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EXECUTIVE SUMMARY 

 

In this study, laboratory experiments were conducted to compare the efficiency of using O3 and 

O3+H2O2 as precursor to anaerobic biological treatment of the treatment of landfill leachate. 

Both oxidation systems were proven efficient in increasing the overall biodegradability of the 

leachate. At an ozone dose of 7.5ppm biodegradability of the leachate was increased by 25%, 

while a combination of 7.5ppm of ozone with 5ppm of hydrogen peroxide resulted in a 35% 

increase in biodegradability of the treated leacahte.  Furthermore, this study investigated the 

efficiency of using the mentioned oxidation processes for overall enhancement of landfill 

leachate water quality and the degradation of endocrine disrupting compounds (EDCs) present in 

the leachate. The research proved the studied oxidants were able to decrease overall total organic 

carbon (TOC) concentrations and were responsible for the removal of a fraction of the total 

ammonia concentration from the studied landfill leachate. Furthermore, the research showed that 

ozone and the peroxone process had the ability to degrade EDCs that were present in leachate. 

Second order rate constants for the degradation of EDCs both in water and in leachate were also 

calculated in this study. The leachate treated in the experiments was categorized as having high 

ammonia, high TOC concentration, low biodegradability and low UV transmittance.  The impact 

of ammonia, carbonates and other oxidant scavengers on the overall efficiency of the oxidants 

was also investigated in this study.
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CHAPTER 1 

INTRODUCTION 

 

1.1 Landfills 

According to the U. S. Environmental Protection Agency there are currently 3,091 active 

landfills in the United States. Landfills are composed of the following four major elements: 

 Bottom liner: the function of the bottom liner is to prevent any waste or leachate from 

seeping out of the landfill directly into the environment.  

 Cover: A cover‘s main purpose is to prevent water seeping into the cells of the landfill 

while at the same time preventing gas from escaping.  

 Leachate collection system: The purpose of the leachate collection system is to ensure 

any build up of fluid inside the landfill cell can be collected and pumped out.   

 Gas collection system: The purpose of a gas collection system is to avoid any build up of 

gas inside the landfill cell by creating controlled escape routes. 

Regulations mandating the requirement of liners, covers, leachate and gas collection systems, 

have greatly minimized potential hazards landfills pose to the environment. Nevertheless, the 

same laws and regulations that protect the environment and mandate the exact design parameters 

of landfills have also created setbacks, which are still to be fully addressed. Sanitary landfills 

create vast quantities of leachate, and at the first signs of leachate production most landfills tend 

to use recirculation of leachate both to accelerate the rate of decomposition of the waste and as 

means of leachate management. Nevertheless, as leachate reaches a certain volume inside the 

landfill, it must be pumped out and treated before final disposal. 

1.2 Landfill Leachate 

Landfill leachate is a complex waste water generated when moisture enters the cell of the 

landfill, extracts contaminants from waste into the liquid phase and initiates flow (Farquhar, 

1989). Landfill leachate may be categorized as young or mature. As stated in the name, the main 
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difference between young and mature leachate is related to the age of the landfill that produced   

it. Characteristics of landfill leachate are usually represented by its chemical oxygen demand 

(COD), biological oxygen demand (BOD), biodegradability (ration of BOD/COD), the pH, 

alkalinity, NH3-N and heavy metals (Wang et al., 2003). Average characteristics of young 

leachate are as follows: its BOD ranges from 167 to 36,000 mg/L, its COD can range from 730 

to 52,000 mg/L, the range of the ratio of BOD/COD is between 0.17 to0.85, the pH can vary 

from 5.0 to 9.3, NH3-N can range from 0.3 to 13,000 mg/L of N, and alkalinity ranges from 560 

to about 16,800 mg/L of CaCO3(Wang et al., 2003). On the other hand, old or mature leachate 

characteristics are as follows; BOD ranges 1 to about 2,920 mg/L, COD varies from 207 to about 

26,000 mg/L, ratio of BOD/COD varies from about 0.00to 0.17,pH ranges from 6.8 to 9.0; NH3-

N varies from less than 5 to 3,400 mg/L, and alkalinity ranges from 1,020 to about 12,300 mg/L 

of CaCO3(Wang et al., 2003). Due to the fact that all landfills are different, leachate quality is 

specific to each landfill. Depending on the characteristics of the landfill and the waste it contains, 

leachate may be relatively harmless or extremely toxic. For example, pharmaceuticals, flame 

retardants and personal care products contained in a landfill may leach endocrine disrupting 

compounds (EDCs) into leachate water that can cause different types of cancers or birth 

malformations after human exposure. Other factors that affect the overall quality of the leachate 

are the degree of decomposition of the waste, temperature, moisture content and landfill age.    

 

1.3 Endocrine Disrupting Compounds 

Wastes found in landfills have a large number of organic chemicals, many of which contain 

xenobiotics or other substances which exhibit hazardous properties (Slack et al., 2007). Common 

house-hold and commercial trash such as paints, cleaning agents, batteries and electronic 

equipments, garden chemicals and medicines are all present in landfills and are potential sources 

of xenobiotics or EDCs found in landfill leachate (Slack et al., 2004, Slack et al., 2005). In the 

human body, the endocrine system is composed of a series of glands, which releases specific 

hormones into the body to regulate many of its functions. Endocrine disrupting compounds 

(EDC‘s) are compounds which have the ability to mimic natural hormones. In humans, EDC‘s 

have the ability to interrupt crucial bodily functions, depending on the stage of development of 

the human body.  The effects of exposure to the mentioned compounds cause irreversible 

abnormalities, malformations or even cancers (Colborn et al., 1994) and (Fenton, 2006). Natural 
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levels of estradiol (the predominant sex hormone present in females) in the human system are in 

the order of parts per trillion(Colburn et al., 1996). From this calculation we may conclude that 

exposure to minute levels or concentrations of these compounds have the potential to generate 

adverse health effects on humans and other types of wildlife.  

 

1.4 Specific EDC’s Chosen for Research 

For the purpose of this experiment, three specific EDCs were chosen as a representative sample 

of  the vast quantities of EDCs that can be found in leachate: Bisphenol A (BPA), 17-b-Estradiol 

(E2) and Estrone (E1).  

Bisphenol A (BPA) is an organic compound known to be estrogenic since the 1930‘s          

(Kuiper et al., 1998). It is composed of two phenol functional groups. It is a key component in 

the production of epoxy resins, is also found on polycarbonate plastics, and has been used for 

this purpose for over 50 years (Tsai, 2006). Epoxy resins containing Bisphenol A have been used 

in most foods and beverage cans, a clear example of how such organic contaminants make their 

way into landfills and finally into landfill leachate (USFDA, 2010). Other applications of 

Bisphenol A include its use as a precursor to the flame retardant tetrabromobisphenol A and it‘s 

used as a fungicide (Tsai, 2006).  

17-b- Estradiol (E2) was first synthesized by Hans Herloff Inhoffen and Walter 

Hohlwegin 1938 (Sneader, 2005). It is the most commonly used oral bio-active estrogen, used in 

practically all modern forms of oral contraceptive pills (Williams, 1996). E2 when compared to 

other estrogens, has a longer half-life and is therefore more resistant to breakdown(Jurgens et al., 

2002). E2 has made its way into landfills and landfill leachate via the unsafe disposal of 

pharmaceuticals, in this case oral contraceptives in common house hold trash. 

Estrone (E1) is a natural estrogenic hormone secreted by the ovary (Baird et al., 1974). 

Estrone is synthesized from androstenedione, it is the primary estrogenic component used in 

several pharmaceutical preparations (Williams, 1996). LikeE2, estrone has found its way into 

landfill leachate mainly via un-responsible disposal of pharmaceuticals in to ordinary house hold 

trash. 
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Fig 1.4. Chemical structures of BPA, E2 and E1.figures were drawn using Chemdraw software. 

 

Table 1.4. Physical data  of BPA, E2 and Estrone. Data was collected from Chemfinder.com 

  Bisphenol A 17-b- Estradiol Estrone 

CAS Number 80-05-7 57-63-6 53-16-7 

Molecular formula C15H16O2 C20H24O2 C18H22O2 

Molar Mass (g/mol) 228.29 296.4 270.36 

Boiling point (°C) 220 N.A. N.A. 

 

Concentration of EDCs present in landfill leachate vary depending on the nature of the waste and 

age of the landfill. In industrial landfill leachate, researchers report concentration of BPA of up 

to 2,800 µg/L (Miyashita et al., 2003). The same researchers reported concentrations of BPA in 

the order of 26-8,400 µg/L in leachate generated by class II of municipal landfills. In addition, a 

study conducted by the National Institute for Environmental Studies in, Japan, detected BPA in 

five out of eight samples of leachates, and the median concentration was 0.35μg/l (Yasuhara et 

al., 1997). These results indicate that concentrations of BPA contained in landfill leachate are 

widely distributed. Due to this reason, a major focus of this research was aimed at quantifying 

the degradation of such EDCs found in leachate water by ozonation and the combination of 

Hydrogen Peroxide and Ozone, otherwise known as the  by the peroxone process. Experiments 

were conducted in order to assess the efficiency of both advanced oxidation processes (AOP) for 

the degradation of EDCs present and inherently, reducing the risk of human and wildlife 

exposure 
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1.5 Advanced Oxidation Processes 

Advanced Oxidation Processes (AOPs) are water treatment processes designed to generate ∙OH. 

This aggressive, non-selective oxidizer is an ideal component in water and waste water treatment 

applications. ∙OH radicals are powerful oxidizing reagents having an oxidation potential of 2.80 

Ev (Andreozzi et al., 1999; Muruganandham et al., 2004). ∙OH radicals have little to no 

selectivity of attack, meaning they will initiate electron-transfer with most organic and inorganic 

species found in natural waters. As proven by previous research hydroxyl radicals are extremely 

reactive species, they oxidize the majority of organic molecules with rate constants in the order 

of 106-109 M-1s-1 (Bader et al., 1983).  

Table 1.5.Second order rate constants for hydroxyl radical for a variety of organic compounds.                      
(Andreozzi et al., 1999) 

Organic Compound ∙OH Rate Constant (M-1 s-1) 
    

Benzene 7.8 X 109 

Toluene 7.8 X 109 

Chlorobenzene 4 X 109 

Trichloro ethylene 4 X 109 

Tetrachloro ethylene 1.7 X 109 

n-Butanol 4.6 X 109 

t-Butanol 0.4 X 109 

 

A vast quantity of contaminants in a variety of different water matrices have been shown to be 

effectively oxidized by AOPs. These contaminants include, but are not limited to taste and odor 

compounds, flame retardants, pharmaceuticals, and other typical and emerging pollutants found 

in ground, surface and waste waters including landfill leachate (Esplugas et al., 2007), (Watts& 

Linden, 2009), (Hubert et al., 2003). 

Regardless of the AOP, the oxidation potential of ∙OH generated is exactly the same. The 

adaptability of this oxidation technology is therefore improved due to the fact that there are 

several pathways for the production of the oxidizer. This allows for better adaptation to specific 

treatment requirements (Andreozzi et al., 1999). It is important to state that all AOPs have their 
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advantages and disadvantages, therefore selection of the proper AOP should be directly 

associated with the treatment goals and characteristics of the water being treated. Furthermore, 

AOP where chosen as the oxidant of interest for the treatment of landfill leachate due to the fact 

that they have the ability to react with a large fraction of pollutants present in leachate. In 

contrast other oxidants such as chlorine will largely be consumed by ammonia and won‘t have 

the ability to react with other compounds present in municipal landfill leachate. 

 The three most common pathways for the production of ∙OH in water are the following: the 

combination of Hydrogen Peroxide and Ozone (H2O2 + O3)also known as the peroxone process, 

the Fenton process which uses a combination of Hydrogen Peroxide and Iron (H2O2 + Fe2+), and 

finally, the combination of Hydrogen Peroxide and UV light (H2O2 + UV).  

1.5.1 Fenton’s Reagent (H2O2 + Fe2+) 

Fenton‘s Reagent is a solution of Hydrogen Peroxide and Fe2+ which is used as an AOP for the 

production of a strong non-selective oxidizers ∙OH. Fenton‘s Reagent was first developed by 

Henry John Horstman Fenton in the 1980‘s. Two distinct stages compose the Fenton‘s treatment. 

The first stage is based on the formation of ∙OH. The second stage is composed of Fenton‘s 

coagulation, basically simple ferric coagulation following the oxidation stage (Gulkaya et al., 

2006).  The following reactions occur once H2O2 reacts with Fe2+in solution. 

H2O2 + Fe2+ → Fe3+ + OH− + OH, k = 70 M−1 s−1……………………… (1)(Gulkaya et al., 2006). 

OH∙ + RH → H2O + R , k = 109–1010 M−1 s−1………………………. (2)(Gulkaya et al., 2006). 

As shown above, the reaction betweenH2O2 and Fe2+ is a mole to mole reaction, yielding an equimolar 

concentration of the desired products. As illustrated in equation (2), the produced ∙OH has the 

ability to react and oxidize numerous different compounds. Equation (2) shows the interaction of 

∙OH with organic substrates. Additionally many other reactions are possible which include the 

radical scavenging reaction of ∙OH with H2O2. 

OH  + H2O2 → H2O + HO2, k = 3.3.  ×107 M−1 s−1………………… (3)(Gulkaya et al., 2006). 

OH  + OH  → H2O2………………………………………………..... (4)(Gulkaya et al., 2006). 

In this process, rapid depletion of H2O2 occurs. This depletion is caused by a combination of 

equations (1),(2),(3),(4). However, as illustrated above, the reaction in equation (2) has the 
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highest rate constant. Therefore, this reaction is responsible for the degradation of substrates in 

water matrices. It is important to note that Fe2+ has the ability to auto-regenerate as illustrated in 

the reaction (5)(Ashrat et al., 2006). Due to the ability to auto-regenerate, Fe2+ acts as a catalyst 

in the overall reaction. 

Fe3+ + H2O2 → Fe2+ + H+ +HO2
-………………………………………(5)(Gulkaya et al., 2006). 

Fenton‘s reagent is a well studied, and therefore well understood, advanced oxidation treatment. 

When treating real wastewaters of more complex composition, higher doses of reagents in this 

case H2O2 and Fe2+are required for the degradation of a specific pollutant of concern compared 

to the amounts needed to treat simulated or lab created waste waters (Kuo, 1992). This is due to 

the complex composition of wastewater and the increased concentration of ∙OH scavengers 

present in complex wastewater matrices. Other research has shown that aside from the dose of 

reagents, the relative concentrations or ratios of the reagents also play an important role in the 

efficiency of this AOP. In order to achieve the highest possible degradation efficiency for this 

technology, doses of both reagents must be closely monitored.  As shown in equations (3) and 

(4), both reagents in the solution react with ∙OH. As ∙OH are produced, they are also being 

scavenged by the reagents, therefore reducing the available concentrations of radicals available 

for the degradation of the desired compounds.(Gulkaya et al., 2006).A significant disadvantage 

of this process is the fact that at a neutral or close to neutral pH, the efficiency of Fenton‘s 

reagent is low (Safarzadeh-Amiri et al., 1996). Research conducted by (Burbano et al., 2005) 

concluded that Fenton‘s reagent-based degradation efficiency for organics, was directly related 

to pH, the efficiency of this process is higher at acidic pH while declining as neutral pH was 

reached.  

1.5.2 UV / H2O2 

Production of ∙OH can also be accomplished by a combination of H2O2 and UV light. As light 

photons hit H2O2 molecules, oxygen-oxygen bonds are split generating two ∙OH radicals per 

mole of H2O2 (Bolton, 1999). This process is illustrated in the following equation. 

H2O2 + hv → 2 ∙OH…………………………………………….(6) (Baxendale and Wilson, 1957) 

Due to the small molar UV absorption coefficient of H2O2(27.06 M−1 cm−1 at a wavelength of 

254nm (Andreozzi et al., 1999),high doses of both H2O2 and UV light must be utilized. Previous 
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researchers have shown that H2O2 is itself attacked by the ∙OH produced when irradiated with 

UV light. This process is illustrated on the following equation. It is important to state that the 

second-order reaction rate between H2O2and ∙OH is 2.7 x 107 M-1 s-1 (Buxton, 1988). 

2(H2O2 + ∙OH) → H2O + HO2∙………………………………….…… (7)(Andreozzi et al., 1999) 

2HO2∙ →H2O2+O2……………………………………………….…. (8)(Andreozzi et al., 1999) 

As illustrated in equation (6), the reaction between H2O2 and UV yields 2 moles of ∙OH per mole 

of H2O2. However, since the H2O2molecule is itself attacked by the ∙OH produced, the overall 

quantum yield of ∙OH in the reaction becomes one (Andreozzi et al., 1999). As indicated by 

precious research, the actual rate of ∙OH production is equivalent to one mole of ∙OH per mole of 

photons absorbed by H2O2 (Baxendale and Wilson, 1957). As was concluded by (Andreozzi et 

al., 1999), the most significant drawback of this process is related to the small molar excitation 

of H2O2 (18.6 M−1 cm−1 at a wavelength of 254 nm). This means that only a small fraction of the 

total light energy is utilized by this process. When dealing with this particular AOP, optimizing 

H2O2 doses in order to produce steady state concentrations of ∙OH is another drawback. This 

should be done without compromising or reducing the oxidation efficiency of the technology by 

unphotolyzedH2O2 becoming a source of ∙OH scavenging.  

1.5.3 The Peroxone process O3+H2O2 

Previous research has shown that H2O2 can be a source of ∙OH by reacting with ozone (Forni et 

al., 1982). It has long been recognized that H2O2 is an effective catalyst for the decomposition of 

ozone. As stated above, peroxone (a combination of O3 and H2O2) has the ability to generate ∙OH 

and is efficient in degrading organic contaminates in water (Xu et al., 2002). The production of 

the strong non-selective oxidizer ∙OH is produced by the reaction between O3 and H2O2 as stated 

in the following formulas: 

2O3+ H2O2 → 2∙OH + 3O2………………….………………………. (9) (Alsheyas et al., 2006) 

3O3+ OH-→ 2∙OH+ 4O2…………………………………………... (10) (Alsheyas et al., 2006) 

As illustrated in the equations above, the peroxone reaction takes place when two moles of O3 

react with one mole of H2O2 to produce two moles of ∙OH. Furthermore, the reaction between O3 

and the OH- ion also has the potential to produce ∙OH at a rate of two moles of ∙OH per three 
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moles of O3. Ozone in solution will also act as an oxidizer and will selectively degrade 

substrates. The rate of direct oxidation with molecular O3 is relatively small (10-6-107M-1s-1) 

compared to hydroxyl radical oxidation (1012-1014M-1s-1). The oxidation potential of O3 and ∙OH 

are as follows: 

 
OH + e-→ OH-……………………………………………… E0 = +2.8V (11) 

O3+ 2H+ + 2e-→O2 + H2O…………………………………..E0 = +2.07V (12) 

O3+ H2O+ 2e-→O2 + 2OH-………………………………..E0 = +1.24V (13) 

In addition to having a higher oxidation potential for ∙OH compared to O3, further research 

conducted by Hoigné and Bader in 1976 has shown that the ∙OH radical is more reactive towards 

solutes such as aromatic hydrocarbons, unsaturated compounds, aliphatic alcohols and formic 

acid. (Hoigne and Bader, 1976). 

Past research has shown the advantages of using AOPs as precursors to biological treatments and 

a focus of this research aims to investigate this relationship. The following section provides some 

background on previous research that has explored this effective relationship between AOPs and 

biological treatments. 

 

1.6 Combining Advanced Oxidation with Anaerobic biological treatment 

Biological treatment has been effectively used to treat waste water for decades. Anaerobic 

biological treatments are usually used to treat water containing high levels of BOD and COD, 

and other water quality parameters such as ammonia and nitrogen removal. Anaerobic biological 

water treatment has many advantages which have made this treatment scheme extremely popular 

and effective. Some of the advantages of such a treatment scheme are related to the fact that 

these processes are energy efficient and have the ability to produce energy form rich biogases 

such as methane. When coupled with other treatment schemes such as filtration or reverse 

osmosis, small footprint reactors (MBR) can accomplish higher levels of treatment which makes 

biological treatment, more specifically anaerobic biological treatments, the focus of great interest 

for researchers in the waste water field. The research conducted in this thesis aims to study the 
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effects of various pre-treatments such as ozone and a combination of ozone and hydrogen 

peroxide, on the efficiency and overall treatment capability of anaerobic biological degradation. 

Prior to biological treatment, pre-treatment of the leachate is needed due to the fact that leachate 

contains high concentrations of complex organic compounds which, would negatively impact the 

efficiency of biological treatments. The uses of pre-treatments are aimed at improving the overall 

biodegradability of the leachate, and therefore increase the efficiency of the biological treatment. 

More information regarding the combination of pretreatments with anaerobic biological 

treatment is presented on section 2.3 of the manuscript.  

 

1.7 Research Objectives 

This research deals with an experimental study describing the treatment of landfill leachate. 

Overall leachate treatment, the degradation of EDCs that are present in leachate, and the use of 

O3 andO3+H2O2 as a precursor for anaerobic biological treatment were all investigated. The 

specific research objectives that guided  this thesis research were as follows: 

 To quantify the destruction of BPA, E2 and E1 by Ozone, O3+H2O2 
 To examine the use of Ozone and O3+H2O2as a main treatment step for the overall 

improvement of water quality of municipal landfill leachate. 
 To examine the use of Ozone and O3+H2O2 as a precursor to anaerobic biological 

treatment for both the overall treatment of leachate and the degradation of BPA and E2.   

It is important to state that the experiments conducted in this research are aimed at quantifying 

the impact that pretreatments ofO3 and O3+ H2O2 have on further anaerobic biological treatment. 

The research is also aimed at producing results which are relevant to full scale municipal landfill 

leachate treatment plants. Due to this fact, the dosage of chemicals used when pretreating the 

leachate are low, when compared to similar research, and could potentially be used in full scale 

treatment of municipal landfill leachate. 

The reason behind selectingO3 and the peroxone process O3+H2O2as the Advanced Oxidation 

Processes for the specific research objectives mentioned above is as follows. Aside from the fact 

that Ozone must be generated on-site, due to its extremely reactive nature and short half-life, cost 

benefits of this technology show that the peroxone process is the most effective AOP for our 
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specific treatment goals (Tizaoui et al., 2007). Advanced oxidation using UV light poses 

significant challenges for the specific treatment goals. Most significantly, landfill leachate UV 

absorbance at a wavelength of 254nm (Ntampou et al., 2006).Overcoming the relatively poor UV 

transmittance of landfill leachate would require extremely high doses of H2O2 to achieve 

significant COD removal (Wang et al., 2003).Furthermore, past research has found that O3 alone 

and O3+H2O2 have the ability to increase the biodegradability of landfill leachate. In previous 

research biodegradability was shown to be increased by both systems (O3 alone and O3+H2O2), 

however the peroxone process presented higher BOD5/COD values (Corteza et al. 2010). In 

conclusion, the poor UV transmittance of landfill leachate and the fact that O3 alone and 

O3+H2O2have the ability to significantly improve the overall biodegradability of landfill 

leachate, make the use of peroxone the most feasible for the treatment goals of this research.  

Chapter 2 presents a thorough review of the literature relevant to this research that provides 

greater understanding and background of the research design components that include, but are 

not limited to, the theory behind the treatment processes selected and discussed in this research. 
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CHAPTER 2 

BACKGROUND 

 

2.1 Ozone and O3+H2O2for treatment of landfill leachate. 

Due to the high oxidation potential of ozone, the use of ozone in the treatment of landfill leachate 

has been extensively researched and is currently used around the world (Huang et al., 1993). The 

effectiveness of ozone for the treatment of complex water matrices, such as leachate, is due to 

the fact that ozonation products are composed of smaller, less complex molecules than that of 

their precursors (Leitzke et al., 1997). Furthermore, compared to other oxidizers, including 

chlorine, another advantage of ozone is the fact that the formation of  secondary pollutants or 

disinfection by-products is non-existing with the exception of the bromated ion (BrO3
-) which is 

formed when ozone reacts with naturally occurring bromide (Kurniawan et al., 2006). In 

addition, the effectiveness of ozone treatment can be enhanced by the addition of hydrogen 

peroxide to the solution prior to ozonation (Tizaoui et al., 2007). The addition of hydrogen 

peroxide to this treatment process would favor the production of strong, non-selective ∙OH. 

Tizaoui et al., (2007) anticipates that the combination of O3 and ∙OH would have the capacity to 

oxidize large organic molecules (in the order of 104 g/mol) and produce smaller compounds that 

could then be degraded through biological treatments. The combination of O3 and ∙OH has 

further advantages when treating complex water matricesO3 is a selective oxidant, therefore it 

tends to react faster with certain functional groups. On the other hand, the non-selectivity of ∙OH 

reacts fast with large numbers of moieties, some which would not be oxidized by O3 alone. It is 

important to state that the presence of carbonates, chlorides and sulphates in leachate have the 

ability to react both with O3 and ∙OH in solution, acting as scavengers that could inhibit the 

oxidation potential of such oxidizers (Tizaoui et al., 2007). The presence of ammonia in leachate 

is another factor that must be addressed when dealing with treatment with O3 and AOP. 

Ammonia (NH3-N) is present in landfill leachate due to the bio-degradation of nitrogen 
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containing organic compounds found in landfill waste.Wang et al., (2003) concluded that 

different landfill leachate oxidation studies have reported contrary conclusions when dealing 

with the impact ammonia has when treating leachte by O3 alone and O3 + H2O2. The 

effectiveness of O3 alone and O3 + H2O2, with varying concentrations of both reagents, will be 

investigated in the degradation of ammonia in landfill leachate.  

In addition to ammonia, landfill leachate can contain a broad array of contaminants including 

EDCs, as has been mentioned in previous sections. Section 2.2 will delve into the use of Ozone 

and the peroxone process as means to degrading concentrations of EDCs found in leachate.  

 

2.2 Ozone and O3+H2O2 for treatment of EDCs in landfill leachate. 

In an effort to illustrate the efficiency of Ozone and the proxone process in degrading EDCs in 

leachate water, a number of researchers have published second order rate constants for the 

degradation of BPA, E2 and E1 by O3 and ∙OH in water. However, second order rate constants 

for the degradation of these EDC‘s in complex water matrices may vary depending on the 

characteristics of each waste water. This is mainly due to variations in composition of the waste 

water and the concentration of O3 and ∙OH scavengers that are present in solution. The following 

table presents second order rate constants for the degradation of BPA, E2 and E1 by O3 and ∙OH 

in DI water. 

Table 2.3. Second –order rate constants for the reaction of selected oxidants and BPA, E2 and E1. 

Compound Oxidant Second-order rate 

constant (M-1 s-1) 

Ref. 

BPA O3 1.68 x 104 Deborde et al. (2005) 

BPA ∙OH 1.02 x 1010 Rosenfeldt et al. (2004) 

E2 O3 1.8 x 105 Deborde et al. (2005) 

E2 ∙OH 9.8 x 109 Huber et al. (2003) 

E1 O3 1.53 x 105 Deborde et al. (2005) 
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The individual characteristics of each waste water affects how efficiently the oxidizers degrade 

the EDC concentrations. The concentration of substrates, such as ammonia and nitrite, can 

interfere with the degradation efficiency of selected oxidants (Lee and von Gunten, 2009). 

Further, the degradation efficiency for each oxidant depends on the reactivity of the oxidant to 

the pollutant of concern and on the reactivity of the oxidant to the components present in the 

water matrices (Lee and von Gunten, 2009). Research conducted by (Neta et al., 1988) and (von 

Guten, 2003) have measured more than 500 rate-constants (k) for the reaction of ozone with 

selected micro-pollutants. Research conducted by (Buxton et al., 1988) have culminated with the 

publication of a few hundred rate constants for the reaction of ∙OH  and select mirco-pollutants. 

The above mentioned rate constants show that selective oxidants, in this case O3, are extremely 

reactive to electron-rich organic moieties (ERMs) such as phenol, polycyclic aromatics and 

activated aromatic compounds. On the other hand, ∙OH, due to their non-selective nature, have 

the ability to react to and transform the vast majority of micro-pollutant found in water matrices, 

with the exception of chlorinated organic (Lee and von Gunten, 2009). It is important to state 

that substrates in the water matrices that contain ERMs, such as DOM, organic and inorganic 

nitrogen species are also responsible for consumption of the selected oxidants. Therefore, the 

presence of ERMs in leachate have the potential to reduce the overall degradation efficiency of 

the oxidants when dealing with EDCs. Overall, the reaction of the oxidants with EDCs present in 

leachate can be expressed by second-order rate constants, meaning the effectiveness of the 

oxidants is directly related to the concentration or dosage of the reactants. Further, research 

conducted by (Lee and von Gunten, 2009) showed that the degradation of EDCs by hydroxyl 

radicals was proportional to the dose of oxidant applied to the solution. These findings indicate 

that the rate of competition for ∙OH is the same for EDCs and other substrates in the water 

matrices. It is well known that hydrogen peroxide is both a ∙OH generator and a scavenger. Due 

to this reason, some researchers have shown that the produced hydroxyl radicals are mainly 

consumed by H2O2 and only a small quantity of the total concentration of ∙OH have the ability to 

react and degrade EDCs found in the water. Furthermore, these experiments show that in the 

process of combining O3 and H2O2, molecular ozone remained the main oxidant and therefore, 

the degradation efficiency of ozone based processes was not greatly increased by the addition of 

H2O2(Ning et al., 2007). A focus of this research will be to further investigate this phenomenon.   
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2.3 Ozone and O3+H2O2 as precursor to anaerobic biological treatment of landfill leachate. 

Previous researchers have demonstrated the efficiency of using ozone and AOP as means of 

eliminating COD and total organic carbon (TOC) from landfill leachate                               

(Wable et al., 1993; Kim et al., 1997; Wenzel et al., 1999). On the stated research, Kim and 

Wenzel used ozone and AOP  as stabilizers, meaning that in the stated research AOP were only 

used as last treatment step prior to discharge. This research however, will investigate the use of 

such oxidizers as precursors to biological treatment. The experiments conducted in this research 

are aimed at studying the effectiveness of ozone and ozone based AOP as pre-treatments of 

landfill leachate, with the objective of improving the overall biodegradability of municipal 

leachate. Biodegradability will be measured in terms of BDOC. Literature reports that single, 

conventional biological treatments are not effective for the treatment of landfill leachate 

containing high concentrations of organic material (Imani et al., 1998). It is because of this 

finding that  pretreatment of such wastewaters with chemical oxidantion prior to biological 

treatment is worthy of investigation. Treating municipal leachate by ozonation has been proven 

to alter the structure of organic compounds, breaking down large molecules into smaller, less 

complex compounds and therefore increasing the biodegradability of the leachate (Imani et al., 

1998). Previous research has confirmed the effectiveness of using ozononation as a means to 

improve the biodegradability of leachate (Baig and Liechti 2001; Steensen, 1997; Imani et al., 

1998; Bila et al., 2005). Research conducted by (Bila et al., 2005) showed improvements on 

biodegradability of leachate when treated with different doses of ozone. These include  the 

leachate used in the above mentioned research having a BOD5/ COD ratio of 0.05. The following 

table shows ozonation effects on biodegradability for the specific leachate used in the above 

mentioned research. 

Table 2.4  Effects of different ozone doses on COD, DOC andBOD5/COD removal of landfill leachate                   

(Bila et al., 2005). 

O3 Concentration (g/L) COD removal (%) DOC removal (%) BOD5/ COD (ratio) 

0.5 10 10 0.1 –0.14 

1.5 24 13 0.17 – 0.25 

3 22 20 0.2 – 0.3 
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Results showed that ozonation produced excellent results in increasing the original 

biodegradability of the leachate. It is important to state that the dosage of oxidant used in the 

research are high when compared to oxidant concentrations or doses used in our research. Gram 

per liter doses of ozone, could impact the feasibility of such treatments for real world 

applications. Researchers have calculated operation cost estimates for ozone in water treatment 

and calculated ozone power consumption at 10 Kw*h/kg O3 (Tizaoui et al., 2007). In addition, 

the same research concluded that the lowest cost for this treatment was achieved when a 

concentration of 2g/L of H2O2 was combined with O3, which resulted in a cost of 2.3 USD per 

kg of COD removed (Tizaoui et al., 2007). Furthermore, a number of other researchers showed 

that increased ozonation doses are directly correlated to increased biodegradability (Bila et al., 

2005; Silva et al., 2004). Although the use of AOPs for the purpose of enhancing 

biodegradability of  landfill leachate has not been extensively researched, authors state that use 

of AOPs would assist in a more complete mineralization of complex organic molecules and 

therefore, enhance the overall biodegradability of the treated wastewater (Silva et al., 2004). In 

comparison to the research stated above, the experiments conducted in this study are aimed at 

real life, full scale treatments of municipal leachate. Due to this reason, lower, more feasible 

pretreatment chemical doses were used. The following table shows typical ozone dosed for the 

treatment of various waters. 

Table 2.5Typical ozone dose  for the treatment of various waters. 

Water treatment Ozone dose Reference 

Drinking water (Disinfection) 0.4ppm Legeron et al.,  1981 

Waste water (Dyes manufacturing) 1.15 g/L Sarasa et al., 1998 

Leachate 7g/L Wable et al., 1993 

 

 

 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V73-3V7BJ7D-2&_user=9514755&_coverDate=11%2F30%2F1998&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000054272&_version=1&_urlVersion=0&_userid=9514755&md5=80aab171491e9a349276cdef4ebf5cca&searchtype=a#bib107
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Sampling 

Leachate and sludge samples were collected from two different sources for treatment use in this 

experiment. Leachate samples were collected for the Leon County Sanitary Landfill, Tallahassee 

Fl. The Leon County Sanitary landfill has been continuously operating since the mid 1970‘s. The 

landfill is located in a 6,000 hectare property; nevertheless, the landfill itself occupies 250 

hectares.  

Ever since the landfill has been operating, two types of wastes have been dumped in this site, 

class I and class II. Class I wastes are defined as non-hazardous, mainly household trash 

including food, garden trash and food packages. Class II wastes are also defined as non-

hazardous waste, including construction and demolition debris, process tires, asbestos, carpet, 

cardboard paper, glass, plastics and other appliances. Prior to the 1990‘s, leachate from the 

facility was pumped to a leachate retention pound where the leachate was collected and stored 

prior to being hauled by trucks to specialized treatment locations. These days, the Leon County 

Sanitary landfill has obtained a license, which allows them to discharge the leachate directly into 

the sewage, making its way to the local wastewater treatment facility. Samples were collected 

from a leachate sampling station connected to all cells of the landfill by means of a leachate 

collection system.  
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Figure 3.1(a) Leon County Solid waste Facility (b) Leon County Landfill 

All samples were collected from the above mentioned landfill. Past research has shown that 

significant changes in leachate composition and characteristics appear to be related to 

environmental factors such as rainfall, temperature and relative humidity (Thyne et al., 2004). 

Due to these seasonal changes, it is important to state that samples used for this research were 

collected between the months of July and August. After collection, samples were stored in 4L 

glass amber bottles and were refrigerated within an hour after collection at a temperature of 4 °C 

to minimize biological activity. Before analysis, sample temperatures were brought back up to 

room temperature (20 – 25°C). Samples were categorized as having a rich yellowish color and 

low UV transmittance.  

 

Figure 3.1.1 Landfill leachate Sampling Station 
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3.1.1 Anaerobic activated sludge 

The sludge used in the experiment for the treatment of leahcate by anaerobic activated sludge 

was collected from the anaerobic digester tanks from the Howard F. Curren Advanced 

Wastewater Treatment Plant (Tampa Fl.). Samples were collected in 10 gallon plastic containers 

and brought back to the lab to be analyzed and eventually used for the experiments. Prior to 

being used or characterized, the aerobic sludge was filtered using a 0.33 inch screen to remove 

all garbage present in the sludge mixture. 

 

3.2 Water Quality Parameters 

The following section describes the methods, materials and equipment used in this research in 

order to analyze effects of the selected AOPs on the overall water quality of the leachate 

samples. Methods used to produce the calibration curve for water quality parameters are also 

described in this section.  

3.2.1pH 

The pH level was measured using a Fisher Scientific accuTupHpH meter. The meter is identified 

by the CAT No. 13-620-181. The meter was calibrated before use using pH 4,7 and 10 Fisher 

Scientific buffer solutions.  

3.2.2 Ammonia 

The concentration of ammonia was measured using a Cole-Parmer Ammonia Gas-Sensing 

electrode identified by the CAT No. 27502-00. The supplier company of such electrode, Cole-

Parmer is located in Vernon Hills, Illinois. The meter was calibrated using serial dilutions of 

1000, 100, 10 and 1 ppm standards of NH4Cl. Ammonium Chloride (NH4Cl) was purchased in 

the form of crystal powder from Fisher Scientific. The compound was identified by the CAS No. 

12125-02-9. The headquarters of Fisher Scientific in the USA are located in Pittsburgh, PA. The 

1000 ppm standard was created by adding 3.82 grams of NH4Cl to 1L of DI water. Using a teflon 

stirring bar, the standard was stirred until all solids dissolved completely. 100, 10 and 1 ppm 

standards were created by dilution of the 1000 ppm standard. The dilution factors were 10, 100 
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and 1000 respectively. Before measurement, 1ML of 10M NaOH was added for each 100mL of 

sample to assure the pH of the samples fell in the range of 11 to 14. In this range all ammonium 

species are converted to ammonia. Sodium hydroxide (NaOH) was purchased as pellets from 

Sigma-Aldrich, Inc. and was produced in St. Louis, MO, USA. The compound‘s purity is 97% 

and the CAS No. id 1310-73-2. To create a 10M NaOH solution, 80 grams of NaOH were added 

to 200Ml of water and stirred using a teflon stirring magnet until all solids were dissolved. The 

temperature of the samples and standards was kept constant because even a slight change of 1°C 

in the temperature of the sample would result in a measurement error of about 2%. After Mv 

reading for each standard was obtained, a calibration curve was constructed. The measured 

electrode potential in (Mv) was plotted (linear axis) against the standard concentration (on the 

log axis). The calibration curve used when measuring ammonia concentration in leachate is 

presented in appendix A. 

3.2.3 TOC Analysis 

A TELEDYNE TEKMAR Phoenix 8000 UV persulfate TOC analyzer was used for 

measurements of TOC in this experiment. The headquarters of the above mentioned company are 

located in Manson, Ohio and have several other locations around the country. The TOC analyzer 

is combined with a UV light used for the oxidation of all organic material in the sample. A built 

in calibration curve for the instrument was produced following the recommendations on the 

instrument software. The calibration curve was created for a TOC range of 0.1 to 20 ppm. 

Samples for calibration were produced by dilution of Teledyne Instruments-Tekmar certified 

standard, the concentration of the certified standard was 1000ppm as C. Standards used for the 

calibration curve had the following concentration of C; 0.1,2,5,10,15 and 20. The dilution factors 

used while preparing the standards were; 1000, 500, 200, 100, 66.5 and 50 respectively. When 

analyzing leachate samples, the samples were diluted in order to ensure the TOC reading fell 

inside the range of the above mentioned calibration curve. The dilution factors used for each 

sample will be reported once the data is presented in the results and discussion section of the 

thesis. A calibration curve for TOC in the range of 0.1 to 20ppm is presented in appendix A. 
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3.2.4 BDOC Analysis 

Previous researchers have shown that biodegradable dissolved organic carbon (BDOC) can 

successfully indicate the performance of wastewater treatment facilities (Khan et al., 1998). In 

this research, BDOC would be used as a means to quantify the improvements in biodegradability 

of leachate after pretreatment with ozone and the peroxone process. The method used in this 

experiment to quantify BDOC is outlined in by Khan et al in the following publication          

(Khan et al., 1999) and can be explained as follows. To analyze 300mL of the sample, add 2mL 

of mixed-liquor suspended solids (MLSS). For this research, MLSS was collected from the T.P. 

Smith treatment plant secondary clarifier, and was used within 24 hours after collection to ensure 

high biological activity. Samples were then saturated with dissolved oxygen by shaking for 5 

days. TOC measurements were taken before addition of (MLSS) and after the 5 day incubation 

period. The difference in TOC reading (TOC prior to incubation – TOC after incubation) would 

yield BDOC measurements.  

When characterizing the sludge used for the experiments, the activity of the sludge was 

calculated. To do so, both Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) 

were calculated. 

3.2.5 TSS (anaerobic sludge) 

The sludge in the active sludge system is composed of the suspended solids in the mixed liquor. 

This measurement may be used to define the activity of the sludge and can be measured 

experimentally. After collection of the anaerobic activated sludge, the mixed liquor was filtered 

using a 0.33 inch screen in order to remove all garbage present in solution. After the removal of 

all large debris from solution, 2 mL of solution were weighed and then filtered through a 

Whatman 47mm diameter glass microfiber filters. The used filters are identified by the CAT # 

1827 047.  The samples were filtered using a vacuum filter for 5 minutes. The used glass 

microfiber filters were then dried at 104° C for two hours. Once the filters were removed from 

the oven and completely dried, they were weighed again. The difference in weight between the 

virgin filters and the used filters was our TSS measurement. The experiment was conducted in 

triplicates and after calculations were performed, the average TSS measurement for the used 

sludge was found to be 22466.6 mg/L. 
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3.2.6 VSS (anaerobic sludge) 

In order to acquire all the information possible on the used anaerobic sludge, experiments were 

conducted to determine the VSS of the stated sludge. To do so, the same procedure as mentioned 

in section 3.2.5 was used with minor changes. After the glass microfibers were dried and 

weighed they were placed in a 500° C oven for 15 min. In this step, all the volatile suspended 

solids present in the filters were evaporated. After 15 min had elapsed, the samples were 

weighed again. The difference in weight from the sample before and after exposure to the 500 ° 

C was calculated and reported as VSS. The experiment was conducted in triplicates and the 

average VSS measurement for the sludge was found to be 17133.3 mg/L.  

 

3.3 H2O2 Concentration 

The hydrogen peroxide used in this experiment was purchased from Mallinckrodt Chemicals, 

Inc. and was produced in Phillipsburg NJ. The aqueous solution contained 29 – 32% hydrogen 

peroxide and the CAS No. specific to this product is 7722-84-1.  

Hydrogen peroxide concentration was determined using the I3
- method (Ghormley method) 

outlined in (Klassen et al., 1994). This method has been proved accurate for concentrations as 

low as 1µM. The method is based on a color change when H2O2 reacts with (KI) in a solution 

containing ammonium molybdate. The reaction between H2O2and KI formsthe I3
- ion which can 

then be detected with the use of a spectrophotometer at a wave length of 352nm. For this purpose 

a Shimadzu UV-1650PC  UV/Vis spectrophotometer and a 1cm cuvette was used. The 

headquarters for Shimadzu in the USA is located in Columbia, MD. Two solutions are required 

when utilizing this method. For solution A, the KI buffer was prepared by adding 33g of KI, 1g 

of NaOH and 0.1 g of ammonium molybatetetrahydrate diluted with 500Ml of DI water. KI 

(Potassium iodide) was purchased as solid crystals from EMD chemicals and was produced in 

Darmstadt, Germany. The compound purity is 99% and the CAS No. is 7681-11-0. Sodium 

hydroxide (NaOH) was purchased as pellets from Sigma-Aldrich, Inc. and was produced in St. 

Louis, MO, USA. The compound‘s purity is 97% and the CAS No. id 1310-73-2. Ammonium 

molybatetetrahydrate (H32O28N6Mo7) was purchased as crystals from ACROS Organics and was 

produced in Geel, Belgium. The purity of the compound is unknown and it is identified by the 
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CAS No. 12054-85-2.  Solution B the KHP buffer was prepared by the addition of 10g of KHP 

in 500Ml of DI water. Potassium hydrogen phthalate (KHP) (C8H5KO4) was purchased as solid 

crystals from ACROS Organics and was produced in Geel, Belgium. The purity of the compound 

is unknown and it is identified by the CAS No. 877-24-7. 

When measuring H2O2using this method, 0.25Ml of solutions A and B were combined, and the  

H2O2 sample was then added. It is important to use a proper dilution of the H2O2sample in order 

achieve a an absorbance reading of approximately 0.9. Table 4 show the amount of H2O2 sample 

to be added to 1Ml total volume for known H2O2 concentrations in order to not overwhelm the 

spectrophotometer. 

 

Table 3.3. Suggested sample volume per 1 mL total volume for a known H2O2 concentration. (Klassen et al., 1994) 

 

[H2O2] 

(ppm) 

 

[H2O2] 

(M) 

Suggested 

Dilution Factor 

Suggested µL 

sample/1Ml total 

Volume 

Absorbance if  

suggested Dilution 

factor is used 

5 0.0001471 4 250 0.9705 

10 0.0002941 9 111.1 0.8627 

15 0.0004412 13 76.9 0.8959 

20 0.0005882 17 58.8 0.9134 

25 0.0007353 22 45.5 0.8823 

30 0.0008824 26 38.5 0.8959 

40 0.0011765 35 28.6 0.8873 

50 0.0014706 43 23.3 0.9028 

60 0.0017647 52 19.2 0.8959 

70 0.0020588 60 16.7 0.9058 

80 0.0023529 69 14.5 0.9002 

90 0.0026471 78 12.8 0.8959 

100 0.0029412 86 11.6 0.9028 
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As mentioned above, the absorbance of the sample and the blank was from a spectrophotometer. 

The blank sample was composed of 0.25mL of solutions A and B and 0.5mL of DI water. While 

calculating the actual absorbance of the sample, subtract the absorbance of the blank sample 

from the absorbance of the H2O2sample. In order to correlate H2O2 concentration (moles/L) to 

the spectrophotometer reading, the sample absorbance was divided by the molar coefficient of at 

I3
- 352nm (26,400). The result should then be multiplied by the dilution factor used, defined as        

1 mL divided by the added sample volume.  

Sections 3.1 through 3.3 detail the analytical equipment and specifications that were used to measure the 

changes in water quality parameters. All AOPs used in this research require ozone saturated solutions to 

be introduced to the samples. Section 3.4 describes the methods used to prepare the saturated ozone 

solutions used for all AOP experiments conducted.  

 

3.4Preparation of Saturated Ozone Solution 

The ozone used for these experiments was generated using a AZCOZON Industries Ozone 

generator model RMU16-04. The ozone generator producer, AZCOZON Industries is located in 

Langley, B.C. Canada. This model is capable of producing up to ~4g/hr of ozone and utilizes 316 

stainless and glass/quartz electrodes. O2 required to generate O3 was purchased in compressed 

form from Airgas. Ozone was diffused from the gas form into a pH 6, 10Mm phosphate buffered 

solution.  The buffered solution was created by adding 354.9 mg of Sodium Phosphate Dibasic 

anhydrous to 250 mL of DI water and stirred using a Teflon stirring magnet until all crystal were 

completely dissolved. Sodium Phosphate Dibasic Anhydrous (Na2HPO4) was purchased in the 

crystal form from J.T. Baker chemicals, the purity of the compounds was 99.7% and it is 

identified by the CAS No. 7558-79-4. The chemical manufacturing company J.T. Baker 

Chemicals is managed by Capitol Scientific Inc. and is located in Austin, TX. The pH of the 

phosphate buffer solution was obtained by adding 1.6M Sulfuric acid until pH 6 was obtained. 

1.6M Sulfuric acid was created by dilution of stock solution of (H2SO4). The 96.5% (18M) 

strength Sulfuric acid stock solution was purchased from J.T. Baker chemicals identified by the 

CAS No. 7664-93-9. To create the 1.6M solution used to adjust the pH of the phosphate buffered 

water, 22.22mLof H2SO4 stock solution was added to 250mL of DI water. Diffusion of O3 from 

the gas form into the buffered solution was performed in a 250Ml ozone washer purchased from 
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SYNTHWARE. The producer of the ozone washer, SYNTHWARE is a glass factory located in 

Whittier, CA. The pH 6 buffered solution was kept refrigerated overnight to ensure the 

temperature was around 6°C. Furthermore, while diffusing O3into the solution, the ozone washer 

was surrounded by ice cold water to keep the temperature of solution stable at around 6°C.  

 

 

Figure 3.4 Ozone gas generator (left) and introduction of ozone into buffered solution (right) 

3.5O3 Concentration 

The ozone concentration was determined using the Standard Method 4500-O3 B Indigo 

Colorimetric Method outlined by (Hoihne J., and H Bader 1980). Solution A (Indigo stock 

solution) was prepared by 770mg of potassium indigo trisulfate, 1mL of concentrated phosphoric 

acid to 1L of DI water. Potassium indigo trisulfate was purchased from ACROS organics, the 

compound is identified by the CAS No. 67627-18-3. The chemical distributer company ACROS 

forms part of Thermo Fisher Scientific, a company located in Geel, Belgium. Phosphoric acid 

was purchased from BDH ARISTAR chemicals, the acid was identified by the CAS No. 7664-

38-2. Although the company has many distributers in the USA and around the world, BDH 

ARISTAR chemicals headquarter is located in West Chester, PA. Solution C, indigo reagent II 
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was prepared by adding 100mL of solution A and 10g of sodium dihydrogen phosphate to a 1 L 

volumetric flask and fill to the mark with DI water. Sodium dihydrogen phosphate (NaH2PO4) 

was purchased in the crystal form from J. T. Baker. The compound was identified by the CAS 

No. 7558-80-7. As mentioned above, the chemical manufacturing company J.T. Baker 

Chemicals is managed by Capitol Scientific Inc. and is located in Austin, TX. 

For concentration greater than 0.3 mg/L, 10mL of solution C were added to 90 mL of DI water. 

Once a the absorbance of the diluted solution C was measured using a spectrophotometer at a 

wavelength of 600nm, 1mL of the solution was discarded and  was replaced by 1mL of the 

sample to be analyzed. After the ozone decolorized the indigo a second spectrophotometric 

reading was obtained and the difference in absorbance from the two samples was calculated. To 

obtain the concentration of ozone in the sample in mg/L, the following formula was used. 

 

Mg/L O3 = (100 x ∆A) / ( f  x b x V) 

where: 

 ∆A = difference in absorbance between sample and blank, 

 b = path length of cell, cm (1cm was used for this research) 

 V = Volume of sample, mL (1mL was used for this research) 

 f = 0.42 (based on sensitivity factor) 

 

3.6 Liquid-Liquid extraction 

For the purpose of using a GC-MS as means to quantify concentrations of EDCs in leachate a 

liquid-liquid extraction had to be employed. The purpose or need for a liquid-liquid extraction 

was the fact that no water based solutions (in this case leachate) could be directly injected into 

the GC-MS without damaging the equipment. For the purpose of minimizing analytical errors, an 

internal standard (triphenyl phosphate) was added to Dichloromethane, the solvent used for the 

extractions. Triphenyl phosphate (OP(OC6H5)3) was purchased from Alfa Aesar chemicals, the 

purity of the compound is 98% and is identified by the CAS No. 115-86-6. Alfa Aesar is a 
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worldwide company which headquarters are located inward Hill, MA. Furthermore, 

dichloromethane (CH2Cl2) was purchased from Sigma-Aldrich, the compound‘s purity was 

99.9% and it is identified by the CAS No. 75-09-2. Sigma-Aldrich is also a worldwide company 

which corporate offices in the USA are located in St. Louis, MO. Solution A was created by 

adding 5mg of the internal standard (triphenyl phosphate) to 0.5L of dichloromethane, this 

addition resulted in a solution containing an internal standard concentration of 10ppm in 

dichloromethane. The liquid-liquid extractions were performed on 40mL amber vials equipped 

with Teflon caps. 10mL of the sample to be analyzed and 2mL of solution A were added to the 

vials. The vials were then rotated using a Glas-Col rotator at a rate of 25 revolutions per minute 

for 30 minutes. After rotation, the samples were allowed for complete separation both phases 

present in the solution. After the water based phase (leachate) and the strong solvent phase 

(dichloromethane) were completely separated, the dichloromethane phase was extracted from the 

solution using a 1mL pipette and introduced into 2mL sample vials ready to be analyzed. To 

ensure reliability and minimize errors, a recovery factor was developed for this method. To do 

so, a solution of dichloromethane containing a BPA concentration of 2ppm was produced and 

analyzed by the GC-MS. Furthermore, a leachate solution containing the same 2ppm of BPA was 

created and a one-to-one liquid-liquid (leachate-dichloromethane) extraction was performed on 

the sample as stated on the above mentioned method.  The dichloromethane recovered from the 

extraction was then analyzed by the GC-MS. The GC-MS response from both solutions was then 

compared. The results from the recovery factor experiment outlines above showed that when 

using the stated liquid-liquid extraction method a 97% recovery was achieved.  

 

3.7GC-MS 

As mentioned above, gas chromatography-mass spectrometry system was used for the 

quantification of EDCs for all experiments related to O3 and the combination of O3 and H2O2 as 

a precursor to the MBR system. For the quantification of EDCs in this research a Hewlett 

Packard 5890 series II gas chromatograph was employed. The GC was accompanied by a 

Hewlett Packard 5971 series mass selective detector. The headquarters for Hewlett Packard 

company are located in Palo Alto, CA. The GC was equipped with a Thermo scientific TR-

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Chlorine
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35MS column. This specific column has a length of 30m a diameter of 0.25mm and a 0.25µm 

film.  

The method used for the calibration curve and while analyzing the samples was outlined in the 

following article (Watts et al., 2008). Before injecting the sample, the injector port was warmed 

to 240 °C, the interface heated to 275°C. Post injection, the column oven temperature was 

gradually increased from 100°C to 360°C over a period of 21 min. The injection volume used for 

this method was 5µl. To reduce noise and increase the detection limit, the MS detector was 

programmed to quantify the response of the mass spectra ‗m/z‘ of all samples being analyzed and 

the internal standard.  

Calibration curve for the instrument was created not only for the EDCs chosen for the research 

but at the same time for the above mentioned liquid-liquid extraction. The calibration curve was 

performed for BPA, EE2 and E1. BPA was purchased as dry pellets from Sigma-Aldrich 

chemicals. The compound is identified by the CAS No. 80-05-7. EE2 was purchased in the 

powder form from Sigma-Aldrich chemicals, the purity of the compound was 98% and it is 

identified by the CAS No. 57-63-6. Furthermore, E1 was also purchased in the powder form 

from Sigma-Aldrich chemicals, the purity of the compound was 99% and it is identified by the 

CAS No. 53-16-7. A stock solution containing equimolar concentration (1.85Mm) of BPA, EE2 

and E1 in methanol was produced. To create the stock solution 84.46 mg of BPA, 109.67mg of 

EE2 and 100mg of E1 were added to 200mL of methanol. Varying volumes of the stock solution 

were spiked to 100mL samples of leachate in order to produce the standards required for the 

calibration curve. The following table shows the different concentrations used as standards for 

the calibration curve and the volume of stock solution added to each 100mL leachate sample to 

achieve the desired concentration. 

Table 3.7.EDC concentration used for calibration curve and spiked volume of stock solution to100mL  samples 

required to achieve desired concentration. 

 Standard Concentration used for Calibration Curve (µM) 
 

1.85 

 

3.7 

 

7.4 

 

14.8 

 

22.2 

Volume of stock solution Added to 100mL samples (µL) 
 

100 

 

200 

 

400 

 

800 

 

1,200 
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After liquid-liquid extractions were performed on each sample, the samples were analyzed by the 

GC-MS using the above stated method. The area under the peak for each compound including 

the internal standard was collected. The collected area under the peak for each compound at each 

concentration was then divided by the area under the peak of the internal standard generating a 

relative area. The relative area (y-axis) was then plotted against the EDC concentration (x-axis) 

and the following calibration curve was created. The calibration curve for liquid-liquid extraction 

of BPA, EE2 and E1 analyzed using the GC-MS are presented on appendix A. 

3.8HPLC 

All samples which were not intended to be used as precursors to anaerobic biological treatment 

were analyzed for quantification of EDCs using a High-performance liquid 

chromatography(HPLC) equipped with a UV-vis system. The HPLC used for this research is 

composed of a ESA model 542 Auto sampler, a ESA series III pump and a ESA model 528 UV-

vis detector. The system was equipped with a Thermo Scientific, AQUASIL C18 column used 

for separation of the compounds to be analyzed from the water matrices. The following table 

describes the column used more specifically. 

Table 3.8. Specification of the column used in the HPLC/ UV-vis detection system.  

Column Length (mm) Particle size (µm) Pore size (A) Serial Number 

AQUASIL C18 50 5 100 1195216T 

The mobile phase used for the quantification of EDCs using the above described apparatus, 

consist of a mixture (50%) HPLC grade water, (25%) methanol and (25%) acetonitrile. The 

HPLC grade water was purchased from Sigma Aldrich, the purity of the water is 99.9% and it is 

identified by the CAS No. 7732-18-5. Methanol (MeOH) used for the mobile phase was 

purchased from Fisher Scientific, the compound is 99.9% pure and is identified by the CAS No. 

67-56-1. Finally Acetonitrile (CH3CN) was purchased from Sigma Aldrich, the compounds 

purity is also 99.9% and has the CAS No. 75-05-8. Prior to use, all components of the mobile 

phase were mixed until no air bubbles or methanol film was visible in solution. 

The method used for both the calibration curve and the actual quantification of the compound 

was as follows. The mobile phase flow rate was1mL/min, at this flow rate, the system was 
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running at a pressure ranging from 1,900 to 2,000 psi. The injection volume used was 100µL, the 

maximum injection volume of the auto sampler. The UV-vis detector was set at 225nm, where 

the absorption spectrum of BPA displays the maximum absorbance (Chen et al., 2007). 

Furthermore, a runtime of 5 minutes was used and the peak for BPA, the only compound 

analyzed by this method was detected at 1.2 min.  

Two calibration curves (both for BPA) were performed using the above mentioned HPLC Uv-vis 

detection system. The First calibration was created for BPA in leachate, the second calibration 

curve was created for the same compound in DI water. To create the calibration curve, a stock 

solution of BPA was created. The stock solution was created by dissolving 20 mg of BPA pellets 

into 200 mL of methanol. The stock solution used for both calibration curves had a concentration 

of 100ppm. As mentioned above, BPA was purchased as dry pellets from Aldrich chemicals. The 

compound is identified by the CAS No. 80-05-7. The standards used for both calibrations curves 

were created by the addition of different volumes of BPA stock solutions to 50mL samples of 

leachate and DI water. BPA concentrations used while creating the calibration curve were 

0.5,1,2,3,4 and 5 ppm. The following table shows the volume of BPA stock solution added to 

100ml of sample to achieve the desired BPA concentrations used for the calibration curve. 

Table 3.8.1Spiked volumes of BPA stock solution to 50Ml of sample to create standards for Calibration curve. 

BPA Standard Concentration (ppm) 0.5 1 2 3 4 5 

Volume of stock solution Added (mL) 0.25 0.5 1 1.5 2 2.5 
 

Calibration curves for BPA in DI water and leachate using the HPLC UV-Vis are presented in 

appendix A. For all calibration curves created using the HPLC UV-Vis equipments and the 

method stated above, the method detection limit (MDL) was calculated. To do so, seven 

repetitions of the sample containing the lowest concentration on the calibration curve (0.5ppm) 

were analyzed using the stated method. The areas under the peak of all seven repetitions were 

then converted to mg/L using the previously created calibration curve and the standard deviation 

of the readings was calculated. The following formula was used when calculating these method‘s 

MDL. 
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MDL = t(n-1, α=0.99)(s) 

where: 

 MDL = Method Detection Limit 

 n  = Total number of repetitions 

 α = Confidence interval 

 t(n-1, α=0.99) = 3.707 

 s = standard deviation 

From the above mentioned equation, the MDL for the calibration curves of BPA both in water 

and in leachate were calculated. The MDL for the calibration curve created for BPA while using 

the HPLC UV-Vis in water and leachate were 0.068ppm and 0.19ppm respectively.  
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CHAPTER 4 

EXPERIMENTS RESULTS AND DISCUSSION 

 

4.1 Laboratory Batch experiments 

The following experiments were conducted in order to analyze the efficiency of ozone and            

O3 + H2O2in the degradation of EDCs both in DI water and leachate. Furthermore, experiments 

designed to investigate the overall improvements in leachate quality and changes in 

biodegradability of dissolved organic carbon (DOC) when using ozone and the peroxone process 

will also be discussed. 

4.1.1 Degradation of BPA by O3 and O3 + H2O2in DI water. 

The following procedure was used for both experiments to test the degradation of BPA by 

ozonation and the peroxone process in DI water. All reactions were conducted in 500mL glass 

bottles. The initial concentration of BPA in all samples was 2ppm. To achieve this concentration, 

1000mL of DI water were spiked with 20mL of BPA stock solution (100ppm of BPA in MeOH). 

The 1000mL solution was then divided into 5 glass bottles containing 200mL of the sample. For 

the purpose of exposing the solution to varying ozone doses, different volumes of ozone rich 

solution were spiked into the samples. To observe the degradation of BPA by the peroxone 

process, hydrogen peroxide was added to the samples prior to ozonation. A 2:1 molar ratio of 

hydrogen peroxide to ozone respectively was used for this experiment. A 2:1 molar ratio of 

hydrogen peroxide to ozone was chosen in order to ensure sufficient hydrogen peroxide was 

present in solution and that no oxidant residual will remain. This would ensure ozone and 

hydrogen peroxide would react and generate the strong non-selective OH∙ radicals in solution. 

The ozone rich solution was produced as stated in section 3.7 containing an ozone concentration 

of 30ppm. Table4.1.1 shows the ozone dose delivered to each sample and the volume of 
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saturated ozone solution added to achieve the stated ozone dose, furthermore, the hydrogen 

peroxide dose added to each sample when using the peroxone process is also stated. 

Table 4.1.1  Doses and spiked volumes for Degradation of BPA in DI water by ozone and the peroxone process. 

Sample ID 1 2 3 4 

Ozone (O3) Dose (ppm) 1.01 1.96 4.03 5.51 

Ozone (O3) Dose (µM) 21.05 40.85 84 114.84 

Volume of ozone rich solution added (mL) 7 14 31 45 

Hydrogen (H2O2) peroxide Dose (ppm) 1.43 2.77 5.71 7.78 

Hydrogen peroxide (H2O2)  Dose (µM) 42.1 81.7 168 229.68 

 

A fifth sample, not included on table 4.1.1 was used as a control. The control sample was defined 

as raw leachate, meaning the sample was not treated by either ozone or hydrogen peroxides. A 

10mL glass syringe was used to spike the required ozone rich solution to the samples. The 

samples were continuously mixed when adding the ozone rich solution to ensure a homogeneous 

mixture. A time laps of 2 min was given to the reaction between spikes to ensure sufficient 

contact time. Once the required volume of ozone rich solution was added to the samples and the 

reaction time had elapse, 2mL of each sample were collected and analyzed by the HPLC as 

stated in section 3.11. After analysis, the concentration of BPA had to be normalized due to the 

fact that different volumes of ozone rich solution were added to the samples creating different 

dilution factors. Table 4.1.2 shows the dilution factors used to normalize BPA concentrations 

after exposure.  

Table 4.1.2. Dilution factor used to normalize BPA concentrations after analysis. 

Sample # 1 2 3 4 

Ozone (O3) Dose (ppm) 1.01 1.96 4.03 5.51 

Dilution Factor 1.035 1.07 1.155 1.225 
 

Once the samples were analyzed by the HPLC and the resulting data was gathered, a graph was 

plotted. On the graph, ozone dose was plotted against BPA concentration in order to compare the 

effectiveness of both oxidation systems for the degradation of BPA in water. For purpose of 
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validation, triplicates for each experiment were conducted. After gathering the data of all 

triplicates, standard deviation of the values were calculated and added to the graph. The 

following graph shows the results of the above mentioned experiment. All raw data collected 

from the experiments is listed on appendix B. 

 

Figure 4.1.1 Degradation of BPA by Ozone and O3+H2O2 in DI water and  degradation of BPA by ozone in DI 

       water containing 5ppm of pCBA.(pH 7) 

Table4.1.3.Percent degradation of BPA by Ozone and O3+H2O2in DI water. 

Ozone Dose (ppm) H2O2Concentration (ppm) BPA % Degradation 

1.01 0 8.65 

1.96 0 25.68 

4.03 0 49.56 

5.51 0 65.03 

1.01 1.43 24.77 

1.96 2.77 39.79 

4.03 5.71 61.94 

5.51 7.78 76.53 
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Once the data for the degradation of BPA byO3andO3+H2O2in DI water was gathered, second 

order rate constants could be calculated. The second order rate constant can be determined by the 

slope of a graph in which the x-axis contains a time value while the y-axis is presented in terms 

of ln(C/C0). To do so, the ozone dose delivered to each sample was multiplied by the allowed 

contact time for each reaction, yielding an ozone dose in terms of (mg∙min/L). The resulting data 

was then analyzed using the LINEST function in excel in order to calculate the slope of the line 

(m) which would be the pseudo first order rate constant for these experiments and a 95% 

confidence standard error. Furthermore, table 4.1.4 states the second order rate constants, relative 

error for each experiment and the ―goodness of fit‖ represented by R2.  

 

Figure 4.1.1b Degradation of BPA by Ozone and O3+H2O2  in DI water (Ph 7) Oxidant dose vs. ln(C/Co) 

Table 4.1.4.Calculated Second order rate constant and, relative error for the degradation of BPA by Ozone and 

O3+H2O2 in DI water. 

Oxidation System Second order rate constant 

(k) (L/mg∙sec) 

95% confidence 

Standard error 

O3 -3.07x10-4 4.18x10-5 

O3+H2O2 -4.03x10-4 6.5x10-5 
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When comparing the second order rate constants for the degradation of BPA in water by ozone 

and a combination of ozone and hydrogen peroxide, a difference of -9.6x10-5 (L/mg∙sec) was 

calculated. These results indicate that the peroxone process had slightly faster degradation rates 

that ozone alone when dealing with the degradation of BPA in DI water. This difference, 

however, is not statistically significant when standard errors are compared.  The following 

discussion will further investigate these results and explain the reason as to why the calculated 

rate constants are not statistically different 

The above mentioned experiment was conducted in order to compare the overall degradation 

efficiency of O3 and O3+H2O2 when dealing with BPA in DI water. In the mentioned 

experiments, the highest oxidant doses were 5.51ppm of O3 for ozonation alone and 5.51ppm of 

ozone in combination with 7.78 ppm of H2O2 for the peroxone process. An initial BPA 

concentration of 2.08 for ozonation alone and 2.22 mg/L for the peroxone process were used. 

Under these experiment conditions, a BPA degradation of 65.03% and 76.53% respectively was 

achieved. From these experiment results, it was calculated that for ozonation alone, 27.41 moles 

of ozone would be needed for the degradation of 1 mol of BPA. These results are similar to those 

reported by (Irmak et al., 2005). From their experiments, Irmak et al., reported that 21.1 moles of 

ozone were needed for the degradation of 1 mol of BPA. Furthermore, it is important to discuss 

the difference in efficiency for the degradation of BPA by ozone alone and the peroxone process. 

Due to the high oxidation potential of OH∙ radicals (K(OH) BPA= 1.02x1010 M-1s-1 ) when 

compared to molecular ozone (K(Ozone) BPA= 1.68x104 M-1s-1), it might be expected for the 

degradation of BPA to be greatly enhanced by the addition of H2O2to solution prior to ozonation 

(Deborde et al., 2005, Rosenfeldt et al., 2004). Nevertheless, the results of this experiment show 

this is not the case. There are a couple of reasons to explain why the addition of H2O2 to the 

system did not greatly improve the degradation efficiency of BPA. As stated in section 1.5.3 the 

addition of H2O2to ozonation treatments (the peroxone process) has the ability to generate the 

strong non selective OH∙ radical. Nevertheless, it is important to state that under neutral pH, OH∙ 

radical can also be generated by the decomposition of molecular ozone with OH- ions (Ning et 

al., 2007).Keeping in mind that the peroxone process has the ability to generate larger 

concentrations of OH∙ radicals than simple ozonation, the fact that OH∙ radicals are present in 

both treatments could explain the similarity in efficiency for the degradation of BPA by 

ozonation and the peroxone process. When comparing the degradation of BPA in water by 
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ozonation to the degradation of BPA in water containing 5ppm of pCBA,  lower BPA 

degradation was achieved. This is due to the fact that in the presence of an OH∙ radicals 

scavenger in solution degreased to concentration of OH∙ radicals available for the degradation of 

BPA. In other words, BPA degradation illustrated in figure 4.1.3 was mainly attributed to direct 

ozone degradation rather than by a combination of ozone and OH as was the case in the data 

presented in figure 4.1.1. This results support the fact that ozonation alone has the ability to 

generate OH∙ radicals as mentioned in the literature. 

Research conducted by Lee et al. (2003), could explain the reason as to why the increased 

concentration of OH∙ radicals formed by the peroxone process did not result in higher BPA 

degradation efficiency when compared to ozonation alone. In their research, Lee et al., 

concluded that although the addition of hydrogen peroxide to ozonation might alter the reaction 

route and accelerate the reaction, his results showed that the addition of hydrogen peroxide failed 

to significantly accelerate the removal of BPA (Lee et al., 2003).In addition, Lee et al., conclude 

that since hydrogen peroxide is both a generator and scavenger of OH∙ radicals, a large fraction 

of the generated OH∙ radicals were consumed by hydrogen peroxide, leaving only a small portion 

to react with BPA (Lee et al., 2003). The reaction rate of ozone with hydrogen peroxide in 

neutral pH is fast and measured as 10-2 M-1 s-1 (Staehelln and Holgne 1982), this tends to suggest 

that although some of the generated OH∙ radicals will be scavenged by remaining hydrogen 

peroxide in solution, the remaining portion will be available to degrade BPA. Furthermore, the 

fact that OH∙ radicals degrade BPA at faster rates than molecular ozone, explains why the 

peroxone process was slightly more efficient for the degradation of BPA in DI water when 

compared to ozone.  

Once the results of the degradation of BPA by ozone and the peroxone process in DI water were 

recorded, the following procedure was followed to test for the effects these AOPs had on the 

degradation of BPA in leachate.  

4.1.2 Degradation of BPA by ozone and O3 + H2O2 in Leachate. 

The following procedure is very similar to that mentioned on section 4.1.1, nevertheless, some 

important variables were changed and will be described in detail. The following procedure was 

used for both experiments regarding the degradation of BPA by ozonation and the peroxone 
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process in leachate collected from the Leon County sanitary landfill. The two major differences 

in procedures were that higher maximum oxidant doses were use and the experiments were 

conducted in leachate, not DI water. Table 4.1.2.1 illustrates the volume of both ozone and 

hydrogen peroxide stock solutions spiked into the samples to achieve the specific dose. In 

addition, table 4.1.2.2 presents the dilution factor used to normalize and compare the results of 

the gathered data.  

Table 4.1.2.1. Doses and spiked volumes for Degradation of BPA in DI water by ozone and the peroxone process. 

Sample # 1 2 3 4 

Ozone (O3) Dose (ppm) 1.01 1.96 4.03 8.02 

Ozone (O3) Dose (µM) 21.05 40.85 84 167.15 

Volume of ozone rich solution added (mL) 7 14 31 73 

Hydrogen peroxide (H2O2)  Dose (ppm) 1.43 2.77 5.71 11.36 

Hydrogen peroxide (H2O2)  Dose (µM) 42.1 81.7 168 334.3 
 

Table 4.1.2.2. Dilution factor used to normalize BPA concentrations after analysis. 

Sample # 1 2 3 4 

Ozone (O3) Dose (ppm) 1.01 1.96 4.03 8.02 

Dilution Factor 1.035 1.07 1.155 1.365 
 

After the experiments were conducted,1mL of each sample was analyzed by a HPLC system 

equipped with a UV-vis detector, as stated in section 3.8. Once the samples were analyzed and 

the data was gathered, a graph was plotted. On the graph, ozone dose was plotted against BPA 

concentration in order to compare the effectiveness of both oxidation systems for the degradation 

of BPA in water. Triplicates for each experiment were conducted. After gathering the data of all 

triplicates, standard deviation of the values were calculated and added to the graph. Figure 

4.1.2shows the results of the above mentioned experiment. All raw data collected from the 

experiments is listed on appendix B. 
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Figure  4.1.2  Degradation of BPA by Ozone and O3+H2O2in Leachate.(pH  7.58) 

To quantify the second order rate constant for the degradation of BPA by O3 and O3+H2O2in 

leachate, the same procedure as stated in section 4.1.1 was used. The following table stated the 

second order rate constants and the standard error for each experiment. 

Table 4.1.2.3.Calculated second order rate constant and standard error for the degradation of BPA by Ozone and 

Ozone+H2O2 in Leachate. 

Oxidation System Second order rate constant 

(k) (L/mg∙sec) 

95% confidence 

standard error 

O3 -7.99x10-5 9.31x10-6 

O3 + H2O2 -4.28x10-5 7.35x10-6 

 

When comparing the second order rate constants for the degradation of BPA in leachate by 

ozone and a combination of ozone and hydrogen peroxide, a difference of -3.71x10-5 (L/mg∙sec) 

was calculated. These results indicate that ozonation had slightly faster degradation rates that the 

peroxone process when dealing with the degradation of BPA in leachate. In addition, both rate 

constants are statistically different and suggest that, the degradation of BPA by ozone alone in 

leachate isfaster than the degradation rate for BPA in leachate by the peroxone process. 
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The experiment described in section 4.1.2 was conducted in order to compare the overall 

degradation efficiency of O3 and O3+H2O2 when dealing with BPA in leachate. In these 

experiments, the highest oxidant doses were 8.02 ppm of O3 for ozonation alone and 8.02 ppm of 

O3 in combination with 11.36 ppm of H2O2 for the peroxone process. An initial BPA 

concentration of 1.86ppm was used in both experiments. Under these experiment conditions, a 

BPA degradation of 44% was achieved by ozonation while 26% BPA degradation was achieved 

by the peroxone process. Opposite to the results reported in section 4.1.1 when dealing with the 

degradation of BPA in DI water, the results of these experiments prove that ozonation alone was 

more efficient for the degradation of BPA in leachate than the peroxone process. Comparing the 

results of the degradation of BPA by the above described oxidants in DI and leachate water; the 

results shows less BPA degradation in leachate than in DI water. This could be explained by the 

fact that leachate contains high concentration of both oxidant scavenger species. In leachate the 

presence of carbonates, chlorides and sulphates has the ability to react both with O3 and ∙OH in 

solution acting as scavengers and therefore could inhibit the oxidation potential of such oxidizers 

(Tizaoui et al., 2007,Hoigne and Bader 1978). This explains the reason why the degradation of 

BPA by the oxidants mentioned is more efficient in DI water than in leachate. The reason why 

ozone was more effective than the peroxone process for the degradation of BPA in leachate must 

be discussed further. High concentrations of ammonia in leachate in combination with the non-

selectivity nature of OH∙ radicals result in a higher degradation of ammonia from the peroxone 

process when compared to ozonation alone. This implies that when compared to molecular 

ozone, higher concentrations of OH∙ radicals would be consumed by ammonia and other 

scavenging species present in solution. Due to this reason, higher ozone concentrations would be 

available for the degradation of BPA than OH∙ radicals, therefore explaining why ozonation 

alone was more effective for the degradation of BPA in leachate than the peroxone process.  

Aside from the efficiency of using AOPs to degrade EDCs present in leachate, another major 

focus of this research was to investigate the effects the mentioned AOPs had as precursors to 

biological treatment, which is discussed in section 4.2.  
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4.2 Ozone and O3 + H2O2 as precursor to anaerobic biological treatment. 

The procedure described in section 4.2 was used for the experiments related to the pretreatment 

of landfill leachate by O3 and O3 + H2O2prior to anaerobic biological treatment. Four samples, 

each exposed to different doses of O3 and H2O2 were used in this experiment. The following 

table indicates the doses applied to each sample.  

Table 4.2.O3 and H2O2 doses applied to samples for the experiments related to ozone and ozone + H2O2 as 

precursor to anaerobic biological treatment. 

Sample # 1 2 3 4 

O3 Dose (ppm) 0 3 7.5 7.5 

H2O2 Dose (ppm) 0 0 0 5 

 

In order to expose the samples to varying concentrations of ozone, different volume of ozone 

rich solution was added to the samples. The ozone rich solution was prepared as stated in section 

3.7 containing an ozone concentration of 30ppm. In order to overcome different dilution factors 

caused by addition of varying volumes of ozone rich solutions, DI water was added in specific 

volumes to achieve the same dilution factor in all samples. The following table indicates the 

volume of ozone rich solution and DI water added to each samples in order to maintain a 

common dilution factor in all samples. 

Table 4.2.1. Volumes of saturates ozone rich solution and DI water added to each 700mL sample. 

Sample # 1 2 3 4 

Added volume of ozone rich solution (mL) 0 100 250 250 

Added volume of DI water (mL) 300 200 50 50 
 

All reactions were conducted in 1L glass cylinder, equipped with a Teflon magnetic stirrer to 

ensure homogeneous conditions while the adding of ozone solution and reaction were taking 

place. After pretreatment was complete, samples were analyzed for pH, ammonia concentration, 

TOC and BDOC. The previously mentioned analysis was conducted in order to evaluate the 

overall water quality improvements achieved by O3 and O3 + H2O2 pretreatment. Analysis was 
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also conducted in order to compare water quality parameters prior and post anaerobic biological 

treatment and therefore compare the effects of various pretreatments. 

Another research question this thesis wanted to address was to identify what effects, if any, 

pretreatment using AOPs had on the efficiency of biological treatment to remove or degrade 

EDCs present in leachate. Section 4.2.1 of the manuscript details the procedure followed to 

investigate this area of study. 

4.2.1 Effects of O3and O3 + H2O2 pretreatment on EDC’s 

Prior to ozonation, all samples were spiked with 8mL of equimolar stock solution of BPA, EE2 

and E1 in order to investigate the effects pretreatment by O3 and O3 + H2O2 has on degradation 

of EDC. Furthermore, the addition of EDCs to solutions was also meant to investigate the effects 

anaerobic biodegradation of EDCs. The equimolar 1.85 Mm EDC stock solution was prepared 

by the addition of 21.11, 25 and 27.41 mg of BPA, E1 and EE2 respectively to 50mL of MeOH. 

The addition of 8mL of the above mentioned EDC stock solution generated aequimolar 

concentration of 14.8 µM in each sample. The following graph shows the degradation effects the 

above mentioned pre-treatment had on EDCs present in the leachate solution. For the analysis of 

EDC degradation, the GC-MS and Liquid-Liquid extraction methods stated on section 3.10 and 

3.9 respectively were used.  The raw data used to create figure 4.2.1 is shown in appendix B. 

 

Figure 4.2.1  Effects of ozone and O3 + H2O2 pretreatment on degradation of EDCs in leachate. 
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The results illustrated on figure 4.2.1 are consistent with the results of the previously discussed 

experiment outlined on section 4.1.2 and yielded further results. These results include the fact 

that the degradation of BPA by ozone and the peroxone process was altered by the addition of 

other EDCs in solution. The degradation of BPA was found to be less extensive when 

combinations of other EDCs were present in the treated leachate as compared to the degradation 

of the BPA when it was the only EDC present in solution. This result could be explained by the 

fact that the addition of various EDCs to solution created a competition for the oxidants used and 

generated when treating the samples. This phenomenon reduced the concentration of both 

molecular ozone and OH∙ radicals available to react with BPA, therefore decreasing the 

degradation of the mentioned compound.  

4.2.2 Effects of O3 and O3 + H2O2 pretreatment on Ammonia 

At high concentrations, ammonia may be one of the strongest scavengers of oxidants in leachate 

water matrices. The reaction rate of free ammonia and molecular ozone was calculated to be 

20M-1 s-1, in addition the reaction rate of ammonia and OH∙ was low and calculated at 8.7x10-7 

M-1 s-1 (Hoigne et al., 1978). Due to this fact, it is key to monitor the presence and the effects 

treatment by O3 and O3 + H2O2 have on ammonia concentration in solution. The leachate used in 

this study had an average concentration of 164.4 mg/L of ammonia as (NH3). The following 

graph shows the effects of O3 and O3 + H2O2 treatment on ammonia concentration in the treated 

leachate. The raw data used to create figure 4.2.2 are stated on appendix B. 
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Figure 4.2.2  Effects of ozone and O3 + H2O2 treatment on ammonia concentration in leachate (pH 7.58). 

Under the experimental conditions, treatment of leachate by ozone doses of 3 and 7.5 ppm had 

little effect on the degradation of ammonia present in the leachate, 4.7 and 7.3% respectively. On 

the other hand, leachate treated by a combination of 7.5ppm of ozone and 5ppm of hydrogen 

peroxide showed an increase in ammonia degradation, the degradation of ammonia by this 

process was calculated to be 16.5 %. The experiment results suggest that the addition of 

hydrogen peroxide to the ozonation of ammonia in leachate results in higher rates of ammonia 

decomposition when compared to ozonation alone. It is important to state that these reactions 

were carried out at a pH of 7.5, were the ammonia is present in both free ammonia form and 

ammonium ion due to the fact that the pka of ammonia is 9.3 (Kuo et al., 1997). This is 

important due to the fact that literature has shown that the ammonium ion is not reactive towards 

the ozone molecule, which is a electrphile (Kou et al., 1997). The studies conducted by Kou et 

al., also revealed that the degradation of ammonia is controlled by the OH∙ radical reaction with 

ammonia and that the depletion rate of ozone is influenced very little by the ammonia 

concentration (Kou et al., 1997). The results from the above mentioned experiment in addition to 

the conclusions presented by Kou et al., tends to suggest that under neutral pH, the degradation 

of ammonia is controlled by the reaction between OH∙ radicals and ammonia due to the fact that 

the reaction rate of ozone with ammonia is only 20.4M-1s-1 (Hoigne and Bader 1978). In this 
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reaction the ozone molecule slowly reacts with ammonia (NH3) oxidizing the compounds while 

producing NO3
-(Hoigne and Bader 1978). 

4.2.3 Effects ofO3 and O3 + H2O2 pretreatment on pH 

As previously mentioned, pH of the treated leachate was another parameter investigated in this 

experiment. The following table shows the effects treatment by O3 and O3 + H2O2 had on the pH 

of the treated leachate. 

Table 4.2.3.pH of leachate samples after treatment by O3 and O3 + H2O2. 

Treatment pH 

None (Raw Leachate) 7.58 

3ppm O3 7.48 

7.5ppm O3 7.38 

7.5ppm O3 + 5ppm H2O2 7.37 

 

Although the efficiency of oxidation processes are affected by pH, in this case, the change of pH 

in the above stated samples is not due to the treatment, but rather due to the addition of the 

buffered ozone rich solution. As stated in section 3.7, the ozone rich solution used to treat the 

samples was buffered to a pH of 6 in order to maximize the ozone concentration in solution. The 

difference in pH between the leachate and the buffered ozone rich solution caused the pH of the 

treated samples to decrease.  

 

4.2.4 Effects of O3and O3 + H2O2 pretreatment on TOC 

Total Organic Carbon (TOC) is the amount of carbon present in an organic compound. When 

dealing with water, in this case leachate water, TOC can be used as a non-specific indicator of 

water quality. In this research, the effects of ozonation and the peroxone process on TOC 

concentration were studied. TOC was measured as stated in section 3.5. The following graph 

shows the effects of ozone and O3 + H2O2 treatment on TOC concentration in leachate. 
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Figure  4.2.4. Effects of ozone and O3+ H2O2 treatment on TOC concentration in leachate. 

The experiment presented on section 4.24 was conducted in order to analyze the effects O3 and 

O3 + H2O2had on the removal of TOC in the treated leachate. As showed on figure 4.2.4, the 

initial TOC concentration of the leachate was 2,667ppm. After the leachate was treated by an 

ozone dose of 3ppm, the TOC concentration dropped to 2,153 which accounts for a 19% TOC 

removal. When treated by a dose of 7.5 ppm of ozone, TOC concentration dropped to 2,090 ppm 

which accounts for a 21.6% TOC removal. Finally the treatment that leads to the highest TOC 

removal was the combination of ozone and hydrogen peroxide. When treated by 7.5ppm of 

ozone in combination with 5ppm of H2O2the TOC concentration dropped to 1,998 ppm which in 

fact accounts for a 25% reduction in TOC concentration. These results are similar to those 

reported by Volk et al., in the following publication (Volk et al., 1997). On their research, a dose 

of 6.5 ppm of ozone was applied to their water and yielded a TOC reduction of 15%. 

Furthermore, the same 6.5ppm ozone dose was applied to the same water after the addition of 

2.27 ppm of H2O2 this treatment leads to a TOC reduction of 18%. In the above mentioned 

experiments. Removal of TOC is attributed to the direct reaction of ozone molecules with 

organic matter. Ozone reacts directly on aromatics, unsaturated organic compounds and amino 

compounds (Volk et al., 1997).This reaction tends to form carboxyl acids, aldehydes and ketons 

(Wu et al., 2003). These acids represent the highest oxidation state that organic molecules can 

2667

2153 2090
1998

0

500

1000

1500

2000

2500

3000

Raw Leachate 3ppm O3 7.5ppm O3 7.5ppm O3 + 5ppm 

H2O2

T
O

C
 c

o
n

ce
n

tr
a

ti
o

n
 (

p
p

m
)

Treatment



47 

 

attain; further oxidation of these compounds would result in complete transformation to carbon 

dioxide and water (Siddiqui et al., 1997). Like ozone, OH∙ generated in solution, react directly 

with aromatic compounds, and have the potential to react with aliphatic acids (Volk et al., 1997). 

Direct ozone oxidation of organic matter in conjunction with direct oxidation of aliphatic acids 

by OH∙ radicals, explain the increased removal of TOC by the peroxone process when compared 

to ozonation alone (Volk et al., 1997 and Siddiqui et al., 1997). 

4.2.5 Effects of O3 and O3 + H2O2 pretreatment on aerobic biological treatment. 

Biodegradable Dissolved Organic Carbon (BDOC) is the fraction of organic molecules that can 

be decomposed by heterotrophic bacteria as a source of energy. Related to water treatment, 

BDOC is used as a value to indicate the relative biodegradability of water matrices. Related to 

this research, most specifically when dealing with treatment prior to biodegradation, 

biodegradability of the leachate is of extreme importance. The method used for the measurement 

of BDOC is stated in section 3.6. The following graph shows the effects of O3 and O3 + H2O2 

treatment on BDOC measurements in leachate.  

 

Figure 4.2.5  Effects of ozone and O3 + H2O2 treatment on BDOC of landfill leachate. 

The results illustrated in figure 4.2.5 show that the samples exposed to 3ppm of ozone achieved a 

BDOC improvement of 22.5%. Those samples exposed to 7.5ppm of ozone achieved a BDOC 
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and 5ppm of H2O2 showed the highest improvement on biodegradability by achieving a BDOC 

improvement of 45.13%. There are a couple of reasons that explain the improvements on 

biodegradability of leachate when treated by O3 and O3 + H2O2. These treatments have been 

proven to alter the structure of organic compounds, breaking down large molecules into smaller 

less complex compounds and therefore increase the biodegradability of the leachate (Imani et al., 

1998). Previous research has confirmed the effectiveness of using ozonation and ozone based 

AOP as means to improve the biodegradability of leachate (Baig and Liechti 2001; Steensen, 

1997; Imani et al., 1998; Bila et al., 2005). Furthermore, at neutral or close to neutralpH, the 

combined effects of ozone and hydrogen peroxide not only generated higher TOC degradation 

than ozone alone, but also increased the biodegradability of the leachate (Susana et al., 

2010).This could be explained by the fact that OH∙ radicals would assist in a more complete 

breakdown of complex organic molecules when compared to ozonation alone and therefore 

enhance the overall biodegradability of the treated waste water (Silva et al., 2004).   

 

4.3 Effects of O3 and O3 + H2O2 on anaerobic biological treatment. 

Batch anaerobic experiments were conducted to treat three leachate samples, which were 

exposed to different pretreatments.  Prior to pretreatment, BPA and E2 were spiked into the 

samples to achieve equal concentrations of 4ppm.The first sample was used as a control and was 

not exposed to any pretreatment. The control was identified as raw leachate. The second sample 

was exposed to an ozone dose of 8ppm. To do so, 240ml of 30ppm ozone saturated solution (as 

described in section 3.2) was spiked into the reaction vessel containing 760mL of leachate. When 

adding the saturated ozone solution to the leachate sample, 20 spikes of 12mL were used at2 

minutes intervals to allow sufficient contact time. The third sample was pretreated with a 

combination of O3 andH2O2.  A 2:1 molar ratio of H2O2 to ozone was used for this pretreatment.  

The same 8ppm ozone dose was used in this pretreatment, which determined the addition of 11.4 

ppm of H2O2. H2O2was added to the samples prior to ozonation to ensure a homogeneous 

mixture of H2O2in solution. Following the pretreatment, the samples were exposed to biological 

anaerobic treatments. To do so, the following procedure was used: 
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25mL of the above mentioned samples were added to a 70mL glass serum bottle. To those 

samples, 25mL of the anaerobic sludge (described in section 3.1.2) were added. The total sample 

volume in each 70mL glass serum bottle was 50Ml. Sufficient head space was allowed to ensure 

the glass bottles would resist the buildup of pressure caused by gases produced by the biological 

activity. To ensure anaerobic conditions, each bottle was sealed using a rubber stopper, 

preventing any oxygen in flow. Furthermore, helium was introduced to the sealed vessels in 

order to assure no oxygen was present. To each bottle, a concentration of 1.2 g/L of sodium 

bicarbonate (NaHCO3) was added to buffer the pH of the solution. This ensures optimum 

conditions for microbial activity. Buffering the solution is required due to the fact that anaerobic 

biological activity creates fatty acids, which will otherwise alter the pH of the samples. 

Samples were incubated at 37°C for a period of 2 days. At day 0 and 1, 2mL of the sample were 

drawn from the bottles and centrifuged at 1,600 rpm for a period of 5 minutes to remove all 

sludge present if solution. After samples were centrifuged, the supernatant was separated from 

the sludge and placed in HPLC vials to be analyzed as mentioned in section 3.8. The same 

procedure was used for the experiments related to the effects of anaerobic biological treatment 

on water quality, with the exception that samples were incubated for a period of 5 days. 

While running the anaerobic biological treatment experiment, a portion of the total EDC 

concentration would be degraded by the microbial activity, while another fraction would be 

adsorbed to the sludge. In order to differentiate between the actual degradation of EDCs by the 

microbial activity and the concentration of EDCs adsorbed to the sludge, 0.1mg of sodium 

azide(NaN3) was added to one of the three replicates of each different pretreatment, yielding a 

total concentration of 2mg/L sodium azide in the inactivated samples. The addition of sodium 

azide(NaN3) to the samples would inactivate any biological activity; therefore, the change in 

EDC concentration in these bottles would yield the adsorbed quantity of EDCs to the sludge.  

 

4.3.1 Effects of anaerobic biological treatment on pH. 

The following results were obtained after incubating the pretreated samples for a period of 5 

days. These results show the effect that anaerobic biological treatment had on the Ph, ammonia 

concentration and TOC of the treated landfill leachate. 
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Table 4.3.Ph of leachateafter pretreatment by O3 and O3 + H2O2 and anaerobic biological treatment. 

Treatment pH 

None (Raw Leachate) 7.45 

3ppm O3 7.41 

7.5ppm O3 7.39 

7.5ppm O3 + 5ppm H2O2 7.41 

 

When comparing the pH of the pretreated samples to those of the effluent from batch anaerobic 

experiments, no major change in pH was detected. The fact that no change in pH was detected 

after incubation is attributed to the addition of 1.2 g/L of Sodium bicarbonate (NaHCO3) to the 

samples prior to incubation. As stated above, the addition of Sodium bicarbonate was meant to 

ensure optimum conditions for microbial activity. A main focus of the mentioned experiment 

was to quantify the effects anaerobic biological treatment had on the concentration of total 

organic carbon present in the pre treated leachate samples. 

 

4.3.2 Effects of anaerobic biological treatment on TOC concentration of treated leachate. 

TOC was another water quality parameter used to assess the efficiency of anaerobic biological 

treatment in terms of overall improvement in water quality, and to compare the effects of the 

different pretreatments. The following graph shows the concentration of TOC in the effluent 

form the anaerobic biological treatment batch experiments. 
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Figure  4.3. TOC concentration in effluent from anaerobic biological treatment after pretreatment with ozone and 

O3 + H2O2 

As the results of figure 4.3 shows, the batch experiments that were used to simulate the MBR 

system had large impacts on TOC concentrations in leachate. The samples that were not exposed 

to any pretreatment showed a TOC reduction of 81%. Furthermore, samples exposed to 

pretreatment of 3ppm of O3, 7.5ppm of O3 and 7.5ppm of O3 in combination with 5ppm of H2O2 

showed 91%, 93% and 95%  reduction of TOC respectively. The same experiment was used to 

explore the effects anaerobic biological treatment had on the concentration of ammonia from the 

pre treated leachate samples. Section 4.3.3 explores this relationship and presents the results of 

the mentioned experiment.   

 

4.3.3 Effects of anaerobic biological treatment on Ammonia concentration in treated 

leachate. 

Concentration of Ammonia (NH3-N) was another water quality parameter used to assess the 

efficiency of anaerobic biological treatment in improving the overall water quality and to 

compare the effects of the different pretreatment. The following graph shows the concentration 
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of Ammonia in the effluent from the batch experiments where anaerobic biological treatment 

was conducted. 

 

Figure  4.4. Ammonia concentration in effluent from anaerobic biological treatment after pretreatment with ozone 

and O3 + H2O). 

When the results from figure 4.4 are compared to those found in figure 4.2.2, the following 

conclusion may be drawn. It is important to mention that the percent removal of ammonia 

presented in this section was calculated from the initial ammonia concentration after 

pretreatment which are presented on figure 4.2.2. In the samples that were not exposed to any 

pretreatment, 18% of the initial ammonia degradation was measured. In the samples that were 

exposed to an ozone dose of 3ppm, 20% of the initial ammonia was measured. And those 

exposed to an ozone dose of 7.5 ppm yielded a 19% ammonia degradation. Finally, samples 

pretreated with a combination of 7.5ppm of ozone and 5ppm of hydrogen peroxide, resulted in a 

degradation of 17% after 5 days of anaerobic biological degradation. The results show that 

pretreatment with different ozone doses and the peroxone process had little effect on the 

potential to degrade ammonia of anaerobic biodegradation. Nevertheless, after anaerobic 

biodegradation, ammonia degradation in all samples was achieved at rates ranging from 17% to 

20%. This reduction in ammonia concentration may be attributed to ammonia incorporation to 
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the mass cells as reported by (Lin et al., 2000). Furthermore, anaerobic ammonium oxidation 

utilizing NH4-N as an electron acceptor and converting a portion of the total ammonia 

concentration into N2 gas as reported by (Hollopeter et al., 1995) and (Turk and Mavinic, 1999). 

In addition to the effects biological treatment had on ammonia concentration of the pre treated 

leachate, the same experiment was conducted in order to track the degradation of EDCs by such 

means.  

 

4.4 EDC Degradation by anaerobic biological treatment. 

As previously mentioned, a focus of this research was to explore the effects of pretreatment by 

ozone and the peroxone process on the degradation of EDC (in this case BPA and E2) by 

anaerobic biological treatment. Section 4.3 describes the methods and experiments used to 

answer this question. From those experiments, the following data was gathered. 

 

Figure  4.4.1BPA concentration in effluent from anaerobic biological treatment after pretreatment with ozone and 

O3 + H2O2. 
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Figure  4.4.2 E2 concentration in effluent from anaerobic biological treatment after pretreatment with ozone and O3 

+ H2O2 (Day 1 of incubation) 

The results shown in figure 4.4.1 demonstrate the fraction of BPA remaining in the liquid phase 

after day one and two of incubation. Day 0 represents the liquid concentration of BPA present 

immediately after the addition of the anaerobic activated sludge. The control samples, in which 

no sludge was added to the reaction vessels, show minimum BPA disappearance. This indicates 

that the degradation of BPA by mechanisms such as hydrolysis and photo degradation could be 

ignored for the duration of the experiment. Furthermore, the results indicate that the 

concentration of liquid BPA decreased in both the reaction vessels where sludge was both active 

and inactive. The results from the inactivated sludge reaction experiments show that regardless 

of pretreatment, the vast majority of BPA concentration (day 1; 35% and day 2; 12%) was 

adsorbed to the solid sludge particles. Although a slightly higher decrease in BPA concentration 

was observed when active sludge was used, the standard deviation of the replicates indicate the 

difference is not statistically significant. This signifies that the decrease in BPA was attributed to 

the adsorption to the sludge particles rather than to the anaerobic degradation.   

When dealing with E2 under the same experiment conditions, adsorption of the compound to the 

solid sludge particles was also the mechanism by which E2 was removed which from the liquid 

phase. No data for day 2 of incubation was presented due to the fact that the concentration of E2 

present in the liquid phase after the second day of incubation was bellow the detection limit for 
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the analytical instrument. The detection limit was calculated using the EPA recommended 

approach at a confidence interval of 95%. Using this method, the detection limit of E2 for HPLC 

configuration used was calculated at 0.075ppm. Nevertheless, the data for day 1 of incubation 

shows a statistically significant difference in recovered E2 concentration from the samples in 

which anaerobic sludge was inactive. This tends to suggest that a portion of E2 removal from the 

liquid phase was due to the biological activity of the anaerobic sludge. The main conclusions 

drawn from the research in addition to suggested future research are presented in chapter 5 and 6. 
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CHAPTER 5 

CONCLUSIONS 

 

From the experiments conducted in this research, both ozone and the peroxone process were 

proven efficient in improving the overall water quality of the treated leachate and in increasing 

the overall biodegradability of the same. At an ozone dose of 7.5ppm, biodegradability of the 

leachate was increased by 25%, while a combination of 7.5ppm of ozone and 5ppm of hydrogen 

peroxide resulted in a 35% increase in biodegradability of the treated leachate. Experiments 

conducted in this research proved the fact that pre-treatment of leachate by ozone and the 

peroxone process had the ability to improve the effectiveness of both aerobic and anaerobic 

biological treatments. When treating the leachate by an ozone dose of 7.5ppm, TOC 

concentrations dropped by 21% while a decrease of 25% was achieved by combining 7.5ppm of 

ozone and 5ppm of hydrogen peroxide. When dealing with ammonia, ozonation alone was only 

able to remove 7.3% of the total ammonia concentration when exposed to an ozone dose of 

7.5ppm. Meanwhile, a sharp increase in ammonia reduction of 16.5% was achieved by adding 

5ppm of hydrogen peroxide to the above ozone dose. The kinetic results that are present in this 

study showed that ozone and the peroxone process oxidation systems can be effective treatment 

schemes for the degradation of several EDC‘s in both DI and leachate water. In DI water, second 

order rate constants for the degradation of BPA were calculated as -3.07x10-4 M-1 s-1 for 

ozonation alone and -4.03x10-4 M-1 s-1 for the peroxone process. In leachate, second order rate 

constants for the degradation of BPA were calculated as -7.99x10-5 M-1 s-1 for ozonation alone 

and -4.28x10-5 M-1 s-1 for the peroxone process. The difference in degradation efficiency of BPA 

between DI and leachate water could be explained by the carbonates, chlorides and sulphates that 

are present in leachate.  The presence of these scavenging species in leachate inhibits the 

oxidation potential of the studied oxidizers and therefore, helps explain why the degradation of 

BPA is more efficient in DI water than in leachate. In addition, it is important to state that the 

generation of OH∙ radicals from ozonation alone, contributes to the small change in EDC 

degradation from ozonation alone when compared to the peroxone process. If no OH∙ were 

generated by ozonation alone, the difference in degradation of EDCs by the peroxone process 
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when compared to ozonation, should be greater than what was measured in the experiments. 

Furthermore, the experiments conducted in this research suggest that the disappearance of EDCs 

from anaerobic biological treatment is largely due to adsorption, nevertheless, anaerobic 

biodegradation of E2 was observed. In order to fully understand the mechanisms and effects of 

pretreatment on anaerobic biological treatment of EDCs, mass balance experiments must be 

conducted as a recommendation for future research. This is one suggestion, among others that 

are described in chapter 6. 
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CHAPTER 6 

FUTURE RESEARCH 

The kinetic results presented in this research show that ozone and the peroxone oxidation 

processes can be effective treatment schemes for the overall treatment of landfill leachate and 

degradation of EDCs present both in DI and leachate water. However, many questions remain 

regarding fundamentals of the treatment processes and the additional effects caused by the 

studied treatment scheme. 

One of the biggest concerns is the byproducts of the treatment process. As discussed previously, 

the incomplete oxidation of EDCs from this oxidation process will produce a series of 

byproducts, which were not identified in this study. Future research must be conducted to 

address this issue and investigate what byproducts are formed during each process and the 

relative toxicity of such byproducts. In addition, further research that relates to the optimization 

of oxidant doses, and their effects on the efficiency of the studied treatment, should be 

conducted. Further, various concentration of ammonia, and other scavenging species present in 

leachate, and their effect on the efficiency of the studied oxidants should be addressed further. 

Finally, further experiments dealing with adsorption of EDCs to anaerobic activated sludge are 

required in order to validate the results presented, and to quantify the exact adsorption 

characteristics of various EDCs. Due to the fact that this research studied the effects of anaerobic 

biological treatment, further research would be necessary in order to validate the use of 

anaerobic batch experiments as simulated MBR systems. 
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               APPENDIX A               

    CALIBRATION CURVES
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Ammonia Calibration Curve 

Raw Data 

 

Ammonia Concentration (ppm) Probe (Mv) reading 

1000 -144.8 

100 -88.6 

10 -28.3 

1 25.8 

 

Calibration Curve 

 

 

 

 

y = -24.8ln(x) + 26.84

R² = 0.999
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TOC Calibration Curve 

Raw Data 

 

Standard (ppm) as C Area under Peak 

0.1 2,067,528 

2 3,341,910 

5 5,754,450 

10 9,559,807 

15 13,795,686 

20 18,005,696 

 

Calibration Curve 

 

 

y = 80308x + 2E+06

R² = 0.999
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GC-MS Calibration Curve for BPA  

Liquid-liquid extraction 

Raw Data 

Bpa (ppm) Area under Peak 

Triphenyl 

(Area Under Peak) 

Relative 

Area 

0.5 47,539,580 63,913,131 0.743815539 

0.5 54,576,893 73,188,593 0.745702175 

1 111,845,192 70,835,677 1.578938703 

1 102,447,681 65,106,903 1.573530245 

2 202,022,249 67,404,483 2.997163393 

2 204,187,694 64,137,481 3.183593911 

5 403,416,571 73,979,716 5.453070014 

5 406,750,120 74,979,716 5.424802089 

 

Calibration Curve 

 

 

y = 0.107x + 0.056

R² = 0.972
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GC-MS Calibration Curve for EE2  

Liquid-liquid extraction 

Raw Data 

17 ethynylestradiol (ppm) Area under Peak 

Triphenyl 

(Area Under Peak) 

Relative 

Area 

0.5 33,866,553 63,913,131 0.529884117 

0.5 43,898,841 73,188,593 0.599804412 

1 93,842,220 70,835,677 1.324787508 

1 83,049,023 65,106,903 1.275579381 

2 168,642,908 67,404,483 2.501953883 

2 168,801,952 64,137,481 2.631876858 

5 578,382,603 73,979,716 7.818124133 

5 502,994,859 74,979,716 6.708412433 

 

Calibration Curve 

 

 

 

y = 0.130x - 0.052

R² = 0.984
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GC-MS Calibration Curve for E1 

Liquid-liquid extraction 

 

 Raw Data 

Estrone (ppm) Area under Peak 

Triphenyl (Area Under 

Peak) 

Relative 

Area 

0.5 49,508,735 63,913,131 0.774625405 

0.5 61,056,204 73,188,593 0.834231149 

1 122,878,713 70,835,677 1.734700905 

1 108,300,899 65,106,903 1.663431894 

2 212,425,586 67,404,483 3.151505309 

2 213,811,431 64,137,481 3.333642477 

5 626,075,325 73,979,716 8.462797086 

5 540,719,143 74,979,716 7.211538958 

 

Calibration Curve 

 

 

y = 0.118x + 0.019
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HPLC UV-Vis Calibration Curve for BPA  

In DI Water 
 

Raw Data 

BPA  (mg/L) Area Under Peak 

0.5 329405 

1 728678 

2 1085940 

3 1549926 

4 2086224 

5 2248486 

 

Calibration Curve 

 

 

 

 

y = 43145x + 22352

R² = 0.981

0

500000

1000000

1500000

2000000

2500000

0 1 2 3 4 5 6

A
re

a
 u

n
d

e
r 

p
e

a
k

BpA Concentration (ppm)



66 

 

 

HPLC UV-Vis Calibration Curve for BPA  

In Leachate 

 

 Raw Data 

BPA (mg/L) Area Under Peak 

0.5 827054 

1 1124104 

2 1667217 

3 2361690 

4 2712309 

5 3224836 

 

Calibration Curve 

 

 

 

y = 53552x + 60276
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               APPENDIX B 

 EXPERIMENTAL RESULTS (RAW DATA)
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BPA degradation by O3 and O3+H2O2In DI Water 
Raw Data 

Ozone  
     

Ozone Dose Area Under Peak BPA (ppm) Average 

BPA (ppm) 

Normalized STDV 

0.00 1109097 2.05       

0.00 1123928 2.09       

0.00 1126432 2.09 2.08 2.08 0.0217 

1.00 980384 1.75       

1.00 991968 1.78       

1.00 1071399 1.97 1.83 1.90 0.1148 

1.96 828947 1.40       

1.96 851627 1.46       

1.96 859780 1.47 1.44 1.55 1.55 

4.03 613812 0.90       

4.03 624071 0.93       

4.03 608337 0.89 0.91 1.05 0.0185 

5.51 478081 0.59       

5.51 479161 0.59       

5.51 481850 0.60 0.59 0.73 0.0045 

Ozone + H2O2 
    

Ozone Dose Area Under Peak BPA (ppm) Average 

BPA (ppm) 

Normalized STDV 

0.00 1144023 2.13       

0.00 1182782 2.22       

0.00 1214028 2.30 2.22 2.22 0.0813 

1.00 923490 1.62       

1.00 920368 1.62       

1.00 915136 1.60 1.61 1.67 0.0098 

1.96 763944 1.25       

1.96 758288 1.24       

1.96 765205 1.26 1.25 1.34 0.0085 

4.03 532169 0.72       

4.03 534981 0.72       

4.03 550247 0.76 0.73 0.84 0.0225 

5.51 401234 0.41       

5.51 409823 0.43       

5.51 409823 0.43 0.43 0.52 0.0115 
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BPA degradation by O3 and O3+H2O2In Leachate 

Ozone  
     

Ozone Dose 

Area Under 

Peak 

BPA 

(ppm) Average 

BPA (ppm) 

Normalized STDV 

0.00 1624597 1.90       

0.00 1615580 1.89       

0.00 1565358 1.79 1.86 1.86 0.0608 

1.00 1514132 1.70       

1.00 1506761 1.68       

1.00 1529146 1.73 1.70 1.76 0.0252 

1.96 1494346 1.66       

1.96 1394591 1.47       

1.96 1412569 1.51 1.55 1.65 0.1002 

4.03 1334071 1.36       

4.03 1261637 1.23       

4.03 1252644 1.21 1.27 1.46 0.0814 

8.02 1009474 0.75       

8.02 998998 0.73       

8.02 1034659 0.80 0.76 1.04 0.0361 

      Ozone and H2O2 
    

Ozone Dose 

Area Under 

Peak 

BPA 

(ppm) Average 

BPA (ppm) 

Normalized STDV 

0.00 1599541 1.86       

0.00 1583774 1.83       

0.00 1625042 1.9 1.86 1.86 0.0351 

1.00 1611238 1.88       

1.00 1542063 1.75       

1.00 1514273 1.7 1.78 1.84 0.0929 

1.96 1459249 1.59       

1.96 1527788 1.72       

1.96 1513335 1.7 1.67 1.79 0.0700 

4.03 1343241 1.38       

4.03 1296077 1.29       

4.03 1387445 1.46 1.38 1.59 0.0850 

8.02 1122440 0.97       

8.02 1167350 1.05       

8.02 1130124 0.98 1.00 1.37 0.0436 
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Ozone and (Ozone + H2O2) as precursor to anaerobic biological 

treatment 

Raw Data : Degradation of EDCs 

BpA             

    

Internal 

Standard   Conc. Conc.   

Treatment 

Area under 

Peak 

Area Under 

Peak 

Relative 

Area (µM)  (ppm) 

Average 

conc. 

(µM) 

            STDV 

Raw Leachate 255614760 103452873 2.4708 17.853 4.0769 17.2575 

Raw Leachate 233997587 99901809 2.3423 16.6568 3.8026 0.8496 

3ppm O3 262813510 122084009 2.1527 14.8853 3.3982 15.2788 

3ppm O3 199413580 89145883 2.2369 15.6723 3.5778 0.5565 

7.5ppm O3 199497212 99318852 2.0087 13.5388 3.0908 13.2150 

7.5ppm O3 163274092 84189710 1.9394 12.8912 2.9429 0.4579 

7.5 ppm O3 + 5ppm H2O2 209708372 97636506 2.1478 14.8397 3.3878 14.5154 

7.5ppm O3 + 5ppm H2O2 185566254 89280822 2.0785 14.1912 3.2397 0.4586 

       Estrone (E1)             

    

Internal 

Standard   Conc. Conc. 

Average 

conc. 

(µM) 

Treatment 

Area under 

Peak 

Area Under 

Peak 

Relative 

Area (µM)  (ppm) 

Standard 

Deviation 

              

Raw Leachate 225982703 103452873 2.1844 18.3509 4.9613 18.5486 

Raw Leachate 222887082 99901809 2.2311 18.7463 5.0682 0.2796 

3ppm O3 235096956 122084009 1.9257 16.1585 4.3686 16.7421 

3ppm O3 183947028 89145883 2.0634 17.3257 4.6842 0.8254 

7.5ppm O3 175413439 99318852 1.7662 14.8065 4.0031 14.8725 

7.5ppm O3 150005082 84189710 1.7818 14.9386 4.0388 0.0934 

7.5ppm O3 + 5ppm H2O2 177294543 97636506 1.8159 15.2277 4.1169 14.7440 

7.5ppm O3 + 5ppm H2O2 151931747 89280822 1.7017 14.2604 3.8554 0.6839 
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17-α Ethynylestradiol 
(EE2)             

    

Internal 

Standard   Conc. Conc. 

Average 

conc. 

(µM) 

Treatment 

Area under 

Peak 

Area Under 

Peak 

Relative 

Area (µM)  (ppm) 

Standard 

Deviation 

              

Raw Leachate 264036777 103452873 2.5522 19.2326 5.7006 19.8752 

Raw Leachate 271665182 99901809 2.7193 20.5179 6.0815 0.9088 

3ppm O3 273692251 122084009 2.2418 16.8449 4.9928 17.1446 

3ppm O3 206797802 89145883 2.3198 17.4444 5.1705 0.4239 

7.5ppm O3 210271649 99318852 2.1171 15.8857 4.7085 15.7154 

7.5ppm O3 174513767 84189710 2.0729 15.5451 4.6076 0.2408 

7.5ppm O3 + 5ppm H2O2 209708372 97636506 2.1478 16.1219 4.7785 15.8550 

7.5ppm O3 + 5ppm H2O2 185566254 89280822 2.0785 15.5881 4.6203 0.3774 

 

Raw Data: Effects of treatment on Ammonia concentration in leachate. 

Treatment Mv reading 

Concentration 

(ppm) 

Raw Leachate -99.7 164.41 

3ppm O3 -98.5 156.65 

7.5ppm O3 -97.8 152.29 

7.5ppm O3 + 5ppm H2O2 -95.2 137.13 
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Effects of ozone and O3 + H2O2 pretreatment on TOC 

Raw Data : TOC removal  

 

          Normalized Average   

Treatment Rep Raw Data 

TOC 

(ppm) 

Dilution 

Factor TOC (ppm) TOC (ppm) STDV 

None (Raw Leachate) 1 4144157 2.67 1000 2669.92     

None (Raw Leachate) 2 4139763 2.66 1000 2664.45 2667.18 3.87 

3ppm O3 1 3726824 2.15 1000 2150.25     

3ppm O3 2 3730837 2.16 1000 2155.25 2152.75 3.53 

7.5ppm O3 1 3677320 2.09 1000 2088.61     

7.5ppm O3 2 3680283 2.09 1000 2092.30 2090.45 2.61 

7.5ppm O3 + 5ppm 

H2O2 1 3607147 2.00 1000 2001.23     

7.5ppm O3 + 5ppm 

H2O2 2 3601234 1.99 1000 1993.87 1997.55 5.21 
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Effects of ozone and O3 + H2O2 pretreatment on BDOC 

Raw Data : BDOC values 

Prior to 

incubation 

       

Treatment Rep Raw Data 

TOC 

(ppm) 

Dilution 

Factor 

TOC Normalized 

(ppm) 

TOC Average 

(ppm) STDV 

raw 1 4144157 2.67 1000 2669.92     

raw 2 4139763 2.66 1000 2664.45 2667.18 3.87 

3ppm 03 1 3726824 2.15 1000 2150.25     

3ppm 03 2 3730837 2.16 1000 2155.25 2152.75 3.53 

7.5ppm 03 1 3726824 2.15 1000 2150.25     

7.5ppm 03 2 3680283 2.09 1000 2092.30 2121.27 40.98 

7.5 ppm 03 + 

5ppm H2O2 1 3677320 2.09 1000 2088.61     

7.5 ppm 03 + 

5ppm H2O2 2 3601234 1.99 1000 1993.87 2041.24 66.99 

       

 

 

 

 

Post 

incubation 

       

Treatment Rep Raw Data 

TOC 

(ppm) 

Dilution 

Factor 

TOC Normalized 

(ppm) 

TOC Average 

(ppm) STDV 

raw 1 3672012 2.08 1000 2082.00     

raw 2 3647362 2.05 1000 2051.30 2066.65 21.70 

3ppm 03 1 3287234 1.60 1000 1602.87     

3ppm 03 2 3303180 1.62 1000 1622.73 1612.80 14.04 

7.5ppm 03 1 3212930 1.51 1000 1510.35     

7.5ppm 03 2 3198362 1.49 1000 1492.21 1501.28 12.83 

7.5 ppm 03 + 

5ppm H2O2 1 3094732 1.36 1000 1363.17     

7.5 ppm 03 + 

5ppm H2O2 2 3029371 1.28 1000 1281.78 1322.47 57.55 
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BDOC 

 

 

 

 

Treatment TOC prior TOC post BDOC % BDOC 

BDOC 

Average STDV 

raw 2669.92 2082.00 587.92 22.02     

raw 2664.45 2051.30 613.14 23.01 600.53 0.70 

3ppm 03 2150.25 1602.87 547.38 25.46     

3ppm 03 2155.25 1622.73 532.52 24.71 539.95 0.53 

7.5ppm 03 2150.25 1510.35 639.90 29.76     

7.5ppm 03 2092.30 1492.21 600.09 28.68 620.00 0.76 

7.5 ppm 03 + 5ppm H2O2 2088.61 1363.17 725.44 34.73     

7.5 ppm 03 + 5ppm H2O2 1993.87 1281.78 712.09 35.71 718.76 0.69 
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