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ABSTRACT 

Advanced oxidation processes (AOPs) have garnered recent consideration as an option to 

reduce organic loading, and the recalcitrance of mature landfill leachate. Hydroxyl radicals (•OH) 

are produced during AOPs, which are effective in destroying organic chemicals. To investigate 

the potential for leachate conditioning by pre-ozonation treatment (O3/H2O2 and O3), low-mg/L 

level ozone stock solutions were spiked into an ‘old’ landfill leachate (0 to 7.5mg/L O3). The 

stoichiometric ratio of 1.1:1 was determined to be the optimal molar ratio of O3 to H2O2 based on 

the biodegradability of the leachate organics. The leachate conditioning includes: measurement 

of the three anthropogenic contaminants tris-(2-chloroethyl) phosphate (TCEP), tris-

(butoxyethyl)-phosphate (TBEP) and 17ß–estradiol (E2) by pre-ozonation treatment and the pre-

ozonation followed by anaerobic treatment; COD and BOD5/COD analysis of the ozonated 

leachate; measurement of the methane and total gas formation during the anaerobic incubation; 

also the COD analysis of the mixed leachate and sludge solution during the anaerobic incubation. 

When treating with O3 and O3/H2O2 pre-oxidation, the removal of E2 was 65% at the ozone dose 

of 4.5mg/L to 5.4mg/L, which was higher than that of TCEP and TBEP. Based on one-way 

ANOVA analysis, the O3/H2O2 pre-treatment was observed to have significantly improved 

degradation of E2 during anaerobic incubation of oxidized leachates (removal rate of E2 was 

53.7% after 15 days of incubation). However, O3 pre-treatment improved post-ozone degradation 

of TCEP and TBEP by 26% and 39.3% as compared with O3/H2O2 after 15 days of incubation. In 

addition, overall anaerobic activity was not impacted by the applied ozone pre-treatments, as 

measured by methane formation, total gas formation, and COD removal. In general, low-mg/L 

ozone pre-treatment, prior to anaerobic incubation, was found to improve biological degradation 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Landfill Leachate 

In a typical municipal solid waste landfill, “leachate” is used to classify the net flow of water 

into a landfill cell from precipitation, runoff, and the seepage of water from liquid and semi-

liquid wastes. Modern landfills are equipped with impermeable liners, waterproof covers, 

leachate collection systems and gas collection systems to mitigate potential hazards to the 

environment.  The collected leachate is stored for pre-treatment and ultimate disposal.  

The relative ‘strength’ of municipal landfill leachates is usually characterized by the 

aggregate measures chemical oxygen demand (COD), biochemical oxygen demand (BOD), and 

the ratio of BOD/COD (to describe the relative bio-availability of organic matter), pH, 

suspended solids (SS), total Kjeldahl nitrogen (TKN), alkalinity and heavy metals. There are 

many site-specific factors affecting the quality of leachate, such as seasonal weather variations, 

age and structure of landfill, the type and moisture content of the landfill waste, and relative 

biodegradability of the various organic contaminants present in the landfill wastes. The relative 

characteristics of landfill leachate by common classifications are shown in Table 1.1.1. 

Table 1.1.1– Typical composition of municipal landfill leachates by age (Foo 2009) 

  
"Young" "Intermediate" "Stablilized" or "Old" 

Age (years) < 5 5-10 > 10 

pH < 6.5 6.5-7.5 > 7.5 

COD (mg/L)  > 10000  4000-10000 < 4000 

BOD5/COD 0.5-1 0.1-0.5 < 0.1 

Organic Matter 80% volatile fatty acids 
(VFA) 

5-30% VFA plus 
humics/fulvics humic and fulvic acids 

TKN (g/L) 0.1-0.2 - - 
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Biodegradability High Medium Low 

Based on the research conducted by Meeroff et.al (2010); the leachate production ranges 

from 100 to 3000 gpd/acre by the 52 representative landfills in Florida. Approximately 750 

gpd/acre of Class I landfill leachate are collected daily according to a previous survey (Tedder, 

1997).The table 1.1.2 is the summary of the distribution of the landfill leachate production by the 

capacity class of the landfill leachate (Meeroff and Teegavarapu, 2010). 

 
Table 1.1.2 – The summary of the distribution of the landfill leachate production 

 

Capacity Class Range (gpd/acre) Number 

Small < 100 14 
Medium 100 - 300 9 

Large 300 - 850 6 
Super > 850 2 

Not determined _ 21 
 

Often the most practical solution for disposal of stored municipal landfill leachate involves 

the municipal wastewater treatment plant (WWTP). When collected volumes are too large to 

make transport and disposal at WWTP feasible or the nearest WWTP lacks the necessary 

infrastructure for handling and treatment, on-site leachate treatment is utilized. Paradoxically, 

on-site treatment is most common for ‘young’ municipal landfills where leachate organics can be 

readily biodegradable and treated with conventional biological wastewater unit processes. It is 

leachates from ‘old’ landfills that naturally accumulate at a slower rate, have smaller storage 

requirements, and are often sent directly to municipal WWTP for treatment.  These leachates 

remain rich in organic matter containing a higher degree of refractory, heavy molecular weight 

organic compounds; organic matter that can be difficult for conventional activated sludge 

treatment plants to fully remove. Recent spectroscopic analysis of leachates from landfills of 

varying age identified significant aromaticity in the ‘young’ leachates that was readily broken 

down during aerobic incubation, and dissolved organic matter that was predominantly 

proteinaceous in ‘old’ leachate samples from non-hazardous waste landfills (Yunus et al. 2011).  

Of particular concern are refractory anthropogenic organic contaminants in municipal landfill 

leachates. Many regulated organic contaminants have been detected in landfill leachates, 
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including aromatic compounds, halogenated compounds, and pesticides and herbicides (Öman 

and Junestedt 2008). Unregulated contaminants, often classified as emerging contaminants of 

concern in the hydrosphere, are also found in landfill leachates. Sampling in monitoring wells 

near a closed, unlined landfill in Elkhart, Indiana, found several dissolved plasticizers, fire-

retardants, and recalcitrant pharmaceuticals (Buszka et al. 2009).  

 

1.2 Trace Anthropogenic Organic Contamination of Landfill Leachates 

Over 90 organic compounds were detected from Swedish landfill leachate samples, which 

include halogenated aliphatic compounds, benzene and alkylated benzenes, polycyclic aromatic 

compounds, chlorinated phenols and chlorinated benzenes, pesticides, fire-retardant compounds 

and endocrine-disrupting compounds (EDCs) (Öman and Junestedt 2008). Several of the 

detected flame retardants and plasticizers by Buszka et al. (2009) are in the form of tri alkyl 

phosphate esters (TAPs), a class of anthropogenic organics commonly found in the surface 

waters of Europe and North America (Kolpin et al. 2002; Martinez-Carballo et al. 2007). Flame-

retardant TAPs are either chlorinated or brominated. For example, tris-(2-chloroisopropyl)-

phosphate (TCPP), tris-(2-chloroethyl) phosphate (TCEP), and tris-(2-chloro-, 1-chloromethyl-

ethyl)-phosphate, also named tris-(dichloro-iso-propyl)-phosphate (TDCP), are mostly used as 

flame retardants in polyurethane foam. The non-halogenated alkylphosphates such as tri-n-

butylphosphate (TnBP), tri-iso-butylphosphate (TiBP), triphenylphosphate (TPP) and tris-

(butoxyethyl)-phosphate (TBEP) are predominantly utilized as plasticizers and lubricants 

(Andresen 2004).  Chlorinated flame retardants are regulated in the U.S. under the Toxic 

Substances Control Act of 1976, and all of the listed TAPs, with the exception of TnBP, are 

listed under the USEPA’s High Production Volume Challenge Program. Both TCEP and TBEP 

have been reported in landfill leachates world-wide at ppb-levels (Kawagoshi 1999; Kawagoshi 

2002). 

TAPs pose a particular challenge for environmental remediation due to their solubility, and 

resistance to hydrolysis, photodegradation, and biodegradation.  Mass balance analysis on a large 

suite of TAPs entering WWTPs in Sweden estimates that only 50% of influent TAPs are 

removed during treatment, with 1% concentrated in collected sewage sludge (Marklund 2005). 
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While reported effluent concentrations for any one TAP are well below their known LD50, long-

term exposure data for aquatic organisms is needed.  

Pharmaceuticals and personal care products are also frequently detected anthropogenic 

organic contaminants in landfill leachates. Of particular concern for water quality are PPCPs that 

are known endocrine-disrupting compounds (EDCs). EDCs can interfere with hormone 

biosynthesis, metabolism, or action in the human body. Examples of PPCPs and EDCs that have 

been detected in leachates include natural and synthetic estrogens commonly used for control of 

human reproduction. The estrogen, 17ß–estradiol (E2), was detected in a landfill leachate sample 

from a municipal landfill in Japan at 5 ng/L (Behnisch 2001), and up to 29 ng/L E2 was detected 

in leachate from solid waste deposits in Sweden (Svenson 2011). While in many cases the 

reported removal efficiency for E2 by conventional biological treatment has been substantially 

higher than for TAPs, the potential risk for improper disposal of expired PPCPs in municipal 

solid waste makes landfill leachate an important vector for PPCPs and EDCs in the hydrosphere.  

In this research, TCEP and TBEP were selected as typical TAPs, E2 was chosen as typical 

EDCs to be monitored in sampled landfill leachate. The chemical properties and structures of 

TCEP, TBEP and E2 are shown in the table 1.2.1 and figure 1.2.1 below. 

 
Table 1.2.1 Chemical properties of TCEP, TBEP and E2  

 
  TCEP TBEP E2 

CAS Number   115-96-8 78-51-3 50-28-2 

 Molecular 
formula C6H12Cl3O4P C18H39O7P C18H24O2 

Molecular weight   285.49 398.47 272.38 

Water Solubility 7 g/L (200C) Soluble 1.51±0.04mg/L  

Melting point -510C -70 0C 178-1790C 

Appearance 
odorless and 
colorless 
liquid 

slightly yellow 
viscous liquid 

White crystalline 
powder 

Stability stable stable stable 
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Figure 1.2.1  Chemical structures of TCEP, TBEP, and E2  
 
 

1.3 Removal of TAPs and EDCs by Different Treatments 

Studies have demonstrated that TAPs, especially chlorinated TAPs, were poorly eliminated 

by conventional wastewater treatment processes. In the research conducted by Meyer and Bester 

(2004), the non-chlorinated TAPs (such as TBEP and TPP) were partially removed in the 

wastewater treatment processes with removal rates ranging from 57-86%; however,  no reduction 

of the chlorinated flame retardants such as TCEP or TCPP were observed in the STPs (Meyer 

and Bester 2004). Other studies have also indicated that chlorinated TAPs were more resistant to 

degradation than alkyl- and aryl-OPs (Marklund 2005).  During the drinking water purification 

processes, activated carbon filtration was demonstrated to be the most effective treatment 

method for removing the chlorinated TAPs; but the ozonation and the multilayer filtration did 

not contribute to the removal of chlorinated TAPs. However, the non-chlorinated TAPs can be 

removed by multilayer filtration (removal rate ranging from 50% to 70%) and ozonation 

(removal rate ranging from 40% to 67%) (Andresen and Bester 2006).  

Based on the previous research on EDCs, E2 appears to be removed efficiently during 

wastewater biological treatment. Natural and synthetic estrogens can be considerably removed 

by an activated sludge system in a common municipal wastewater treatment plant (Andresen et 

al. 2004). Approximately 65% of removal efficiency of 17β-estradiol was treated by the 

activated sludge system (Omil et al. 2004). However, EDCs cannot be removed by biological 

treatment completely, particularly polar ones. Less than 10% of natural and synthetic estrogens 

were removed via biodegradation process (Petrovic et al. 2003). Physical separation methods 
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such as activated carbon adsorption and membrane processes, such as reverse osmosis (RO) and 

nanofiltration (NF), were proven to remove EDCs and TAPs efficiently in water effluents (Coors 

et al. 2003; Westerhoff et al. 2005). Membrane filtration processes combined with biological 

degradation have been proven as an efficient method to remove EDCs, 97% of the estrogenic 

activity was removed by the system of reverse osmosis process combined with aerobic biological 

degradation and the system of ultrafiltration followed by activated biological treatment system 

(Coors et al. 2003). Powered activated carbon (PAC) can remove 60% of estradiol at a low PAC 

dosage of 1mg/L, while significantly lower removals were observed for TCEP (Westerhoff et al. 

2005). The chemical treatment such as chlorine oxidation was able to eliminate estradiol 

significantly (over 95% in 24 hours), however TCEP was difficult to be removed by chlorination 

(less than 10%) (Westerhoff et al. 2005). Recently advanced oxidation processes (AOPs) have 

been considered as a highly competitive chemical oxidation technology to remove EDCs and 

TAPs in water, the estrogenic activity of some pollutants (17 β-estradiol and bisphenol A) can be 

removed by oxidation processes (e.g. ozonation and photocatalysis ) efficiently (Esplugas et al. 

2007). AOPs are also attractive means of reducing the organic load and improving the 

biodegradability of recalcitrant contaminants in mature landfill leachate (Cortez et al. 2011). The 

treatment effect has been ensured to be more efficient by using the AOP as pre-treatment, 

followed by biological systems (Cortez et al. 2011).  

 

1.4 Ozone-based Advanced Oxidation Processes (AOPs) 

Conventional landfill leachate treatments can be classified in three major groups: leachate 

transfer (recycling and combined treatment with domestic sewage), biodegradation (aerobic and 

anaerobic processes), and physical-chemical (chemical oxidation, adsorption, chemical 

precipitation, coagulation/flocculation, sedimentation/flotation and air stripping) (Givaudan et al. 

2008). Biological treatment of wastewater is often the most cost effective alternative options. 

However a single, conventional biological treatment is not effective in treating leachate 

containing recalcitrant and/or non-biodegradable organic substances. Leachate can require pre-

treatment to improve organic substrate bio-availability (Montalvao et al. 2005).   
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Advanced oxidation processes (AOPs) are engineered for in situ production of short-lived 

hydroxyl radicals. Hydroxyl radicals (•OH) are highly reactive, non-selective oxidizing agents. 

Although these processes are very effective in mineralizing organic pollutants, this approach is 

not economically feasible for application in large-scale wastewater treatment. A promising 

alternative to extensive oxidation of recalcitrant wastewater is the use of an AOP as pre-

treatment to convert initially recalcitrant compounds to more biodegradable intermediates, 

followed by biological oxidation to transform these intermediates to biomass and water (Wu et al. 

2004; Zamora 2005). 

The second-order hydroxyl radical rate constants for reaction with most organic pollutants 

found in water are on the order of 108 to 1010 M-1 s-1 (Buxton et al. 1988). The state-of-the-art for 

full-scale advanced oxidation processes are ozonation (O3), ozone with hydrogen peroxide (O3/ 

H2O2), hydrogen peroxide with ultraviolet light (UV/H2O2), ozone with ultraviolet light (O3/ UV), 

Fenton process (H2O2/Fe2+), photo-Fenton process (H2O2/Fe2+/UV), and photocatalysis 

(TiO2/hγ/O2). O3 and O3/H2O2 systems are among the most frequently used AOPs due to the 

relatively low energy input required to produce a mole of hydroxyl radical (Katsoyiannis et al. 

2011).  

O3(g) is a highly oxidizing gas with a high standard redox potential. Ozone-based advanced 

oxidation processes as pretreatment methods can not only alter the molecular structure of 

refractory organic compounds present in the leachate, oxidizing them into smaller more 

biodegradable molecules that can be removed in a subsequent biological system, but also reduce 

the retention time required for biological treatment (Montalvao et al. 2005). Although the 

compounds with specific functional groups such as aromatic ring and unsaturated bonds (C = C, 

C = C - O- R, - C = C-X) are prone to ozone attack, which results in carbonyl compounds (Bond 

1993). Molecular ozone is still a selective electrophile, it oxidizes with the organic compounds 

selectively, however •OH reacts less selectively with organic compounds, •OH can react fast 

with many dissolved molecules in water matrix. In addition, the oxidation potential of the 

hydroxyl radical (E0=2.80 V) is higher than that of ozone (E0= 2.07 V)(von Gunten 2003; Yao 

1992). So the O3/H2O2 processes may show higher removal efficiency on degradation organic 

compounds than O3 treatments. 
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Compared with other O3-based AOPs, the advantages of O3/H2O2 system include waters with 

poor UV light transmission may be treated and special reactors designed for UV illumination are 

not required. The disadvantages are volatile organics will be stripped from the ozone contactor, 

the process is limited by the transfer of ozone gas across the air-liquid interface, the proper 

O3/H2O2 dosages maybe difficult to maintain and determine, and low pH is detrimental to the 

process (Crittenden et al., 2005). However, ozone remains one of the few feasible advanced 

oxidation processes for landfill leachate treatment.  

Viewed from previous research, the effectiveness of ozone-based advanced oxidation 

processes has been demonstrated as a means of eliminating chemical oxygen demand (COD), 

total organic carbon (TOC) and biodegradability (BOD5/COD).  

The efficiency of O3 and O3/H2O2 treatments on removal of COD and enhancing the 

biodegradability has been discussed in several studies. In the research by Bouselmi et al. (2007), 

the removal efficiency of COD was about 27% after treatment by O3 alone for one hour; however 

it increased up to 48% with O3/H2O2. The biodegradability (BOD5/COD) was not affected by O3 

alone, while it increased from 0.1 to 0.7 by the O3/H2O2 system at the optimal hydrogen peroxide 

concentration of 2 g/L (Bouselmi et al. 2007). In a recent research conducted by (Cortez et al. 

2011), the COD was reduced up to 72% and BOD5/COD increased from 0.01 to 0.24 when the 

dose of hydrogen peroxide dose at 400 mg L-1, after the application for 60 min of ozone at 5.6 g 

O3 h-1, initial pH 7. On the contrary, 27% reduction in COD and slightly enhancement of 

biodegradability from 0.01 to 0.1 were observed by ozone treatment at the same conditions 

(Teixeira et al. 2011). In the other research, Montalvao et al. (2005) used physicochemical as 

pretreatment, followed by ozone and biological treatment, and found that O3 was capable of 

enhancing biodegradability from 0.05 to 0.3 at an ozone dose of 3 g/L and reduce COD by about 

50% (Montalvao et al. 2005). However, the removal of TOC was limited by the ozone-based 

AOPs (O3, O3/H2O2) (Wu et al. 2004) 

The removal efficiency of recalcitrant compounds by ozone-based AOPs is still limited; it 

was found that biological treatment following the ozone-based AOPs is a critical way to improve 

the treatment efficiency of the recalcitrant compounds in the leachate. Using ozone and O3/H2O2 

in combination with biological treatment has proven to be more efficient in treating recalcitrant 

compounds in landfill leachate. Haapea et al (2002) found that the removal efficiency of organic 



9 

 

compounds as TOC in landfill leachate by O3 and O3/H2O2 was 30-50%; the leachate was 

collected from a forest industry landfill. The removal of TOC improved to 50-95% by 

combination of pre-ozonation and biological post-treatment (Haapea et al. 2002). In the research 

conducted by Hagman et al.(2008), a combination of biological pretreatment, chemical oxidation 

with O3 (1.0 g L-1) in combination with H2O2 (1.0 g L-1) and a subsequent 2h aerobic biological 

process proven to be the most efficient oxidation method for the tested leachate (Hagman et al. 

2008). Bila et al. (2007) used ozone in conjunction with a physicochemical and biological 

systems, the biodegradability was increased from 0.2 to 0.3, the removal of COD was 25-50% 

and the removal rate of DOC was 18-40% at the ozone dose of 3 g/L, the total average removal 

levels of COD and DOC were 73 and 63% respectively by using the combined treatment method 

(Bila et al. 2007). 

Ozone can react with the NOM in two ways: it can wither react with the NOM directly or 

react with •OH indirectly. When ozone reacts with NOM directly, it produces low levels of 

hydroxyl radical, which has a slow reaction rate (1.0~103M-1S-1)(von Gunten 2003): 

O3 + NOM → •OH + byproducts 

O3 can also react with organics indirectly with faster rate constants by using the •OH 

produced from the reaction above reacts with an organic compound: 

•OH + NOM→ byproducts 

Compared with the low reaction rate for the reaction of ozone with NOM, the second-order 

hydroxyl radical rate constants for reaction with most organic pollutants found in water are on 

the order of 108 to 1010 M-1 s-1, so the •OH are more effective to react with organic molecule in 

the water matrix. Hydroxyl radicals (•OH) can be formed indirectly in two systems: high pH 

(O3/OH−) and by the addition of hydrogen peroxide (O3/H2O2). The production of hydroxyl 

radicals (•OH) are represented by the following chain reaction processes (Crittenden et al., 2005). 

High pH values (about 11) are considered to catalyze the formation of •OH.  In the system 

O3/OH−, requires 1.5 mol of O3 to produce 1 mol of •OH. The reaction sequences are listed 

below. 

O3 + OH− → HO2
− + O2………………….………………………….. (1) 
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HO2
− + O3→ •O3 −+ •HO2………………….……………………….. (2) 

•HO2 ↔ •O2 −+ H+………………….………………………………... (3) 

•O2 − + O3 → •O3 −+ O2   ………………….………………………… (4)                                      

•O3 −+ H+ → •HO3………………….……………………………….. (5) 

•HO3 → •OH + O2………………….……………………………….. (6) 

The overall stoichiometry of the reaction is: 

3O3 + OH- + H+→ 2•OH+ 4O2………………….…………………… (7) 

 In the system O3/H2O2, when H2O2 is dissolved in water at neutral pH value (near 7), it 

partially dissociates into hydroperoxide ion (HO2
−), which reacts rapidly with ozone to initiate a 

radical chain mechanism that leads to hydroxyl radicals. Overall 1 mol of O3 yields 1 mol of 

•OH. The reaction steps are shown below: 

H2O2 ↔ HO2
− + H+………………….……………………………….. (8) 

HO2
− + O3→ •O3 −+ •HO2 ………………….……………………….. (9) 

•HO2 ↔ •O2 −+ H+………………….………………………………... (10) 

•O2 − + O3 → •O3 −+ O2   ………………….………………………… (11) 

2•O3 −+ 2H+ → 2•HO3………………….…………………………….. (12) 

2•HO3 → 2•OH + 2O2………………….…………………………….. (13)                                    

The overall reaction for •OH radical formation is: 

2O3+ H2O2 → 2•OH + 3O2………………….………………………. (14)  

 

1.5 Hypothesis 

The Total Organic Carbon (TOC), chemical oxygen demand (COD), and biochemical 

oxygen demand (BOD) of the leachate organics would be resistant to remove, due to the large 

amount of the recalcitrant compounds in the leachate. The concentrations of the three target 
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compounds would be difficult to eliminate by ozone pre-treatment. It can be explained by the 

reaction kinetics of the organic compounds with the oxidant of ozone AOPs.                             
Where:       is the second-order rate constant for the reaction of TCEP with OH• radicals,       represents the concentration of TCEP, and      represents the concentration of OH•. 

As the rate equation of TCEP degradation shows, the TCEP can be degraded when reacting 

with •OH. However, there is a large amount of NOM in the leachate that can be represented by 

COD, TOC, and BOD5 concentrations; the concentrations COD, TOC, BOD5 of leachate 

organics are extremely high compared with the addition of 2mg/L TCEP, TBEP, and E2 in the 

leachate. The •OH radicals produced from ozone pre-treatments (O3/H2O2, O3) tend to be 

scavenged by other easily biodegradable compounds in the leachate instead of the three target 

contaminants in the leachate; so the three target contaminants in this research would be 

recalcitrant to remove with the ozone pre-treatments. 

 

1.6 Research Objectives 

Accelerating the biodegradation and bio-availability of recalcitrant leachate organics might 

be feasible with on-site advanced chemical oxidation (prior to WWTP disposal). The benefits of 

on-site pre-treatment of leachate with ozonation would include rapid in situ advanced oxidation 

of refractory organics in leachate, significant nitrification, and BOD5/COD removal; all of which 

would make landfill leachate less challenging for treatment by an activate sludge or advanced 

WWTP (with tertiary denitrification treatment process). The objectives of this research include:  

 To follow the fate of an EDC and 2 TAPs in sampled ‘old’ landfill leachate with rapid 

ozonation and subsequent anaerobic biological treatment;  

 To condition the leachate for the subsequent anaerobic biological treatment; 

 To confirm a correlation between organic contaminant decomposition and microbial 

activity. 
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Low, mg/L doses of ozone were selected for study due to the high redox potential of direct 

ozone oxidation, and the potential for rapid indirect oxidation of spiked leachate contaminants 

from accelerated ozone decomposition to reactive oxygen intermediates. It is also cost-effective 

when this ozone dosage is applied in full scale municipal landfill leachate treatment. Unlike 

previous studies on ozone treatment of landfill leachate, the goal of ozone pre-treatment was not 

to remove significant levels of BOD, COD, or TOC from the sampled leachate through oxidation, 

but to condition the leachate for the subsequent anaerobic biological treatment. This conditioning 

was assessed through analysis of leachate TOC, BOD, COD, and EDC and TAP concentrations 

following ozone pre-treatment. Finally, to confirm a correlation between organic contaminant 

decomposition and microbial activity, methane and total gas formation from the reactor head-

space was measured over the incubation period.  

Co-metabolism can be employed to accelerate the biodegradation of the recalcitrant 

compounds. During co-metabolism, some readily metabolized substrates can serve as a primary 

carbon and energy source for microbial growth. In a study conducted by Pressman et al.(2000), 

54% - 84% TCE and 92% - 96% of trichloroethylene (TCE) co-metabolism was obtained in the 

presence of a pure culture of substrate. Methylosinus trichosporium OB3b PP358 was used as the 

readily biodegradable substrate in this research (Pressman et al. 2000). For the future study of 

this research, co-metabolism can be investigated by adding primary substrate (e.g. simple sugar) 

to leachate sample, and the biodegradation of the leachate organics would be enhanced. 
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CHAPTER TWO 

MATERIALS AND METHODS 

 

2.1 Sampling 

2.1.1 Leachate Sample 

Leachate samples were collected from Leon County Sanitary Landfill (Tallahassee, FL). The 

Leon County Sanitary Landfill has been operating since mid1970’s. The landfill occupies 250 

hectares. The type of wastes have been collected here are class I and class III wastes. Both class I 

and class III wastes are non-hazardous. Class I wastes mainly include house hold trash; class III 

wastes comprise construction debris, process tires, cardboard paper and so on. The landfill 

leachate is discharged directly into the local wastewater treatment facility. In this research, the 

leachate samples were collected from a sampling station receiving leachate from all cells. After 

collection, samples were stored in 4L amber glass bottles then refrigerated at a temperature of 4 
0C. The leachate samples had a consistently rich yellow color. The following figure shows the 

variation of the characteristics of the raw leachate samples (e.g. TOC, COD, and pH) across the 

project period. 

 
Table 2.1.1 Parameters of raw leachate sample from Leon County sanitary landfill 

 

Time 
TOC 

(ppm C) N COD(mg/L) n PH 
9/16/2011 322.4399 3    
9/23/2011 241.4238 3    
1/30/2012   788  7.032 
2/6/2012  2  1 7.253 

3/12/2012 168.3581 2  2  
3/20/2012   772.333   
3/29/2012   594   
3/28/2012 266.8445 2    
4/17/2012 146.6674 3   6.91 
5/2/2012 190.2769 2 551 2  
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As the table 2.1.1 shows, the COD concentration and pH value of the raw leachate samples 

were relatively high at the beginning of February (COD=788mg/L, pH=7.253); the lowest COD 

and pH values were shown between April to May (COD=551mg/L, pH=6.91). For the TOC 

concentration, the biggest value appeared in September (322.4399 ppm C); the TOC 

concentration decreased in April (146.6674 ppm C).  

2.1.2 Anaerobic Activated Sludge 

The anaerobic sludge samples for testing the biodegradation of three model contaminants 

during anaerobic treatment were collected from anaerobic digester tanks in Thomas P. Smith 

Water Reclamation Facility, Tallahassee, or collected from Howard F. Curren Advanced 

Wastewater Treatment plant in Tampa, Florida. The anaerobic sludge samples were collected in 

polycarbonate containers and stored at 40C; the sludge was used within one week after collection. 

Prior to use, the sludge was filtered by a 20 mm sieve to remove large particles of waste which 

were retained in the WWTP.   

 

2.2 Chemical Reagents  

The chemical reagents used in the experiment include: Tris-(2-chloroethyl)-phosphate (TCEP) 

and Tris-(butoxyethyl)-phosphate (TBEP) were purchased from TCI AMERICA (97% and 95% 

purity). Sodium azide (NaN3) (99%) and 17ß -Estradial (99%) were purchased from Alfa Aesar. 

Hydrogen peroxide aqueous solution (with 30% -32% hydrogen peroxide) was purchased from 

MACRON chemicals. Dichlomethane (CH2CL2) was purchased from Sigma-Aldrich. Lab-grade 

water (PURELAB Option S-R 7-15 series, ELGA LabWater) was used to dilute solutions. 

 

2.3 Ozone Generation 

Ozone was produced from oxygen using a 4 g/hr ozone generator (AZCOZON Industries 

RMU 16-04). Fresh ozone stock solution was generated by bubbling ozone gas into 250mL pH 6, 

10 mM phosphate buffered solution in an ozone gas washer. To minimize the decay of ozone in 

the stock solution, the ozone washer was surrounded by ice and water. Temperatures < 6 0C were 

consistently maintained. Ozone concentration was determined by following the Standard Method 
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4500-O3 B Indigo Colorimetric Method (Standard Method, 21st Edition). The concentrations of 

ozone rich solutions were measured up to 30-35 mg O3/L. The following formula was used to 

calculate the concentration of ozone in the leachate samples.    ⁄                   ⁄  

Where:    = difference in absorbance between sample and blank, 

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

V = Volume of sample, mL (2mL was used for this research) 

f = 0.42 (based on sensitivity factor) 

 

 

 

Figure 2.3.1 The AZCOZON ozone generator and ozone gas washer for production of ozone stock 
solutions 

 
 

2.4 Aggregate Measures 

The raw leachate and ozonated leachate samples were characterized by COD, BOD5, TOC 

concentrations before anaerobic treatment. Both the BOD and COD tests measure are aggregate 

measures of dissolved leachate constituents. BOD can be a measure of the oxygen demand of 

biodegradable organic matter present in the system, whereas the COD test measures the oxidant 

demand of biodegradable pollutants and non-biodegradable/inert pollutants. In this way, the ratio 

of BOD5/COD can predict the biodegradability of a waste sample; when the ratio is low or close 
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to 0, it means the pollutants in wastewater are not biodegradable. When the ratio is high, it can 

indicate the wastewater DOM is biodegradable.  

2.4.1 BOD5 Analysis 

The BOD5 of pre-ozonated leachate was measured by 5210 B. 5-Day BOD Test, Standard 

Method, 21
st
 Edition. The following equation was used to calculate BOD. 

         ⁄                  

Where: 

D1= DO of diluted sample immediately after preparation, mg/L, 

D2= DO of diluted sample after 5d incubation at 200C, mg/L, 

S= oxygen uptake of seed 

VS= volume of seed in the respective test bottle, mL, 

P= decimal volumetric fraction of sample used; 1/P = dilution factor. 

2.4.2 COD Analysis 

The COD of pre-ozonated leachate was measured based on Standard Method, 21
st
 Edition. 

For analyzing the COD of the samples, the HACH COD reactor, HACH Drel 2000 

spectrophotometer, 0-1500 mg/L HACH COD digestion reagent vials with caps were prepared. 

2.5mL of sample was added into each vial, and then the HACH COD digestion reagent vials 

were placed in the COD reactor for 2 hours. After 2 hours, the vials of blank sample and pre-

treated leachate samples were placed into the COD vial adapter, and the wavelength of the 

spectrophotometer were rotated to 600nm. The concentrations of COD in mg/L were shown on 

the screen. 

When determining the COD of pretreated leachate under anaerobic condition, the liquid and 

sludge samples were centrifuged at 3000 rpm for 45 min in a Beckman Coulter Allegra 6 

Centrifuge, to separate the supernatant for determining soluble COD. Then the samples were 

measured by the HACH test kits with range of 0-1500 mg/L. 



17 

 

2.4.3 TOC and TN Analysis 

TOC is an aggregate measure of organic carbon in a sample and measured as mg/L as carbon. 

The basic principle for the quantifying total organic carbon relies on the mineralization of 

organic matter present in the sample. TOC analyses in FSU were performed by a TELEDYNE 

TEKMAR Phoenix 8000 UV persulfate TOC analyzer. TOC and TN of pretreated leachate 

samples measurement in USF were determined by a Shimadzu TOC-VCSH Total Organic Carbon 

Analyzer equipped with TNM-1 Total Nitrogen Measuring Unit and the SSM-5000A Solid 

Sample Module (Columbia, MD). Before analysis, the samples were centrifuged at 3000 rpm for 

45 minutes and then diluted in proper ratios. Internal acid addition was set up in the instrument to 

automatically add 2M phosphoric acid to acidify the sample (pH<3) in order to strip out 

dissolved inorganic carbon and measure non-purgeable organic carbon (NPOC), which was used 

to represent dissolved organic carbon (DOC). The instrument also was set up to triplicate the 

injection (by an autosampler attached with the system) for each sample. 

2.4.4 Total Suspended Solid (TSS) and Volatile Suspended Solid (VSS) 

TSS and VSS were analyzed by following the procedures from Standard Method, 21
st
 

Edition. Sludge samples and other liquid samples such as leachate samples were filtered by 

micro-glass fiber filter AH-934. The filter was then weighed in an aluminum plate (Fisher 

Scientific, Pittsburg, PA, US).  Then the sample was dried out in the oven at 103-105oC for more 

than 1 hour. After that, the aluminum plate was transferred from the oven to a desiccator until 

cool, and the weight after drying was determined. After the VSS was determined, the sample was 

transferred to a furnace and ignited at 550oC for 20 min. The sample then was transferred to a 

desiccator for cooling down and subsequent weighing. After the analysis, the TSS was 

3516.667mg/L; the VSS was 758.3333mg/L. 

 

2.5 Analytical Methods 

2.5.1 Pre-ozonation Procedure 

The pH value of each ozonated leachate sample was adjusted by using sodium hydroxide 

(NaOH) (diluted to 1000mg/L). For O3/H2O2 processes, the H2O2 solutions were injected in the 
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leachate samples before the ozonated solutions were applied. The molar ratio of O3 to H2O2 

applied in this research was 1.1:1.  

Prior to pretreatment, TCEP, TBEP and E2 were spiked into each raw leachate sample to 

achieve the concentration of 4mg/L each. After ozone stock solution was generated, six 250mL 

anaerobic reactors were prepared for the research; 17.5mL of either ozone stock solution or lab 

water was added to 65mL leachate sample with 4mg/L of three contaminants to produce different 

ozone concentrations. The total volume of leachate, ozone stock solution and sludge was 165mL 

in each reactor. The pH of each sample was adjusted to a consistent pH of 7. The detailed 

scenarios for the volume of leachate, RO water and anaerobic sludge added in each reactor are 

shown in the appendix. Following the pretreatment, the samples were exposed to anaerobic 

biological treatments. The procedure of anaerobic treatment will be explained in chapter 3. 

2.5.2 Liquid-Liquid Extraction 

A liquid-liquid extraction (LLE) process was used to extract the analytes from the mixed 

leachate/sludge matrix. The LLE procedure is explained as follows: 15mL mixed solution 

(leachate + sludge) were extracted from an anaerobic reactor by a 60mL syringe, and then 

introduced to 40mL amber vials with PTFE caps. Then 1.5mL Dichlomethane (DCM) was added 

to the amber vial. After this, the vials were rotated by a Glas-Col rotator at the rate of 25rpm for 

10 minutes; the rotation can help the DCM absorbing the three contaminants from the leachate 

sample completely. After rotation, the solution was introduced into a 20mL anaerobic tube, the 

cap was sealed by PTFE lined stoppers and aluminum crimps. Next the anaerobic tubes were 

rotated in a centrifuge at 2500 rpm for 8 minutes. Three phases (leachate, sludge, DCM) were 

completely separated after centrifuging. The anaerobic tube was placed on the lab jumper upside 

down, until the DCM falls down to the head of the tube. In the end the organic layer was syringe 

sampled for analysis by gas chromatography- mass spectrometry (GC-MS) system.  
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Figure 2.5.2.1 The three phases after centrifuging (left) and extracting DCM from the anaerobic tube 
(right)    

   
 

2.5.3 GC-MS 

A Hewlett Pachkard 5890 series II gas chromatograph equipped with a Hewlett Packard 5971 

series mass detector was employed to measure the concentrations of three target contaminants in 

the leachate and sludge solutions. The solvent delay was set to 5 min. The GC separation was 

performed by using a TR-35MS column (Thermo Scientific). The column has a length of the 

column 30m, a diameter of 0.25mm and a 0.25µm film. Helium was used as carrier gas. Before 

injecting the sample, the injector port was heated to 300 0C, the detector was heated to 280 0C. 

The oven column temperature was gradually heated from 100 0C (Initial time: 1min) to 350 0C 

(Final time: 1min) at the rate of 15 0C min-1. The total run time is 18.67 minutes. The MS was 

operated in the response of mass spectra ‘m/z’ in selected ion monitoring (SIM) mode for all 

samples being analyzed. 249, 143 were used as m/z values for TCEP; 85, 100, 125, 199 were 

chosen to use as the m/z values for TBEP; 272, 160, 213 were used as m/z values for E2.  

2.5.4 Calibration Curve 

To create the calibration curve, 100mL of 1000mg/L TCEP, E2 and 500mg/L TBEP stock 

solutions were created. To do so, 74 µL TCEP was injected in 100 mL of water, 53 µL of TBEP 

was added to 100 mL of water, 101mg of E2 was added to 100mL methanol due to E2 is not very 
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soluble in water. Varying volumes of the stock solutions were spiked to 100mL leachate samples 

in order to achieve different concentrations used as standards for calibration curve.  

 
Table 2.5.1 Spiked volumes of stock solutions for calibration curves of three chemicals 

 

Volume of stock solution (µL) Concentration 
in leachate 

alone(mg/L) 

Concentration 
in 

leachate+sludge TCEP TBEP E2 

600 1200 600 6 3 
400 800 400 4 2 
200 400 200 2 1 
100 200 100 1 0.5 

 
 

Calibration curves were created by introducing 7.5mL leachate with certain concentration of 

three chemicals and 7.5mL anaerobic sludge and 1.5mL DCM to the amber vials. Then 

following the Liquid-Liquid Extraction procedure as mentioned above, and analyzed by GC-MS. 

The area under the peak for each compound (y-axis) was plotted against the concentration of 

each compound, and then the calibration curve was created. It is important to note that, the final 

concentration of three chemicals in leachate and sludge mixed solutions should be half of the 

concentration in leachate alone. The calibration curves of TCEP, TBEP and E2 are presented in 

the appendix. 

2.5.5 Anaerobic Batch Experiments 

To determine the biodegradation of the model contaminants in the ozonated leachate during 

the incubation time, six 250mL anaerobic reactors were prepared to investigate the efficiency of 

anaerobic degradation with different pretreatments. Each reactor contained 17.5mL of either 

ozone stock solution or lab water; 65mL leachate samples with 4ppm of three model 

contaminants and 82.5mL anaerobic sludge. In the six reactors, one was used as a control which 

also identified as raw leachate. Four reactors were exposed to ozonated leachate, and parallel 

experiments were conducted by adding the equal ozone doses in two reactors. A molar ratio of 

1.1:1 was used in O3/H2O2 treatments. In order to differentiate between the actual degradation of 

three chemicals by the microbial activity of anaerobic treatment and the three chemicals 
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absorbed by the anaerobic sludge, 0.05g/L sodium azide (NaN3) was added to another reactor to 

make the anaerobic sludge abiotic. Each reactor was sealed to prevent oxygen inflow and 

sufficient head-space was retained in the reactor. After the solutions were well mixed with a 

magnetic stir bar, the reactors were incubated at 350C for a period of 15 days. At days 0, 5, 10 

and 15, two 15mL samples were draw from each reactor following the LLE procedure. The 

figure 2.5.5.1 shows the anaerobic reactors in the incubator.  

 

 

Figure 2.5.5.1 The anaerobic reactors in the incubator. 
 
 

Another series of anaerobic batch experiments were setup in order to test the COD 

degradation in the pre-treated leachate and sludge solutions and the carbon dioxide and methane 

formatted from the reactor head-space of each leachate sample. 18 120mL- glass bottles designed 

for anaerobic test were used in the experiment. The experiment was set up by adding 15 mL of 

anaerobic sludge and 15 mL of anaerobic media each bottle. Then 60 mL leachate sample was 

added into each bottle. Then the bottles were sealed by PTFE lined stoppers and aluminum 

crimps. The bottles were flushed with extra pure helium in 3 minutes in order to provide 

anaerobic condition for each bottle. After that, the bottles were incubated at 37oC. 4mL liquid 

sample and 0.2mL gas sample were extracted by a 5mL syringe. Two sets of serum bottles were 
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set up in this anaerobic experiment, the first set was incubated straightly 44 days in order to 

measure gas potential of each pretreated leachate samples. The other set was to provide the COD 

reduction, biogas profile for each sample. Each sample was triplicated in each set. The figure 

below shows the serum bottles for testing the COD degradation and the gas production of pre-

treated leachate samples.   

 

 

Figure 2.5.5.2 Serum bottles for anaerobic processes  
 
 

2.5.6 Gas Sampling 

At first, rinse the gas injection syringe with He gas twice. Then 0.3mL gas sample in the 

head-space of the bottle was extracted by a syringe. After that, 0.2mL gas sample was injected 

into GC/TCD, at the same time the constant pressure was applied to keep the gas composition 

within the syringe constant. The gas can be measured by GC/TCD. 

 The equipment used for gas measurement was a gas chromatograph (GC) equipped with a 

thermal conductivity detector (TCD) and a flame ionization detector (FID) (Agilent Technology, 

US).  The gas samples were collected from the serum bottles or from gas sampling ports of the 

MBR system by a 0.5 mL PTFE tipped gas tight syringe (Hamilton, Reno, NV, US) and 0.2 mL 

of gas were injected directly to the GC injector which is connected to the TCD detector. The 
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temperature of the oven was isothermally operated at 40oC. The injector and detector 

temperature were set at 185oC and 160oC, respectively. The column used to determine carbon 

dioxide and methane was a 30m GS-Carbon PLOT column with 0.32 mm ID (Agilent 

Technology, US). Ultra-pure helium was used as a carrier gas. All gases used for making 

calibration curves were ultra-high purity (UHP).  

2.5.7 Quality Assurances and Controls 

The goal of the quality assurance program is to ensure that all the data produced from the 

experiments meet certain quality criteria, and all the data are reproducible and accurate. In this 

research, the method detection level (MDL), reagent blank, and calibration were conducted to 

guarantee the precision and accuracy of the data produced from the experiments. In order to 

determine MDL for calibration curves created by GC-MS, seven samples of concentrations near 

the expected limit of detection were analyzed based on the calibration curve, the desired MDL is 

the product of standard deviation of the seven portions times 3.14. The reagent blank is used to 

determine the contribution of the reagents and the preparative analytical steps to error in the 

measurements. The reagent blank was tested after a couple of sample measurements to identify 

and eliminate the unacceptable contamination. The linear calibration curve was built with four 

concentrations of standards; the recovery rate was also calculated by found value divided by true 

value for calibration verification. 
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CHAPTER THREE 

EXPERIMENTAL RESULTS AND DISCUSSION 

 

3.1 Leachate Ozone Demand and Optimum Ratio of H2O2 to O3 for Advanced 

Oxidation 

3.1.1 Ozone Demand Experiments 

Ozone demand is the amount of ozone consumed by oxidizable compounds in the sample 

(Deborah et al. 1991). Ozone demand analysis was performed to quantify the maximum ozone 

dose that could be applied to the sampled leachate. The final ozone demand for this research was 

14.998 mg/L. The contact time was 2 minutes. The procedure was measured using a Shimadzu 

UV-1650PC spectrophotometer at a wavelength of 600nm following the Standard Method 

2350D.Ozone Demand Requirement-Batch Method. The ozone demand was calculated as 

following equation: 

 Ozone demand    ⁄         

Where:  

RS = oxidant residual of sample after contact time, mg/L, 

DS = sample oxidant dose, mg/L. 

 Ozone demand of blank    ⁄         

Where: 

RB = oxidant residual of blank after contact time, mg/L, 

DB = blank oxidant dose, mg/L. 

The following table shows the results of ozone demand experiment. 
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Table 3.1.1 Results of ozone demand experiment 
 

  sample 1 sample 2 
ozone demand (mg/L) 14.616 15.38 

pH 6.906 7.064 
average ozone demand (mg/L) 14.998 

standard deviation (mg/L) 0.5 
ozone demand of blank(mg/L) 6.082 

contact time (min) 2 
 
 

3.1.2 Method Used for Determining O3:H2O2  

The ratio of BOD5/COD can represent the biodegradability of landfill leachate affected by 

the advanced oxidation processes; which was as a deciding factor for determining the optimal 

molar ratio of O3:H2O2. In the following batch experiments, different molar ratio of O3:H2O2 at 0, 

0.3:1, 0.6:1, 0.8:1, 1:1, 1.1:1, 1.5:1 and 2:1were tested to find the optimal molar ratios of 

O3:H2O2 based on biodegradability of leachate organics. The ozone doses were 7.3mg/L-7.7 

mg/L for COD and BOD5 measurement of leachate sample, which can be taken as consistent. 

The doses and volumes of O3 and H2O2 added for testing the COD and BOD5 of the leachate are 

shown in the table 3.1.2 below. 

 
 

Table 3.1.2 – Doses and volumes of O3 and H2O2 added for COD measurement. 
 

molar ratio of 
O3:H2O2  

O3 dose 
(mg/L) 

volume of 
leachate (mL) 

Volume of O3 solution 
added (mL)  

H2O2 dose 
(mg/L) 

H2O2 dose 
(μM) 

0.3 7.3 25 7 17.3 0.5088 
0.6 7.3 25 7 8.7 0.2559 
0.8 7.3 25 7 6.5 0.1912 
1 7.3 25 7 5.2 0.1529 

1.1 7.3 25 7 4.7 0.1382 
1.5 7.3 25 7 3.5 0.1029 
2 7.3 25 7 2.6 0.0765 

 
 

In the BOD test, 4mL seed and 5mL leachate sample were added to each BOD5 bottle with 

dilution water at the beginning of 5day BOD5 incubation test. The effect of molar ratio of 
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O3:H2O2 on BOD5/COD is shown below. Sample size of BOD5 was 1(n=1), sample size of COD 

was 2 (n=2). 

 

 

Figure 3.1.2 Effect of molar ratio of O3:H2O2 on BOD5/COD when the O3 doses from 7.3mg/L -7.7 mg/L. 
 
 

As shown in the figure, the BOD5/COD ratio increased significantly from 0.1884 to around 

0.5 at the molar ratio from 0 to 1:1. The highest BOD5/COD ratio achieved when the molar ratio 

of O3:H2O2 between the range of 0.8:1 to 1:1. Based on this outcome, 1.1:1 was chosen as the 

optimum O3 to H2O2 dose, to avoid overdose of H2O2 and inhibition of microbial activity in 

leachate during subsequent incubation. The relevant measurement was conducted by Cortez et al, 

in this research, the BOD5/COD increased from 0.01 to 0.24 at the hydrogen peroxide of 400 mg 

L-1, after the application for 60 min of ozone at 5.6 g O3 h-1, initial pH 7 (Cortez et al. 2011). 
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3.2 Extent of Leachate Organics Mineralization  

In order to see whether the O3 and O3/H2O2 processes can enhance the mineralization of 

leachate organics, TOC concentration was measured with increasing oxidation. The following 

graphs show the TOC degradation by O3 treatment under low ozone dosages (2.1mg/L, 4.1 mg/L, 

6.2 mg/L, 7.2 mg/L), and also by O3/H2O2 processes at different molar ratio of O3:H2O2 ( 0, 0.3, 

0.6, 0.8, 1, 1.1, 1.5, 2) with an ozone dose of 7.3 mg/L. If there is little degradation of TOC by 

O3 and O3/H2O2 processes at low, mg/L ozone doses, subsequent biological processes, either 

aerobic or anaerobic, are needed to enhance the overall mineralization of leachate organics.  

 

 

Figure 3.2.1 Effect of O3 dosages on TOC (n=2), the error bars show max. and min. measures. 
 
 

From figure 3.2.1, there was a small reduction (up to 6%) on TOC by O3 treatment; however 

the reduction rate had little change in the ozone dosages range from 2.1mg/L to 7.2 mg/L. The 

limited TOC degradation also means the organics in the leachate were not mineralized by the 

low-mg/L dosages of O3 treatment. This result confirms the research conducted by (Wu et al. 
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2004), the removal of TOC was potentially limited even though rather high dosages of ozone 

(1.2g/L) were applied (Wu et al. 2004). The following graph shows the variation of TOC 

concentrations by O3/H2O2 processes at different molar ratio of O3:H2O2 (0, 0.3, 0.6, 0.8, 1, 1.1, 

1.5, and 2) 

 

 

Figure 3.2.2 Effect of different molar ratio of O3:H2O2 on TOC when O3 dose is 7.3mg/L (n=1) 
 
 

In the O3/H2O2 treatment, the removal efficiency of TOC concentration remained slightly the 

same after treated by diverse molar ratios of O3 to H2O2 (0, 0.3, 0.6, 0.8, 1, 1.1, 1.5, 2). The 

removal efficiency of TOC by O3/H2O2 was relatively higher than O3 treatment alone (up to 

31.8%); however, the removal efficiency of TOC was still limited. So neither OH radical nor O3 

could mineralize TOC in this ozone dose range. 
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3.3 Ozone Oxidation of Model Contaminants in Leachate 

To assess and compare the extent of direct oxidation of TCEP, TBEP and E2 with increasing 

ozone, the ozone dosages applied in O3/H2O2 and O3 treatments were divided into two ranges; 

range one included 4.5mg/L to 5.4mg/L, range two included 6.1mg/L to 7.3mg/L. The initial 

concentration (C0) of TCEP, TBEP, and E2 in the leachate was 1.58mg/L (               ). The y 

axis represents the percent remaining of the contaminant after ozone oxidation (C/C0). The figure 

3.3.1 shows the percentage of oxidation for the three contaminants by the O3/H2O2 and O3 

treatments compared with raw leachate (0mg/L O3) in the form of (C/C0). The error bars in all 

the figures below represent the confidence interval when       . 

 

 

Figure 3.3.1 Comparison of C/C0 by O3 and O3/H2O2 treatment on TCEP, TBEP and E2. 

 

 



30 

 

From visual observation, the percentage reduction of E2 was higher compared with TCEP 

and TBEP by both O3 and O3/H2O2 treatments, while O3 had little effect on degradation of TBEP 

and TCEP. The percentage reduction rates of E2 after O3 and O3/H2O2 treatments were 58% and 

65%. The reason for E2 showed higher reduction rate by O3/H2O2 treatment contributed to the 

second-order rate constant for the reaction of E2 with •OH (       ), 1.41 1010 M−1 s−1 (Huber 

et al. 2005; Rosenfeldt and Linden 2004). The second-order reaction kinetics for E2 and •OH are 

higher than the reported second-order rate constants for the reaction of TCEP with •OH radical 

(         = 5.6 108 M−1 s−1),and            (1.03 1010 M−1 s−1)(Watts and Linden 2009). In 

addition,         is higher than the rate constant for the reaction of E2 with O3 (      =106 

M−1 s−1). So E2 showed higher removal efficiency than TCEP and TBEP with O3 and O3/H2O2 

treatments, and O3/H2O2 shows higher removal rate on degradation of three contaminants than 

O3. In a previous research, 98% of E2 was oxidized by ozonation when the applied ozone dose 

was 3-4mg/L, the hydrogen peroxide (H2O2) was added (0.025 mg of H2O2/mg of O3) just prior 

to ozone stock solution addition. Compared to ozone alone, the EDC oxidation was improved by 

5-15% when adding the H2O2 before ozonation (Westerhoff et al. 2005). The recalcitrance of 

TCEP in ozonated solutions has been demonstrated before; less than 20% removal of TCEP by 

O3/H2O2 and O3 treatments at low ozone doses was detected in the research by Snyder et al 

(2006); according to Westerhoff et al.(2005), no more than 5% of TCEP was oxidized by 

O3/H2O2 treatment (Snyder et al. 2006; Westerhoff et al. 2005).In addition, the difference in 

degradation rate for the three compounds between two ozone doses was not significant. The 

varying O3 doses applied in the O3/H2O2 and O3 processes were not high enough to produce 

significantly increased levels of •OH in a relatively high radical-scavenging water matrix, like 

municipal landfill leachate.  

 

3.4 Biodegradation of Model Contaminants in Ozonated Leachate 

As was previously discussed, ozonation (O3/H2O2 and O3) of landfill leachate may be 

practical as the pre-treatment before on-site biological treatment, or publicly-owned treatment 

works (POTW). Anaerobic incubation was chosen as the biological treatment in this research due 

to the high energy recovery and limited environmental impact (Mace and Llabres 2000). From 

the previous research, the Organic disinfection by-products (DBPs) during ozonation typically 
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comprises low molecular weight (LMW) oxygen containing  compounds, which include 

aldehydes, ketones, keto aldehydes, carboxylic acids, aldo acids, keto acids, hydroxy acids, 

alcohols, esters, and alkanes (Thruston et al. 1999). Most of the organic by-products are readily 

biodegradable by the following biological treatment (Canonica et al. 2003). So E2, TCEP and 

TBEP are prone to be degraded during anaerobic incubation with pre-ozonation. In order to 

assess whether the pre-ozonation (O3/H2O2 and O3) could enhance the treatment efficiency of the 

subsequent anaerobic treatment, concentrations of three model contaminants were monitored 

during anaerobic incubation. The treatment methods for biodegradation were categorized into 

four groups: raw (unamended leachate); abiotic (0.05 g/L NaN3); O3/H2O2 pre-treatment 

followed by anaerobic incubation; O3 pre-treatment followed by anaerobic incubation.  

3.4.1 Extent of E2 Biodegradation 

The ozone concentrations applied in the O3/H2O2 and O3 experiments included: 4.5mg/L, 

5.3mg/L, 5.4mg/L, 6.1mg/L, 7.2mg/L, and 7.3mg/L. Due to the similar degradation results of 

three contaminants that were obtained by the direct ozone oxidation of two ozone dose ranges, 

these ozone doses were combined in the following analysis. A molar ratio 1.1:1 of O3: H2O2 was 

used in the O3/H2O2 experiment. Due to the large amounts of data collected under different 

treatments, statistical analysis is required to demonstrate which treatment method has a 

significant effect on the degradation of the three target contaminants. One-way ANOVA analysis 

was selected as the statistical analysis method. Statistical software (PASW Statistics version 18, 

IBM Corporation, New York, USA) was used to conduct one-way ANOVA analysis. The figure 

below shows the degradation of E2 within 15 days by the four treatment methods. The error bars 

in the figures represent the confidence interval when      . The measured concentrations in 

leachate sludge mixtures (C/C0) were normalized by dividing the mean concentrations of the 

three contaminants after ozone oxidation on day 5 and from day 10 to day 15 by their mean 

concentrations of the first day (day 0). 
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Figure 3.4.1.1 Extent of E2 biodegradation after 4.5mg/L-7.3mg/L O3 
 
 

As the figure 3.4.1.1 shows, the mean E2/ E20 in the leachate decreased during the 15 days 

except under abiotic condition. Day 0 represents the concentration of E2 in the solution of 

leachate and sludge immediately after the solution was mixed. The highest removal of E2 was 

found by the pre-treatment of O3/H2O2 (up to 53.65% of removal). 33.2% removal of E2 was 

detected which was exposed to O3 pre-treatment. The percentage degradations of E2 under raw 

and abiotic conditions during anaerobic incubation were 33.7% and 23.7%. Due to large amount 

of the data collected under different treatments, statistical analysis is required to ensure measured 

concentrations after post-ozone pre-treatments and incubations are significantly different from 

the control. One-way ANOVA analysis was conducted to find out which treatment method has 

the most significant effect on the mean of E2 for all measured concentrations of E2.  

Initially, a one-way between subjects ANOVA was conducted to observe possible significant 

differences in the empirical results given raw (unaltered leachate) and abiotic treatment 

conditions. All the E2/ E20 values from day 5 to day 15 of anaerobic incubation were included in 

the analysis.  
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Table 3.4.1.1 Summary of ANOVA of E2/ E20 in raw and abiotic leachate 

 
  df F p-value 

Between 
Groups 1 0.434 0.516 

Within 
Groups 27     

                                          *p < 0.05 
 
 

From the results of table 3.4.2.1, there was no significant difference on the ratio of E2/E20 

under the raw and abiotic condition at the p<0.05 level [F (1, 27) = 0.434, p = 0.516]. So the raw 

and abiotic condition results were combined. In the following analysis, O3 alone and O3/H2O2 

treatment methods were compared with the control group based on degradation of E2. 

 
Table 3.4.1.2 Summary of ANOVA of E2/ E20 between control group and pre-ozonation (O3 and 

O3/H2O2) 
 

  df F p-value 

Between 
Groups 2 28.276 0.001 

Within 
Groups 84     

                                          *p < 0.05, alpha = 0.05 
                  
 

Table 3.4.1.3 Tukey HSD Comparison for treatment effects on C/C0 of E2 
 

(I) 
Treatment 

(J) 
Treatment 

Mean 
Difference 

(I-J) 
p-value 

control O3/H2O2 0.238 0.001 
control O3 alone 0.028 0.834 

                                    *p < 0.05, alpha = 0.05 

 

A “one-way between subjects” ANOVA (Table 3.4.2.2) was conducted to compare the effect 

of the mean E2 after pre-ozonation (O3 alone and O3/H2O2) vs. the control group. There was a 

significant difference of degradation of the mean E2 among the three treatments at the p<0.05 
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level [F (2, 84) = 28.276, p = 0.001]. To find out which pre-ozonation method (O3 alone or 

O3/H2O2) has a significant difference from the control group, post hoc comparisons by using the 

Tukey HSD test (Table 3.4.2.5) was conducted. The Tukey HSD test indicated that the mean E2 

by O3/H2O2 treatment was significantly different from the control group (p-value<0.05). 

However, the O3 treatment was not significantly different from the control group (p-value>0.05). 

In conclusion, these results suggest O3/H2O2 treatment had a significant effect on degradation of 

E2. But O3 treatment did not appear to reduce the E2 significantly.  

Since O3/H2O2 treatment showed a significant effect on degradation of E2, the ozone dosages 

(mg/L-level) were investigated to see whether different ozone dosages of O3/H2O2 pre-treatment 

have different effect on degradation of E2. To do so, the ozone dosages were divided into two 

groups: high ozone dose (6.1mg/L-7.3mg/L) and low ozone dose (4.5mg/L-5.4mg/L). A one-way 

between subjects ANOVA was conducted to compare the effect of high ozone dose and low 

ozone dose on E2 by O3/H2O2 treatment. 

 
Table 3.4.1.4 Summary of ANOVA of E2/ E20 under O3/H2O2 of two ozone doses 

 
  df F p-value 

Between 
Groups 1 0.083 0.774 

Within 
Groups 44     

                                             *p < 0.05 

 
 

As the results shown from table 3.4.1.4, there was no significant difference between low 

ozone dose and high ozone dose conditions on C/C0 of E2 at the p<0.05 level [F (1, 44) = 0.083, 

p = 0.774]. So the various ozone dosages by O3/H2O2 treatment did not have different effect on 

degradation of E2 during anaerobic incubation.  

3.4.2 Extent of TCEP Biodegradation 

The concentration of TCEP was also analyzed during the incubation to evaluate the effect of 

O3 and O3/H2O2 pre-treatment on degradation of TCEP. One-way ANOVA analysis and post hoc 

comparisons were conducted to assess whether TCEP is recalcitrant under anaerobic incubation 
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and whether the O3 or O3/H2O2 pre-treatment could improve the biodegradation of TCEP by the 

following anaerobic treatment. The error bars in the figures represent the confidence interval 

when      . 

 

 

Figure 3.4.2.1 Extent of TCEP biodegradation after 4.5mg/L-7.3mg/L O3 
 
 

In the figure 3.4.2.1, the TCEP was degraded slightly under raw and abiotic condition, and 

O3 pre-treatments. The raw and abiotic condition, O3/H2O2 and O3 pre-treatments showed 16.9%, 

23.1%, 20.1%, and 47.6% reduction of mean TCEP respectively. The O3 alone seems to have the 

potential to degrade the mean TCEP during the incubation time. One-way ANOVA analysis was 

conducted between raw and abiotic condition to see whether there is a significant difference on 

degradation the mean TCEP.  
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Table 3.4.2.1 Summary of ANOVA of TCEP/TCEP0 in raw and abiotic leachate 
 

  df F p-value 

Between 
Groups 1 0.650 0.427 

Within 
Groups 26     

 
 

Viewed from the results of table 3.4.2.1, there was no significant difference on C/C0 of TCEP 

at the p<0.05 level under raw and abiotic condition [F (1, 26) = 0.650, p = 0.427]. At this point, 

the raw and abiotic condition can be placed in one group (control), and we can conclude that 

TCEP is recalcitrant in leachate under anaerobic conditions. In the following analysis, the 

significance of TCEP degradation was made by comparing the C/C0 of the control group, O3 

alone, and O3/H2O2 treatments.  

 
Table 3.4.2.2 Summary of ANOVA of TCEP/TCEP0 between control group and pre-ozonation (O3 

and O3/H2O2) 
 

  df F p-value 

Between 
Groups 2 11.235 0.001 

Within 
Groups 82     

*p < 0.05, alpha = 0.05 
 
 

Table 3.4.2.3 Tukey HSD Comparison for treatment effects on TCEP/TCEP0 
 

(I) 
Treatment 

(J) 
Treatment 

Mean 
Difference 

(I-J) 
p-value 

control O3/H2O2 -0.031 0.730 
control O3 alone 0.231 0.001 

* p < 0.05, alpha = 0.05 

 
 

A one-way between subjects ANOVA (table 3.4.2.2) was conducted to compare the effect of 

the mean TCEP/TCEP0 under the treatments of pre-ozonation (O3 alone and O3/H2O2) and the 
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control group. There was a significant difference for degradation of the TCEP at the p<0.05 level 

between pre-ozonation and the control group [F (2, 82) =11.235, p = 0.001]. TCEP was degraded 

efficiently after pre-ozonation compared with control group. Post hoc comparisons using the 

Tukey HSD test (table 3.4.2.3) indicate that the mean TCEP/TCEP0 by O3 treatment was 

significantly different from the control group (p-value < 0.05). However, the O3/H2O2 treatment 

was not significantly different from the control group (p-value > 0.05). Taken together, these 

results suggest the O3 treatment had an effect on degradation the TCEP compared with the 

control group. However, the O3/H2O2 treatment did not appear to significantly enhance the 

degradation of TCEP under anaerobic treatment when compared with the control group. This 

could be evidence of molecular ozone reacting with the organic matter in leachate, turning them 

into smaller, more biodegradable intermediates that enhanced metabolic activity. 

The ozone dosages (mg/L-level) were investigated to see whether various ozone dosages 

have effect on degradation of TCEP with O3 pre-treatment. To do so, the ozone dosages were 

divided into two groups: high ozone dose (7.2mg/L) and low ozone dose (5.3mg/L). A one-way 

between subjects ANOVA was conducted to compare the effect of ozone doses (7.2mg/L and 

5.3mg/L) on the degradation of TCEP. 

 
Table 3.4.2.4 Summary of ANOVA of TCEP/TCEP0 by O3 of two ozone doses 

 
  df F p-value 

Between 
Groups 1 0.632 0.445 

Within 
Groups 10     

                                            *p < 0.05 

 
 

As the results shown from table 3.4.2.4, there was no significant difference between low 

ozone dose (5.3mg/L) and high ozone dose (7.2mg/L) conditions on TCEP/TCEP0 at the p<0.05 

level [F (1, 10) = 0.632, p = 0.445]. So the variation in applied ozone dosages did not have 

significant various effects on degradation of TCEP.  
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3.4.3 Extent of TBEP Biodegradation  

The means C/C0 of TBEP by four different methods (raw, abiotic, pre-O3 and O3/H2O2) were 

compared in the plot to see whether there is a difference among the treatment methods. To verify 

the difference is significant, the one-way ANOVA analysis and post hoc comparisons were 

conducted to investigate whether TBEP is recalcitrant under anaerobic conditions, and whether 

the O3 or O3/H2O2 pre-treatment could improve the biodegradation of TBEP. The ozone doses 

conducted in the O3/H2O2 and O3 treatments were also range from 4.5mg/L to 7.3mg/L. The 

figure below shows the degradation of TBEP within 15 days by the four treatment methods in the 

form of TBEP/TBEP0. The error bars in the figures represent the confidence interval when       . 

 
Figure 3.4.3.1 Extent of TBEP biodegradation after 4.5mg/L-7.3mg/L O3 

 

Viewed from the figure 3.4.3.1, the TBEP/TBEP0 was not degraded by the raw and abiotic 

leachate and O3/H2O2 pre-treatment followed by anaerobic incubation, the O3 treatment may 

improve the degradation of TBEP (59.3% reduction) compared with the other three methods. 

One-way ANOVA analysis was conducted to verify which treatment method had a significant 
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effect on degradation of TBEP. At first, raw and abiotic leachates were compared to see whether 

there was a significant difference between the two methods. 

 
Table 3.4.3.1 Summary of ANOVA of TBEP/TBEP0 in raw and abiotic leachate 

 
  df F p-value 

Between 
Groups 1 1.496 0.232 

Within 
Groups 28     

   *p < 0.05, alpha = 0.05 
 
 

Looking at the results of table 3.4.3.1, there was not a significant difference of TBEP/TBEP0 

under the raw and abiotic condition at the p<0.05 level [F (1, 28) = 1.496, p = 0.232]. So the raw 

and abiotic can be placed in one group (control). This implies that TBEP was resistant to 

biodegradation under anaerobic incubation. In the following analysis, the degradation of TBEP 

was compared by the control group, O3 alone and O3/H2O2 pre-treatments.  

 
Table 3.4.3.2 Summary of ANOVA of TBEP/TBEP0 between control group and pre-ozonation (O3 

and O3/H2O2) 
 

  df F p-value 

Between 
Groups 2 16.071 0.001 

Within 
Groups 63     

*p < 0.05, alpha = 0.05 
 
 

Table 3.4.3.3 Tukey HSD Comparison for treatment effects on TBEP/TBEP0 
 

(I) 
treatment 

(J) 
treatment 

Mean 
Difference 

(I-J) 
p-value 

    
control O3/H2O2 -0.156 0.029 
control O3 alone 0.259 0.005 

 * p < 0.05, alpha = 0.05 
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A “one-way between subjects” ANOVA was conducted to compare the treatment effect of 

the mean TBEP/TBEP0 between control and pre-ozonation methods. There was a significant 

effect on degradation of TBEP by the three treatments at the p<0.05 level [F (2, 63) = 16.071, p 

= 0.001]. So the treatment effects of the three methods were different significantly. Post hoc tests 

were conducted to observe the pre-treatment effects. Tukey HSD tests indicated that the mean 

TBEP/TBEP0 by O3 alone treatment was significantly different from the control group (p-

value<0.05). However, the O3/H2O2 treatment cannot degrade the TBEP significantly (Mean 

difference<0). Taken together, these results suggest O3 alone treatment improved post-ozone 

degradation of TBEP, but O3/H2O2 treatment did not appear to significantly affect degradation of 

the TBEP/TBEP0 during 15 incubation days.  

The ozone dosages (mg/L-level) were investigated to see whether various ozone dosages 

have treatment effect on O3 alone pre-treatment. To do so, the ozone dosages were divided into 

two groups: high ozone dose (7.2mg/L) and low ozone dose (5.3mg/L). A one-way between 

subjects ANOVA was conducted to compare the effect of high ozone dose and low ozone dose 

on TBEP/TBEP0. 

 
Table 3.4.3.4 Summary of ANOVA of TBEP/TBEP0 by O3 of two ozone doses 

 
  df F p-value 

Between 
Groups 1 0.339 0.575 

Within 
Groups 9     

                                             *p < 0.05 

 
 

As the results shown from table 3.4.3.4, there was no significant difference between low 

ozone dose and high ozone dose by the ozone alone treatment on TBEP/TBEP0 at the p<0.05 

level [F (1, 9) = 0.339, p = 0.575]. So the degradation of TBEP did not affected by various ozone 

doses.  
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3.5 Pre-Ozonation & Anaerobic Methane Formation Potential 

After observing the degradation of target organic contaminants by pre-ozonation and 

anaerobic treatment, it was important to evaluate changes in aggregate measures of leachate 

water quality, and any potential enhancement of microbial activity. This was conducted by 

measuring COD and TOC of old landfill leachate; methane and total gas formation, and the COD 

of the leachate/sludge solution with anaerobic incubation.  

In order to test the potential of the hybrid method for degradation of COD and TOC from old 

landfill leachate, the test was divided into two steps. The first step is to pretreat the leachate 

sample by oxidizing the leachate by O3 and O3/H2O2 under different conditions. The pretreated 

samples include leachate samples oxidized by high concentration of O3 (HO), the O3 

concentrations were 6-8mg/L; leachate samples oxidized by low concentration of O3 (LO), the 

O3 concentrations were 3-4mg/L; leachate samples oxidized by high concentration of O3/H2O2 

(HO+) and leachate samples oxidized by low concentration of O3/H2O2 (LO+). The detail 

scenario of each pre-treated sample is shown in appendix. The molar ratio of O3 to H2O2 was 

1.1:1. The first step was conducted by FSU (Tallahassee). Then the samples were delivered to 

USF (Tampa) under well preserved condition. The TOC, COD, and TN of pretreated leachate 

samples were analyzed; the carbon dioxide and methane produced from the headspace of the 

bottle during the anaerobic processes were evaluated to confirm a correlation between organic 

contaminant decomposition and microbial activity. The characteristics of TOC, COD and Total 

Nitrogen (TN) of pretreated samples are shown below. 
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Figure 3.5.1 TOC of raw and each pretreated leachate. HO: 7.4mg/L of O3; LO: 4.5mg/L of O3; HO+: 
O3/H2O2 (7.5mg/LO3+5.3mg/L H2O2); LO+: O3/H2O2 (3.9mg/LO3+2.78mg/L H2O2) 

 
 

In this graph, the TOC of each pretreated sample was around 130-140 mg/L (Figure 3.5.1). 

The TOC concentration of the raw leachate was higher than the O3/H2O2 and O3 pre-treated 

sample slightly; the removal rates of the pre-treated samples were up to 13.4% compared with 

the raw leachate. However, the TOC differences among each pretreated samples were not 

significant. That could be explained by concentrations of oxidation compounds (i.e. O3 and H2O2) 

that were not enough to break down the organic compounds completely (i.e.CO2), or there was a 

large amount of recalcitrant compounds in the leachate which were difficult to mineralize with 

O3/H2O2 processes. 
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Figure 3.5.2 COD of raw and each pretreated leachate. HO: 7.4mg/L of O3; LO: 4.5mg/L of O3; HO+: 
O3/H2O2 (7.5mg/LO3+5.3mg/L H2O2); LO+: O3/H2O2 (3.9mg/LO3+2.78mg/L H2O2).  

 
 

Similarly to the TOC results, the COD concentration of the raw sample was the highest and 

HO+ sample showed the lowest COD concentration among the pretreated leachate samples. As 

the figure 3.5.2 shows, the COD of the raw sample was around 565 mg/L; the COD of LO+ and 

HO+ were 550 mg/L and 540 mg/L respectively, the removal rates of the LO+ and HO+ were 

just 2.65% to 4.42% compared to the COD of the raw leachate, which were not quite significant. 

So the COD concentrations of the organics in the leachate samples were difficult to degrade with 

pre-ozonation. 
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Figure 3.5.3 Total Nitrogen (TN) of raw and each pretreated leachate. HO: 7.4mg/L of O3; LO: 
4.5mg/L of O3; HO+: O3/H2O2 (7.5mg/L O3+5.3mg/L H2O2); LO+: O3/H2O2 (3.9mg/LO3+2.78mg/L H2O2) 

 
 

As the figure 3.5.3 shows, the TN concentration of the raw sample was the highest among all 

the leachate samples (around 237 mg/L); the TN reduction rate of the HO+ sample was 11.3% 

compared with the raw leachate. So the hydroxyl radicals (•OH) produced from the O3/H2O2 

processes reacted with the organic compounds in the leachate that decreasing the TN 

concentration but not significantly.  

The pretreated leachate samples were also tested under anaerobic conditions in order to see if 

the ozone-based AOPs could enhance the biological process for leachate treatment. In the 

following discussions, the COD, methane and total gas produced from each pretreated leachate 

sample during 44 days of anaerobic incubation were analyzed.  
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Figure 3.5.4 COD Profile for different pretreated leachate under anaerobic condition. HO: 7.8mg/L of 
O3; LO: 4.5mg/L of O3; HO+: O3/H2O2 (7.5mg/LO3+5.3mg/L H2O2); LO+: O3/H2O2 

(3.9mg/LO3+2.78mg/L H2O2). The error bar represents the standard deviation of the triplicate samples. 
 
 

COD is used to measure the biodegradable and non-biodegradable organic compounds in the 

leachate. In order to evaluate whether the pre-ozonation could enhance the organic degradation 

of the anaerobic incubation, COD concentrations of the leachate and sludge organics were 

analysed during anaerobic incubation (figure 3.5.4). As figure 3.5.4 shows, the COD decreased 

gradually in the first 3 days and stabilized on day 3. O3/H2O2 processes (HO+) showed the 

highest COD removal. The COD removal of each pretreated leachate sample was shown in the 

table below.  
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Table 3.5.1 COD removed in each sample under anaerobic condition of 44 days 
  Initial COD (mg/L) Remained COD (mg/L) COD removed 
Raw 632.00 560.00 11% 
HO 662.67 548.00 17% 
LO 646.67 568.67 12% 
HO+ 706.67 562.67 20% 
LO+ 660.67 562.67 15% 

 

The table 3.5.1 shows the ozone pretreated samples had higher COD removal than the raw 

leachate (11% of removal), the highest COD removal rate was 20% by the high concentrations of 

O3/H2O2 processes (HO+) on the 44 day of incubation. However, the COD removal rates of the 

pretreated samples were not higher than that of the raw leachate significantly; this implies that 

the reduction of COD during anaerobic incubation was caused by microbial oxidation, instead of 

ozone oxidation. 

In this research, the methane and the total gas formatted from the reactor head-space during 

the anaerobic incubation were also measured to confirm a correlation between organic 

contaminant decomposition and microbial activity. In the following figure, methane produced 

from each pretreated leachate during anaerobic incubation was measured. 

 

Figure 3.5.5 – Methane profile for each pretreated leachate under anaerobic condition 
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As figure 3.5.5 shows, the methane produced from each sample increased during the 

incubation time. This indicates that the overall leachate/sludge maintained anaerobic activity for 

the duration. However, the methane produced from each sample was similar. Therefore, it is 

difficult to evaluate significant changes in microbial activity in ozonated leachate under 

anaerobic incubation when evaluating the volume of the methane produced from each sample 

reactor. However, methane was not the only gas produced from the leachate/sludge sample 

during the incubation; total gas (CO2 + CH4) was also calculated to confirm the improvement of 

the microbial activity of the leachate sample with the pre-ozonation. The following figure shows 

the total gas (CO2 + CH4) of each sample during the 44 days of anaerobic incubation. 

 

Figure 3.5.6 – Total gas profile for each sample under anaerobic condition. HO (1): 7mg/L of O3; HO 
(2): 7.8mg/L of O3; LO: 4.5mg/L of O3; HO+: O3/H2O2 (7.5mg/LO3+5.3mg/L H2O2); LO+: O3/H2O2 

(3.9mg/LO3+2.78mg/L H2O2) 
 
 

Figure 3.5.6 shows the total gas (CO2 + CH4) produced from each pre-treated sample during 

the 44 days of anaerobic incubation. This total gas also increased along the incubation time. The 
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difference in the amount of total gas that each pretreatment produced during the incubation was 

insignificant. So the variations of microbial activity in the ozonated leachate cannot be evaluated 

based on the total gas formation. However, these results confirmed microbial activity in each of 

the pre-treated and raw anaerobic reactors for up to 44 days of incubation.  
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CHAPTER FOUR 

CONCLUSIONS 

 

The extent of direct oxidation and biodegradation of the three model contaminants during the 

incubation time were analyzed, the COD, TOC, TN of pretreated leachate sample and the 

methane formatted from the reactor head-space during the anaerobic incubation were also 

measured to confirm a correlation between organic contaminant decomposition and microbial 

activity.  The biodegradability of the sampled ‘old’ landfill leachate (as measured by BOD5/COD) 

was the highest when the molar ratio of O3:H2O2 was between the range of 0.8:1 to 1:1. The 

difference in the TOC and COD of the raw and pretreated leachate samples (LO, HO, LO+, HO+) 

was not significant, so the organic compounds in the leachate were difficult to mineralize by 

low-mg/L O3 pre-treatments.  

It was found that the three model contaminants (TCEP, TBEP, E2) can be partially removed 

by direct and indirect ozone oxidation, and the treatment efficiency of O3/H2O2 was a little 

higher than O3 treatment with respect to degradation of three compounds. This can be explained 

by the second-order rate constants for the reactions of the three contaminants with •OH radicals 

(k) are higher than that for the reactions of the three contaminants with O3. In particular, the k•OH, 

E2 is higher than k•OH, TCEP and k•OH, TBEP, so the removal efficiency of E2 was higher than TCEP 

and TBEP by direct O3/H2O2 treatment of mg/L ozone dose.  

Ozonation (O3/H2O2 and O3) of landfill leachate was demonstrated to be practical as the pre-

treatment before biological treatment. In order to evaluate whether the pre-ozonation (O3/H2O2 

and O3) could enhance the treatment efficiency of the subsequent anaerobic treatment, 

concentrations of the three compounds in pretreated leachate followed by anaerobic incubation 

were analyzed by one-way ANOVA. The E2 showed the best treatment effect under O3/H2O2 

processes, the remaining rate (C/C0) of E2 by O3/H2O2 treatment was 46.3% over 15 days of 

incubation time. For TBEP and TCEP, O3 alone had a significant treatment effect; the mean 

removal of TBEP after treatment by O3 alone was 40.7% over15 days of incubation time, and the 

mean removal of TCEP treated by O3 alone was 52.4% over15 days of incubation time. It is 
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assumed that ozonation led to significant oxidation of leachate organic matter (without 

mineralizing leachate TOC) that enhanced anaerobic microbial activity.  

The COD, methane and total gas produced from the reactor head-space during the 44 days of 

anaerobic incubation were also measured. The COD concentration decreased slightly during the 

first 3 days and became stable at the day 3. The difference of each pre-treated leachate sample 

and the raw leachate on COD concentration was not significant. The increasing methane and 

total gas produced from pre-treated leachate/sludge solutions confirms that the overall microbial 

activity was maintained during the anaerobic incubation. 

 In general, low-mg/L ozone pre-treatment, prior to anaerobic incubation, was found to 

improve biological degradation, and the total removal rate of multiple model contaminants. For 

the O3/H2O2 pre-treatment, the total removal rates of TCEP, TBEP, and E2 were 52.18%, 

59.63%, and 83.8%; For the O3 pre-treatment, the total removal rates of TCEP, TBEP, and E2 

were 53.38%, 60.48%, and 71.94% respectively. E2 showed the highest total removal rate 

among the three contaminants during the anaerobic incubation with the O3/H2O2 and O3 pre-

treatments. In conclusion, ozonation (O3/H2O2 and O3) of landfill leachate was proven to be 

practical as the pre-treatment before on-site biological treatment, or publicly-owned treatment 

works (POTW), and increased the efficiency of the biological treatment. 

In future research, higher ozone dosages can be applied to evaluate the methane produced 

from each pre-treated leachate reactor. Quantitative microbial population analysis might also 

provide a better picture of the effect of ozone pre-treatment of leachates on microbial activity. 

Semi-batch reactors for leachate treatment can also be created to test the kinetic model of 

oxidation of organic contaminants with O3 and O3/H2O2 treatments. Co-metabolism did not 

observe to improve the biodegradation in this research; diverse substrates could be tried to 

introduce in the leachate in the future study. 
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APPENDIX A 

METHOD CALIBRATIONS 
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Calibration Curves for TCEP, TBEP, E2 

 

Raw Data (TCEP) 

TCEP(mg/L) Area under peak 

3 1302255 

3 1251559 

2 785278 

2 638263 

1 402724 

1 347220 

0.5 138893 

0.5 134920 

 

Calibration curve (TCEP) 
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Raw Data (TCEP)-2 

TCEP(mg/L) Area under peak 

3 25574092 

3 29464974 

2 19114177 

2 18852770 

1 11287231 

1 10728194 

0.5 5890839 

0.5 7652604 

 

Calibration curve (TCEP)-2 

 

y = 8E+06x + 3E+06 
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Raw Data (TBEP) 

TBEP(mg/L) Area under peak 

3 151571 

3 158819 

2 85697 

2 78917 

1 29824 

1 42694 

0.5 12842 

0.5 19822 

 

Calibration curve (TBEP) 
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Raw Data (TBEP)-2 

TBEP (mg/L) Area under peak 

3 3051982 

3 3379440 

2 2008427 

2 2169434 

1 1100793 

1 1087255 

0.5 611520 

0.5 1013593 

 

Calibration curve (TBEP)-2 

 

 

y = 978186x + 213253 
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Raw Data (E2) 

E2 (mg/L) Area under peak 

3 98989 

3 93880 

2 65462 

2 56677 

1 30480 

1 26756 

0.5 10732 

0.5 6515 

 

Calibration curve (E2) 

 

 

y = 34688x - 7681.1 
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Raw Data (E2)-2 

E2 (ppm) Area under 
peak 

3 2887232 

3 3017366 

2 1912839 

2 1932862 

1 888962 

1 879621 

0.5 501376 

0.5 830907 

 

Calibration curve (E2)-2 

 

 

y = 943292x + 73546 

R² = 0.9798 

0

500000

1000000

1500000

2000000

2500000

3000000

3500000

0 1 2 3

E2  

E2 concentration (ppm) 

A
re

a
 u

n
d

e
r 

p
e

a
k

 



58 

 

APPENDIX B 

EXPERIMENTAL RESULTS (RAW DATA) 
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The detailed information of the ozonated leachate in six anaerobic reactors; The 

initial ozone concentration is 28.626mg/L. 

Six bottles Ozone dose(mg/L) Vol. of 
leachate(mL) 

Vol. of 
makeup 

water(mL) 

Vol. of ozone 
added(mL) 

Vol. of 
sludge(mL) 

A 4.5 65 4.5 13 82.5 
B 4.5 65 4.5 13 82.5 
C 6.1 65 0 17.5 82.5 
D 6.1 65 0 17.5 82.5 

E(raw) 0 65 17.5 0 82.5 
F(abiotic)  0 65 17.5 0 82.5 

 

The COD concentration variation under different molar ratio of O3 to H2O2 (n=2) 

molar ratio of 
O3 to H2O2 

COD1 COD2 average COD 

0 551 552 524.4 
0.3 531 535 505.0 
0.6 538 538 509.7 
0.8 560 532 514.8 
1 549 531 511.5 

1.1 538 541 513.2 
1.5 544 539 515.2 
2 548 545 519.7 

 

TOC concentrations on different molar ratio of O3 to H2O2 (n=1) 

molar ratio of 
O3 to H2O2 TOC (ppm C) 

0 188.3 
0.3 128.4 
0.6 128.8 
0.8 134.5 
1 135.0 

1.1 136.0 
1.5 136.8 
2 135.6 
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TOC concentrations by different ozone doses (n=1) 

O3 dose(mg/L) TOC mean(ppm C) 
0 698.9 

2.1 660.2 
4.1 657.0 
6.2 657.4 
7.2 664.1 

 

The C/C0 of three contaminants under raw, abiotic, and ozone pre-treatment followed by 

anaerobic incubation (All the ozone doses are combined in the following table) 

 

E2 

Treatment Day 0 Day 5 Day 10 Day 15 

Raw no O3 

1 0.7882 0.4541 0.7960 
1 0.9932 0.6681 1.0808 
1 0.6125 0.6933 0.3965 
1 0.5633 0.6678 0.4924 
1 0.8216 0.7290 _ 

1 0.7438 0.5899 _ 

Abiotic 

1 0.5985 0.5730 1.1596 
1 1.0676 0.7389 1.0198 
1 0.7022 0.9957 0.5621 
1 0.6297 1.2474 0.6529 
1 0.6607 0.4908 _ 

1 0.9200   _ 

O3/H2O2 

1 0.5425 0.4019 0.3459 
1 0.4574 0.5206 0.5464 
1 0.4395 0.3908 0.4415 
1 0.5018 0.4119 0.6780 
1 0.3355 0.2225 0.4416 
1 0.5697 _ 0.4497 
1 0.5541 0.3782 0.6760 
1 0.4640 0.3817 _ 
1 0.5567 0.4025 0.7367 
1 0.4708 0.3708 0.4119 
1 0.4366 0.5205 0.4393 
1 0.6034 0.4232 0.4750 
1 0.5289 0.5260 0.3705 
1 0.4685 0.4834 0.4336 
1 0.5043 0.5214 0.3784 
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1 0.5586 0.7257 0.3985 
  1 0.7025 0.9809 _ 
  1 0.9287 0.6750 _ 
  1 0.6226 0.5209 _ 
  1 0.6145 0.5089 _ 

O3 alone 1 _ _ _ 
  1 _ _ _ 
  1 0.5604 0.5538 _ 
  1 0.7914 0.7692 _ 

 

TCEP 

Treatment Day 0 Day 5 Day 10 Day 15 

Raw no O3 

1 1.1423 0.7402 0.9702 
1 1.3684 1.0183 1.2542 
1 0.9696 1.1098 0.5717 
1 0.8995 0.8366 0.6803 
1 0.7808 0.5599 _ 

1 0.7330 0.4897 _ 

Abiotic 

1 0.7539 0.5399 1.0642 
1 1.2693 0.6319 0.9850 
1 0.9231 0.8657 0.5888 
1 0.7579 0.9888 0.6098 
1 0.7237 0.6044 _ 

1 0.6542   _ 

O3+H2O2 

1 0.8149 0.6045 0.4511 
1 0.8397 0.9841 0.8032 
1 0.8320 0.7216 0.7575 
1 1.0012 0.9207 1.1714 
1 0.9959 0.7493 1.0694 
1 1.1711 _ 0.8910 
1 0.8825 0.7915 0.9774 
1 0.8479 0.7132 _ 
1 1.0575 0.9263 1.0552 
1 0.7170 0.6003 0.5720 
1 0.7438 0.8231 0.5747 
1 0.9689 0.7745 0.6851 
1 0.9154 0.8417 0.5762 
1 0.8529 0.8206 0.8019 
1 0.8380 0.8715 0.5665 
1 0.8741 1.2276 0.6278 

O3 alone 
1 0.6121 0.8716 _ 
1 0.6958 0.4936 _ 
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1 0.4800 0.3244 _ 
1 0.4887 0.3206 _ 
1 _ _ _ 
1 _ _ _ 
1 0.6697 0.5948 _ 
1 0.6476 0.5407 _ 

 

TBEP 

Treatment Day 0 Day 5 Day10 Day 15 

Raw no O3 

1 1.3409 0.8613 1.3739 
1 1.6685 1.3082 1.8723 
1 1.1254 1.2865 0.7826 
1 0.9092 0.9335 0.7254 
1 0.6125 0.4196 _ 

1 0.5224 0.2937 _ 

Abiotic 

1 1.0017 0.6849 1.6954 
1 1.8407 0.9917 1.7531 
1 0.9703 0.9267 0.6180 
1 0.7540 1.0228 0.6541 
1 0.4443 0.3807 _ 

1 0.4496   _ 

O3+H2O2 

1 0.9561 0.6262 0.3865 
1 1.1874 1.3566 1.4131 
1 0.9224 0.8352 0.8519 
1 1.3680 1.1803 1.5998 
1 1.1639 0.9290 1.6972 
1 1.4789 _ 1.2316 
1 1.0565 0.8197 1.6335 
1 0.9662 0.8562 _ 
1 1.5555 1.1593 2.4726 
1 0.8953 0.6938 0.8750 
1 0.9359 1.0485 0.8607 
1 1.3985 0.9242 0.9856 
1 1.0190 0.9671 0.7169 
1 1.0031 0.9272 1.0346 
1 0.8423 0.9063 0.5816 
1 1.0291 1.3447 0.7269 

O3 alone 

1 0.1848 0.7882 _ 
1 1.1144 0.3106 _ 
1 0.3572 0.1115 _ 
1 0.3450 0.1364 _ 
1 _ _ _ 
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1 _ _ _ 
1 0.4751 0.4532 _ 
1 0.6865 0.6408 _ 

 

The C/C0 of three contaminants under O3/H2O2 direct oxidation (molar ratio of O3:H2O2 

=1.1:1) 

O3/H2O2 TCEP TBEP E2 

O3 dose 
(mg/L) 

Conc. after 
ozonation(mg/L) C/C0 

Conc. after 
ozonation(mg/L) C/C0 

Conc. after 
ozonation(mg/L) C/C0 

4.5 0.7345 0.47 0.4506 0.29 0.3925 0.25 
4.5 1.0164 0.65 0.7946 0.50 0.4716 0.30 
4.5 0.8739 0.55 0.6946 0.44 0.4392 0.28 
4.5 0.9260 0.59 0.7530 0.48 0.5062 0.32 
5.4 1.1522 0.73 1.1069 0.70 0.6768 0.43 
5.4 0.9614 0.61 0.5941 0.38 0.5783 0.37 
5.4 1.1340 0.72 0.8912 0.57 0.7347 0.47 
5.4 0.9171 0.58 0.6194 0.39 0.6167 0.39 
6.1 0.9829 0.62 0.8581 0.54 0.5334 0.34 
6.1 1.0053 0.64 0.8193 0.52 0.5698 0.36 
6.1 1.1642 0.74 1.2112 _ 0.6829 0.43 
6.1 1.0598 0.67 0.9268 0.59 0.5586 0.35 
7.3 1.0935 0.69 0.7868 0.50 1.1719 0.74 
7.3 1.0287 0.65 0.6992 0.44 0.7067 0.45 
7.3 1.1120 0.71 0.8387 0.53 0.7003 0.44 
7.3 1.1711 0.74 0.8964 0.57 0.7055 0.45 

 

The C/C0 of three contaminants under O3 direct oxidation 

O3 alone TCEP TBEP E2 

O3 dose 
(mg/L) 

Conc. after 
ozonation(mg/L) C/C0 

Conc. after 
ozonation(mg/L) C/C0 

Conc. after 
ozonation(mg/L) C/C0 

5.3 0.8896 0.56 0.5164 0.33 0.4799 0.30 
5.3 1.3973 0.89 1.0583 0.67 0.6481 0.41 
5.3 1.4378 0.91 1.1861 0.75 0.7345 0.47 
5.3 1.4748 0.94 1.2560 0.80 0.7954 0.50 
7.2 1.2638 0.80 1.3336 0.85 0.8018 0.51 
7.2 1.3617 0.86 1.7140 1.09 0.9959 0.63 
7.2 1.5764 1.00 1.2742 0.81 0.7476 0.47 
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The 12 leachate samples for measurement the formation of anaerobic methane and 

total gas.  

  
Raw 
Leachate 
(TOC) 

146.6674 mg/L TOC Std. Dev. 
(3 reps) 6.0535 mg/L     

  
Raw 

Leachate 
(COD) 

    COD Std. Dev. 
(3 reps)         

Date 
Generated 

Sample 
Label 

Volume 
(mL) 

Ozone 
Dose 

(mg/L) 

H2O2 Dose 
(mg/L) 

Ozone Dose 
(mM) 

H2O2 
Dose 
(mM) 

O3:H2O2 
final 
pH 

2012/4/17 A 1000 0 0 0 0 _ 7.064 

2012/4/17 B 1000 0 0 0 0 _ 6.91 

2012/4/17 C 1000 0 0 0 0 _ 6.924 

2012/4/17 D 980 0 0 0 0 _ 7.003 

2012/4/17 E 1000 7 0 0.146 0 _ 6.945 

2012/4/17 F 1000 7.8 0 0.163 0 _ 6.943 

2012/4/17 G 1000 4.1 0 0.085 0 _ 6.96 

2012/4/17 H 1000 4.5 0 0.094 0 _ 7.09 

2012/4/18 I 1000 7.8 5.536 0.163 0.163 0.998 7.015 

2012/4/18 J 1000 7.5 5.286 0.156 0.155 1.005 7.065 

2012/4/18 K 1000 3.9 2.779 0.081 0.082 0.994 7.208 

2012/4/18 L 1000 3.9 2.759 0.081 0.081 1.001 6.998 
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