240.7 155.5 240.0 1290 2925 2230 1951 3325 4877 2424 2044 2204 2744 3331 4108 5853 4994 6620 3115 867.9 9999.9 122.6 13.58 12.04 9.616 11.61 

410.0 166.6 117.6 200.7 1165 2483 2107 1960 2889 4051 2395 2001 2202 2628 3255 3851 4967 4808 5277 2654 676.8 753.3 9999.9 112.8 20.45 11.68 12.61 

420.0 138.5 204.5 185.7 942.3 2148 1894 1862 2533 3267 2216 1912 2035 2437 3015 3545 4204 4039 4535 2410 874.0 487.4 658.2 9999.9 106.4 20.69 10.94 

430.0 126.3 122.8 233.9 1027 1998 1992 1942 2249 2831 2133 1808 1919 2294 2737 3273 3855 3770 4116 2502 1144 665.9 336.3 629.3 9999.9 104.2 19.01 

440.0 165.0 50.00 424.2 907.2 1689 1787 1855 2043 2228 1949 1622 1687 1972 2426 2855 3253 3221 3212 2336 1311 828.7 465.8 258.8 621.4 9999.9 91.58 

450.0 96.75 77.22 215.2 809.2 1390 1764 1789 1846 1958 1708 1454 1528 1744 2076 2436 2739 2818 2789 2073 1584 938.5 595.9 341.5 232.9 606.0 9999.9 

460.0 103.5 57.64 116.9 1637 1304 1589 1643 1646 1691 1511 1271 1364 1487 1765 2004 2290 2360 2428 1880 1422 1102 676.1 455.6 274.1 184.5 586.5 

470.0 136.8 71.76 160.2 1050 1633 1349 1452 1444 1417 1316 1144 1130 1259 1463 1632 1855 1979 2016 1649 1312 1066 771.4 517.8 347.3 200.8 139.8 

480.0 58.92 89.96 132.9 510.4 4740 1181 1254 1251 1245 1132 998.2 952.1 1044 1174 1319 1524 1606 1636 1434 1170 936.0 809.0 542.6 385.2 252.1 164.4 

490.0 74.07 21.20 159.8 465.5 1862 1690 1068 1122 1045 966.0 840.7 843.7 869.2 981.2 1103 1216 1352 1404 1256 1047 838.6 693.5 603.7 377.5 280.6 184.7 

500.0 80.24 65.12 69.80 397.2 768.9 5950 925.7 912.4 885.3 811.9 721.1 681.8 710.5 797.6 919.2 1004 1102 1152 1029 910.7 753.7 588.4 492.6 433.3 283.4 215.0 

510.0 64.14 52.27 113.2 321.2 618.9 1970 1580 733.2 757.2 681.6 650.4 554.0 587.9 631.0 694.0 776.2 867.5 905.8 833.9 751.0 652.2 549.8 413.3 407.2 316.9 238.2 

520.0 101.3 10.01 92.78 228.1 542.8 638.8 6408 644.0 633.9 563.6 447.9 460.2 458.6 486.6 563.2 589.6 680.1 726.9 676.0 584.3 528.8 436.0 348.7 315.0 296.3 220.5 

530.0 61.58 22.07 58.18 164.1 399.6 494.4 1916 1298 481.9 429.5 385.9 358.1 330.5 386.4 420.4 469.9 542.6 551.8 532.9 462.7 430.5 357.4 296.9 258.5 239.4 236.2 

540.0 68.38 51.67 56.20 120.7 311.0 448.3 455.7 6228 378.7 345.8 322.7 270.8 260.0 306.7 317.6 355.1 402.6 441.1 402.4 369.4 322.8 276.2 234.2 209.3 178.1 175.1 

550.0 60.91 70.36 44.98 100.4 246.2 317.0 289.8 1772 1047 272.4 234.8 217.3 218.1 220.9 241.2 268.3 311.4 303.8 294.2 270.5 236.8 207.7 196.5 149.4 142.3 129.5 
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Wastewater after treatment with COP. 

The peaks and data points of the three dimensional fluorescence on wastewater after treatment 

with COP are shown in table 16 and 17. 

Table 16 – Data points for wastewater after treatment with COP. 

No. ApexEX/EM(nm) Height(Data) 

1 210.0/280.0 69.51 

2 210.0/470.0 96.16 

3 220.0/260.0 58.37 

4 230.0/310.0 503.5 

5 230.0/330.0 453.7 

6 230.0/350.0 383.0 

7 240.0/360.0 306.0 

8 240.0/380.0 448.8 

9 240.0/400.0 406.0 

10 250.0/440.0 380.0 

11 250.0/460.0 356.9 

12 260.0/290.0 532.8 

13 260.0/450.0 362.6 

14 270.0/300.0 1125 

15 280.0/310.0 1135 

16 280.0/380.0 645.6 

17 280.0/400.0 571.9 

18 280.0/430.0 393.3 

19 280.0/460.0 350.9 

20 290.0/320.0 694.5 

21 310.0/350.0 466.6 

22 320.0/360.0 562.8 

23 330.0/370.0 471.0 

24 340.0/290.0 9.017 

25 350.0/270.0 7.181 

26 350.0/300.0 8.962 

27 350.0/380.0 544.1 

28 350.0/400.0 882.0 

29 360.0/410.0 740.2 

30 370.0/260.0 6.646 

31 370.0/310.0 11.39 

32 370.0/400.0 758.8 

33 370.0/420.0 643.5 

34 380.0/270.0 6.688 

35 380.0/330.0 10.52 

36 380.0/440.0 470.1 

37 390.0/320.0 7.343 

38 390.0/350.0 11.31 

39 390.0/450.0 388.5 

40 400.0/310.0 7.217 

41 400.0/460.0 269.4 

42 410.0/270.0 6.100 

43 410.0/480.0 207.0 

44 420.0/490.0 164.2 

45 430.0/320.0 6.811 

46 430.0/500.0 123.6 

47 440.0/520.0 87.56 
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Table 17 – Data points for wastewater after treatment with COP. 

EM\EX 200.0 210.0 220.0 230.0 240.0 250.0 260.0 270.0 280.0 290.0 300.0 310.0 320.0 330.0 340.0 350.0 360.0 370.0 380.0 390.0 400.0 410.0 420.0 430.0 440.0 450.0 

250.0 12.81 23.57 6.155 155.7 80.74 9999.9 110.3 11.04 5.966 4.437 5.717 8.245 5.429 2.298 4.863 7.023 4.019 3.562 2.557 4.879 3.340 4.416 4.389 3.188 3.066 4.048 

260.0 -6.452 39.66 58.37 46.29 277.5 510.1 9999.9 176.6 13.49 7.249 6.237 5.644 5.803 5.491 6.189 4.120 4.612 6.646 4.852 4.282 2.244 3.314 3.196 2.772 4.811 3.479 

270.0 51.19 35.44 33.00 13.39 91.38 349.6 523.7 9999.9 186.0 12.72 9.792 7.610 6.343 5.680 2.737 7.181 3.799 4.592 6.688 4.432 2.687 6.100 4.417 3.798 4.036 1.411 

280.0 40.30 69.51 53.72 79.40 66.37 224.2 285.1 694.5 9999.9 144.2 9.820 9.555 7.093 7.698 5.881 4.768 4.495 5.975 5.529 4.830 4.304 3.105 4.226 4.407 3.882 2.370 

290.0 61.27 49.98 156.5 305.5 130.0 160.2 532.8 531.2 890.2 9999.9 112.5 10.68 8.265 7.459 9.017 7.592 6.355 5.777 5.280 5.530 5.437 3.520 3.224 4.417 4.931 4.891 

300.0 74.35 82.38 186.2 447.6 204.8 168.7 311.0 1125 552.3 621.9 9999.9 82.02 11.09 10.35 7.338 8.962 7.484 9.830 7.295 6.842 4.646 5.510 3.024 4.503 4.318 6.125 

310.0 80.13 77.58 195.1 503.5 232.9 185.1 322.0 629.2 1135 182.8 553.2 9999.9 80.82 13.77 12.39 6.576 11.22 11.39 6.301 5.073 7.217 5.535 3.562 4.397 4.585 6.034 

320.0 94.20 55.75 123.8 381.8 211.7 185.1 322.3 574.0 590.4 694.5 122.1 562.4 9999.9 85.20 16.84 9.195 4.825 6.688 7.255 7.343 6.756 6.357 3.553 6.811 4.668 5.494 

330.0 97.64 61.24 183.8 453.7 262.4 205.7 291.2 490.1 548.5 397.8 336.4 97.97 545.9 9999.9 87.46 13.38 9.692 8.777 10.52 5.088 4.995 5.329 4.978 5.960 4.045 5.857 

340.0 100.6 25.70 103.2 363.8 272.8 210.6 276.5 466.7 532.5 371.1 356.2 176.2 95.71 541.3 9999.9 76.05 17.03 10.78 7.792 4.394 5.060 7.339 4.326 6.660 6.077 5.605 

350.0 70.84 40.27 127.2 383.0 278.3 237.5 271.0 419.2 452.4 326.4 193.3 466.6 112.0 90.62 536.7 9999.9 87.53 18.58 10.14 11.31 7.230 7.500 4.472 4.316 5.719 5.031 

360.0 34.10 38.80 76.67 237.9 306.0 238.2 249.9 339.7 382.5 319.6 182.0 158.7 562.8 90.91 91.51 537.1 9999.9 74.68 14.64 9.972 8.820 6.248 6.730 4.705 4.981 4.837 

370.0 92.27 53.63 102.9 270.1 295.6 235.2 234.2 303.7 359.7 280.2 189.7 163.8 183.0 471.0 132.0 143.1 570.8 9999.9 146.6 15.38 14.83 9.528 8.301 6.532 5.105 6.973 

380.0 133.1 9.798 48.91 276.1 448.8 290.1 266.8 471.4 645.6 293.5 215.8 198.4 213.4 329.4 533.7 544.1 520.8 1240 9999.9 102.3 12.79 6.277 7.379 6.800 6.768 7.436 

390.0 72.19 46.72 68.01 228.1 381.1 276.1 259.6 398.9 555.1 305.1 198.1 192.1 221.1 250.9 524.3 528.5 416.2 651.2 742.7 9999.9 94.37 11.36 8.447 6.754 5.264 6.849 

400.0 217.2 103.6 54.25 219.3 406.0 309.5 248.6 406.2 571.9 277.5 207.0 202.8 248.5 267.0 386.2 882.0 536.8 758.8 385.7 527.7 9999.9 91.52 10.36 9.170 10.17 7.204 

410.0 127.7 111.4 51.30 190.5 385.2 326.0 257.8 383.5 503.0 267.3 204.9 206.9 240.1 261.8 334.3 489.8 740.2 585.3 286.9 83.35 500.6 9999.9 99.02 11.88 12.91 9.600 

420.0 72.13 257.0 68.53 184.3 323.5 322.1 265.5 311.4 362.6 249.3 196.6 200.2 220.6 245.4 292.9 372.7 420.1 643.5 251.3 92.04 74.59 486.5 9999.9 95.76 17.01 7.389 

430.0 56.78 141.2 206.6 183.4 305.9 313.0 304.1 339.0 393.3 240.8 195.5 203.4 216.4 240.9 266.9 345.2 359.5 521.8 332.8 140.2 85.86 79.36 490.1 9999.9 82.96 14.04 

440.0 70.91 81.47 566.4 156.7 334.0 380.0 323.7 308.1 357.8 286.4 211.9 208.8 210.5 222.8 247.1 320.0 314.1 340.0 470.1 179.7 116.2 78.95 64.26 516.0 9999.9 79.07 

450.0 119.5 67.76 167.7 390.7 344.7 342.4 362.6 321.8 340.1 273.1 212.7 194.8 209.8 220.2 229.6 285.5 298.6 334.4 282.3 388.5 142.4 104.7 61.20 54.60 523.9 9999.9 

460.0 46.12 70.01 94.10 1759 315.8 356.9 339.6 338.3 350.9 248.6 203.2 183.1 194.4 191.5 226.8 265.0 296.6 286.0 267.0 242.5 269.4 108.9 65.70 45.17 44.54 519.2 

470.0 33.44 96.16 49.42 749.9 997.8 317.9 294.5 330.4 311.3 251.7 198.8 169.4 164.8 192.3 211.4 234.8 251.3 280.2 239.9 215.3 229.6 163.0 76.96 42.90 33.37 44.13 

480.0 48.55 72.99 43.45 159.6 5205 289.8 285.7 290.1 282.3 222.6 174.6 158.2 154.2 160.9 183.7 225.4 223.8 255.7 233.5 213.5 170.9 207.0 87.19 46.10 31.44 23.35 

490.0 16.44 48.20 78.49 130.2 1561 1170 255.1 266.0 270.5 217.0 153.6 137.6 127.2 142.5 160.7 192.6 231.9 234.7 217.8 192.3 153.4 110.5 164.2 45.71 32.94 21.74 

500.0 67.47 52.36 71.55 139.6 224.7 6525 232.7 226.3 223.9 178.0 132.5 122.6 106.5 116.7 138.7 163.1 191.8 198.0 202.6 159.0 139.9 98.39 91.29 123.6 34.36 24.95 

510.0 79.10 27.06 37.95 109.7 160.5 1777 1056 186.4 165.9 158.9 113.8 102.4 88.14 103.5 107.8 125.5 164.2 167.8 162.8 145.7 116.5 99.84 70.11 96.61 57.78 23.55 

520.0 35.84 35.71 14.89 77.56 182.9 227.7 7226 164.3 151.7 113.7 96.00 83.48 74.18 82.96 95.61 107.1 122.4 149.3 127.8 128.7 97.21 67.86 54.70 43.03 87.56 27.03 

530.0 3.919 32.48 19.54 39.41 174.9 150.3 1832 1060 141.1 94.68 87.84 70.13 61.49 69.16 80.81 88.77 105.5 122.0 115.4 96.48 78.58 58.01 43.17 37.04 32.13 71.31 

540.0 27.35 15.56 46.73 62.08 113.0 180.4 180.9 7228 105.2 95.80 57.47 59.65 53.78 63.07 58.35 70.17 84.66 83.61 87.57 75.83 59.15 50.35 40.56 37.24 22.30 38.24 

550.0 20.84 61.78 27.36 59.46 88.33 139.1 92.29 1777 892.3 67.02 54.96 44.35 42.21 46.08 46.89 49.53 64.01 73.14 65.60 64.09 48.47 37.99 30.29 24.87 18.84 15.44 
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Appendix 5 – Calculations for statistical analysis of COD 

and UV254 

Tukey’s Hinges 

The result of Tukey’s Hinges is shown in figure 8. Since no outliers were found, all data 

could be used for the continued analysis.  

 

Figure 8 - Tukey’s Hinges for analysis of outliers in COD (left) and UV254 (right) results.  

 

Statistical analysis of COD 

The result of the statistical analysis of COD can be seen in table 18-22. 

Table 18 – Significance, F values and other statistical values for the factors analyzed for COD 

reduction. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 1 199.333 8 149.917 12.155 0.078 

Intercept 13 173.813 1 13 173.813 1 068.147 0.001 

CT 161.565 2 80.783 6.550 0.132 

OD 468.000 2 234.000 18.973 0.050 

CS 411.855 2 205.928 16.697 0.057 

GF 206.783 2 103.391 8.383 0.107 

Error 24.667 2 12.333   

Total 15 480.000 11    

Corrected Total 1 224.000 10    
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Table 19 – Means, standard errors and confidence interval for contact time, determined by measuring 

COD reduction. 

CT [min] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

20 39.333 2.037 30.609 48.057 

30 40.111 1.788 32.417 47.805 

40 31.000 2.028 22.276 39.724 
 

Table 20 – Means, standard errors and confidence interval for ozone dosage, determined by 

measuring COD reduction. 

OD [mg/L] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

10 42.333 2.028 33.609 51.057 

20 40.667 2.028 31.943 49.391 

30 27.444 1.788 19.751 35.138 
 

Table 21 – Means, standard errors and confidence interval for catalyst volume, determined by 

measuring COD reduction. 

CS [%] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

50 43.667 2.028 34.943 52.391 

75 39.111 1.788 31.417 46.805 

100 27.667 2.028 18.943 36.391 

 

Table 22 – Means, standard errors and confidence interval for gas flow, determined by measuring 

COD reduction. 

GF [L/min] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

0.2 36.111 1.788 28.417 43.805 

0.3 31.333 2.028 22.609 40.057 

0.4 43.000 2.028 34.276 51.724 

 

Statistical analysis of UV254  

For UV254 the percentage of reduced absorbance was used. Therefore, a higher number is 

wanted here. This was done on the experiments done on the water from plant A. The result of 

the statistical analysis of UV254 can be seen in table 23-27. 
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Table 23 – Significance, F values and other statistical values for the factors analyzed for UV254 

reduction. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 346.444 8 43.306 0.370 0.912 

Intercept 91 877.556 1 91 877.556 786.025 0.000 

CT 38.111 2 19.056 0.163 0.852 

OD 96.778 2 48.389 0.414 0.673 

CS 29.778 2 14.889 0.127 0.882 

GF 181.778 2 90.889 0.778 0.488 

Error 1 052.000 9 116.889   

Total 93 276.000 18    

Corrected Total 1 398.444 17    

 

Table 24 – Means, standard errors and confidence interval for contact time, determined by measuring 

UV254 reduction. 

CT [min] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

20 71.833 4.414 61.849 81.818 

30 69.500 4.414 59.515 79.485 

40 73.000 4.414 63.015 82.985 

 

Table 25 – Means, standard errors and confidence interval for ozone dosage, determined by 

measuring UV254 reduction. 

OD [mg/L] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

10 68.500 4.414 58.515 78.485 

20 71.667 4.414 61.682 81.651 

30 74.167 4.414 64.182 84.151 

 

Table 26 – Means, standard errors and confidence interval for catalyst volume, determined by 

measuring UV254 reduction. 

CS [%] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

50 68.000 4.414 58.015 77.985 

75 75.667 4.414 65.682 85.651 

100 70.667 4.414 60.682 80.651 
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Table 27 – Means, standard errors and confidence interval for gas flow, determined by measuring 

UV254 reduction. 

GF [L/min] Mean Std. Error 

95 % Confidence Interval 

Lower Bound Upper Bound 

0.2 72.000 4.414 62.015 81.985 

0.3 69.667 4.414 59.682 79.651 

0.4 72.667 4.414 62.682 82.651 

 


