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ABSTRACT 

This research focused on the fundamental requirements of stabilizing a mature landfill 

using three treatment approaches as well as the implications of discharging leachate organic 

matter (LOM) to wastewater treatment plants (WWTPs). Three treatment approaches aimed at 

removing releasable carbon and nitrogen from mature landfills including flushing with clean 

water, leachate recirculation with ex-situ chemical oxidation, and leachate recirculation with ex-

situ chemical oxidation and in-situ aeration were evaluated. After extensive treatment of the 

waste in the flushing bioreactor (FB) scenarios, the overall biodegradable fraction was reduced 

relative to mature waste. Leachate quality improved for all FBs but through different 

mechanisms. Flushing was the most effective approach at removing biodegradable components 

and improving leachate quality. A mass balance on carbon and nitrogen revealed that a 

significant fraction still remained in the waste.  

Solid waste and leachate samples from the anaerobic bioreactors and FBs were 

characterized using Fourier Transform Infrared (FTIR) to provide a better understanding of 

changes in waste characteristics when waste transitions from mature to stabilized. Organic 

functional groups associated with aliphatic methylene were present in leachate and solid waste 

samples during the early stages of anaerobic degradation and disappeared once these wastes 

underwent treatment. Once the waste was stabilized, the FTIR spectra of leachate and solid waste 

were dominated by inorganic functional groups (carboxylic acid/carbonate group, carbonate, 

quartz, and clay minerals).  

Leachate is commonly co-treated with domestic wastewater due to the cost and 

complexity of on-site treatment. The organic constituents in leachate can be problematic for 
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WWTPs as their recalcitrant components pass through conventional treatment processes, 

impacting effluent quality. Twelve leachates where characterized for total nitrogen (TN) and 

dissolved organic nitrogen (DON). The average concentration of TN and DON in leachate was 

1,160 and 40.7 mg/L, respectively. Leachates were fractionated based on hydrophobic 

(recalcitrant; rDON) and hydrophilic (bioavailable; bDON) properties. The average 

concentrations of bDON and rDON were 16.5 and 18.4 mg/L, respectively. Multiple leachate 

and wastewater co-treatment simulations were carried out to assess the treatment of leachate 

nitrogen at historic nitrogen removal levels of four WWTPs and the effects on wastewater 

effluent quality for four WWTPs. The effluent quality exceeded typical TN limits of 3 to 10 

mg/L at leachate volumetric contributions of 10%. The maximum calculated pass through 

concentrations of rDON and DON at 10% volumetric contribution for the twelve leachates was 

4.77 and 9.71 mg/L, respectively.  

The effects of LOM on wastewater effluent quality was further evaluated in the field. 

Results showed that leachate detection for each field study could be determined using UV254 nm 

absorbance. DON and dissolved organic carbon (DOC) concentrations increased at significant 

levels in leachate-impacted wastewater samples. The DON decreased through the treatment train, 

suggesting that this parameter was effectively removed, while DOC persisted.  DOC pass 

through coincided with an increase in color and UV254 nm absorption. In effluents, the UV254 nm 

transmittance was just below the minimum 65% disinfection requirement at dilutions greater 

than 1%. Leachate-impacted wastewater showed a higher concentration of humic-like peaks 

during fluorescence measurements than wastewater without leachate.  
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CHAPTER 1  

INTRODUCTION  

Municipal Solid Waste (MSW) generation reached 1.3 billion tonnes per year globally in 

2010 and it is projected to increase to 2.2 billion tonnes per year in 2025 (Hoornweg and Bhada-

Tat, 2012). The increase in waste volume poses a significant challenge to dispose of this waste in 

a controlled and sustainable manner. Landfilling is still the primary method for waste disposal in 

both developed and developing countries despite the push to divert waste from landfills.  As of 

2015, there are approximately 1,637 operating landfills in the U.S. (Gerlat, 2015) and the number 

of mature landfills will continue to increase. 

Modern landfills are designed with engineered containment systems and operated to 

protect the environment from contamination, but the long-term fate of these containment systems 

is unknown. The contaminants produced during biological waste stabilization require costly 

treatment and pose a threat to the surrounding environment should a breach of the engineered 

containment system occur. These contaminants include ammonia-nitrogen, organic carbon, 

volatile compounds, and heavy metals (Barlaz et al., 2002; Goi et al., 2010; Kjeldsen et al., 2002; 

Qasim and Chiang, 1994).  

After a landfill has been operated for a period of time and the anaerobically 

biodegradable organic compounds have degraded, the leachate may contain inorganic 

contaminants and refractory organic by-products that threaten the environment and human 

health. Human health and the environment will only be protected as long as the designed 

containment systems remain intact (Scharff, 2014). If there is a breakdown in the integrity of the 

containment system long after a site has been released from post-closure care (PCC), moisture 
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can be introduced, reinitiating the degradation process, and consequently leachate or gas 

emissions (Allen, 2001; Scharff, 2010; Tchobanoglous and Kreith, 2002). Therefore, to minimize 

the long-term environmental impact of landfills, enhanced emission reduction methods are 

needed prior to a breach of the containment system. It has been suggested that the introduction of 

liquid (e.g., flushing) and aeration are the best ways to safely reduce or end PCC (Ritzkowski et 

al., 2006; Stegmann et al., 2003). Flushing has been shown to remove releasable carbon and 

nitrogen but requires a large volume of water. Two alternative treatment processes have been 

suggested to reduce the water requirement and leachate treatment as well as costs associated with 

the conventional means of flushing. Combining in-situ aeration with ex-situ chemical oxidation 

can remove recalcitrant carbon and biologically convert ammonia-N to nitrate or nitrogen gas. 

At present, majority of leachate is co-treated with domestic wastewater due to the cost and 

complexity of on-site treatment. Biological treatment processes utilized at wastewater treatment 

plants (WWTPs) are designed to remove carbonaceous biochemical oxygen demand (cBOD) and 

ammonia-N; these processes are not designed to remove recalcitrant organic matter. Therefore 

the organic constituents in leachate can be problematic for WWTPs as their recalcitrance causes 

them to pass through conventional treatment processes, potentially negatively affecting effluent 

quality (Zhao et al., 2013). Chlorination of these organic compounds can generate toxic 

disinfection byproducts (e.g., N-Nitrosodimethylamine (Mitch et al., 2003)).  An additional 

concern is that aromatic compounds tend to absorb ultraviolet (UV) light, which may interfere 

with the alternative method of disinfection of wastewater using UV at volumetric contributions 

as low as 0.01% of the WWTP influent (Reinhart and Bolyard, 2015; Zhao et al., 2012). 

Nitrogen species such as dissolved organic nitrogen (DON) can be problematic for WWTPs 

that have to meet lower total nitrogen (TN) limits. After biological treatment, effluent TN is 

dominated by DON, therefore removal of DON plays an important role in meeting more 
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stringent limits. DON concentrations in domestic wastewater effluents, in the absence of other 

industrial sources, can range from 0.5-2.5 mg/L (Matthews et al., 2011), which can be a 

significant fraction of TN. There is a need to quantify the concentration of DON in leachate and 

assess the bioavailability of this species. There has been some research that suggests that 

recalcitrant DON discharged to aquatic systems can undergo photochemical reactions that 

promote the production of labile nitrogen species. These species include dissolved primary 

amines, ammonia-N, and other compounds yet to be identified (Bushaw-Newton and Moran, 

1999).  

This dissertation focuses on (1) evaluating the application of treatment approaches for the 

stabilization of MSW, (2) understanding the changes in waste and leachate during stabilization 

using Fourier Transform Infrared (FTIR) spectroscopy, and (3) determining the effects of 

leachate organic matter discharged to WWTPs on effluent quality. The treatment approaches for 

the stabilization of mature landfills were evaluated for the effectiveness of removing releasable 

recalcitrant carbon and ammonia-nitrogen. Three approaches were evaluated, (1) flushing with 

deionized water, (2)  leachate recirculation with ex-situ chemical oxidation, and (3) leachate 

recirculation with ex-situ chemical oxidation and in-situ aeration. The latter approach was named 

Stabilization through Aerobic Bioreactor Leaching (STABL). Batch and modeling studies 

(Batarseh et al., 2010) demonstrated the economic and technical feasibility of STABL to reduce 

the long-term liability of mature landfills, but research was necessary to further study this 

technology. Furthermore, the changes occurring in the waste and leachate during the FB 

treatments were characterized using FTIR spectroscopy. These changes were correlated to the 

extent of treatment (determined by the liquid to solids ratio (L/S)) and conventional parameters. 

L/S is the ratio of cumulative volume of clean or treated liquid added per mass of initial dry 

waste. 
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The treatment approaches evaluated in this study were effective at stabilizing solid waste 

and improving leachate quality. Despite these improvements the generated leachate still requires 

treatment before discharging to the environment. This research evaluated 12 leachates to 

quantify TN and DON from landfills across Florida and one in California. These sites 

represented multiple types of landfills (e.g., conventional, slurry wall) and different ages of 

waste. The leachate was fractionated based on hydrophilic (bioavailable; bDON) and 

hydrophobic (recalcitrant; rDON) chemical properties to understand the treatability and potential 

pass through of these nitrogen species. These data were used to simulate multiple WWTPs using 

published TN removal efficiencies. Data generated in this study supported the need to further 

evaluate the impacts of DON on WWTP influent and effluent quality and to determine to what 

extent LOM interferes with UV disinfection.  

Field studies were conducted to increase the understanding of the nature and fate of 

recalcitrant, UV-absorbing, and organic-nitrogen containing compounds in leachate that is co-

treated with domestic wastewater. Leachate and wastewater were characterized for conventional 

and spectroscopic properties. From these data a molecular fingerprint was developed to allow for 

the rapid identification of wastewater effluent impacted by LOM. Known additions of leachate to 

wastewater were used to estimate the volumetric contribution using UV absorbance at 254 nm as 

an indicator of the presence of organic matter.  Leachate contribution to influent and effluent 

WWTP DOC, sCOD, and DON concentrations were evaluated by conducting field sampling at 

WWTPs. These data were used to estimate the extent to which LOM interferes with UV 

transmittance in WWTP effluents.  

Dissertation Organization 

This dissertation is organized in seven chapters. Chapter 1 presents introductory 

information and overview of this research. Chapter 2 provides a literature review and discussion 
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regarding bioreactor operation, fate of organic and inorganic waste components, leachate and 

wastewater co-treatment, and advanced spectroscopic techniques to characterize solid waste, 

leachate samples, and humic acid (HA).  

Chapter 3 describes the results from the application of landfill treatment approaches for 

the stabilization of MSW. This chapter specifically discusses the fate of carbon and nitrogen 

during the flushing bioreactor (FB) test scenarios. These results were used to understand to what 

extent treatment is necessary to further stabilize a mature landfill. Stability indicators were also 

recommended based on this research. This paper was published in the Waste Management 

(Impact Factor: 3.22). 

Chapter 4 focuses on the extent of waste stabilization based on spectroscopic data from 

solid waste, leachate, and HA extracted from waste treated under various treatment approaches. 

These data were compared to conventional biochemical parameters (i.e., solid waste and 

leachate).  Characterizing and better understanding changes in the organic fraction of solid waste 

during the degradation process is imperative to evaluate the remaining pollution potential (i.e., 

gas and leachate emissions) and the stabilization of landfilled waste. This information was used 

to provide better insight as to what happens when mature waste is further stabilized. 

Spectroscopic stability indicators for both leachate and solid waste were also described. This 

paper will be submitted to Environmental Science and Technology (Impact Factor: 5.330). 

Chapter 5 presents data on total nitrogen (TN) and dissolved organic nitrogen (DON) 

concentrations in landfill leachate. The effects of leachate nitrogen loadings on the wastewater 

effluent quality were estimated using a mass balance approach. The bioavailability of DON 

based on hydrophobic (rDON) and hydrophilic (bDON) chemical properties was estimated. This 

paper will be submitted to Water Research (Impact factor 5.528). 
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Chapter 6 summarizes results from a study that addresses the nature and fate of 

recalcitrant, UV-absorbing, and organic-nitrogen containing compounds in leachate that is co-

treated with domestic wastewater. Wastewater and leachate were characterized to understand the 

differences in conventional and spectroscopic properties. Leachate nitrogen contribution to 

effluent WWTP TN concentration permit exceedances were evaluated by conducting field 

sampling at wastewater treatment plants with and without leachate. This study provided a better 

understanding of potential implications of accepting leachate for both the landfill and WWTP 

operators. Additionally, the impediments of disinfection in the presence of LOM were better 

understood and recommendations were made to ensure that performance complies with permit 

requirements. This paper will be submitted to Waste Management (Impact factor 3.22). 

Chapter 7 contains conclusions and recommendations developed from this research. The 

appendices provide the detailed methodology and supplemental information, where applicable, 

for each chapter. 
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CHAPTER 2  

LITERATURE REVIEW 

Introduction 

The bioreactor landfill is an important component of current sustainable waste 

management practices.  Much research has been conducted to create an efficient landfill system 

that can significantly reduce pollution potential of municipal solid waste (MSW) within a decade 

(Reinhart et al., 2002; Reinhart and Townsend, 1998).  However, after the landfill has been 

operated for a period of time and the anaerobically biologically degradable organic compounds 

are removed, the leachate may contain inorganic contaminants and refractory organic by-

products that threaten the environment and human health.  In a review of leachate characteristics, 

Kjeldsen et al. (2002) reported that chemical oxygen demand (COD) in leachates from mature 

landfills ranged from 500 to 4500 mg/L and averaged 3000 mg/L while biochemical oxygen 

demand (BOD) was well below 200 mg/L.  In addition, bioreactor landfill operation tends to 

yield high ammonia-nitrogen concentrations compared to conventional landfills because 

recirculating leachate under anaerobic conditions increases the rate of ammonification and 

provides no major biological pathway for ammonia removal (Berge et al., 2006).  Bioreactor 

ammonia-nitrogen concentrations commonly range from 100 to 1500 mg/L and average 740 

mg/L (Barlaz et al., 2002). 

In order to reduce long-term liability and environmental impacts associated with landfills, 

post-closure care (PCC) of US landfills is now required for 30 years, however this time period 

may be inadequate.  Some researchers suggest PCC may be required for 200 to 500 years (Belevi 

and Baccini, 1989; Ehrig and Krümpelbeck, 2001).  In some cases, removal of both remaining 
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organic contaminants and ammonia-nitrogen must be accomplished before landfill PCC can end. 

Removal of these constituents as they leach from the waste may require a series of costly 

biological, chemical and physical processes outside of the landfill either at a local treatment plant 

or using on-site facilities.   

To minimize PCC following biological anaerobic digestion of waste in a landfill, a 

completion phase is proposed. Batch and modeling studies (Batarseh et al., 2010) have 

preliminarily demonstrated the economic and technical feasibility of the STABL technology, 

shown in Figure 2-1 (Batarseh et al., 2010).   

 

Figure 2-1. Stabilization through Aerobic Bioreactor Leaching 

In the STABL, remaining contaminants, such as leachable ammonia-nitrogen and organic 

contaminants are flushed from the landfill through the recirculation of leachate.  Recalcitrant 

organics are partially oxidized ex situ to the landfill using Fenton’s reagent (Batarseh et al., 

2007).  The oxidized organics are returned to the landfill and treated aerobically in situ, along 

with ammonia-nitrogen.  After this treatment, the ultimate end products remaining in the landfill 
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are essentially humic matter and immobilized inorganic compounds.  Preliminary cost for this 

technology was estimated at $23/metric ton (Batarseh et al., 2010). 

Bioreactor Landfill 

Operating a landfill as a bioreactor offers the ability to increase the rate of waste 

stabilization (Pacey et al., 1999; Reinhart et al., 2002; Warith, 2002). This accelerated 

stabilization is achieved due to added moisture which facilitates enhanced microbial processes to 

transform and stabilize the readily and moderately degradable organic constituents within the 

waste (Warith, 2002). Both laboratory research and field-scale studies suggested that the single 

most important factor for increasing waste biodegradation is through controlled waste moisture 

(Pohland, 1975; Warith, 2002). The optimum moisture content for bioreactor landfills is between 

40% and 70% (Barlaz et al., 1990).  

Leachate is a common source of moisture in a bioreactor landfill; recirculation of 

leachate provides an avenue to reduce the leachate treatment capital and operating costs (Chugh 

et al., 1998; Doedens and Cord-Landwehr, 1989; El-Fadel, 1999; Kinman et al., 1987; Onay and 

Pohland, 1998; Reinhart et al., 2002; Šan and Onay, 2001; Tittlebaum, 1982; Townsend et al., 

1996; Warith, 2002). Leachate is introduced into a bioreactor by either surface application or 

injection through vertical wells or horizontal trenches (Khire and Mukherjee, 2007; Reinhart et 

al., 2002). The liquid requirement is a function of waste characteristics (e.g. field capacity and 

moisture content), quantity of landfilled waste, and the optimum moisture content for enhanced 

waste stabilization. In most cases the infiltration of moisture through rainwater or recirculation of 

leachate is not sufficient to meet the liquid requirement (Reinhart et al., 2002; Warith, 2002). A 

major drawback to recirculation is the heterogeneity of the landfilled waste and compaction. 

Wetting is incomplete due to the preferential flow paths and unavoidable inefficiencies in the 



 
12 

 

chosen recirculation method (Reinhart et al., 2002).  Due to the recirculation of leachate, 

continuous pumping of two to three times the generation rate is required to avoid a buildup of 

head on the liner (Reinhart et al., 2002). At times the leachate collection rate may exceed the 

desired injection rate, which requires alternative options for storage or disposal of leachate 

outside of the landfill. 

Operating a landfill as a bioreactor is an added cost and complexity to daily operations 

relative to conventional landfilling but can provide avenues for recovering costs over time 

(Berge et al., 2009; Hater et al., 2001). These cost benefits are seen in increased landfill gas 

waste to energy conversion, reduction in post-closure care and maintenance requirements, 

recovery of air space, reduced need for storage and/or treatment of leachate, beneficial reuse of 

land, and reduction in the contaminating life span of the landfill (Berge et al., 2009; Reinhart et 

al., 2002; Warith, 2002).   

Traditionally bioreactors are operated anaerobically but more recently there have been 

studies of aerobic landfills. Aerobic landfills offer unique advantages with respect to the waste 

stabilization process. These advantages include differences in leachate quality and quantity, gas 

production rates and composition, time required to achieve functional stability, and length of the 

period required for post-closure care (Warith, 2002). 

Anaerobic Bioreactor Landfill 

Anaerobic waste stabilization in a landfill is achieved through biological degradation. 

The overall waste stabilization process of a landfill occurs in four phases (Barlaz et al., 2002). In 

the first phase, oxygen in the refuse is depleted and large quantities of carbon dioxide (CO2) are 

produced. During the second phase there is an imbalance between the activity of the hydrolytic 

bacteria and that of the acetogenic and methanogenic bacteria, which work together to convert 



 
13 

 

these intermediates to methane (CH4) and carbon dioxide (CO2), causing short-chain carboxylic 

acids to accumulate, leading to a decrease in the pH.  There is little solids decomposition during 

this phase. Methane production mainly begins in the third phase of decomposition resulting in a 

decrease in the carboxylic acids with corresponding decreases in the leachate COD and BOD5 as 

well as an increase in pH. During this phase, significant decomposition of cellulose and 

hemicellulose begins. In the fourth phase of decomposition, the carboxylic acids are depleted and 

the rate of CH4 production is dependent on the rate of cellulose and hemicellulose hydrolysis. In 

this phase, the BOD/COD is relatively low (<0.1) because the biodegradable organics have been 

consumed. 

Aerobic Bioreactor Landfill 

An alternative to anaerobic waste stabilization is operating a landfill aerobically through 

the injection of air. Coupling air injection with leachate recirculation will offer an additional 

means of increasing the rate of waste decomposition (Green and Hudgins, 2000; Hudgins and 

March, 1998), reduce methane and volatile organic compound generation, odor emissions, and 

off-site leachate treatment requirements (Cossu et al., 2003; Raga and R., 2011; Read et al., 

2001). The increased rate of waste stabilization can also achieve a higher degree of waste 

subsidence in comparison to anaerobic conditions translating to recovery of air space (Erses et 

al., 2008; Stessel and Murphy, 1992).   

Under anaerobic degradation ammonia-nitrogen is produced through ammonification, 

which can cause detrimental effects in the event of an unwanted release of leachate (Berge et al., 

2006; Burton and Watson-Craik, 1998; He et al., 2007; Hudgins and March, 1998; Onay and 

Pohland, 1998; Price et al., 2003). Ammonia-nitrogen concentration will remain constant or 
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increase within an anaerobic landfill due to leachate recirculation and the lack of mechanisms 

anaerobically for in situ removal. 

Ammonia-nitrogen in a closed landfill is the key parameter that will affect the ability to 

release a landfill from regulatory oversight (Heyer et al., 2005). Studies showed that in-situ 

aeration promoted a dramatic decrease in ammonia-nitrogen concentrations even under low 

biodegradable C/N conditions (Berge et al., 2006; Hao et al., 2009). Heterogeneity of the waste 

environment does not always allow for uniform distribution of oxygen promoting the formation 

of anoxic and aerobic pockets. These conditions promote simultaneous nitrification and 

denitrification to occur within a landfill (Berge et al., 2006; Berge et al., 2007; Giannis et al., 

2008; Prantl et al., 2006). Therefore, ammonia-nitrogen can be converted to either nitrate, nitrite, 

or nitrogen gas.   

Sustainable Landfilling 

The overall goal of sustainable landfill is the “ability to meet the needs of the present 

without compromising the ability for future generations to meet their own needs" (Scharff, 

2010b). Sustainability aims to achieve functional stability, which implies that the landfill is in 

equilibrium with the environment within one generation (~20-30 years). If a landfill is in 

equilibrium with the environment, after the duration of the PCC period, emissions will not cause 

any degradation of the surrounding environment (Scharff, 2010a; Warith, 2002). Achieving 

functional stability will require that the waste within the landfill has reached an acceptable final 

storage quality (Christensen et al., 1992) . Acceptable final storage quality of MSW is not well 

defined (Döberl et al., 2005; Hjelmar and van der Sloot, 2003). An early definition of acceptable 

final storage quality stated that the waste residuals should have similar characteristics of the 

surrounding materials and will not have the potential to produce pollution long term (Baccini, 
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1989). The goal of acceptable final storage quality is to achieve a level of waste stability that will 

not produce emissions that exceed the regulatory thresholds (Valencia et al., 2009).  

The European Union (EU) suggests that sustainable landfilling can be achieved either 

through the flushing bioreactor (FB) or extensive waste preprocessing prior to disposal 

(European Commission, 1999). In the FB, large amounts of water are needed to completely 

remove the releasable inorganics, carbon, and nitrogen from the solid waste (IWML-WG, 1999). 

For example in order to dramatically reduce ammonia it is estimated that approximately two to 

four liquid bed volumes are required (IWML-WG, 1999). Costs for the FB, however, may be 

two to four times higher than the conventional landfill due to the additional liquid supply and 

treatment requirements (Karnik and Parry, 1997). A modification of the FB landfill is proposed 

in this study.   

Leachate Quality 

Landfill leachate is a complex heterogeneous industrial wastewater that varies 

significantly from landfill to landfill and from time to time. This variation is due to influential 

factors such as composition and depth of solid waste, age of waste, precipitation rates, and 

landfill design and operations (Englehardt et al., 2006; Qasim and Chiang, 1994; Tchobanoglous 

and Kreith, 2002; Worrell et al., 2002). The concentration of leachate constituents peaks within 

the first two to three years of operation and slowly decreases as the landfill matures; this occurs 

as organics are removed through washout and waste degradation (Maximova and Koumanova, 

2006; Qasim and Chiang, 1994). Organic compounds follow a decreasing trend over time, while 

it is observed that the inorganic compound concentration tends to vary over time due to 

adsorption, complexation, precipitation, and dissolution. This specific behavior is responsible for 

the mobilization or containment of heavy metals within a landfill.  
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The age of the landfill can be used to understand waste stabilization and provide 

information on the soluble components (organics) removed from a landfill (Goi et al., 2010; 

Qasim and Chiang, 1994). Young leachate is readily biodegradable due to the high BOD/COD 

ratio (>0.70), while a mature leachate (typically greater than ten years) has a low BOD/COD 

ratio (<0.1) (Christensen et al., 1992; Englehardt et al., 2006; Kang et al., 2002; Tchobanoglous 

and Kreith, 2002). Typical characteristics of young leachate are a high BOD and COD 

concentration (1,000 mg/L-57,000 mg/L and 1500 mg/L-71,000 mg/L, respectively), low 

nitrogen concentration (<400 mg/L as N), and total suspended solids (TSS) concentration in the 

range of 200 mg/L-2,000 mg/L (Kjeldsen et al., 2002; Qasim and Chiang, 1994; Reinhart and 

Al-Yousfi, 1996). Mature leachate has a higher nitrogen concentration (> 400 mg/L as N), lower 

BOD and COD concentration (4-120 mg/L and 3-900 mg/L, respectively), and a reduced TSS 

concentration relative to young leachate (100 mg/L-400 mg/L).   

Metal concentrations in leachate are affected by pH, the presence of organic complexing 

agents such as humic and fulvic acids, and the presence of inorganic complexing/precipitating 

agents such as ammonia, carbonates, hydroxides, and chlorides.  Studies suggest that a small 

fraction of these metals in leachate are present as free metal ions.  Most metals are associated 

with organic and inorganic colloidal fractions (Baun and Christensen, 2004). The metals most 

likely to be found associated with organic colloids are Cd, Cr, Cu, Pb, and Zn.  In particular, 

metals in older leachate form stable complexes with high molecular weight organic components 

(Calace et al., 2001; Christensen et al., 1996).  The speciation of metals will have strong impact 

on which leachate treatment approaches are most effective at removing metals (Baun et al., 

2004). 
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Leachate treatment is a major landfill expense; treatment options vary depending on the 

final disposal options for the leachate (Worrell et al., 2002). The challenge with leachate 

treatment is designing a process that can adapt to the fluctuations in leachate characteristics from 

day to day and as the landfill matures (Lu et al., 1985; Qasim and Chiang, 1994).  Treatment 

options for leachate include both on-site and off-site, and both biological treatment and 

physical/chemical processes (Lu et al., 1985). Off-site treatment involves discharging leachate to 

a domestic wastewater treatment facility but may require pretreatment prior to discharge (Lu et 

al., 1985; Qasim and Chiang, 1994).  

Biological treatment of leachate utilizes microorganisms to consume soluble and 

suspended biodegradable organic matter (Barber and Maris, 1984; Qasim and Chiang, 1994; 

Tchobanoglous and Kreith, 2002). Typical aerobic treatment technologies include activated 

sludge processes, aerobic sequencing batch reactors, and aerated lagoons (Renou et al., 2008). 

Anaerobic treatment technologies include digesters and anaerobic sequencing batch reactors 

which produce CH4 that can be recovered to supplement energy requirements.  

Physical and chemical treatment processes are primarily used to remove toxic 

compounds, color, and suspended solids, and are incorporated downstream of the biological 

process (Renou et al., 2008). As the age of the landfill increases there is a decrease in 

biodegradable organics which results in biological processes no longer being a feasible option 

for treatment (DeWalle and Chian, 1974). Coagulation-flocculation is used to remove 

recalcitrant organics by inducing flocculation and settlement of dissolved solids. As a result there 

is a large volume of sludge produced and potentially an increase in the heavy metal 

concentration in the liquid phase from the added coagulant (Amokrane et al., 1997; Renou et al., 

2008; Tatsi et al., 2003).  
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Membrane processes are also used to treat landfill leachate and include ultrafiltration, 

nanofiltration, and reverse osmosis (Renou et al., 2008; Ushikoshi et al., 2002).  Ultrafiltration 

removes macromolecules and particles. A study by Tabet et al. (2002) found that ultrafiltration is 

not a primary option for treatment but it can be used as pretreatment prior to reverse osmosis. 

Large molecules can foul membranes commonly used in reverse osmosis thereby decreasing 

their efficiencies (Syzdek and Ahlert, 1984).  Membrane bioreactors can achieve a high effluent 

quality in a compact design with a high biomass concentration and a low sludge production 

(Ahmed and Lan, 2012; Bohdziewicz et al., 2008; Renou et al., 2008). Nanofiltration can be used 

to meet multiple treatment needs, removing both organics and inorganics but can also be 

impacted heavily by membrane fouling if it is not adequately controlled. Reverse osmosis has 

been found to be an efficient method for removing pollutants (98-99% rejection of COD and 

heavy metals) from leachate at both field and laboratory-scale  lined (Bilstad and Madland; 

Linde et al., 1995).  

Overall, biological treatment processes are best utilized to treat ammonia, COD, and 

heavy metals found in young leachate, while physical/chemical processes are best suited for the 

removal of recalcitrant organics in mature leachate (Christensen et al., 1992; Renou et al., 2008). 

Given the increased regulatory discharge requirements for wastewater treatment, combined 

biological and physical/chemical methods are not always sufficient to meet these stringent 

standards. 

Recalcitrant Organics 

Most of the organic carbon that is leachable in landfilled MSW is biodegradable, and 

therefore can be treated biologically. If a landfill is operated as a bioreactor the biodegradation 

process can be accelerated (Batarseh et al., 2010). Despite the large fraction of biodegradable 
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organic matter, as landfills mature, the remaining refuse is predominately nonbiodegradable 

(Kjeldsen et al., 2002).  Nonbiodegradable xenobiotic organic compounds are present due to 

improperly disposed waste, along with paints, industrial solvents, used motor oils, cleaning 

agents, and insecticides (Reinhart, 1989). A larger source of nonbiodegradable carbon is humic 

substances (HS). HS are commonly categorized by three main components; humic acid (HA) 

(base soluble and acid insoluble), fulvic acid (acid and base soluble), and humin which is 

insoluble. HS are present in landfills as byproducts of the biological degradation of refuse. The 

accumulation of HS most significantly contributes to the shift in the degree of biodegradability 

of leachate as the landfill ages (Kjeldsen et al., 2002). HS are known to significantly affect the 

behavior of trace contaminants in aquatic environments. The main avenue for transport of 

pollutants from within a landfill is due to the affinity of HS for heavy metals and organic 

pollutants such as pesticides, insecticides and herbicides (Kang et al., 2002; Nanny and Ratasuk, 

2002). HS also play a role in the degradation of water quality as they can contribute to odor and 

taste issues and color. HS can also contribute to the creation of disinfection byproducts (Kang et 

al., 2002; Katsumata et al., 2008).  
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Advanced Oxidation Process: Fenton’s Reagent 

The organic load and toxicity in waters and wastewaters have been successfully reduced 

through the use of advanced oxidation processes (AOPs) (Alaton et al., 2002; Batarseh et al., 

2007; Guzzella et al., 2002; Wu et al., 2010). These AOPs are based on the generation of 

hydroxyl free radicals from the combination of hydrogen peroxide or ozone with ultraviolet 

radiation or a catalyst. Hydroxyl free radicals convert organics to carbon dioxide and water due 

to their high electrochemical oxidant potential. Common reactions that can be used to generate 

these hydroxyl free radicals are Fenton Reagent, photo-Fenton, ozone/UV, hydrogen 

peroxide/UV, and titanium dioxide/hydrogen peroxide/solar radiation (Batarseh et al., 2007; 

Benitez et al., 2001; Höfl et al., 1997; Pérez et al., 2002; Rodriguez et al., 2001; Sarria et al., 

2001).  

Fenton’s Reagent is the combination of hydrogen peroxide and ferrous salts which 

generate hydroxyl free radicals under acidic conditions (Equation 2-1) (Batarseh et al., 2007; 

Deng and Englehardt, 2006; Primo et al., 2008; Tekin et al., 2006; Umar et al., 2010; Wu et al., 

2010). 𝐹𝑒2+
+ 𝐻2𝑂2 → 𝐹𝑒3+

+ 𝑂𝐻−
+ 𝑂𝐻 ∙ 

 (2-1) 

During this reaction Fe2+ can be regenerated by reacting Fe3+ with excess hydrogen 

peroxide and hydroperoxyl radicals (Equations 2-2 and 2-3). Fenton’s Reagent has a short 

reaction time in comparison to other AOPs which makes this process ideal when high COD 

removal is desired (Sarria et al., 2001). 𝐹𝑒3+
+ 𝐻2𝑂2 → 𝐹𝑒2+

+ 𝐻+
+ 𝐻𝑂2 ∙ 

 (2-2) 𝐹𝑒3+
+ 𝐻02 ∙→ 𝐹𝑒2+

+ 𝐻+
+ 𝑂2  (2-3) 
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Fenton’s Reagent has been successfully applied to the treatment of landfill leachate, 

textile wastewater, polynuclear aromatic hydrocarbons, brines, paper pulp manufacturing 

effluents, activated sludge, and 1-amino-8-naphthol-3,6-disulfonic acid manufacturing 

wastewater (Batarseh et al., 2007; Beltrán et al., 1998; Kang et al., 2002; Pérez et al., 2002; 

Rivas et al., 2003). 

Leachate treatment by Fenton’s reagent has proven to be quite effective (Batarseh et al., 

2007; Deng and Englehardt, 2006; Primo et al., 2008; Tekin et al., 2006; Umar et al., 2010; Wu 

et al., 2010). Removal of COD in leachate has been report between 50%-98% from Fenton’s 

reagent (Bae et al., 1997; Ghanbarzadeh Lak et al., 2012; Tekin et al., 2006; Xie et al., 2010).  

Numerous studies focused on determining the optimum dosage for COD removal to 

minimize unnecessary usage of chemicals.  The recommended conditions for treatment are pH of 

4.0 S.U. and a Fe2+/H2O2 of 0.4 (Batarseh et al., 2007; Deng and Englehardt, 2006; Kang et al., 

2002; Marañón et al., 2008; Singh and Tang, 2013; Wu et al., 2010). At the recommended 

conditions, it was found that for every 1 g of added iron, 0.7-1 g of COD were removed 

(representing 70-80% of the COD present).  However, 68-78% of that removal is by precipitation 

with iron hydroxide.  Therefore, these precipitates must be stabilized at high pH and disposed in 

a landfill.  

Co-Treatment of Leachate and Domestic Wastewater 

A number of studies have reported successful co-treatment of leachate and wastewater at 

volumetric contributions less than ~10-20% of influent flow rates (Cecen and Cakiroglu, 2001; 

Reinhart et al., 1994). The removal of leachate constituents during co-treatment is a function of 

the leachate characteristics and the processes provided (Bu et al., 2010). Biological treatment 

removes readily degradable organics including DON related to proteins and amino acids. A 
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literature review by Kurniawan et al. (2010), however, concluded that no single physical-

chemical process was capable of completely removing organic contaminants in stabilized 

leachates. Studies by Robinson et al. (2013) reported poor removal of “hard” COD by 

sequencing batch reactors and that ultrafiltration was necessary for treatment to acceptable 

levels. 

Because of the inefficiency of single treatment processes, some of these recalcitrant 

contaminants will likely pass through WWTPs with only conventional secondary treatment. 

Much of the recalcitrant organic constituents in leachate are aromatic and UV absorbing (Zhao et 

al., 2013) and capable of mobilizing metals and other organic contaminants (Kjeldsen et al., 

2002).  

A 2011 report to the Water Environment Research Foundation (WERF) (Bott and Parker, 

2011) evaluated the performance of 22 WWTPs designed to remove nitrogen and phosphorous.  

The study reported that the reliability for achieving organic nitrogen levels of 1.0-1.5 mg/L 

ranged from 10 to 91%. Removal of nitrogen is highly dependent on the type of technology 

provided. For example, Bott and Parker (2011) report that separate-stage N removal outperforms 

combined N removal facilities and four or five-stage Bardenpho plants were effective in 

achieving low TN goals. Warm climate typical of Florida contributed to higher reliability and 

lower effluent nitrogen. Leachate DON, which is characterized by small molecular weight that 

may not be removed effectively in conventional activated sludge processes (Chen et al., 2010), 

will be particularly problematic for WWTPs with low TN limits. Further, chlorination of DON 

has been attributed to the formation of N-Nitrosodimethylamine, a potent carcinogen, and other 

disinfection by-products (DBPs) and to membrane fouling (Pehlivanoglu-Mantas and Sedlak, 
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2008). They also reported that DON in the environment can be converted to forms that support 

microbial growth, leading to eutrophication. 

Municipal Solid Waste Characterization Techniques 

Changes in the organic fraction of solid waste during the degradation process will affect 

the remaining pollution potential (and liability) of a landfill. The change in chemical composition 

can be measured by conventional indicators such as the concentration of cellulose, hemicellulose 

or lignin; the ratio of cellulose to lignin; or the ratio of cellulose plus hemicellulose to lignin. 

Other traditional indicators of biological stability are methane potential (Owen et al., 1979), 

leachate pH, organic carbon content, respiration activity, humic acid evolution, and the relative 

presence of different nitrogen compounds (Castaldi et al., 2005; Chefetz et al., 1998; González-

Vila et al., 1999; Lguirati et al., 2005; Smidt et al., 2011; Smidt et al., 2005; Wu et al., 2010). 

These indicators have all been used to estimate the extent of waste degradation but the point at 

which all waste is completely degraded and the landfill has reached functional stability is not yet 

clearly defined. 

Advanced analytical techniques which have been employed to further analyze the extent 

of decomposition process of refuse components, especially wood and paper, utilize state-of-the-

art instrumentation such as High Performance Liquid Chromatography,  Nuclear Magnetic 

Resonance, FTIR, thermal analysis (Thermogravimetry and differential scanning calorimetry)  

and Tetramethyl-ammonium Hydroxide Thermo-chemolysis gas chromatography mass 

spectrometry.  Collectively these analytical tools permit characterization and quantification of 

cellulose and hemicellulose (Barlaz, 2006), organic compound speciation (Baldock and 

Skjemstad, 2000), lignins (Nanny and Ratasuk, 2002), and thermal properties (FTIR 
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spectroscopy and simultaneous thermal analysis, (Smidt et al., 2005)). FTIR techniques were 

used in this study and will be described relative to their use in waste processing and degradation.  

Fourier Transform Infrared Spectroscopy 

Understanding waste degradation at the molecular level can provide more comprehensive 

information to assess the extent of stabilization or degradation of waste. The complexity of waste 

samples proposes challenges to strictly using conventional analytical methods. Understanding 

solid waste stability is a complex process since the extent of stabilization can be determined 

using various physical, biological, and chemical properties (Smidt et al., 2002).  

FTIR is one of the more promising techniques to characterize waste stabilization. FTIR 

has been extensively used in organics characterization to evaluate waste maturity during the 

composting process (Amir et al., 2010; Cuetos et al., 2010; Ouatmane et al., 2000). FTIR 

provides data on the chemical compound functional groups, which can be used to describe the 

changes in the chemical composition at the molecular level of the waste during stabilization. 

FTIR generates a very specific chemical fingerprint of the sample, which is dependent on the 

shape, size, and presence or absence of spectral bands that can be correlated to specific 

degradation phases (Smidt et al., 2011). Table 2-1 summarizes common spectral peaks found 

during FTIR analysis of leachate and solid waste.   
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Table 2-1. FTIR Spectral Peak Assignments for Leachate and Solid Waste 

Wavenumber (cm-1) Vibration Functional Group or Compound 

3700-3200 SiO-H Stretching Silica1 

3700-3400 O-H stretch 
Bonded and non-bonded hydroxyl groups and 

water2 

3372-3381 
O-H Stretching, N-H 

Stretching 
Phenols, alcohols, and carboxylic acids, amides 

and amines1 

3180-3090 NH2 stretch Primary amides3, 4 

2981 C=C Stretching Aromatic5 

2931-2936 C-H Stretching 
Methylene, Aliphatic Structures (Fatty Acids, 

Waxes)1, 6 

2850 C-H Stretching Methylene, Aliphatic6, 17, 18, 19 

2590-2560 S-H stretch Thiol group3, 4 

2520 N/A Carbonate7 

1740-1700 C=O Aldehyde, ketone, carboxylic acids, esters6, 8, 9, 10 

1685-1630 
C=O, COO- stretching, C=C 

stretching 
Amide I, carboxylates, aromatic ring modes, 

alkenes1 

1654-1645 C=O, C=C 
Amide I, Carboxylates, Aromatic ring modes, 

alkenes5, 8, 9, 10 

1635 O-H Bending Absorbed Water2, 1 

1600-1590 C=C Aromatic Skelton1 

1560, 1546 N-H in Plane Amides II8, 9, 12, 13 

1515-1505 Aromatic skeletal Lignin from Lignoccellulosic Materials8, 14 

1450-1410 N/A Carbonate4, 3 

1430-1420 COO-stretch Carboxylic Acids, Carbonate6, 10 

1384 N-O Stretch Nitrate (Leachate)1, 6, 11, 15 

1350-1250 C-N Primary and secondary aromatic amines2, 3 

1320 C-N Stretch Aromatic Primary and Secondary Amines15 

1295 C-N Stretch Amides17 

1265-1240 C-O, C-N Carboxylic acids, Amide III15 

1250-900 C-O-C, C-O, C-O-P Polysaccharides, Phosphodiesters9, 12 

1140-1080 S-O Stretching Sulfate2, 3 

1114 C-O Stretching Secondary Alcohols, Ethers5 

1080 N/A Quartz1, 11, 15, 16 

1030 Si-O Stretch, Si-O-Si Clay Minerals1, 15, 16 

875 C-O Out of Plane Carbonate11, 15 

713 C-O Out of Plane Carbonate1 

706 N-H Out of Plane Amide17 

680-610 S-O bend Inorganic sulfates1 
1.  Smidt et al. (2005), 2. Socrates (2007), 3. Hajjouji et al., 2008, 4. Kang et al. (2002), 5. He et al. (2011), 6. Piccolo et al. (1992), 7.  

Tseng et al. (1996), 8.  Ouatmane et al. (2000), 9. Naumann et al. (1996), 10. Hesse et al. (2005), 11. Madejová (2003), 12. Grube et al. 

(1999), 13. Nanny and Ratasuk (2002), 14. Faix (1991), 15. Smith (1999), 16. Bosch et al., 2002, 17. Smidt et al. (2005), 18. Castaldi et 

al. (2005), 19. Hafidi et al. (2005) 
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The approach described in this research is based on the concept of ‘functional stability,’ 

which is a term used to define when a “closed landfill does not present an unacceptable threat to 

human health and the environment in the absence of active care and regulatory oversight” 

(Morris and Barlaz, 2011). The published spectral peaks, summarized in Table 1, were used to 

identify the functional groups of solid waste, leachate, and HA during waste stabilization.  It is 

hypothesized that functional stability will be evident when the aforementioned spectral peaks 

reach a constant intensity over time and the spectra are dominated by inorganic functional 

groups. 

Early on in the landfill degradation process, a band at 1740 cm-1 (C=O stretch of 

aldehydes, ketones, and esters) disappears signifying the breakdown of readily biodegradable 

materials (Smidt et al., 2005). The microbial biomass spectral bands at 1570 and 1540 cm-1 are 

strong for MSW (Smidt et al., 2005). Lignin present from lignocellulosic materials generates a 

weak band at 1512 cm-1 (Smidt et al., 2005). Inorganic nitrates will produce spectral bands at 

1384 cm-1 and will be present in solid waste as the landfill matures (Madejová, 2003; Piccolo et 

al., 1992; Smith, 1999).  Clay materials (1030 cm-1) and quartz (1080 cm-1) are predominately 

found in the inorganic fraction of MSW; this fraction will be predominately found in the region 

between 900 and 1100 cm-1 (Socrates, 2007).  

Smidt et al. (2011) characterized solid waste from an “unknown” landfill. This sample 

had a 32.9% organic content yet they reported that the landfilled materials produced a spectrum 

that was dominated by calcite spectral bands. Spectral bands produced by natural organic matter 

can be observed at 2900 cm-1 and in the range of 900-1200 cm-1. An additional measure of the 

organic matter stability in this study was the ratio of the relative intensities of the aliphatic 

methylene bands (stabilized components; 2920 cm-1) and aromatic or unsaturated C=C vibrations 
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(unstabilized components; 1640 cm-1).  Smidt et al. (2011) observed a decrease in aliphatic 

methylene bands (2920 and 2850 cm-1), which was a specific indicator of the progression of the 

waste degradation process. As this process approaches complete stabilization a constant intensity 

of the spectral bands relative to the other  will be maintained during characterization suggesting 

that the sample is no longer reactive as supported by the decrease in unstabilized functional 

groups (C=C). This trend will support that the solid waste has reached acceptable final storage 

quality. 

Leachate has also been characterized using FTIR to track the waste stabilization and 

remediation processes (e.g. aeration of old landfills). Aerobic and anaerobic landfills produce 

leachate with different characteristics. An anaerobic environment produces leachate with 

inorganic nitrogen and sulfur components whereas aerobic environments have bands 

representative of sulfate and nitrate compounds. Inorganic nitrogen is characterized by 

symmetric and asymmetric N-H stretches above 3000 cm-1, N-H bend (in plane) at 1600 cm-1, C-

N stretching at 1295 cm-1, and N-H bend (out of plane) at 834 and 706 cm-1 (Smidt et al., 2011) 

(Grube et al., 1999; Nanny and Ratasuk, 2002; Naumann et al., 1996; Ouatmane et al., 2000). 

Organic sulfur is evident from the S-H stretching at 2575 cm-1 (El Hajjouji et al., 2008; Kang et 

al., 2002; Smidt et al., 2005). Sulfate is evident from spectral peaks for the S-O stretch at 1100 

cm-1 and S-O bend at 616 cm-1 (Smidt et al., 2005), while nitrate spectral peaks are present from 

N-O stretching at 1400 cm-1 (Smidt et al., 2005; Smith, 1999).     

The general indicators of waste stability from the referenced studies were amide II (1560, 

1320, 1260-1240 cm-1), aliphatic methylene (2920 cm-1 and 2850 cm-1), and carbonate spectral 

peaks (1425 and 875 cm-1) (Smidt et al., 2005; Smidt et al., 2002). These spectral peaks were 
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identified as indicators of waste stability as they underwent the most change and were also 

stability indicators recognized in compost stabilization and HA characterization studies. 

Nuclear Magnetic Resonance 

NMR is another characterization technique that has been used to understand the 

humification process and waste stability (Caricasole et al., 2011; El Hajjouji et al., 2008; 

Fukushima et al., 2009; Gonzalez et al., 1999; Lguirati et al., 2005; Lorenz et al., 2012; Sen and 

Chandra, 2007). During NMR analysis magnetic nuclei absorb and re-emit electromagnetic 

radiation. The energy at a specific frequency is dependent on the strength of the magnetic field 

and the magnetic properties of sample to be analyzed (Jacobsen, 2007). The specific frequencies 

in NMR are referenced to an internal standard (D2O) which is translated to each chemical shifts 

(δ) and are plotted in ppm (Equation 2-4).  

 

(2-4) 

The common peak assignments for the chemical shifts are summarized in Table 2-3. 

NMR chemical shifts can be used to determine the structural changes that occur as the waste 

degradation proceeds and to understand the humification process as a means of determining the 

extent of biological stability. This is possible since NMR can characterize the chemical changes 

and formations occurring during stabilization (Sen and Chandra, 2007). A study by Lguirati et al. 

(2005) found that HA samples showed a strong chemical-shift in the aliphatic regions (0-105 

ppm) and aromaticity (140-160 ppm). As the waste degradation proceeds towards stability 

increased polymerization (aromaticity; 110-140 ppm) and the decrease in acidic functional 

groups (carboxylic groups; 160-220 ppm) will occur.  
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Table 2-2. Common Chemical Shift Assignment for Functional Groups of Humic Acid* 

Chemical Shifts (ppm) Functional Groups 

0-45 

Alkyl-carbon; Linear alkane methyl group (14 ppm), Methylene 
carbons and methyl groups in branched alkanes (23 ppm), 

Methylene carbons in branched alkanes, and methane carbons 
(30 ppm), Methylene and quaternary carbons (38 ppm) 

45-60 
Alkyl-carbon attached to N and O atoms; Quaternary carbons 

(47 ppm) 

60-110 
Alkyl-carbon attached to O atoms derived from polysaccharide; 

Alcohol groups (65-72 ppm) 

110-140 

Aromatic and Alkene-carbons attached to hydrogen or carbon; 
Terminal=CH2 and protonated aromatic carbons of O- and N-
substituted aromatic compounds (115 ppm), CH-CH3, alkene 

carbons conjugated with carboxylic acids and esters, protonated 
aromatic carbons (127 ppm), Alkylbensenesulfonates and 

alkylbenzenes (140 ppm) 

140-160 
Aromatic and Alkene-carbons attached to oxygen; Alkyl, 

methoxy, ester, and ketone substituted alkenes (140-155 ppm), 
C1 carbon of phenols (155 ppm) 

160-220 
Carbonyl carbons; Carboxylic, ketone, and amide C; Carboxylic 

acids (170-190 ppm), Ketones (210 ppm) 

* (Chefetz et al., 1998; Nanny and Ratasuk, 2002; Yabuta et al., 2008) 

Humic Acid Evolution (Production) and Characterization 

The evolution (production) of HA has been an indicator of the extent of waste 

stabilization in landfills, composting, and wastewater sludge (Albrecht et al., 2011; Castaldi et 

al., 2005; Chefetz et al., 1998; Fukushima et al., 2009; Lguirati et al., 2005; Nanny and Ratasuk, 

2002). The evolution of HA is evaluated by the extent of humification. Humification is 

traditionally used to determine the extent of the transformation of organic matter to humus 

(Hargitai, 1993).  Traditional characterization techniques employed to determine the degree of 

waste humification during the aforementioned processes include UV-Vis absorption, solid-state 

NMR, and FTIR (Albrecht et al., 2011; Castaldi et al., 2005; Chefetz et al., 1998; Fukushima et 

al., 2009; Lguirati et al., 2005; Nanny and Ratasuk, 2002). Typical spectroscopic parameters that 

are used to determine the degree of humification are the ratios of the UV-Vis absorption at 
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wavelengths of 465 nm (E465) and 665 nm (E665). During the evolution of HA the E465/E665 

values decreased while the E665 values increased (Amir et al., 2003; Domeizel et al., 2004; 

Fukushima et al., 2009; Rivero et al., 2004).  

The major spectral peaks of HA are summarized in Table 2-2. During the humification 

process the spectral peaks at 2980-2850 cm-1 decreased and also became broader as waste 

degradation progressed (Fukushima et al., 2009). Additional peaks that appeared during of the 

degradation process were reported at 1720 and 1230 cm-1which are related to the carboxylic and 

phenolic hydroxyl groups, typical functional groups of HA (Stevenson, 1994).  

Table 2-3. Major Functional Groups of Humic Acid* 

Wavenumber 
(cm-1) 

Vibration Functional Group 

3500-3300 
O-H Stretch 
N-H Stretch 

Phenolic, Alcoholic, or Carboxyl 
Hydroxyl Group Amides and Amines 

2980-2850 O-H Stretch Aliphatic Chains 

1720 C-H Stretch Carbonyl Group 

1660-1640 C=O Stretch 
Carbonyl Group, Quinones and/or 
ketonic acids and primary amides 

1550-1510 C=C Carbonyl Group 

1480-1380 N-H Deformation 
Aromatic Amine or Amide 

(Amide II-Band) 

1460-1440 C-H Deformation 
Aliphatic  C-H deformation of 

structures such as fatty acids and 
waxes 

1400-1380 O-H, C=C Stretches Phenols and Aliphatics 

1280-1220 N-H Deformation 
Aromatic Amine or Amide 

(Amide II-Band) 

1150-1050 C-O-H Deformation, C-O Stretching 
Carboxylic and Phenol, Alcohol and 

Ether 

1080-1030 C-O-C Stretches Carbohydrates 

* (Fukushima et al., 2009); Stevenson and Goh (1971); Fukushima et al. (2009); Senesi and 
Brunetti (1996) 
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Summary 

Understanding the requirements to achieve sustainable landfilling of MSW by removing 

recalcitrant organics and ammonia-nitrogen will provide the opportunity for landfills to reach 

functional stability. Currently the ability of a landfill to reach functional stability is still unknown 

and requires further investigation including defining the technological and economic 

requirements.  

Despite the applicability of the aforementioned technique to characterize MSW there is 

still a need for further studies on the applicability of these techniques for landfilled MSW due to 

the extreme heterogeneity and limited knowledge of initial waste composition. The challenge of 

characterizing solid waste using traditional chemical, biological, and physical parameters is the 

fact that these techniques do not provide a comprehensive data set to fully understand the point at 

which waste is completely degraded and the landfill has reached functional stability is not yet 

clearly defined (Kelly et al., 2006). Understanding waste degradation at the molecular level can 

provide more detailed information to assess why the waste is stabilized and determine the 

mechanisms that might be responsible for the waste to achieve acceptable final storage quality.  

One shortcoming of spectroscopic techniques is that each sample will only reflect the 

stage of waste degradation at the time of sampling. Despite the advances in the information 

regarding FTIR analysis of MSW there is still a need to discover the specific spectral band shifts 

during the degradation process. This leads to the knowledge gap in understanding the complete 

waste degradation process. In this study the waste degradation process will be characterized prior 

to waste degradation, during, and at the completion of waste degradation. These data will 

significantly add to the existing knowledge of waste stabilization and acceptable final storage 

quality of solid waste when correlating the spectra data to traditional characterization techniques. 
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This will permit the ability to make specific recommendations on the end point for completion of 

waste treatment based on the changes in the functional groups based on reactivity, solubility, and 

composition. 
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CHAPTER 3  

APPLICATION OF LANDFILL TREATMENT APPROACHES FOR THE 

STABILIZATION OF MUNICIPAL SOLID WASTE 

This paper has been previously published as: Bolyard, S. C., and Reinhart, D. R., Application of 

Landfill Treatment Approaches for Complete Stabilization of Municipal Solid Waste, Waste 

Management. 

Abstract  

This research sought to compare the effectiveness of three landfill enhanced treatment 

approaches aimed at removing releasable carbon and nitrogen after anaerobic landfilling 

including flushing with clean water (FB 1), leachate recirculation with ex-situ treatment (FB 2), 

and leachate recirculation with ex-situ treatment and in-situ aeration (FB 3). After extensive 

treatment of the waste in the FB scenarios, the overall solids and biodegradable fraction were 

reduced relative to the mature anaerobically treated waste. In terms of the overall degradation, 

aeration did not provide any advantage over flushing and anaerobic treatment. Flushing was the 

most effective approach at removing biodegradable components (i.e. cellulose and 

hemicellulose). Leachate quality improved for all FBs but through different mechanisms. A 

significant reduction in ammonia-nitrogen occurred in FB 1 and 3 due to flushing and aeration, 

respectively.  The reduction of chemical oxygen demand (COD) in FB 1 was primarily due to 

flushing. Conversely, the reduction in COD in FBs 2 and 3 was due to oxidation and 

precipitation during Fenton’s Reagent treatment. A mass balance on carbon and nitrogen 

revealed that a significant fraction still remained in the waste despite the additional treatment 

provided. Carbon was primarily converted biologically to CH4 and CO2 in the FBs or removed 



44 
 

during treatment using Fenton’s Reagent. The nitrogen removal occurred through leaching or 

biological conversion. These results show that under extensive treatment the waste and leachate 

characteristics did meet published stability values. The minimum stability values achieved were 

through flushing although FB 2 and 3 were able to improve leachate quality and solid waste 

characteristics but not to the same extent as FB 1. 

Introduction 

Municipal solid waste (MSW) generation reached 1.3 billion tonnes per year globally in 2010 

and is projected to increase to 2.2 billion tonnes by 2025 (Hoornweg and Bhada-Tat, 2012). The 

projected increase in waste generation poses a significant challenge to disposing of this waste in 

a controlled and sustainable manner. Landfilling is still the primary method for waste disposal in 

both developed and developing countries despite the push to divert waste from landfills by 

recycling, mechanical and biological treatment, and thermal conversion.  There were 

approximately 1,908 operating landfills in the United States (U.S.) in 2011 and the number of 

mature landfills entering long-term care in the near future will increase (EPA, 2013). 

After a landfill has been operated for an extended period of time and the concentration of 

anaerobically biodegradable organic compounds in the leachate are largely removed, leachate 

may contain inorganic contaminants and refractory organic by-products that potentially threaten 

the environment and human health. These contaminants include ammonia-nitrogen, 

pharmaceutical, personal care products, and heavy metals (Barlaz et al., 2002; Kjeldsen et al., 

2002). Knowledge of the extent of waste stabilization and leachate quality is important when 

trying to determine when it is safe to release a landfill from long-term care. The extent of waste 

degradation is a major driver in evaluating when a landfill has reached completion and what the 

remaining pollution potential may be.  
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Modern landfills are designed and constructed with engineered containment systems that 

protect the environment. U.S. regulations require that, after a landfill is closed the cell is capped 

to avoid additional moisture intrusion (RCRA Subtitle D). Once capping is completed, waste 

degradation will slow or cease all together due to a lack of adequate moisture to sustain 

microbial degradation (Ritzkowski et al., 2006; Scharff, 2014). Although reducing leachate 

generation is advantageous for landfill owners/operators this design approach is not a sustainable 

practice; without sufficient moisture, complete stabilization of the waste will not occur. Human 

health and the environment will only be protected as long as the designed containment systems 

remains intact (Scharff, 2014). If there is a breakdown in the integrity of the containment system 

long after a site has been released from post-closure care (PCC), moisture can be introduced, 

reinitiating the degradation process, and consequently leachate or gas emissions (Allen, 2001; 

Scharff, 2010; Tchobanoglous and Kreith, 2002). Therefore, to minimize the long-term 

environmental impact of landfills, enhanced emission reduction methods are needed prior to a 

breach of the containment system. It has been suggested that the introduction of liquid (e.g., 

flushing) and aeration are the best ways to safely reduce or end PCC (Ritzkowski et al., 2006; 

Stegmann et al., 2003). Flushing has been shown to remove releasable carbon and nitrogen but 

requires a large volume of water. Two alternative treatment processes have been suggested to 

reduce the water requirement and leachate requiring treatment as well as costs associated with 

the conventional means of flushing. Combining in-situ aeration with ex-situ chemical oxidation 

can provide the opportunity to remove recalcitrant carbon and biologically convert ammonia-N 

to nitrate or nitrogen gas.  

A laboratory evaluation of three landfill enhanced treatment approaches aimed at removing 

releasable carbon and nitrogen species after anaerobic landfilling was conducted. The three 
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landfill completion approaches include (1) flushing with clean water, (2) leachate recirculation 

with ex-situ treatment, and (3) leachate recirculation with ex-situ treatment and in-situ aeration. 

The latter scenario is referred to as Stabilization through Treatment, Aeration, and Bioreactor 

Leaching (STABL). This study aims to compare the effectiveness of the three approaches and to 

evaluate the technical and economic applications of landfill completion technologies.  

Materials and Methods 

The feasibility of removing carbon and nitrogen to complete the treatment of landfilled waste 

was evaluated by operating laboratory-scale flushing bioreactors (FBs) under three different 

completion approaches depicted in Figure 3-1.  

 

Figure 3-1. Detailed Flushing Bioreactor Operation 
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Laboratory-Scale Anaerobic Bioreactor Operation 

Synthetic waste was generated from new and post-consumer products. Synthetic waste was 

used to minimize variability in reactor operation that could result from using “real” waste and 

also to better define and understand the reactor inputs. A detailed breakdown of the initial waste 

composition can be found in the Appendix A (Table A-2) which is based on waste generated in 

the U.S. Each waste component was individually weighed, then combined on a plastic tarp. After 

mixing, liquid was added to achieve a moisture content of 50% by weight. To ensure there was 

adequate buffering capacity and to avoid the reactors becoming acid-stuck, sodium bicarbonate 

was added to the distilled (DI) water for a final concentration of 3.4 g/L NaHCO3. In addition to 

distilled water, anaerobically digested sludge, collected from a local wastewater facility, were 

added to provide a source of anaerobic organisms and decrease start-up time. Buffered DI water 

was initially added every three days to each reactor to generate a sufficient volume of leachate to 

be recirculated. Once a sufficient amount of leachate was generated, it was drained and 

recirculated every three days. This synthetic waste was degraded under anaerobic conditions in 

laboratory-scale anaerobic bioreactors (Bolyard and Reinhart, 2013) until a source of mature 

waste was achieved. The waste was deemed mature once the leachate five-day biochemical 

oxygen demand/chemical oxygen demand (BOD5/COD) was less than 0.10).  

Flushing Bioreactor Design and Operation 

Eighteen FBs were operated under three different scenarios (1) flushing with clean water (FB 

1), (2) recirculation of leachate, external leachate oxidation using Fenton’s Reagent, with no 

internal oxidation (FB 2), and (3) recirculation of leachate, external leachate oxidation using 

Fenton’s Reagent, and internal aeration (FB 3). These scenarios are depicted in Figure 3-1. The 
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FBs were constructed from 20-liter high-density polyethylene containers and were modified for 

leachate drainage and recirculation (FBs 1-3), and air addition of 0.17 m3/hour (FB 3 only), as 

shown in Figure C-1. An aquarium air compressor was used to inject air into FB 3 for continuous 

aeration.  Air movement was countercurrent to leachate injection through a vertical perforated 

pipe, which was positioned approximately halfway into the waste mass to maximize nitrogen 

removal through both nitrification (aerobic upper zone) and denitrification processes (anoxic 

lower zone). Gas was not collected from the FBs.  

Each FB was filled, without compaction, with approximately 4 kg of mature waste (wet 

weight) for a final density of approximately 250-300 kg/m3. Leachate generated from the 

laboratory-scale anaerobic bioreactors was added to FBs 2 and 3 to begin the flushing process; 

distilled (DI) water was added to FB 1. Reactors were sealed and placed in a temperature-

controlled room maintained at 35ºC±2 for a six-month period. To account for waste 

heterogeneity, six reactors for each FB scenario were operated under identical conditions. Two 

FBs from each scenario were deconstructed for solids and leachate characterization every two 

months at L/S of 3, 5, and 10, where L/S is the ratio of cumulative volume of clean or treated 

liquid added per mass of initial dry mature waste. L/S is used to normalize the treatment duration 

of FBs after a source of mature waste was achieved.  

The detailed operation of the FBs is illustrated in Figure 3-1. All FBs were continuously 

monitored throughout the duration of the treatment. Leachate was removed from the bottom of 

each FB prior to flushing or recirculation. The leachate removed from these FBs was analyzed 

periodically for COD and ammonia-N. Additional characterization was completed after the 

deconstruction of each FBs. FB 1 was flushed with 300 mL of DI water while the collected 

leachate from FBs 2 and 3 was recirculated three times per week. Once per week the leachates 
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removed from FBs 2 and 3 were treated with Fenton’s Reagent prior to recirculation. Fenton’s 

Reagent was used to remove organic matter (OM) through both oxidation and precipitation. 

During operation of FBs 2 and 3, DI water was added to ensure at least 300 mL of liquid was 

recirculated each time. This liquid was added to compensate for leachate losses through Fenton’s 

solids removed (FBs 2 and 3) and aeration (FB 3 only).  See Appendix B for the breakdown of 

liquid added to each FB (Table B-2). 

Leachate collected weekly from FBs 2 and 3 for chemical oxidation was treated using a 

Fenton’s Reagent dosage of 0.4 molar ratio of Fe to H2O2 and 1 g H2O2 to 1 g COD as outlined 

in Batarseh et al. (2007). After treatment, the leachate was set aside for settling, centrifuged for 

ten minutes, and then filtered (1.5 µm Whatman 934-AH glass filter) to remove any precipitated 

solids remaining in the supernatant. Solids generated from Fenton’s Reagent treatment were 

dried and stored for future studies. These solids would require management. Aliquots of the 

filtered leachate were removed for COD analysis. Addition of mercury sulfate was required to 

remove the interference experienced in this study from chloride introduced through Fenton’s 

Reagent treatment.  

Solid Waste Characterization 

Waste removed from each of the deconstructed FBs was characterized for moisture content 

and biodegradable volatile solids (VS). One FB from each deconstructed set was characterized 

for carbon, nitrogen, cellulose (C), hemicellulose (H), and lignin (L) content.  Moisture content 

was determined following Standard Methods 2540G (APHA, 2005). Biodegradable VS were 

determined following the traditional loss-on-ignition method (APHA, 2005) by heating each 

sample at 550ºC after plastic, tire pieces, rope, and other nonbiodegradable but ignitable 
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components were removed. The weight of the components removed were recorded and utilized 

to quantify the percent of nonbiodegradable VS in each sample. Carbon, nitrogen, C, L, and H 

content of the biodegradable solid waste fraction were analyzed by an outside laboratory. C, H, 

and L were determined following the method outlined in Wang et al. (2011) Carbon and nitrogen 

were measured using a CHN analyzer (Perkin-Elmer PE 2400 Elemental Analyzer). The initial 

and mature wastes were characterized following the same methods.  

Leachate Characterization 

Leachate COD was continuously monitored throughout the operation of the FBs. After each 

reactor was deconstructed the collected leachate was characterized for COD, BOD5, pH, 

ammonia-nitrogen, nitrite-nitrogen, and nitrate-nitrogen following the Standard Methods for the 

Examination of Water and Wastewater (APHA, 2005). Total Kjeldahl nitrogen (TKN) was 

determined using a simplified method developed by Hach (U.S. EPA Method 10242). A 

microbial community analysis was completed on leachate removed from FBs 1-3 at L/S of 10 by 

an outside laboratory. Bacteria and archaea were extracted from the biomass in the collected 

leachate using a MoBio Powersoil Kit. Polymerase chain reaction was used to amplify the 

extracted samples and a high-throughput method discussed by Caporaso et al. (2010), was used 

to analyze the microbial community data. 

Biochemical Methane Potential 

Biochemical methane potential (BMP) assays were used to determine the emission potential 

of waste removed from the FBs following the method described by Owens and Chynoweth 

(1992). An anaerobic inoculum medium was prepared by combining anaerobically digested 

sludge obtained from a local domestic wastewater treatment facility with nutrients required to 
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sustain an anaerobic environment for at least 90 days. BMP assays were prepared individually in 

250-mL serum bottles processed under anaerobic conditions (maintained through continuous N2 

flushing). Serum bottles were filled with dry milled solids for a final concentration of 2 g/L of 

organic carbon, after which 100 mL of anaerobic inoculum were added using a peristaltic pump. 

Blanks containing only the anaerobic inoculum were also included in this study and monitored 

over the same period as the test samples. All bottles were sealed with a rubber stopper and 

aluminum crimp and incubated at 35±2°C. 

Gas quality and quantity from BMP assays were measured periodically over a 120-day 

period. Gas samples were removed from the headspace during this period with a frictionless 

syringe to measure the volume generated as well as the carbon dioxide (CO2) and methane (CH4) 

content. The gas quality was measured using a Shimadzu–14a gas chromatograph equipped with 

a thermal conductivity detector and Carboxyn-1000 column. The detailed GC method used is 

described by Bolyard et al. (2013). 

Results and discussion  

Solid Waste Analysis and Breakdown 

The characteristics of the mature and FB waste are provided in Appendix C (Table C-4). In 

order to compare the distribution of solids fraction over time relative to the mature waste, it was 

assumed that the nonbiodegradable VS and metal content was constant, as there should be no 

changes in either of these fractions during waste degradation. The overall degradation of the 

waste was calculated by multiplying the initial VS content of the mature waste (VSMW) by the 

percent reduction determined using Equation 3-1 at each L/S. Figure 3-2 summarizes the 

distribution of the final FB waste relative to the mature waste.  
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(3-1) 

 

After reaching L/S of 10, approximately 10% of the waste was removed for FBs 1-3 relative 

to the mature waste. This reduction equates to an approximate decrease in the initial 

biodegradable fraction of FBs 1 and 3 of 45% and FB 2 of 48%. It appeared that in this study 

aeration did not provide any additional benefit in terms of degradation of the biodegradable 

fraction in FB 3, potentially due to the partial aeration of the waste and lower moisture content. 

The moisture content in FB 3 was less than 41% while FBs 1 and 2 moisture content was greater 

than 50% during treatment. Although liquid was added to compensate for leachate loss, a lower 

moisture content in FB 3 was observed in each deconstructed FB. This lower moisture content 

was caused by the evaporation of leachate during in-situ aeration (Read et al., 2001).   

 

 

Figure 3-2. Distribution of the Final Solid Waste Components Relative to the Mature Waste 
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The biodegradable fraction of each waste sample was further analyzed for carbon and 

nitrogen content and C, H, and L to identify the degradation of the different waste components 

for each FB. The waste characteristics of FB 2 at L/S of 3 were excluded from data analysis. 

These reactors had higher carbon, nitrogen, C, H, and L content than the mature waste which 

could be attributed to the heterogeneity of the waste and the inclusion of poorly degraded 

cellulosic material during preparation of the reactors and analytical samples. C, H, and L are the 

primary components of the biodegradable fraction of MSW (Booker and Ham, 1982) but are 

degraded at variable rates under different conditions. C and H can undergo anaerobic 

decomposition in a conventional MSW landfill (Booker and Ham, 1982; Wang et al., 2011; 

Wang et al., 2013). Lignin, on the other hand, is recalcitrant under anaerobic conditions 

(Colberg, 1988). Therefore (C+H)/L and C/L ratios can be used as indicators of the extent of 

anaerobic waste decomposition. A decrease in these ratios signifies more complete degradation 

of wastes anaerobically (Wang et al., 2011; Wang et al., 2013). The mature waste had a (C+H)/L 

and C/L of 2.2 and 1.2, respectively.  An initial decrease in C/L and (C+H)/L was observed for 

all FBs (Figures 3-3 and C-2, respectively). If cellulose is removed relative to lignin, the C/L and 

(C+H)/L will decrease as observed under flushing (FB 1) and anaerobic conditions (FBs 1 and 

2). Lignin may degrade aerobically (Komilis and Ham, 2003; Tuomela et al., 2000), which may 

explain the significantly higher C/L for FB 3 than FBs 1 and 2. The higher C/L ratio may also be 

a result of cellulosic material becoming more accessible due to lignin degradation.  
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Figure 3-3. Cellulose to Lignin Ratio of Waste Removed from Flushing Bioreactors 

BMP assays were used to assess the remaining CH4 emission potential of the waste for each 

FB scenario. Results are expressed as the remaining emission potential in terms of m3 of CH4 per 

Mg of dry waste (Figure 3-4). The mature waste had a CH4 potential of 47 m3/ Mg after 

anaerobic treatment. The emission potential was reduced in all FBs; FB 1 had the lowest BMP at 

each L/S, suggesting that the flushing process was effective in removing biodegradable 

components that can undergo anaerobic digestion (primarily cellulose and hemicellulose). 

Leachate recirculation/chemical oxidation in FB 2 was not as successful at reducing the BMP 

relative to FB 1 (FB 2 values were 55% to 200% higher). FB 3 had the highest remaining BMP 

which aligns well with the higher C/L and carbon/nitrogen of the waste in FB 3.  The higher 

BMP in FB 3 may be due to the degradation of lignin making cellulosic materials more 

accessible under anaerobic conditions.  
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Figure 3-4. Remaining Methane Potential of Solid Waste Samples from FBs 1-3 

Leachate Characteristics 

The characteristics of the mature leachate used for the initial flushing of FBs 2 and 3 are 

summarized in Table C-3 of Appendix C. The BOD/COD was approximately 0.03, which, 

according to many studies, suggests the waste was mature (Ehrig, 1984; Kang et al., 2002; 

Tchobanoglous and Kreith, 2002). The pH in FBs 1 and 2 ranged between 6.6 S.U and 7.8 S.U. 

during operation, while the pH in FB 3 was between 7.5 S.U. and 8.9 S.U. This increase in pH, 

under aerobic conditions, has been observed by other researchers (Raga and Cossu, 2013; Zhong 

et al., 2009).  

A significant reduction in ammonia-nitrogen was observed in FBs 1 and 3, while less in FB 2 

(Figure 3-5). Flushing was responsible for the decrease in ammonia-nitrogen although flushing 

would generate a significant volume of contaminated leachate, which is costly to treat externally. 

An initial decrease in ammonia-nitrogen concentration was observed in all FBs which could be 

attributed to physical (sorption or washout) or biological reactions. Neither washout nor 

* 
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biological reactions would be expected in FB 2.  While the concentration drop was significant, 

the mass loss in FB 2 was small and may be attributed to sorption. A study by Berge et al. (2006) 

observed that 10%-20% of the initial ammonia-nitrogen was sorbed to the waste.  This reduction 

could also be a result of nitrification but this would not account for all of the nitrogen loss. 

Further, the loss was short-lived and therefore probably not a biological reaction. 

Reduction of ammonia-nitrogen in FB 3 (reaching concentrations below 1.0 mg/l) was due to 

the biological conversion to nitrate-nitrogen, nitrite-nitrogen, and nitrogen gas (N2) through 

nitrification, denitrification, and anaerobic ammonia oxidation (Anammox, which is the direct 

conversion of ammonia-nitrogen and nitrite-nitrogen to N2). The presence of nitrate-nitrogen and 

nitrite-nitrogen in the leachate supports the assumption that nitrification was occurring.  

However, exhaust gas was not analyzed, therefore it was not possible to quantify the nitrogen 

conversion to N2. Because nitrate/nitrite was lower than would be expected based on ammonia-

nitrogen removal, denitrification was assumed to have occurred in the non-aerated bottom of the 

reactor. The microbial community analysis revealed that Anammox bacteria (i.e., planctomyces 

phyla (Berge et al., 2006; Jetten et al., 2001)) were present in the leachate collected from FB 3 

but were not detected in FBs 1 and 2.  
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Figure 3-5. Ammonia-Nitrogen Concentration in Flushing Bioreactor Scenarios 

COD for FBs 1-3 was reduced considerably (Figure 3-6), however through different 

mechanisms. The final concentrations of COD in FBs 1-3 were 150 mg/L, 347 mg/L and 1,250 

mg/L, respectively. Due to the chloride interference in COD measurements, the carbon removal 

during some of the treatment period was interpolated for FBs 2 and 3 (Figure 3-6). The reduction 

of COD in FB 1 was primarily due to flushing and the organic matter in the leachate generated 

would, most likely, require external treatment. Conversely, the reduction in COD in FBs 2 and 3 

was due to oxidation and precipitation during Fenton’s Reagent treatment. FB 3 had a higher 

final COD concentration relative to FBs 1 and 2. Presumably the higher concentration of COD 

could be a result of leachate  evaporation due to in-situ aeration (Read et al., 2001).  From a mass 

perspective, the COD present in the leachate FB 3 was approximately twice as high as FB 2. This 

trend can be a result of organics decomposition or the production of HA under semi-aerobic 

conditions. Note that a chemical sludge was produced from the Fenton’s Reagent process which 

would need to be disposed, although there is a potential for re-leaching of the precipitated COD 

if placed in a landfill. The potential for re-leaching COD needs to be evaluated further.  
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Figure 3-6. Chemical Oxygen Demand Concentration in Flushing Bioreactor Scenarios 

Carbon and Nitrogen Balance 

 The fate of the biodegradable carbon and nitrogen after completion of FB operation (L/S 

of 10) under the three different scenarios was determined using solids and leachate data. Typical 

mass balance calculations were used (i.e., concentration times volume). This information was 

useful in understanding the various mechanisms observed in each treatment process. The 

remaining carbon in the waste for FBs 1-3 is summarized in Figure 3-7.  It is assumed that the 

carbon was biologically converted to CH4 and CO2 in the FBs or removed during treatment using 

Fenton’s Reagent. Biological carbon conversion was compared to the reduction in BMP relative 

to the mature waste. Removal through Fenton’s Reagent treatment was limited by the low 

leachability of carbon from the waste.  
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Figure 3-7. Summary of the Fate of Carbon in the Biodegradable Waste Fraction (L/S of 10) 

Carbon sources in waste can be categorized as biogenic and fossil. Fossil carbon includes 

nonrenewable materials and is mainly comprised of rubber, textiles, and plastics in MSW 

landfills (EPA, 2013). Biogenic carbon is primarily found in the biodegradable fraction of waste. 

Approximately 36% of the carbon in the mature waste was biogenic after anaerobic treatment 

with the remaining bound in plastics and tire chips. The latter fraction was calculated based on 

the initial waste composition and literature values of the carbon content of plastics and tire chips 

(Worrell et al., 2002). At the completion of the FB operation (L/S of 10), the biogenic carbon 

fraction declined to 17%, 16%, and 19% of the carbon present, respectively. These data suggest 

that all FBs were successful at removing biogenic carbon to roughly the same degree despite the 

different treatments. After FB operation (L/S of 10), the total stored carbon would be 

approximately 81%, 80%, and 83% of the carbon in the mature waste, respectively.  

Nitrogen remaining in the waste was approximately 76%, 75%, and 73% of the content in the 

mature waste despite the additional treatment provided (Figure 3-8). The remaining nitrogen was 
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resistant to physical leaching, perhaps due to the lack of biodegradation of complex nitrogen-

containing organic compounds in yard waste and wood. The nitrogen removed was leached or 

converted biologically. In FB 1, the nitrogen removed from the waste was accounted for in the 

leachate. Flushing reduced ammonia-nitrogen to a final concentration of 6.6 mg/L; however ex-

situ treatment of this leachate would represent a significant cost to landfill owners.  Nitrogen 

removal was approximately the same in FBs 1 and 2. The mass balance (Figure 3-8) shows that 

10% of the nitrogen was not accounted for perhaps due to sorption. FB 3 had a slightly higher 

percent nitrogen (27%) reduction. In-situ aeration biologically converted 22% of the leached and 

recycled nitrogen, and 5% of the nitrogen was found in the removed leachate, needing to be 

treated ex situ. FB 3 was the most effective method for ammonia-nitrogen removal. 

 

Figure 3-8. Summary of the Fate of Nitrogen in the Biodegradable Waste Fraction (L/S of 10) 
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Performance Assessment using Stability Criteria 

Performance based assessments are commonly used to evaluate the progress of a landfill 

towards completion and the end of PCC. Numerous studies have developed stability indicators to 

better understand whether a landfill has reached completion (Brandstätter et al., 2015; Laner et 

al., 2012; Valencia et al., 2009; Zheng et al., 2015). Despite these efforts there are still gaps in 

understanding what is actually required to achieve such values. Data in this study supported the 

potential for mature waste treatment by anaerobic landfill processes to require additional 

treatment to stabilize and for leachate quality to improve under the three FB scenarios. These 

data are presented in Tables 3-1 and 3-2 along with stability indicators referenced in the 

literature for solid waste and leachate characteristics.  

Table 3-1. Comparison of Solid Waste Stability Indicators 

Parameter 
Stabilized Waste 
Characteristics 

Mature Waste 
Flushing 

Bioreactor 1a 
Flushing 

Bioreactor 2a 
Flushing 

Bioreactor 3a 

Biodegradable Volatile 
Solids (% of dry weight) 

<25%b  31 24 25 27 

C/L 0.16-0.6c  1.2 0.33 0.47 0.62 

Biochemical Methane 
Potential (21 days) m3 

CH4/Mg total dry waste 
10-15d  29 3.6 9.0 15 

a. L/S of 10 
b. Knox et al., 2005 
c. Barlaz, 2006 
d. Cossu et al., 2007; Knox et al., 2005; Prantl et al., 2006; Ritzkowski and Stegmann, 2013 
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Table 3-2. Comparison of Leachate Stability Indicators 

Leachate Stability 
Indicators 

Stabilized 
Waste 

Characteristics 
Mature Waste 

Flushing 
Bioreactor 1a 

Flushing 
Bioreactor 2a 

Flushing 
Bioreactor 3a 

BOD/COD (unitless) <0.1b 0.03 0.060 0.068 0.0024 

BOD (mg/L) <100c 161 9 23.5 3 

COD (mg/L) <200d 5,350 150 347 1250 

Ammonia-N (mg/L) <10e 472 6.6 129 0.45 

a. L/S of 10 
b. Booker and Ham, 1982; Cossu et al., 2007; Kjeldsen et al., 2002 
c. Kjeldsen et al., 2002 
d. Cossu et al., 2007 
e. Knox et al., 2005 

 

The proposed target value for biodegradable volatile solids is 25% of dry matter (Knox et al., 

2005); biodegradable volatile solids content in all FBs declined but only FBs 1 and 2 results were 

at or just below 25%. This fraction does not provide much information about the specific 

components remaining. Therefore this parameter might not be relevant unless combined with 

other indicators. For example, changes in C/L are commonly used to assess the extent and 

potential of anaerobic waste decomposition. A study by Barlaz (2006) reported C/L of 0.16-0.60 

for excavated refuse that was landfilled for over 15 years. Overall, the C/L values achieved in 

this study agree with literature values and support waste stabilization.   

BMP is another parameter used to measure the remaining carbon that can be degraded 

anaerobically (Barlaz, 2006). Typically values reported in the literature related to BMP and 

waste stability are from tests conducted over a 21-day period as opposed to a 90-day period. 

Therefore proposed values for the BMP of waste in Table 1 represent results at day 21 (BMP21) 

for comparison with the literature. The BMP21 was reduced relative to the initial mature waste in 

all FBs and also was at or below the proposed stability value. FB 1 BMP21 results suggested that 

flushing was the most effective method at removing the biodegradable fraction of the waste. On 

the other hand, BMP21 values at each L/S were higher than anticipated for FBs 2 and 3, given the 
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extensive treatments, but still fell within the range of the proposed target values by L/S of 10. 

The use of BMP as a termination indicator is useful but setting such low thresholds might not be 

attainable and realistic under field conditions.  

Leachate quality is the most commonly used indicator of landfilled waste stability but alone 

will not provide a comprehensive picture of degree of treatment. The BOD/COD ratio did not 

change significantly as the mature leachate ratio was already <0.1 prior to the additional 

treatment. This indicator alone does not represent the extent of stabilization of the solid waste as 

it was observed that BOD/COD declined faster than C/L. During treatment data showed that the 

solid waste was further stabilized (Figures 5 and 6) while the BOD/COD did not change 

significantly.  

BOD5 and COD were significantly reduced after treatment in all FBs. BOD5 after the initial 

anaerobic treatment remained above the suggested value of less than 100 mg/L. All FBs were 

able to achieve a BOD5 less than 24 mg/L. Achieving a COD of less than 200 mg/L would 

require additional treatment in FBs 2 and 3, whereas flushing attained the aforementioned 

standard. Even though FB 1 was the most effective at reducing COD, the mass discharged from 

this scenario was approximately 7.0 kg of carbon/Mg of waste whereas FBs 2 and 3 discharged 

1.1 and 1.0 kg of carbon/Mg of waste, respectively. Leachate recirculation is one reason for the 

higher concentration observed in FBs 2 and 3, but the in-situ treatment was able to reduce the 

mass of carbon discharged and needs to be treated off-site.  

Ammonia-nitrogen is the main concern after operating an anaerobic bioreactor since this 

contaminant is persistent. This study showed that in order to achieve an ammonia-nitrogen 

concentration less than 10 mg/L, aeration and flushing are the most effective methods. The mass 
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of nitrogen discharged from FB 1 (0.8 kg of nitrogen/Mg of waste) was, again, much greater in 

comparison to FBs 2 and 3 (0.68 and 0.17 kg of nitrogen/Mg of waste, respectively).  

Overall, these results show that under extensive treatment the waste and leachate 

characteristics did meet published stability values and that going beyond the bioreactor landfill 

can further stabilize solids as well as reduce leachate contaminants. Comparing the stability 

indicators to the performance of FBs 1-3 shed some light on the ability to meet such standards, 

which is encouraging. In actual practice it is challenging to completely aerate, leach, or wet all of 

the waste due to heterogeneity of the waste and compaction therefore it is expected that the same 

extent of removal would not be achievable in the field. Field studies are needed to evaluate the 

feasibility of reaching the referenced stability indicators in Tables 1 and 2. Given the extensive 

treatment it appears that a biodegradable volatile solids content of 17% dry matter, C/L of 0.31, 

and a BMP21 of 3.6 m3 CH4/Mg waste were the minimum values that could be achieved by 

flushing. In terms of leachate quality COD, BOD, and ammonia-nitrogen concentrations of 9 

mg/L, 150 mg/L, and 7 mg/L, respectively, can be achieved by operating a landfill using the 

flushing approach. FBs 2 and 3 were able to stabilize the waste in terms of improving leachate 

quality and solid waste characteristics but not to the same extent as FB 1 and the costs were 

significant (see Cost Analysis in the Supplemental Information). Despite the successful reduction 

of leachate and solid waste parameters FB 1 has a significant mass of both carbon and nitrogen 

that was discharged relative to FBs 2 and 3 and there was a significant portion of initial carbon 

and nitrogen remaining in the waste. 



65 
 

Conclusions 

This research provided information regarding the extent of waste decomposition possible 

under different treatment scenarios. Overall going beyond the bioreactor landfill can further 

stabilize solids as well as reduce leachate contaminants. Despite this further stabilization there 

are components still remaining (including methane potential) and the additional costs are 

considerable. 

After extensive treatment of the waste in the FB scenarios, the overall solids, and 

biodegradable fraction were reduced relative to the mature waste. Our results suggest that 

aeration did not provide any additional benefit in terms of solid fraction treatment, although 

ammonia-N oxidation was achieved. The flushing process was effective at removing 

biodegradable components that can undergo anaerobic digestion (e.g., cellulose and 

hemicellulose).  

All FBs were successful at improving the overall leachate quality but through different 

mechanisms. Carbon removal in FBs 1 was due to flushing and biological processes but 

generated a significant leachate volume that would need to be treated externally while removal in 

FBs 2 and 3 occurred via Fenton’s Reagent and in situ biological processes, which reduces the 

costs associated with external treatment of the generated leachate, while increasing the cost of 

treatment of residuals. Nitrogen removal also occurred through flushing in FB 1 and ammonia-N 

oxidation in FB 3. Minimal removal occurred in FB 2. Despite the additional treatment, a 

significant portion of initial carbon and nitrogen remained in the waste. 
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CHAPTER 4  

CONVENTIONAL AND FOURIER TRANSFORM INFRARED 

CHARACTERIZATION OF WASTE DURING MUNICIPAL SOLID 

WASTE STABILIZATION 

Abstract 

Solid waste and leachate samples from the anaerobic bioreactors and FBs were 

characterized using Fourier Transform Infrared (FTIR) to provide a better understanding of 

changes in waste characteristics when waste transitions from mature to stabilized. Organic 

functional groups associated with aliphatic methylene were present in leachate and solid waste 

samples during the early stages of anaerobic degradation and disappeared once these wastes 

underwent treatment. Once the waste was stabilized, the FTIR spectra of leachate and solid waste 

were dominated by inorganic functional groups (carboxylic acid/carbonate group, carbonate, 

quartz, and clay minerals). 

Introduction 

Characterizing and better understanding changes in the organic fraction of solid waste during 

the degradation process are imperative to evaluate the remaining pollution potential (i.e., gas and 

leachate emissions) and overall stability of landfilled waste. Ultimately, the goal is to reach 

complete stabilization before a landfill is released from post-closure care. Complete stabilization 

of waste is the point at which a landfill, without active care and regulatory oversight, no longer 

poses a threat to the environment (Morris and Barlaz, 2011) Identifying this point in landfill 

operation is challenging because little is known regarding the acceptable final storage quality of 

the solid waste residuals and the extent of waste stabilization that has occurred within a closed 
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landfill. Typically leachate characteristics are used as indicators of the extent of waste 

stabilization  because of the ease of sampling.   

To date, the changes in the organic fraction of solid waste during the degradation process 

have been assessed through indicators such as the concentration of cellulose, hemicellulose or 

lignin; the ratio of cellulose to lignin (C/L); or the ratio of cellulose plus hemicellulose to lignin 

(Wang et al., 2013). Other more traditional indicators of biological stability are waste 

biochemical methane potential (BMP) (Owen et al., 1979; Owens and Chynoweth, 1992) or 

leachate characterization such as  pH, organic carbon, respiration activity, humic acid (HA) 

evolution, biochemical oxygen demand (BOD) to chemical oxygen demand (COD) ratio, volatile 

solids (VS), carbon to nitrogen ratio, and the presence of nitrogen compounds; however these 

analyses tend to be nonspecific, time consuming, and destructive (i.e., samples cannot be reused 

or are altered) (Castaldi et al., 2005; Chefetz et al., 1998; González-Vila et al., 1999; Lguirati et 

al., 2005; Reinhart and Townsend, 1998; Smidt et al., 2005; Smidt et al., 2002; Wu et al., 2010).  

Alternative methods have grown in popularity as ways to better understand and further 

analyze the extent of decomposition of waste components (Smidt et al., 2002; Smidt  et al., 

2005). This chapter focuses on advanced analytical techniques such as Fourier Transform 

Infrared spectroscopy (FTIR) to characterize solid waste and leachate. Advantages of FTIR are 

that the technique is quick, nondestructive, and no sample preparation is necessary if using an 

instrument fitted with an attenuated total reflectance (ATR) tool. Extracted humic acid (HA) will 

be characterized using C13 Nuclear Magnetic Resonance (NMR). NMR requires a homogenous 

sample and can be time consuming due to the complexity of HA but offers additional 

information to compliment FTIR data.   
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This chapter will evaluate the extent of waste stabilization based on spectroscopic data from 

solid waste, leachate, and extracted HA of waste under various treatment approaches. These data 

will be correlated to conventional solid waste and leachate biochemical parameters. Principal 

component analysis (PCA) of FTIR data will be used to identify the changes in functional groups 

that occur under various treatment processes. Functional groups represent specific groups of 

atoms and bonds within molecules that are responsible for the characteristic chemical reactions 

of those molecules (Hanson, 2001). This information will be used to provide better insight  into 

what happens when mature waste becomes stable. Spectroscopic stabilization indicators for both 

leachate and solid waste will also be described.  

Materials and Methods 

In this study synthetic waste was generated from new and post-consumer products to 

minimize variability in reactor operation that could result from using “real” waste and also to 

better define and understand the reactor inputs (Bolyard and Reinhart, 2016). The composition of 

the synthetic waste is outlined in Table 4-1 and is representative of municipal solid waste 

(MSW) generated in Florida. A detailed breakdown of new and post-consumer products used for 

each category is provided in Appendix C (Table C-1).  
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Table 4-1. Anaerobic Bioreactor Waste Composition  

Components 
Anaerobic Bioreactor (% by weight; 

dry) 

Food Waste 9.0 

Plastics 7.0 

Tires 1.0 

Other Paper 30 

Glass 0 

Metals 12 

Textiles 4.0 

Yard Trash 17 

Newspapers 7.0 

Miscellaneous 13 

 

Laboratory-scale anaerobic bioreactors were constructed to simulate anaerobic degradation 

of the synthetic waste (Figure 4-1).  Reactors were filled with synthetic MSW (~24.9 kg per 

reactor). 

  

Figure 4-1. Laboratory-Scale Anaerobic Bioreactor Schematic 

Leachate was introduced through a perforated polyvinyl chloride pipe grid placed under the 

reactor lid, ensuring equitable distribution of leachate. Approximately 1.5 L of buffered (2,000 

mg/L of sodium bicarbonate) DI water were initially added every three days to each reactor to 

generate a sufficient volume of leachate to be recirculated. Once approximately 2 L of leachate 
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were generated, reactors were drained and leachate was recirculated every three days. During 

this time leachate samples were collected from each reactor every two weeks and analyzed prior 

to recirculation. The reactors provided a source of mature waste for subsequent treatment (i.e., 

five-day biochemical oxygen demand/chemical oxygen demand (BOD5/COD) <0.10).  

The mature waste from the laboratory-scale anaerobic bioreactors was further treated under 

three flushing bioreactor (FB) scenarios, (1) flushing with clean water (FB 1), (2) recirculation of 

leachate, external leachate oxidation using Fenton’s Reagent, with no internal oxidation (FB 2), 

and (3) recirculation of leachate and external leachate oxidation using Fenton’s Reagent and 

internal aeration (FB 3), depicted in Figure 4-2. FB 3 was operated under “semi-aerobic” 

conditions since only the upper portion of the waste in FB 3 was aerated with the goal of 

facilitating conditions for nitrification and denitrification. Additional details of the operation of 

these reactors can be found in Bolyard and Reinhart (2016).   

 

Figure 4-2. Simplified Illustration of Flushing Bioreactor Operation (Bolyard and Reinhart, 

2016) 
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Sample Characterization 

Waste and leachate samples removed periodically from the laboratory-scale anaerobic 

bioreactors and FBs were characterized using both conventional and spectroscopic techniques, as 

outlined in Bolyard and Reinhart (2016). The initial synthetic waste was also characterized using 

the same techniques. Conventional techniques for leachate characterization include COD, BOD5, 

ammonia-nitrogen, nitrate-nitrogen, and nitrite-nitrogen following the Standard Methods for the 

Examination of Water and Wastewater (APHA, 2005). The dissolved humic HA concentration 

was determined by measuring the UV absorbance at 254 nm of a sample filtered through a 0.45-

μm filter. The concentration was then calculated from a standard curve developed from a stock 

solution made from Aldrich HA (Bolyard et al., 2013). The absorbance at 465 nm (E4) and 665 

nm (E6) was measured and their ratio to determine the degree of humification of the leachate 

organic matter (Amir et al., 2003; Domeizel et al., 2004; Fukushima et al., 2009; Rivero et al., 

2004). 

Waste samples were characterized for moisture content; biodegradable VS; carbon, nitrogen, 

C, H, and L content; and BMP (following procedures in Owens and Chynoweth (1992)).  Details 

of these methods can be found in Bolyard and Reinhart (2016). Plastics, tire pieces, rope, and 

other non-biodegradable but ignitable components at 550ºC were removed prior to heating the 

samples to determine the biodegradable VS fraction.  
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Humic Acid Extraction from Solid Waste 

The evolution (production) of HA has been an indicator of the extent of waste stabilization in 

landfills, composting, and wastewater sludge processing (Nanny and Ratasuk, 2002). The 

evolution of HA is evaluated by determining the change in concentration and the extent of 

humification using spectral properties. The HA concentration has been shown to increase as 

waste is stabilized. HA was extracted from solid waste samples as one indicator of stabilization 

for each FB scenario. The extraction procedure is based on a modified method to isolate HA and 

fulvic acid (FA) from solid-phase materials (IHSS, 2007).  

Twenty grams of the milled waste samples were placed in a 500-mL Erlenmeyer flask and 

the pH was equilibrated to 2.0 S.U. with 1 M HCl at room temperature (~24 ºC). The final 

volume was adjusted to a volume to solids ratio of 10 mL of liquid per 1.0 g of solid waste with 

0.1 M HCl. Each flask was placed on a shaker table, at 200 RPM, for approximately one hour. 

Each suspension was decanted for 30 minutes to separate the FA (supernatant) and HA (residue) 

fractions. Supernatant was discarded after decanting since the focus of this study was to look at 

HA as an indicator of waste stability. The residue was neutralized with 1 M NaOH to a pH of 7.0 

S.U. followed by the addition of 0.1 M NaOH for 10:1 final extractant to residue ratio. This 

neutralized fraction was shaken every 15 minutes for approximately four hours. The solution was 

then allowed to settle overnight, centrifuged (4000 RPM for 10 minutes), and the supernatant 

was collected (HA). In order to precipitate out the HA fraction, the supernatant was acidified 

with 6 M HCl (final pH of 1.0 S.U.), under continuous shaking, after which the suspension was 

allowed to settle for approximately 12 to 16 hours. The HA fraction was collected and suspended 

in a minimal volume of DI water. The HA suspension was dialyzed against DI water using pre-

wetted dialysis tubing with a 1,000 dalton molecular weight cut-off (Spectrums Lab #132640) 
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for a 48-hour period (DI was replaced after 24 hours). The final HA extraction was dried 

overnight at 105°C and placed in a desiccator for further analysis.  

Characterization of Solid Waste and Leachate Using Fourier Transform Infrared Spectroscopy 

Dried leachate and solid waste were analyzed using a Perkin Elmer Spectrum 100 Series 

FTIR equipped with a diamond ATR device. At least three spectra were acquired for each 

sample (4,000 cm-1 to 650 cm-1). Functional group transmittance peaks were identified based on 

published assignments for FTIR spectral peaks of leachate and solid waste (Smidt et al., 2005, 

Socrates, 2001, Hajjouji et al., 2008, Kang et al., 2002, He et al., 2010, Piccolo et al., 1992, 

Tseng et al., 1996, Ouatmane et al., 2000, Naumann et al., 1996, Hesse et al., 1995, Madejova, 

2003, Grube et al., 1999, Nanny and Ratasuk, 2002, Faix, 1991, Smith, 1999, Bosch et al., 2002, 

Smidth and Schwanninger, 2007, Castaldi et al., 2005, Hafidi et al., 2005). PCA was used to 

further understand the variance in the acquired data by identifying patterns in waste and leachate 

FTIR data sets to highlight differences and similarities (Smidt and Schwanninger, 2007; Smidt et 

al., 2002). Unscrambler X (CAMO Software) was used to perform PCA. All spectra were 

normalized and baseline-corrected prior to analysis. PCA of the spectra were normalized by 

mean centering (i.e., data brought around the origin). Score and loading plots were generated for 

each analysis. Score plots display the position of each sample relative to PCs 1 and 2. PCs are 

groups of uncorrelated variables generated from a larger correlated data set. Each PC is then 

described by multiple functional groups detected in the FTIR spectra. Loading plots are then 

used to explain how the variables are related to each other for each PC.  
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Extracted Humic Acid Characterization using 13C Nuclear Magnetic Resonance 

A NMR 13C spectrum of the extracted HA was acquired using a 500 MHz Varian VNMRS.  

Dried HA was dissolved in 2.0 mL of deuterium oxide (D2O) and NaOH (1.0 N) then filtered 

through a 0.45-µm filter to remove any particulate matter.  Due to the low sensitivity of 13C, each 

spectrum was acquired for at least 24 hours to adequately resolve all chemical shifts. Water 

suppression reduced the intensity of the water (D2O) shift at 4.66 parts per million (ppm) to 

allow for peaks of lower intensity to be identified. Each spectrum was acquired through 115,000 

scans with a 1-second acquisition time, a 1-second recycle delay, and a pulse of 45 degrees. Prior 

to analysis each spectrum was processed by applying a 30 Hz linebroading and baseline 

correction. 

Results and Discussion 

Conventional Solid Waste and Leachate Characterization 

Synthetic waste generated in this study underwent the treatments outlined in Figure 4-3. The 

extent of treatment was normalized by a liquid to solids (L/S) ratio. L/S is the ratio of cumulative 

volume of clean or treated liquid added per mass of initial dry waste.  

 

Figure 4-3. Overview of Waste Treatments 

 During anaerobic digestion of the young waste, the biodegradable VS fraction declined by 

approximately 52% as of a L/S of 5.0 (Bolyard and Reinhart, 2016). The mature waste was 

further treated under the three FB scenarios. The volatile solids declined by approximately 22% 
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in FBs 1 and 3 and 23% for FB 2 relative to the mature waste (Table 3-2 and Figure C-1). At the 

end of treatment (L/S of 15) the overall reduction of the volatile solids fraction in FBs was 74%-

75%.  

Table 4-2. Summary of Mature and Flushing Bioreactor Waste Characteristics (Bolyard and 
Reinhart, 2016) 

 
Initial 
Waste 

Mature 
Waste 

FB 1a FB 2a FB 3a 

Moisture Content (% by weight) 46% 61% 63% 62% 37% 

Biodegradable Solids (% by 
weight) 

65% 31% 24% 25% 28% 

Celluloseb 0.478 0.295 0.064 0.109 0.058 

Hemicellulosec 0.126 0.098 0.035 0.053 0.028 

Lignind 0.126 0.251 0.194 0.232 0.0925 

Carbone 0.388 0.336 0.1638 0.2581 0.1744 

Nitrogenf 0.0029 0.008 0.0068 0.0089 0.0063 

C/N (unitless) 136 39 24 29 28 

(C+H)/L (unitless) 4.8 2.2 1.3 1.3 2 

C/L (unitless) 3.8 1.2 0.33 0.47 0.62 

Organic Carbon6 (% by weight) 0.78 0.36 18% 16% 19% 

BMP (m3/Mg of dry waste) 140 47 10 20 31 

a. L/S of 15 
b. g cellulose/g dry wt. of biodegradable fraction 
c. g hemicellulose/g dry wt. of biodegradable fraction 
d. g lignin/g dry wt. of biodegradable fraction 
e. g carbon/g dry wt. of biodegradable fraction 
f. g nitrogen/g dry wt. of biodegradable fraction 
g. g organic carbon/g dry wt. of biodegradable fraction 

 

Under anaerobic conditions cellulose is degraded while lignin is recalcitrant, therefore the 

C/L decreases as waste is degraded; the C/L of the initial waste decreased from 3.8 to 1.2 by a 

L/S of 5.0. Furthermore, the methane potential of the waste samples decreased significantly 

during anaerobic treatment (66% reduction; Table 4-2 and Figure 3-4). Because FBs 1 and 2 

were operated under anaerobic conditions, a decrease in this ratio was confirmed that cellulose 

was degraded and lignin enrichment occurred as would be expected (Figure 4-5). An increase in 
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C/L was observed in FB 3 which can be attributed to the partial degradation of lignin under 

semi-aerobic conditions (Table D-2 and Figure 3-3).      

There was also a significant decrease in the methane potential of the waste removed from 

the FBs relative to the mature waste (Table D-2 and Figure C-4). The higher methane potential 

for FB 3 waste compared to FBs 1 and 2 at L/S of 15 was attributed to the higher C/L and that 

cellulose may have been more available during the optimized BMP test due to the partial 

degradation of lignin under semi-aerobic conditions. 

Leachate collected from the anaerobic bioreactors followed the typical acidogenic, 

methanogenic, and mature phase trends for pH, COD, BOD5, and ammonia-N (Table 4-3). 

Figure 4 summarizes the concentration of COD and HA in the anaerobic bioreactors. The 

steepness of the COD curve during anaerobic degradation shows that the organic matter was 

effectively converted to methane and carbon dioxide between a L/S of 1.5-3.0 (Figure 4-10). The 

increase in HA mirrored the COD decrease observed during anaerobic treatment. Figures C-1 

through C-4 show detailed trends for pH, COD, BOD5, and ammonia-N. Although the 

BOD5/COD was well below 0.10, the COD, ammonia-N, and HA concentrations remained high.  
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Table 4-3. Characteristics of the Acidogenic, Methanogenic, and Mature Leachate from 
the Laboratory-Scale Anaerobic Bioreactors*  

Parameter Acidogenic Methanogenic 
Mature 

Leachate 

pH (S.U.) 5.28 7.23 7.60 

COD (mg/L) 53,400 37,600 5,350 

BOD5 (mg/L) 41,900 15,750 161 

BOD5/COD 0.78 0.42 0.03 

Ammonia-Nitrogen 
(mg/L) 

196 320 472 

Humic Acid (mg/L) 312 356 1,200 

  * Prior to FB treatment 

 

Figure 4-4. Chemical Oxygen Demand and Humic Acid Concentrations from Laboratory-Scale 
Anaerobic Bioreactors 

Leachate quality improved for all FB treatments compared to the anaerobic bioreactor (Table 

4-4) but through different mechanisms. A significant reduction in ammonia-nitrogen occurred in 

FB 1 and 3 due to flushing and aeration, respectively.  The minor reduction in ammonia-nitrogen 

for FB 2 was due to sorption (Bolyard and Reinhart, 2016). The reduction of COD in FB 1 was 

primarily due to flushing. Conversely, the reduction in COD in FBs 2 and 3 was due to oxidation 

and precipitation during Fenton’s Reagent treatment.  FB 3 had a higher final COD concentration 
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relative to FBs 1 and 2.  The higher concentration of COD could be a result of leachate 

evaporation of leachate during in-situ aeration (Read et al., 2001), lignin degradation, or the 

production of HA under semi-aerobic conditions. 

Table 4-4. Characteristics of the Mature and FB Leachate (Bolyard and Reinhart, 2016) 

Parameter 
Mature 

Leachate 
FB 1* FB 2* FB 3* 

pH (S.U.) 7.60 6.50 7.40 8.10 

COD (mg/L) 5,350 150 347 1250 

BOD5 (mg/L) 161 9 23.5 3 

BOD5/COD 0.03 0.060 0.068 0.0024 

Ammonia-Nitrogen 
(mg/L) 

472 6.6 129 0.45 

Humic Acid (mg/L) 1,200 45.1 57.1 661 
*   L/S of 15 

As shown in Table 4-4 there were significant changes in COD, ammonia-N, and HA 

concentrations during FB treatment, which occurred primarily from L/S 5.0 to 8.0. Leachate 

quality is the most commonly used indicator of landfill stability but may not provide a 

comprehensive picture of the extent of stabilization. The BOD5/COD ratio of FBs 1 and 2 did not 

change significantly despite the further treatment of the mature waste in the FBs (Figure 4-5). 

However BOD5/COD ratio in FB 3 decreased significantly (0.03 to 0.0024) as a result of the 

decrease in BOD5 from aerobic biodegradation and higher change in HA concentrations (Figure 

4-4).  
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Figure 4-5. BOD5/COD Ratio During Waste Treatments and Associated Degradation Phases (Y: 
Young; M: Methanogenic; Ma: Mature) 

FTIR Characterization of Leachate and Solid Waste 

FTIR characterization of solid waste and leachate samples shed light on the changes in the 

functional groups present in these samples that occurred during anaerobic and FB treatment. The 

spectra acquired for solid waste and leachate consisted of both organic (3,000 cm-1 to 2,000 cm-1) 

and inorganic (<1,500 cm-1) functional groups. Organic functional groups included aliphatic 

methylene (2920 cm-1 and 2850 cm-1) and aromatic carbon (2981 cm-1). Inorganic functional 

groups included carboxylic acid/carbonate group (1420 cm-1), carbonate (875 cm-1), quartz (1082 

cm-1), and clay minerals (1030 cm-1). FTIR spectra were analyzed using PCA and peak identified 

using literature values.  
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Leachate Characterization 

PCA was performed on leachate data for samples collected from the anaerobic bioreactors at 

L/S 2.3, 2.6, and 5.0 and FB 1-3 at L/S of 8 and 10 (Figure 4-6).  A summary of the peaks 

identified in these leachate samples is provided in Table 4-5. Figure 4-6 shows the score plot (PC 

1 vs. PC 2) for these samples. Loading plots for PCs 1 and 2 are provided in the supplemental 

information (Figure D-5). Waste degradation progression in the anaerobic bioreactor and FBs 1-

3 leachate was captured by the changes in the PCs. These changes are reflected by the spatial 

shifts observed for each FB on the score plot. 
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Table 4-5. Summary of FTIR Observations for Leachate Samples 

Leachate Stability Indicators Wavenumber Functional Group 

Anaerobic Bioreactora 

2920 and 2850 cm-1 Aliphatic Methylene 

1420 cm-1 
Carboxylic Acid, Carbonate (COO-

Stretch) 

875 cm-1 Carbonate 

Mature Wasteb 

1420 cm-1 
Carboxylic Acid, Carbonate (COO-

Stretch) 

1447 cm-1 Inorganic Compounds 

875 cm-1 Carbonate 

Flushing Bioreactor 1c 

1420 cm-1 
Carboxylic Acid, Carbonate (COO-

Stretch) 

1030 cm-1 Inorganics 

875 cm-1 Carbonate 

Flushing Bioreactor 2c 

2920 cm-1 and 2850 cm-1 Aliphatic Methylene 

2981 cm-1 Aromatic Carbon (C=C) 

1420 cm-1 
Carboxylic Acid, Carbonate (COO-

Stretch) 

Flushing Bioreactor 3c 

2981 cm-1 Aromatic Carbon (C=C) 

2920 cm-1 and 2850 cm-1 Aliphatic Methylene 

1420 cm-1 
Carboxylic Acid, Carbonate (COO-

Stretch) 

a. L/S of 2.3 
b. L/S of 5 
c. L/S of 15 
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Figure 4-6. PCA Scores Plot of FTIR Spectrum of Anaerobic Bioreactor and FBs 1-3 (L/S of 8-
10) Leachates 

Table 4-6. Summary of Loadings Associated with Principal Components 1 and 2 

PC 1 (+) PC 2 (+) PC 2 (-) 

Wavenumber Functional Group Wavenumber Functional Group Wavenumber 
Functional 

Group 

1420 cm-1 
Carboxylic Acid, 
Carbonate (COO-

Stretch) 
2931/2850 cm-1 

Aliphatic Methylene 
Structures 

1082 cm-1 Quartz 

1254 cm-1 
Carboxylic acids, Amide 

III 
1740 cm-1 Carboxylic (C=O) 1030 cm-1 Inorganics 

1030 cm-1 Inorganics 1420 cm-1 
Carboxylic Acid, 
Carbonate (COO-

Stretch) 
875 cm-1 Carbonate 

875 cm-1 Carbonate 1256 cm-1 
Carboxylic acids, 

Amide III   

 

Changes in the organic functional groups during anaerobic treatment (i.e., aliphatic 

methylene and aromatic) in the leachate were related to a positive PC 2; this PC captures 6% of 

the variance. The changes occurring in the leachate during the acidogenic/methanogenic phases 

were reflected in the spectra by a decrease in aliphatic methylene functional groups. There was a 

significant shift from negative PC 2 to positive among the three anaerobic samples and correlated 
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with the changes that would be expected as organics are converted to methane and carbon 

dioxide. This functional group was no longer detected by a L/S of 5.0. This behavior would be 

expected as these groups are aliphatic and have been shown to decrease in intensity as waste 

stabilizes (Schmidt et al., 2011).  

The anaerobic leachates (L/S of 2.3 and 2.6) were also correlated to a positive PC 1. The 

loadings associated with a positive PC 1 are summarized in Table 6; this PC captures 91% of the 

variance. The functional groups correlated to positive PC 1 are summarized in Table 4-6 were 

primarily associated with inorganic groups (carboxylic acid, carbonate, and inorganics (i.e., Si-O 

stretch)). The dominance of these functional groups is attributed to the continued mineralization 

of organic matter (Smidt et al., 2002). The mature leachate was associated with a negative PC 1. 

Negative PC 1 is anticorrelated with the functional groups related to positive PC 1, therefore 

would support an increase in the mature leachate carboxylic acid, carbonate, and inorganic 

groups (Si-O stretch). The trends observed in the anaerobic leachate align well with 

characteristics summarized in Table 4-3 (i.e., decrease in COD and increase in HA). 

Treatment between a L/S 5.0 and 8.0 showed the most significant changes captured by the 

shifts spatially from the mature leachate to FBs 1-3 in the score plot (Figure 4-6). Leachate 

collected from FBs 1 was described by a negative PC 1 and reflected a decrease in inorganic 

functional groups summarized in Table 4-6 (i.e., positive PC 1). This trend agrees with the 

decrease in leachate constituents for FB 1 due to flushing. Positive PC 2 was associated with 

methylene aliphatic and carboxylic acid groups. Leachate FTIR spectra collected from FBs 2 and 

3 were associated with these functional groups. The appearance of the aliphatic methylene peak 

in FBs 2 and 3 can also be from the utilization of Fenton’s Reagent to break down complex 
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organic matter into less complex structures. However FB 1 and anaerobic bioreactor (L/S of 5.0) 

FTIR spectra were primarily associated with inorganic functional groups.  

An aromatic carbon (C=C) peak was present at 2981 cm-1 at L/S of 8 and 15 in FBs 2 and 3. 

Primary amines (i.e. nitrogen attached to only one carbon) were observed at ~1560 cm-1 in all 

leachates throughout treatment.  Sulfate and nitrate functional groups were present in FB 3 

expressed at 1139 cm-1 (L/S of 8) and 1384 cm-1 (L/S of 10), respectively, due to in-situ aeration 

and were not detected in the anaerobic bioreactors or FBs 1 and 2. Inorganic functional groups 

were the dominant components present in leachate of all FBs (peaks at 1421 cm-1 (positive PC 2) 

and 875 cm-1 (positive PC 1 and negative PC 2). A decrease in intensity at 1421 cm-1 occurred as 

the L/S increased for FBs 2 and 3. The peak at 875 cm-1 disappeared at L/S of 15, which was also 

observed in FB 2. The carbonate peak at 875 cm-1 disappeared by L/S of 15, most likely due to 

Fenton’s Reagent treatment in FB 2, as carbonates will react with hydroxyl free radicals. This 

peak also decreased in intensity in FB 3 by the end of treatment, as carbonates 

disappeared/decreased because of the use of Fenton’s Reagent.  

Aliphatic methylene peaks (2920 cm-1 and 2850 cm-1) were present in FBs 2 and 3 leachate at 

L/S of 10 and 15. Presumably the appearance of aliphatic methylene groups was due to the 

Fenton’s Reagent treatment reducing the complexity of the recalcitrant organics (e.g., reduction 

in the aromaticity and condensation of the organics). This observation was confirmed with the 

degree of humification of leachate organic matter measured in the leachate by E4/E6. Typically 

E4/E6 below five identifies the emitting organic matter as HA while FAs are characterized by 

E4/E6 between six and eight (Fukushima et al., 2009; Amir et al., 2003; Domeizel et al., 2004; 

Rivero et al., 2004). All E4/E6 values for FB leachate organic matter were below five, indicating 

a dominance of HA (Table 4-7). FB 1 had a lower E4/E6 than FBs 2 and 3, suggesting that the 
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organic matter was highly aromatic and further stabilized relative to the initial leachate 

characteristics and to other FBs. FBs 2 and 3 had a different trend as E4/E6 increased with the 

length of treatment, suggesting that the organic matter resembled less complex and aromatic 

organics (i.e. FA). This observation may be due to the addition of Fenton’s Reagent as the 

literature has reported that oxidation by Fenton’s Reagent can decrease the aromaticity of the 

organic matter (Batarseh et al, 2007, Wu et al., 2010, Tekin et al., 2006, Primo et al., 2008, Umar 

et al., 2010, Deng et al., 2006). 

Table 4-7. Degree of Humification of Leachate Organic Matter (E4/E6) 

 Ratio of E4/E6 

 
Mature Waste* L/S of 8 L/S of 10 L/S of 15 

Flushing Bioreactor 1 
(Flushing Only) 

2.5 2.5 2.6 1.3 

Flushing Bioreactor 2 
(Chemical Oxidation Only) 

2.5 2.9 2.8 3.2 

Flushing Bioreactor 3 
(Chemical Oxidation and Aeration) 

2.5 3.4 4.5 4.2 

* Leachate collected from the mature anaerobic bioreactors. 

Solid Waste Characterization 

FTIR spectral data for solid waste removed from the anaerobic bioreactors and from each 

deconstructed FB are presented in Figure C-2 for FBs 1-3, respectively. A summary of the peaks 

identified in these leachate samples is provided in Table 4-8. Figure 4-7 shows the scores plot 

(PC 1 vs. PC 2) for these samples. Loading plots for PCs 1 and 2 are provided in Appendix C 

(Figure 4-7). 
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Table 4-8. Summary of FTIR Observations for Solid Waste Samples 

Parameter Wavenumber Functional Groups 

Initial Wastea 

2920 cm-1 and 2850 cm-1  Aliphatic Methylene 

1420 cm-1 Carboxylic Acid, Carbonate 
(COO-Stretch) 

1227 cm-1 Polysaccharides 

1030 cm-1 Inorganics 

875 cm-1 Carbonate 

Mature Wasteb 

2920 cm-1 and 2850 cm-1 Aliphatic Methylene 

1420 cm-1 Carboxylic; Carbonate (COO-) 

875 cm-1 Carbonate 

Flushing Bioreactor 1c 

1740 cm-1 Carboxylic (C=O) 

1014 cm-1, 1031 cm-1, and 1050 cm-1 Inorganics 

875 cm-1 Carbonate 

Flushing Bioreactor 2c 

1740 cm-1 Carboxylic (C=O) 

1030 cm-1 Inorganics 

1420 cm-1 Carboxylic; Carbonate (COO-) 

875 cm-1 Carbonate 

Flushing Bioreactor 3c 

1740 cm-1 Carboxylic (C=O) 

1030 cm-1 Inorganics 

1420 cm-1 Carboxylic; Carbonate (COO-) 

875 cm-1 Carbonate 

a. L/S of 0 
b. L/S of 5 
c. L/S of 15 
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Figure 4-7. PCA Scores Plot of FTIR Spectrum of Initial, Mature, and FBs 1-3 (L/S of 8-10) 
Solid Waste 

Table 4-9.  Summary of PCs for Anaerobic and FB Waste Samples 

PC 1 (+) PC 1 (-) PC 2 (+) PC 2 (-) 

Wavenumber 
Functional 

Group 
Wavenumber Functional Group Wavenumber 

Functional 
Group 

Wavenumber 
Functional 

Group 

2981 
Aromatic 

(C=C 
Stretching) 

2920 
Aliphatic Methylene 

(C-H) 
1280 

Carboxylic 
Acid (C-O 
Stretching) 

2981 
Aromatic 

(C=C 
Stretching) 

 

2850 
Aliphatic Methylene 

(C-H) 
875 

Carbonate 
(C-O) 

1032 
Inorganics 

(Si-O 
Stretch) 

1505 Lignin 

  

1418 
Carboxylic Acid, 
Carbonate (COO-

Stretch) 

1030 
Inorganics (Si-O 

Stretch) 

875 Carbonate (C-O) 

 

Waste degradation in the anaerobic bioreactor and FBs 1-3 was captured by the changes in 

the PCs. These changes are reflected by the spatial shifts observed for each sample on the score 

plot. PCs 1 and 2 contributed 94% and 3% of the overall variance, respectively, in the FTIR 

spectra among waste samples (Table 4-9). Looking at the changes in the spatial distribution of 
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the initial waste relative the mature it was observed that there were no changes in positive PC 1 

but there was a transition from positive PC 2 to negative PC 1. Positive PC 1 was explained by 

aromaticity (2981 cm-1; C=C). Changes in this functional group were not observed in the other 

reactors. As waste degraded anaerobically, peaks at 1104 cm-1 and 1054 cm-1 disappeared. These 

peaks are characteristic of carbohydrates (Sohoo et al., 2012), and this disappearance is 

presumably due to the conversion to simple sugars and then eventually to methane and carbon 

dioxide. A positive PC was related to aliphatic methylene, lignin, carboxylic acid/carbonate, and 

inorganic (Si-O stretch) groups. The appearance of small peaks in the mature waste (L/S of 5) at 

2920 cm-1 and 2850 cm-1 is due to the presence of aliphatic methylene groups which have been 

correlated to reactivity of waste. Smidt and Schwanninger (2007) reported a decrease in the 

aliphatic methylene peaks for 15-year old waste characterized by FTIR. However, as shown in 

Appendix C (Figure C-5), the aliphatic methylene groups slightly increased in intensity in the 

mature waste relative to the initial waste, which was not expected and may be attributed to waste 

heterogeneity. 

By a L/S of 10, FB 1 waste was described by a negative PC 1 and positive PC 2 which 

represent methylene aliphatic, lignin, carboxylic, and carbonate groups (Table 4-9). The negative 

PC 1 was related to FB 2 at L/S of 8 and 10. Treatment over a L/S of 8.0 to 10, caused a shift in 

PC 2 from the decrease in carbonate (875 cm), aromatic (C=C stretching), and inorganic (Si-O 

stretch) groups relative to both the initial and mature waste samples. FB 3 did not have 

significant changes in the associated PCs (-PC 1 and -PC 2) as shown in Figure 4-7. The location 

of the FB 3 PCs corresponded to a decrease in aliphatic methylene, lignin, carboxylic, inorganics 

(Si-O), and carbonate (C-O) functional groups.  
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Peaks at 2920 cm-1 and 2850 cm-1 (aliphatic methylene groups) were well defined at L/S of 

8.0 but evolved into multiple peaks after further treatment in FB 1 (L/S of 15). There was a 

reduction in the intensity, then disappearance of these peaks with increasing L/S in FBs 2 and 3. 

An overall reduction or disappearance of the aliphatic methylene peaks supports the reduced 

reactivity of the waste, which suggests further stabilization relative to the mature waste (L/S of 

5.0) was achieved.  

All of the waste removed from the FBs, excluding FB 1 at L/S of 8.0, were associated with a 

negative PC 1 which represents carboxylic acid/carbonate, inorganics (Si-O Stretch), and 

carbonate peaks. The inorganic peak in FB 1 was initially present in the mature waste (L/S of 5) 

at 1029 cm-1 but evolved into three peaks at 1014 cm-1, 1031 cm-1, and 1050 cm-1 during 

treatment. At L/S of 8, waste from FBs 2 and 3 exhibited the same inorganic peaks at 1014 cm-1, 

1031 cm-1, and 1050 cm-1 which eventually devolved into a single peak at 1030 cm-1. These 

differences are most likely attributed to waste heterogeneity but do support the mineralization of 

organic matter during the stabilization process. Overall, as the waste stabilized there was a 

dominance of inorganic functional groups with respect to aliphatic methylene and aromatic 

carbon. A similar trend for old waste was observed by Smidt et al. (2011). 

Characterization of Humic Acid Extracted from Solid Waste 

HA was extracted from solid waste during anaerobic and FB treatment. These data were 

compared to solid waste and leachate characteristics. The overall goal of HA analysis was to 

identify the changes occurring during treatment. HA was not extracted from leachate since the 

available volume was insufficient to extract the HA mass needed for analysis. The HA 

concentration of mature waste was approximately 17 mg of HA/kg of dry waste. The HA content 
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increased in all FBs between L/S of 5.0 and 8.0 (Figure 4-8). FB 3 had the highest concentration 

of HA at L/S of 15, followed by FBs 2 and 1, respectively. 

 

Figure 4-8. Mass of HA Extracted from Solid Waste 

 The 13C NMR spectra of HA extracted from the waste removed from the laboratory-scale 

anaerobic bioreactor (L/S of 5.0) and FBs 1-3 at L/S of 15 are provided in Figure 4-9. Three 

groups of chemical shifts were integrated to observe the overall changes in the distribution of 

aliphatic (0-110 ppm), aromatic (110-165 ppm), and carboxylic (165-200 ppm) carbon. The 

overall area was used to determine the distribution of carbon for these three groups as 

summarized in Table 10. The HA extracted from the mature waste was dominated by aliphatic 

carbon with aromatic carbon less intense. As waste was further treated the HA structural 

characteristics underwent changes reflected by the aliphatic, aromatic, and carboxylic carbon 

behavior in NMR spectra. Aliphatic carbon content decreased in FB 1 while there was an 

increase in the aromatic carbon. There was a significant decrease in the carboxylic carbon 

content during flushing which is expected as the spectral characteristics of the HA exhibited a 

lower carboxylic acid content relative to FA (Citation). This observation was confirmed by FTIR 
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data. HA extraction from FBs 2 and 3 wastes had similar characteristics despite the different 

treatments. There was a decrease in the aliphatic carbon for both FBs while there was minimal 

change in aromatic carbon. The carboxylic acid content increased relative to the mature waste, 

which agrees with the leachate spectral characteristics (E4/E6; Table 4-5).   

 

Figure 4-9. NMR Spectra of HA Extracted from Mature and FB Waste 
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Table 4-10. Distribution of Carbon of Chemical Shifts of HA Extracted from Waste Removed 
from Laboratory-Scale Anaerobic Bioreactors and Flushing Bioreactors  

Extracted Humic Acid 

Aliphatic 
Carbon 
(0-110 
ppm) 

Aromatic 
Carbon 

(110-165 
ppm) 

Carboxylic 
Carbon 

(165-200 
ppm) 

Laboratory-Scale Anaerobic Bioreactors 52% 32% 16% 

Flushing Bioreactor 1 (L/S of 10) 45% 48% 6% 

Flushing Bioreactor 2 (L/S of 10) 48% 29% 23% 

Flushing Bioreactor 3 (L/S of 10) 44% 31% 25% 

    

Discussion 

FTIR spectra of FB waste and leachate supported stabilization of waste during the additional 

treatment. Organic functional groups associated with aliphatic methylenes (2920 cm-1 and 2850 

cm-1) were present in both leachate and solid waste samples during the early stages of anaerobic 

degradation and disappeared once these samples underwent treatment and were further 

stabilized. Between a L/S of 2.6-3.5 (Table 4-3) in the laboratory-scale anaerobic reactors 

aliphatic methytlene functional groups were no longer present concomitantly correlates with a 

decrease COD of 10,000 to 6,500 mg/L and a BOD of less than 1,500 (BOD/COD of ~0.15). A 

more exact relationship suggests a statistical analysis between these functional groups and COD 

was not possible because leachate was not collected between a L/S of 2.6 and 3.5. The mature 

waste spectrum was dominated by inorganic functional groups when the BOD/COD was less 

than 0.1 and the COD was less than 6,500 mg/L.  

  Stability indicators have been developed as a means of assessing the performance of a 

landfill relative to achieving complete stabilization (Knox et al., 2005; Barlaz, 2006; Cossu et al., 

2007; Knox et al., 2005; Prantl et al., 2006; Ritzkowski and Stegmann, 2013). Results from 

Bolyard and Reinhart (2016) for conventional parameters for FBs 1-3 are presented in Tables 4-

11 and 4-12 along with the associated chemical functional groups (i.e., FTIR peaks) from this 
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study. FTIR peaks assignments for stabilized waste and the associated leachate have not been 

published previously. From our study, it appears that these data (Tables 11 and 12) could be used 

to assess the stability of waste samples as opposed to more time consuming analyses (e.g., BMP, 

VS, cellulose, hemicellulose, and lignin).   
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Table 4-11. Comparison of Conventional and FTIR Solid Waste Stability Indicators 

Parameter 

Biodegradable 
Volatile Solids 

(% of dry 
weight) 

C/L 

Biochemical 
Methane Potential 

(21 days) m3 
CH4/Mg total dry 

waste 

FTIR Dominant 
Group 

(wavenumber) 

Chemical 
Functional 

Groups 
Associated with 

FTIR 
Wavenumbers 

Stabilized 
Waste 

Characteristics 
Literature 

Values 

<25%c 0.16-
0.6d 10-15e -f -f 

Mature Wastea 31 1.2 29 

2920 cm-1 and 
2850 cm-1 

Aliphatic 
Methylene 

1420 cm-1 
Carboxylic; 
Carbonate 
(COO-) 

875 cm-1 Carbonate 

Flushing 
Bioreactor 1a, b  

24 0.33 3.6 

2920 cm-1 
Aliphatic 

Methylene 

1740 cm-1 
Carboxylic 

(C=O) 

1014 cm-1, 1031 
cm-1, and 1050 cm-

1 
Inorganics 

875 cm-1 Carbonate 

Flushing 
Bioreactor 2a, b 

25 0.47 9 

2920 cm-1 
Aliphatic 

Methylene 

1740 cm-1 
Carboxylic 

(C=O) 

1030 cm-1 Inorganics 

1420 cm-1 
Carboxylic; 
Carbonate 
(COO-) 

875 cm-1 Carbonate 

Flushing 
Bioreactor 3a, b 

27 0.62 15 

1740 cm-1 
Carboxylic 

(C=O) 

1030 cm-1 Inorganics 

1420 cm-1 
Carboxylic; 
Carbonate 
(COO-) 

875 cm-1 Carbonate 

a. Bolyard and Reinhart, 2016 
b. L/S of 15 
c. Knox et al., 2005 
d. Barlaz, 2006 
e. Cossu et al., 2007; Knox et al., 2005; Prantl et al., 2006; Ritzkowski and Stegmann, 2013 
f. Data unavailable on the spectroscopic characteristics of stabilized waste  
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Table 4-12. Comparison of Conventional and FTIR Leachate Indicators 

Leachate 
Stability 

Indicators 

BOD/COD 
(unitless) 

BOD 
(mg/L) 

COD 
(mg/L) 

Ammonia-
N (mg/L) 

Wavenumber 
Chemical 
Functional 

Group 

Stabilized Waste 
Characteristics 

Literature Values 
<0.1c <100d <200e <10f -g -g 

Mature Wastea 0.03 161 5,350 472 

1420 cm-1 
Carboxylic 

Acids, Carbonate 
(COO-Stretch) 

1447 cm-1 and 875 
cm-1 

Inorganic 
Compounds 

875 cm-1 Carbonate 

Flushing 
Bioreactor 1a, b 

0.06 9 150 6.6 

1420 cm-1 
Carboxylic 

Acids, Carbonate 
(COO-Stretch) 

1030 cm-1 Inorganics 

875 cm-1 Carbonate11, 15 

Flushing 
Bioreactor 2a, b 

0.068 23.5 347 129 

2920 cm-1 and 2850 
cm-1 

Aliphatic 
methylene 

2981 cm-1 
Aromatic carbon 

(C=C) 

1420 cm-1 
Carboxylic 

Acids, Carbonate 
(COO-Stretch) 

Flushing 
Bioreactor 3a, b 

0.0024 3 1250 0.45 

2981 cm-1 
Aromatic carbon 

(C=C) 

2920 cm-1 and 2850 
cm-1 

Aliphatic 
methylene 

1420 cm-1 
Carboxylic 

Acids, Carbonate 
(COO-Stretch) 

a. Bolyard and Reinhart, 2016 
b. L/S of 15 
c. Booker and Ham, 1982; Cossu et al., 2007; Kjeldsen et al., 2002 
d. Kjeldsen et al., 2002 
e. Cossu et al., 2007 
f. Knox et al., 2005 
g. Data unavailable on the spectroscopic characteristics of leachate 
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Conclusions 

This research provided a better understanding of changes in waste characteristics when waste 

transitions from mature then to stable under extensive treatment. The stability of waste was not 

indicated by leachate quality alone. Changes in the solid waste occurred while BOD5/COD in 

FBs 1 and 2 did not change significantly. The BOD5/COD in FB 3 decreased by an order of 

magnitude due to aeration but changes in the waste, relative to FBs 1 and 2, were not observed. 

FTIR is a simple tool that revealed changes in waste stability (i.e., shift from dominance of 

organic to inorganic functional groups) when compared to changes in conventional parameters 

occurred (e.g., BOD5/COD). Conventional parameters still need to be quantified in order to 

correlate the changes in the FTIR spectra to waste stability. The PCA tool discussed in this study 

could be used to better understand waste stability. This tool could be implemented in the field to 

characterize waste extracted from drilling.  Future applications of FTIR includes developing a 

model, using PCA, to predict the stability of extracted waste samples. A library of FTIR spectra 

of fresh waste would need to be created.  
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CHAPTER 5  

EVALUATION OF LEACHATE DISSOLVED ORGANIC NITROGEN 

DISCHARGE EFFECT ON WASTEWATER EFFLUENT QUALITY 

Abstract 

Leachate is frequently discharged to local municipal wastewater treatment plants 

(WWTPs) because of the cost and complexity of onsite treatment. The organic constituents in 

leachate can be problematic for WWTPs as their recalcitrance causes them to pass through 

conventional treatment processes and have the potential to negatively affect effluent quality 

(Zhao et al., 2013). Nitrogen is now limited more and more frequently in WWTP effluents with 

the concern of causing eutrophication in discharge waters. Twelve leachates from eight landfills 

in Florida and California where characterized for total nitrogen (TN) and dissolved organic 

nitrogen (DON). The average concentration of TN and DON in leachate was approximately 

1,160 mg/L and 40.7 mg/L, respectively. Solid-phase extraction was used to fractionate the DON 

based on hydrophobic and hydrophilic chemical properties. The bioavailability of DON had been 

shown to the related to hydrophilicity (Liu et al., 2011); the hydrophobic DON is considered to 

be recalcitrant. The average leachate concentrations of bioavailable DON (bDON) and 

recalcitrant (rDON) was 16.5 mg/L and 18.4 mg/L, respectively. Bulk leachate characteristics 

were compared to rDON and bDON to determine which parameters were positively correlated to 

each fraction. However bDON and bulk leachate characteristics were not strongly correlated. 

rDON was positively correlated (95% confidence interval) with color, total nitrogen, humic acid, 

and UV absorbance at 254 nm. rDON and bDON fractions were characterized for color, 

chemical oxygen demand (COD), and UV absorbance at 254 nm, 465 nm, and 665 nm. 
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Significant differences were observed between the two fractions. The hydrophilic fraction of 

DON (rDON) was highly colored. This fraction was also associated with over 60% of the total 

COD. The higher UV254 nm absorbance, relative to bDON, correlated well with rDON being 

associated with dissolved organic matter. Multiple leachate and wastewater co-treatment 

simulations were carried out to assess the effects of leachate on wastewater effluent quality at 

four different WWTPs. This approach brought to light that effluent quality exceeded 3 mg/L and 

10 mg/L at leachate contributions of 10% and the two bDON removal scenarios (i.e., no removal 

and complete removal). The calculated pass-through of rDON and total DON at 10% and 1% 

volumetric contributions for the tested leachates assuming no removal ranged from 0.00435-

0.477 mg/L and 0.0266-9.71 mg/L, respectively. The calculated pass-through of rDON and DON 

suggests that these nitrogen species could contribute to nutrient impairment of waterbodies. 

Photochemical modifications can promote the formation of more labile nitrogen species such as 

dissolved primary amines, ammonia-N, and other compounds yet to be identified (Bushaw-

Newton and Moran, 1999). Further studies are needed to quantify the production of labile 

nitrogen from the discharge of rDON and bDON to aquatic systems. 
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Introduction 

Management of leachate generated by municipal solid waste (MSW) landfills poses 

significant challenges to landfill operators. Leachate characteristics vary dramatically over time 

because of changing conditions within the landfill. Leachate generated from recently placed 

waste has high organic compound concentrations; treating this leachate requires a combination of 

biological and physical-chemical processes. As the waste in the landfill ages, leachate volume 

declines, however, remaining constituents tend to be recalcitrant and treatment requirements 

increasingly complex (Batarseh et al., 2007a; Batarseh et al., 2007b; Cortez et al., 2011; Morris 

et al., 2003). In particular, organic constituents transition from aliphatic, small molecular weight 

compounds to highly aromatic humic substances (HS) (with high molecular weights) which 

originate from the condensation and polymerization of microbial degradation byproducts. These 

older leachates are also characterized by relatively large concentrations of nitrogen-containing 

compounds. The persistence of these compounds requires management of leachate for many 

decades, extending the costly post-closure care period. Leachate dissolved organic nitrogen 

(DON) is not typically included in MSW leachate analysis plans, therefore concentrations are not 

well documented. The nature of these compounds is also not well understood; fewer than 15% of 

the compounds contributing to DON have been identified (Dotson et al., 2009).  

Leachate is frequently discharged to local municipal wastewater treatment plants (WWTPs) 

because of the cost and complexity of on-site treatment. Biological treatment processes utilized 

at WWTPs are designed to remove carbonaceous BOD and ammonia-N and leachate recalcitrant 

organic matter passes through. Therefore the organic constituents in leachate have the potential 

to negatively affect effluent quality (Zhao et al., 2013). Chlorination of these organic compounds 

can generate toxic disinfection byproducts (e.g., N-Nitrosodimethylamine (Mitch et al., 2003)).  
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An additional concern is that aromatic compounds tend to absorb ultraviolet (UV) light, which 

has been shown to be high enough in leachate to interfere with the alternative method of 

disinfection of wastewater using UV at volumetric contributions as low as 0.01% of the WWTP 

influent (Reinhart and Bolyard, 2015). 

Permit limits for WWTP effluent total nitrogen (TN) are typically between 3.0 and 10 mg/L, 

depending on the discharge location  (Rohrbacher et al., 2011). DON concentrations in domestic 

wastewater effluents, in the absence of other industrial sources, can range from 0.5-2.5 mg/L 

(Matthews et al., 2011). WWTP effluent nutrients can facilitate eutrophication and, depending on 

the severity of the algal blooms, dead zones can occur due to a decrease in dissolved oxygen.  In 

2003, a dead zone in the Chesapeake Bay spanned 150 miles from Baltimore to the York River 

(Chesapeake Bay Foundation, 2003). WWTPs were the second largest source of nitrogen 

pollution in the Chesapeake Bay. In order to combat these water quality issues, the U.S. 

Environmental Protection Agency developed Numeric Nutrient Criteria (NNC) for WWTPs 

aimed at lowering the TN and total phosphorus limits (EPA, 2015). These regulations will affect 

the effluent limits for WWTPs if there is reasonable potential for these sites to discharge nitrogen 

and phosphorus at concentrations that can cause or contribute to nutrient impairment of receiving 

waters.  

Liu et al. (2011) estimated that approximately 80% of wastewater DON was bioavailable 

based on the fact that it stimulated algal growth under laboratory conditions. The bioavailability 

of DON in the Liu et al., (2011) study was correlated with the hydrophilic nature of the organic 

matter and referred to as bDON. DON that was characterized as hydrophobic was considered to 

be recalcitrant (rDON). The co-treatment of leachate with wastewater could negatively affect the 

quality and limit the use of receiving waters, which is of increasing concern to WWTP operators. 
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Leachate DON is often comprised of low molecular weight material that will not be removed in 

conventional activated sludge processes (Chen et al., 2010). There is also concern that the rDON 

passing through WWTPs could become bioavailable after entering aquatic systems. 

Photochemical reactions in aquatic systems can convert DON to more labile compounds 

(Bushaw-Newton and Moran, 1999) such as primary amines or ammonia-N (Bushaw et al., 

1996; Vähätalo and Zepp, 2005). To date, there is no literature pertaining to the nature of 

leachate DON, its bioavailability, or the potential pass-through of this organic matter when co-

treated with domestic wastewater.   

This study focused on (1) quantifying TN and DON in leachate, (2) determining the 

bioavailability of these nitrogen species based on hydrophobic (rDON) and hydrophilic (bDON) 

fractions, and (3) simulating multiple leachate and wastewater co-treatment scenarios to assess 

the potential impact of leachate on WWTP effluent quality. Bulk leachate properties were 

compared to rDON and bDON concentrations to examine possible trends based on landfill age. 

rDON and bDON fractions were also characterized for color, COD concentrations, and 

ultraviolet (UV) absorbance at 254 nm, 465 nm, and 665 nm.  

Using TN, DON, and rDON concentrations for the studied leachate samples, it was possible 

to simulate multiple scenarios of leachate and wastewater co-treatment. The contribution of 

leachate to TN effluent quality was estimated by using published TN removal efficiencies for 

four operating U.S. WWTPs described using summary statistics for three years of WWTP plant 

data (Bott and Parker, 2011). The advantage of this approach is bracket the expected DON 

concentrations in typical. These results could be used to develop a targeted field sampling plan 

based on leachate characteristics and volumetric contributions, and TN WWTP effluent limits to 

evaluate the effect of leachate co-treatment on effluent quality.   
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Materials and Methods 

Leachate Collection and Characterization 

A summary of eight Florida and California municipal solid waste landfills sampled is 

provided in Table 5-1.  These sites represented multiple types of landfills (e.g., conventional, 

slurry wall) and different ages of waste. Samples were analyzed for DON, COD, dissolved 

organic carbon (DOC), pH, ammonia-N, nitrate-N, nitrite-N, total Kjeldahl nitrogen (TKN), and 

UV absorbance, according to Standard Methods (APHA, 2005). Leachate was passed through a 

0.45-m filter prior to analysis of DOC, TKN, ammonia-N, and DON. DON was determined by 

subtracting inorganic-N from TKN. 

Table 5-1. Summary of Municipal Solid Waste Landfills and Associated Leachates 

Landfill Landfill Type Leachate Samples Sampling Location 

I Conventional MSW 
A, B, E, F, and L 

 

Combined*: A, F, and L 

Closed Cell: B and E 

II Conventional MSW C Combined* 

III Conventional MSW D Combined* 

IV Conventional MSW G Combined* 

V Slurry Wall H Combined* 

VI Conventional MSW I Combined* 

VII Slurry Wall J Combined* 

VIII Conventional MSW K Closed Cell 

 * Combined: Leachate from Closed and Active Cells 
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Assessment of Dissolved Organic Nitrogen Bioavailability Potential using Leachate Organic 

Matter Chemical Properties 

The DON bioavailability to algae has been shown to be related to the chemical nature of the 

material. Liu et al., (2011) demonstrated that hydrophilic DON stimulated algal growth while the 

hydrophobic fraction did not. In our study, leachate was fractionated using solid-phase extraction 

(SPE) following a method by Liu et al. (2011) and adjusted for the higher concentration of 

organic matter (OM) present in leachate. An acrylic ester resin (Supelite DAX-8, Sigma-Aldrich) 

is commonly used to extract humic substances (Peuravuori et al., 2002) which are resistant to 

biological degradation. Resin was rinsed with 0.1 M NaOH for three days (NaOH was replaced 

every 24 hours), rinsed with methanol, and soaked in deionized (DI) water prior to use. A glass 

column (1.0-cm diameter, 30-cm length, Kimble-Chase) was packed with 18 g of conditioned 

resin stored in DI water. Prior to leachate additions, the columns were cleaned by flushing with 

7.5 L of DI water. The columns were then rinsed with 2.5 L of 0.1 M HCl followed by 2.5 L of 

0.1 M NaOH. This step was repeated three times and then another 7.5 L of DI water were passed 

through the columns. 

Leachate samples were filtered using a 0.45-µm filter and then acidified with 12 N HCl 

to a pH of 2.0 S.U. prior to fractionation. A peristaltic pump was used to introduce the acidified 

sample through the column at a flow rate of 1 mL/min. Prior to pumping leachate through the 

column the samples were diluted depending on their OM content to avoid saturating the resin. 

Two fractions were generated: the flow-through fraction (hydrophilic; bDON) and a retained 

fraction (hydrophobic; rDON), as depicted in Figure 5-2. The latter fraction was eluted in the 

reverse direction with 0.1 M NaOH. DON, COD and UV absorbance were determined for both 

fractions. DON was calculated by subtraction ammonia-N from TKN.  
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Figure 5-1. DON Fractionation Method 

 

Leachate and Wastewater Co-Treatment Simulations  

Using leachate TN, DON, and rDON data generated in this study it was possible to simulate 

many scenarios of leachate and wastewater co-treatment to assess the potential impact on 

WWTP effluents. The leachate contributions to wastewater effluent TN were estimated using a 

mass balance approach based on published removal efficiencies for various U.S. WWTPs (Bott 

and Parker, 2011). The simulations focused on TN removal for four WWTPs at four leachate 

volumetric contributions (10%, 1%, 0.1%, and 0.01%), and twelve leachates summarized in 

Table 5-1. A number of studies have reported successful co-treatment of leachate and wastewater 

at leachate volumetric loadings less than ~10-20% of influent flow (Cecen and Cakiroglu, 2001; 

Reinhart et al., 1994). The assumptions used in this simulation are outlined below in more detail.  

WWTPs were selected based on the types of nitrogen removal processes, categorized as (1) 

separate stage, (2) combined, or (3) multiple stage to capture the variation in nitrogen removal by 

wastewater treatment technology. The selected plants utilizing separate stages for nitrogen 

removal achieve nitrification and denitrification in sequential processes (WWTP 1 and 2). 

WWTP 1 utilized an activated sludge process with denitrification filters, suspended growth 
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carbonaceous biochemical oxygen demand removal and nitrification, and denitrification filters 

with methanol addition. WWTP 2 had a high rate activated sludge, nitrifying activated sludge, 

and denitrification activated sludge. When nitrification and denitrification occurred within the 

same sludge system, this biological unit process was considered a combined stage. An example 

of a combined stage biological process is a 4-stage Bardenpho (WWTP 3). The multiple-stage 

nitrogen removal facility (WWTP 4) would achieved nitrification and denitrification through an 

oxidation ditch and denitrification filters with methanol addition (Bott et al., 2012). Table 5-2 

summarizes the characteristics of the WWTPs used in the simulations discussed in this paper 

along with their respective biological processes and influent TN concentrations without leachate. 
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Table 5-2. Summary of Wastewater Treatment Plant Biological Processes and Influent TN 
Concentrationsa 

 Nitrogen Removal Biological Processes 
Average Influent 

Wastewater TN (mg/L) 

WWTP 1 
Separate Stage 
Denitrification 

Activated sludge process with 
denitrification filters, 

suspended growth 
carbonaceous biochemical 

oxygen demand removal and 
nitrification, and denitrification 
filters with methanol addition. 

44.7 

WWTP 2 
Separate Stage 
Denitrification 

High rate activated sludge, 
nitrifying activated sludge, and 
denitrification activated sludge. 

25.5 

WWTP 3 
Combined Stage 
(Single Sludge 

System) 
4-stage Bardenpho 24.5 

WWTP 4 
Multiple Stage for 
Nitrification and 
Denitrification 

Oxidation ditch and 
denitrification filters with 

methanol addition 
60.0 

a. Adapted from Bott et al., 2012 
b. TN without Leachate Contributions 

The TN removal efficiencies of four WWTPs and their summary statistics (50th, 95th, and 99th 

percentiles) for daily performance based on historical plant data over a three-year period were 

published by Bott et al. (2012). The 95th percentile is considered to capture the “reliable” 

achievable performance for a WWTP (Bott et al., 2012) by definition. The median is used in this 

analysis rather than the average since the latter can be more greatly influenced by erratic values. 

Removal efficiencies will depend on the available technology at the WWTP, climate, and 

frequency of mechanical failures. The removal efficiencies for each WWTP are presented in 

Tables 5-3 through 5-6.  In terms of meeting permit limits removal efficiencies in the 50th, 95th, 

and 99th percentiles would yield approximately 183, 18, and 4 daily exceedances over the course 

of one year (Bott and Parker, 2011).   
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The removal of leachate DON is not well understood in wastewater treatment however it is 

assumed that leachate rDON is not removed.  Two leachate bDON removals were evaluated (1) 

no removal of bDON (Equation 5-1) and (2) removal of bDON at the same rate of TN for each 

WWTP (Equation 5-2). In Equation 5-1, DON was removed from the leachate TN since it was 

assumed to pass through the biological treatment process. The DON was then added back to the 

remaining TN after taking into account the TN removal efficiency.  In Equation 5-1, it was 

assumed that bDON removal was equivalent to the wastewater TN efficiencies. Therefore only 

rDON was subtracted from the leachate TN prior to the removal calculations. Only rDON was 

added back to the effluent TN.  

𝑇𝑁1 =

   𝑇𝑁𝑊𝑊 ×
𝑉𝑊𝑊𝑉𝑊𝑊 +𝑉𝐿 +  𝑇𝑁𝐿𝑒𝑎𝑐 ℎ𝑎𝑡𝑒 −𝐷𝑂𝑁𝐿 ×

𝑉𝐿𝑉𝑊𝑊 +𝑉𝐿   × 𝑇𝑁𝑅𝑒𝑚𝑜𝑣𝑎𝑙  + 𝐷𝑂𝑁𝐿 ×
𝑉𝐿𝑉𝑊𝑊 + 𝑉𝐿𝑉𝑊𝑊 + 𝑉𝐿  

 

(5-1) 

𝑇𝑁2 =

   𝑇𝑁𝑊𝑊 ×
𝑉𝑊𝑊𝑉𝑊𝑊 +𝑉𝐿 +  𝑇𝑁𝐿𝑒𝑎𝑐 ℎ𝑎𝑡𝑒 −𝑟𝐷𝑂𝑁𝐿 ×

𝑉𝐿𝑉𝑊𝑊 +𝑉𝐿   × 𝑇𝑁𝑅𝑒𝑚𝑜𝑣𝑎𝑙  + 𝑟𝐷𝑂𝑁𝐿 ×
𝑉𝐿𝑉𝑊𝑊 + 𝑉𝐿𝑉𝑊𝑊 + 𝑉𝐿  

 

(5-2) 

These calculations were carried out for each leachate and volumetric contribution (10%, 

1.0%, 0.1%, and 0.01%). These simulations will allow for a conservative estimation of the range 

of leachate impacts on effluent quality in terms of TN, rDON, and DON. The nitrogen removal 

efficiencies for each WWTP is outlined in Tables 5-3 through 5-6. The scenario where bDON is 

not removed is not outlined. The removal efficiency would be dilution only.   
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Table 5-3. Summary of Removal Efficiencies for Nitrogen Species for WWTP 1 

Parameter 
Removal Efficiency 

50th Percentile 
Removal Efficiency 

95th Percentile 
Removal Efficiency 

99th Percentile 

Leachate rDON Dilution Only Dilution Only Dilution Only 

Leachate bDON 97% 93% 91% 

Ammonia-N + NOx (WW 
and Leachate) 

97% 93% 91% 

 

Table 5-4. Summary of Removal Efficiencies for Nitrogen Species for WWTP 2 

Parameter 
Removal Efficiency 

50th Percentile 
Removal Efficiency 

95th Percentile 
Removal Efficiency 

99th Percentile 

Leachate rDON Dilution Only Dilution Only Dilution Only 

Leachate bDON 94% 87% 76% 

Ammonia-N + NOx (WW 
and Leachate) 

94% 87% 76% 

 

Table 5-5. Summary of Removal Efficiencies for Nitrogen Species for WWTP 3 

Parameter 
Removal Efficiency 

50th Percentile 
Removal Efficiency 

95th Percentile 
Removal Efficiency 

99th Percentile 

Leachate rDON Dilution Only Dilution Only Dilution Only 

Leachate bDON 86% 74% 58% 

Ammonia-N + NOx (WW 
and Leachate) 

86% 74% 58% 

 

Table 5-6. Summary of Removal Efficiencies for Nitrogen Species for WWTP 4  

Parameter 
Removal Efficiency 

50th Percentile 
Removal Efficiency 

95th Percentile 
Removal Efficiency 

99th Percentile 

Leachate rDON Dilution Only Dilution Only Dilution Only 

Leachate bDON 98% 95% 94% 

Ammonia-N + NOx (WW 
and Leachate) 

98% 95% 94% 
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Results and Discussion 

Quantification of Leachate Recalcitrant Dissolved Organic Nitrogen 

Samples collected from the eight landfills (twelve leachate samples) yielded a wide variation 

of values for the leachate parameters, as provided in Appendix E (Table E-3). Some of the 

observed differences can be attributed to landfill operation (e.g., conventional liner system vs. 

slurry wall, age of the landfill, climate). The average concentration of TN and DON in leachate 

was approximately 1,160 mg/L and 40.7 mg/L, respectively (Table 5-7).   

Table 5-7. Summary of Leachate Total Nitrogen and Dissolved Organic Nitrogen 

 
Total Nitrogen (mg/L) DON (mg/L) 

Leachate A 824 22 

Leachate B 1936 53 

Leachate C 916 31 

Leachate E 1854 97 

Leachate F 1470 25 

Leachate G 939 56 

Leachate H 216 15.5 

Leachate I 2100 90 

Leachate J 224.5 14 

Leachate K 806 10 

Leachate L 2440 60 

Leachate M 522 20 

Leachate N 818 36 

Average 1,160 40.7 

Maximum 2,440 97.0 

Minimum 216 10.0 

 

The distribution of bDON and rDON in the twelve leachates analyzed is presented in Figure 

5-2. The average concentrations of bDON and rDON were 16.5 mg/L and 18.4 mg/L, 

respectively. The average recovery of DON for the studied leachates was 87% determined by 
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comparing the sum of bDON and rDON concentrations to the DON prior to fractionation. rDON 

accounted for over 60% of the DON found in leachates B, H, K, and L. These leachates were 

collected from closed (i.e., older) landfills cells. The remaining leachates had lower rDON 

fractions and were collected from lift stations. These leachates were representative of both closed 

and active landfill cells and would be influenced by younger leachates. Bulk leachate 

characteristics (Table E-1) were compared to rDON and bDON concentrations to determine 

whether any parameters were correlated. bDON did not correlate strongly with any leachate 

characteristics. rDON was positively correlated, but had low R2 values, with apparent color and 

humic acid.  

 

Figure 5-2. Distribution of bDON and rDON Fractions in Leachate 

The bDON and rDON fractions were characterized for color, COD, and UV absorbance at 

254 nm, 465 nm, and 665 nm (Table 5-8). Significant differences were observed between the two 

fractions. The hydrophilic fraction of DON (rDON) was highly colored and represented over 

60% of the total leachate COD. This fraction has higher UV254 nm absorbance, relative to bDON, 
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which correlated well with the concentration of rDON. A study by Zhang et al., (2000) identified 

the hydrophobic DON as the nitrogen bound to functional groups of humic substances. Kang et 

al. (2002) found that the ratio of UV absorption at 465 nm to that at 665 nm for aquatic samples 

is related to aromaticity of organic matter and inversely proportional to molecular weight of the 

organic matter. It was observed that rDON exhibited a higher E4/E6 ratio relative to hydrophilic 

fraction suggesting that hydrophobic OM, including rDON, consisted of lower molecular weight 

organic matter.  

Table 5-8. Summary of bDON and rDON Properties of the Fractionated Leachate Samples 

 
bDON Properties rDON Properties 

Parameter 
Color 

(pt-Co units) 
COD 

(mg/L) 
UV254 

(abs) 
E4/E6 

(unitless) 
Color 

(pt-Co units) 
COD 

(mg/L) 
UV254 
(abs) 

E4/E6 

(unitless) 

Leachate A 8.59 825 3.93 3.00 4630 1530 16.3 12.17 

Leachate B 45.6 1250 10.5 6.00 18500 2219 68.8 4.00 

Leachate C 8.59 1680 3.98 6.00 923 2800 11.4 18.00 

Leachate D 34.5 168 0.69 9.00 923 384 41.6 14.00 

Leachate E 16.0 1290 6.23 4.00 11200 2000 ND 8.72 

Leachate F 60.4 188 9.34 5.00 1870 672 66.0 13.33 

Leachate G 49.3 122 5.74 4.33 1140 468 33.1 12.50 

Leachate H 23.4 31 1.79 6.00 38.2 101 4.95 9.67 

Leachate I 194 695 2.56 3.69 2220 1770 67.8 10.50 

Leachate J 149 155 1.05 4.63 1630 818 10.2 8.00 

Leachate K 172 375 2.80 5.86 5480 1790 30 9.50 

Leachate L 120 975 2.76 4.00 8290 5800 115 12.75 

ND: No Data 

Impact of Leachate Co-Treatment on Wastewater Effluent Quality 

Tables 5-9 and 5-10 summarize the minimum, maximum, average, and standard deviation 

TN effluent concentrations for the WWTP simulations.  Values exceeding typical effluents limits 

of 3 mg/L and 10 mg/L of TN are highlighted in Tables 5-4 and 5-5. Exceedances for both 

discharge limits were found for leachate contributions of 10% based on all three performance 
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statistics and the two bDON removal scenarios. A high number of values exceeded 10 mg/L at 

lower leachate volumetric contributions at the 95th and 99th percentiles was observed in Tables 5-

9 and 5-10. This trend is attributed to the fluctuations in plant performance at the poor removal 

efficiencies captured by the 95th and 99th percentiles. Consequently, there are scenarios where 

consistently achieving TN concentrations of less than 10 mg/L, even at low leachate volumetric 

contributions, is not possible. A plant operating at the 50th percentile would be the only scenario 

where leachate could be accepted at a volumetric contribution of 1.0% and lower and still 

achieve TN concentrations of less than 10 mg/L. A more detailed analysis on a case by case basis 

would need to be completed for WWTPs required to meet TN limits of 3 mg/L or lower when 

receiving leachate.  

Table 5-9. Summary of Wastewater Effluent Total Nitrogen as a Function of Leachate 
Volumetric Loadings and Fluctuations in Daily Plant Performance (bDON Removal is 

Equivalent to TN) 

Volumetric 

Contribution 

of Leachate 

WWTPs Operating at 50th 

Percentile for TN Removal 

WWTPs Operating at 95th 

Percentile for TN Removal 

WWTPs Operating at 99th 

Percentile for TN Removal 

Total Nitrogen (mg/L) Total Nitrogen (mg/L) Total Nitrogen (mg/L) 

Min Max Average 
Standard 

Deviation 
Min Max Average 

Standard 

Deviation 
Min Max Average 

Standard 

Deviation 

10% 4.71 20.6 10.4 7.04 9.38 37.1 19.3 12.51 12.6 58.5 30.6 20.88 

1% 1.40 5.11 2.70 1.65 3.38 9.47 5.36 2.80 4.73 15.1 8.61 4.71 

0.1% 1.07 3.57 1.92 1.12 2.78 6.71 3.96 1.84 3.95 10.8 6.41 3.08 

0.01% 1.03 3.42 1.85 1.07 2.72 6.43 3.82 1.75 3.87 10.4 6.19 2.94 

 

 3 mg/L  10 mg/L 

 



118 
 

Table 5-10. Summary of Wastewater Effluent Total Nitrogen as a Function of Leachate 
Volumetric Loadings and Daily Plant Performance (No Removal of DON) 

Volumetric 

Contribution 

of Leachate 

WWTPs Operating at 50th  

Percentile for TN Removal 

WWTPs Operating at 95th 

Percentile for TN Removal 

WWTPs Operating at 99th 

Percentile for TN Removal 

Total Nitrogen (mg/L) Total Nitrogen (mg/L) Total Nitrogen (mg/L) 

Min Max Average 
Standard 

Deviation 
Min Max Average 

Standard 

Deviation 
Min Max Average 

Standard 

Deviation 

10% 6.79 22.37 12.42 6.93 11.40 38.62 21.14 12.30 11.61 39.97 21.86 12.81 

1% 1.61 5.30 2.90 1.64 3.58 9.62 5.54 2.78 3.69 10.05 5.79 2.92 

0.1% 1.09 3.59 1.94 1.12 2.80 6.72 3.98 1.84 2.89 7.06 4.18 1.94 

0.01% 1.04 3.42 1.85 1.07 2.72 6.43 3.82 1.75 2.81 6.76 4.02 1.84 

 

 3 mg/L  10 mg/L 

 

On average, DON and rDON of the leachate were 4.6% and 2.39% of TN, respectively. This 

information was used to determine the hypothetical TN that could be accepted at the four 

WWTPs without exceeding 3 mg/L and 10 mg/L of TN. The maximum leachate TN 

concentrations at a volumetric contribution of 10% that can be accepted at the WWTPs are 

summarized in Table 5-11. WWTP 3 has the lowest leachate TN that could be accepted because 

of the inefficiency of the combined-stage biological process for nitrogen removal. Regardless of 

the removal percentile, WWTP 3 would not be able to accept leachate represented by the twelve 

samples in this study and meet a 3.0 mg/L of TN.  

Table 5-11. Maximum Allowable Leachate Total Nitrogen Concentration without Exceeding TN 
Effluent Limits (Partial bDON Removal) 

 

10 mg/L Limit 3 mg/L Limit 

50th  95th  99th  50th  95th  99th  

WWTP 1 1565 840 506 305 42 No Leachate 

WWTP 2 1082 486 172 209 8 No Leachate 

WWTP 3 435 152 16 No Leachate No Leachate No Leachate 

WWTP 4 2230 1100 753 510 83 No Leachate 

No Leachate: No additional nitrogen from leachate could be accepted 
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Table 5-12. Maximum Allowable Leachate Total Nitrogen Concentration without Exceeding TN 
Effluent Limits (Dilution Only) 

 10 mg/L Limit 3 mg/L Limit 

50th 95th 99th 50th 95th 99th 

WWTP 1 1130 680 434 220 34 No Leachate 

WWTP 2 859 429 162 166 7 No Leachate 

WWTP 3 389 143 16 No Leachate No Leachate No Leachate 

WWTP 4 1450 849 608 332 63 No Leachate 

No Leachate: No additional nitrogen from leachate could be accepted 

Typical WWTP permits only require reporting of effluent TN, ammonia-N, and 

nitrate/nitrite-N concentrations. Quantifying the recalcitrant fraction of TN may be important, 

particularly if a WWTP permit is required to meet low TN limits. The calculated rDON pass 

through at 10% and 1% volumetric contributions for the tested leachates assuming no removal 

ranged from 0.0435-4.77 mg/L and 0.00435-0.477 mg/L, respectively. The calculated DON pass 

through at 10% and 1% volumetric contributions for the tested leachates assuming no removal 

ranged from 0.266-9.71 mg/L and 0.0266-0.971 mg/L, respectively. Production of DON was not 

accounted for in this analysis. 

Out of the twelve studied leachate, three samples contributed to an estimated rDON pass 

through of greater than 3 mg/L at a 10% volumetric contribution (Figure 5-6). None of the 

samples exceeded 10 mg/L but, on average, rDON could account for approximately 18% of this 

TN concentration (Figure 5-3). At a volumetric contribution of 1%, none of the samples 

exceeded 1 mg/L (Figure 5-4).  

DON had a significant effect on TN as 50% of the studied leachates exceeded 3 mg/L, 

respectively, at a 10% volumetric contribution (Figure 5-4). DON never exceeded 10 mg/L. On 

average leachate DON accounted for 40% of the 10 mg/L of TN concentration. Therefore it 

would be expected that discharging leachate at a 1% or less by volume would not significantly 

impact the TN effluent limits in terms of rDON and DON. 
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Figure 5-3. Cumulative Frequency of rDON and DON Concentration in Wastewater Effluent at a 
Leachate Volumetric Contribution of 10% 

 

 

Figure 5-4. Cumulative Frequency of rDON and DON Concentration in Wastewater Effluent at a 
Leachate Volumetric Contribution of 1% 
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The fate of rDON and DON brings to light concerns that these nitrogen species could 

contribute to nutrient impairment of waterbodies at leachate volumetric contributions greater 

than 1%. A study by Bushaw-Newton and Moran (1999) found that 6% of the nitrogen 

associated with humic substances became bioavailable after natural solar radiation for one day. 

Photochemical modifications to humic substances promoted the production of labile nitrogen 

species in their study. These species included primary amines, ammonia-N, and other 

compounds yet to be identified. Further studies are needed to quantify the production of labile 

nitrogen following the discharge of rDON and bDON to aquatic systems.  

Conclusion 

This study provided data on the concentrations of TN and DON in leachate and the 

breakdown of rDON and bDON based on hydrophilic and hydrophobic properties. The average 

concentrations of TN and DON in sampled leachates were approximately 1,160 mg/L and 40.7 

mg/L, respectively. The average concentrations of bDON and rDON were 16.5 mg/L and 18.4 

mg/L, respectively. Understanding the distribution of each fraction relative to leachate 

characteristics was important to estimate the potential treatability of landfill leachate in WWTP 

and pass through to the environment. It was observed that at a 10% volumetric contribution, 

typical WWTPs were able to meet a TN discharge limit of 10 mg/L but not 3 mg/L. Simulations 

showed that the pass through of leachate DON was significant and could lead to exceedances of 

TN limits less than 10 mg/L. There is potential, based on the literature, for these nitrogen species 

to become bioavailable once discharged to aquatic systems. Treatment of leachate can reduce 

nitrogen loadings to WWTPs and the discharge to aquatic systems.  
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CHAPTER 6  

FATE OF ORGANIC MATTER FROM LEACHATE DISCHARGED TO 

WASTEWATER TREATMENT PLANTS 

Abstract 

The effects of LOM on wastewater effluent quality was further evaluated in the field. 

Results showed that leachate detection for each field study could be determined using UV254 nm 

absorbance. DON and dissolved organic carbon (DOC) concentrations increased at significant 

levels in leachate-impacted wastewater samples. The DON decreased through the treatment train, 

suggesting that this parameter was effectively removed, while DOC persisted.  DOC pass 

through coincided with an increase in color and UV254 nm absorption. In effluents, the UV254 nm 

transmittance was just below the minimum 65% disinfection requirement at dilutions greater 

than 1%. Leachate-impacted wastewater showed a higher concentration of humic-like peaks 

during fluorescence measurements than wastewater without leachate.  

Introduction 

Leachate generated from a landfill shortly after waste is placed typically has high organic 

compound concentrations (measured as Chemical Oxygen Demand (COD) from 6-60 g/L; 

Qasim and Chiang, 1994). As the landfilled waste ages, leachate volume declines from as high as 

14,000 L/ha/d to below 900 L/ha/d (Worrell et al., 2002).  However, leachate COD remains high 

(e.g., up to 4.5 g/L) for many decades (Ehrig, 1984; Kjeldsen et al., 2002).  Concomitantly, 

leachate organic matter (LOM) transitions from dominance by aliphatic, low molecular weight 

compounds to primarily complex and recalcitrant organic compounds (Batarseh et al., 2007; 

Morris et al., 2003; Robinson et al., 2013).  The leachate biochemical oxygen demand (BOD) to 
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COD ratio becomes very low as the landfill ages, suggesting LOM recalcitrance (Kjeldsen et al., 

2002).  Other leachate constituents such as metals tend to decline to low levels in aged leachate, 

although ammonia is persistent in the anaerobic landfill environment (Kjeldsen et al., 2002).   

 

 In situ landfill processes remove readily degradable organic matter in the leachate; however 

persistent and recalcitrant organic matter may necessitate management of leachate well beyond 

the closure of the landfill, potentially for hundreds of years (Ehrig and Krümpelbeck, 

2001)(Belvi and Baccine, 1989).  LOM is problematic because it is highly colored (Matilaninen 

et al., 2011; He et al., 2006; de Morais et al., 2005), may lead to disinfection byproducts (DBPs) 

when treated (Kang et al., 2002; Katsumata et al., 2008; Leenheer and Croué, 2003; Matilaninen 

et al., 2011), and is known to transport heavy metals (Tan et al., 2003; Bolyard et al., 2013a) and 

hydrophobic organic contaminants (Tan et al., 2003; De Paolis and Kukkonen, 1997).  

 The primary method of leachate treatment is direct discharge to wastewater treatment plants 

(WWTPs). Leachate is pretreated at some landfills but only if there are industrial pretreatment 

requirements. These discharge limits rarely include recalcitrant dissolved organic matter only 

BOD5. Many studies have reported successful co-treatment of leachate and wastewater at 

leachate volumetric loadings less than ~10-20% of influent flow (Cecen and Cakiroglu, 2001; 

Reinhart et al., 1994). Despite this information, WWTP operators are cautious when accepting 

leachate, because the variability in characteristics and flows could lead to increased challenges 

for domestic wastewater treatment (e.g., potential pass through of constituents leading to permit 

violations, inhibition of biological processes, additional oxygen demand). Dissolved organic 

nitrogen (DON) and humic-like organic matter is of particular concern; studies have shown that 

DON is not removed in biological treatment processes and can be a significant fraction of the 
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effluent total nitrogen (TN). Because of nutrient loadings to aquatic systems (Citations) and 

increasingly stringent regulations, effluent TN limits are being lowered. In some cases leachate 

nitrogen contributes to exceedances in TN permit limits (Reinhart and Bolyard, 2016).  A second 

compound of concern is humic-like organic matter that may interfere with ultraviolet (UV) 

disinfection. As of 2012, just over 25% of the WWTPs in the United States used UV 

disinfection; equating to approximately 4,000 facilities (Faber, 2012; Whitby and Scheible, 

2004). UV disinfection is economically attractive as a way to avoid using chemicals as well as a 

way to avoid the production of disinfection by products. Organic matter may absorb at 254 nm, 

the wavelength used in these systems. In order to ensure adequate disinfection is achieved, 

regulations set minimum UV transmittance limits as a function of the upstream filtration 

processes. If these limits are not met, than the effluent is sent to reject ponds or directly back to 

the head of the WWTP. Preliminary studies have shown that leachate volumetric contributions as 

low as 2-5% of the WWTP influent will interfere with UV disinfection (Zhao et al., 2012).  

 The specific impacts of leachate on WWTP effluent quality are not well known, particularly 

at field-scale.  The goal of this research was to increase the understanding of the nature and fate 

of recalcitrant, UV-absorbing, and organic-nitrogen containing compounds in leachate that is co-

treated with domestic wastewater.  It is expected that organic compound characteristics will 

depend on their source, whether leachate or domestic wastewater (Korak et al., 2013).  This 

research focused on characterizing both wastewater and leachate to understand the differences in 

conventional and spectroscopic properties. Based on these data a recognizable leachate 

molecular fingerprint will allow for the rapid identification of wastewater effluent impacted by 

leachate organic matte (LOM).  Known additions of leachate to wastewater were used to 

estimate the volumetric contribution using ultraviolet (UV) absorbance at 254 nm as an indicator 
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of the presence of organic matter.  Leachate nitrogen contribution to effluent WWTP TN 

concentration permit exceedances and at what volumetric contribution were evaluated by 

conducting field sampling at wastewater treatment plants with and without leachate. These data 

were used to determine the extent to which LOM interferes with UV transmittance in WWTP 

effluents. This study provided a better understanding of potential implications of accepting 

leachate for both the landfill and WWTP operators. Additionally, the impediments of 

disinfection in the presence of LOM were better understood and recommendations were made to 

ensure that performance complies with permit requirements. 

Materials and Methods 

Leachate and Wastewater Characterization and Dilution Study 

Leachate and wastewater were characterized using traditional analysis and advanced 

spectroscopic tools to explore the structural and biochemical properties of LOM and their 

behavior at WWTPs. Leachate was collected and characterized to develop baseline data from 

eight landfills (13 samples) and two WWTPs (effluent and influent; five samples). All collected 

samples were filtered using a 0.45-µm filter prior to chemical analysis.  The filtered samples 

were analyzed for soluble COD (sCOD), pH, ammonia-N, nitrate-N, nitrite-N, total Kjeldahl 

nitrogen, UV absorbance, DOC, and true color according to Standard Methods (APHA, 2005).  

Using these data, the lower bounds on detection of leachate in wastewater could be 

evaluated.  Raw leachate was collected at three landfill sites at a point just prior to discharge into 

the municipal sewer system. Influent and effluent wastewater samples were also collected from 

three WWTPs in the absence of leachate. Leachate, as collected, was mixed with wastewater 

influent and effluent samples at volumetric loadings of 0.01%, 0.1%, 1.0%, and 10%. These 

values reflect both published and field data regarding the co-treatment of leachate and 
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wastewater (Cecen and Cakiroglu, 2010; Abbas et al., 2009; Reinhart et al., 1994). UV 

transmittance was measured for each of these mixtures.  Additionally deionized (DI) water was 

added to wastewater samples at the same aforementioned volumetric loadings to serve as 

experimental blanks. Detection of leachate was confirmed by detecting a difference between the 

wastewater UV transmittance and the diluted leachate. 

Field Studies of Leachate and Wastewater Co-Treatment 

Field studies were designed to compare WWTP performance in the presence and absence of 

leachate and the persistence of LOM and other leachate constituents through the WWTP.  Two 

different scenarios were evaluated: Scenario 1, two WWTPs that did not receive leachate during 

the sampling period (controls) and Scenario 2, two WWTPs receiving leachate (as presented in 

Table 6-1).  Raw leachate was collected at the landfills just prior to the point of discharge into 

the municipal sewer system. Wastewater was sampled at the WWTP influent and at various 

points within the treatment train (Figure 6-1). Grab samples were collected every 4 hours over a 

24-hour period.  Leachate and wastewater were placed in clean high-density polyethylene plastic 

containers, which were iced during collection as well as transport and stored at 4ºC until 

analyzed.   
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Table 6-1. Summary of WWTP Sampling Events and Leachate Presence or Absence 

Sampling Event Biological Treatment Processes Leachate Present or Absent 

WWTP 1 Oxidation Ditch Absent 

WWTP 2A Steep-Feed Aeration Absent 

WWTP 2B Steep-Feed Aeration Present 

WWTP 2Ca Steep-Feed Aeration Present 

WWTP 3 Oxidation Ditch Present b 

a. Modified sampling event – targeted influent and effluent sampling at times leachate 

arrival was expected. 

b. Leachate was discharged to WWTP 3 and observed in the influent, however leachate was 

not captured in the WWTP clarifier or effluent during sampling period as plant retention 

period was longer than the sampling period.  

The total volume and discharge rate of leachate to a WWTP can vary from day to day which 

can affect the effluent quality. Typically, leachate discharges are reported as the total daily 

volume and loadings are calculated relative to the total wastewater influent daily volume. These 

data do not provide sufficient information to elucidate the effects of variable volumetric loadings 

on the WWTP effluent quality. Total landfill discharges and hourly flow data from the receiving 

WWTPs were collected during the above-described 24-hour sampling period. UV absorbance at 

254 nm was measured for all influent and effluent samples collected during the field studies. UV 

absorption was correlated with known additions of leachate to wastewater without leachate, as 

previously described, to estimate the volumetric contribution at the time of sample collection.  

These data are critical to making recommendations regarding discharge practices aimed at 

reducing the impact of leachate on WWTP operations and effluent quality. 
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Figure 6-1. Treatment and Sampling Scenario 
 

Leachate Fingerprinting in Wastewater Effluent 

Various spectroscopic techniques were used to identify the molecular fingerprint of leachate 

and wastewater.  The specific methods and instruments were selected because there is a growing 

leachate database of characteristics using these instruments (Bolyard and Reinhart, 2016) and 

they have rapid throughput.  Leachate and wastewater samples were characterized using UV–Vis 

Spectroscopy (measuring absorbed energy based on the electronic transition in the molecule). 

Dried leachate samples were characterized using Fourier Transform Infrared spectroscopy 

(FTIR) to identify vibrational groups. Selected wastewater samples were characterized using 

fluorescence.  

UV-Vis Spectroscopy was used to measure the absorbed energy based on the electronic 

transition in the molecules.  Leachate and wastewater samples were placed in a 1.0-cm cell and 

the absorbance was measured at 254 nm, 465 nm, and 665 nm using a HACH DR-5000 UV-Vis 

Spectrophotometer. Samples with readings exceeding 3.5 absorbance units were diluted to less 

than 2.0 abs.  
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Leachate was dried at 105°C and analyzed using a Perkin Elmer Spectrum 100 Series FTIR. 

A background scan was taken before each analysis to remove any contribution of air from the 

spectrum. A spectrum was acquired by placing a small amount of the sample on a diamond ATR 

device (attenuated total reflectance) then applying the pressure arm until the force gauge reads 

approximately 80. Three spectra were acquired for all samples. Transmittance peaks were 

labeled and identified based on published assignments for FTIR spectral peaks. FTIR data were 

further analyzed using Principal Component Analysis (PCA) to understand the variance in the 

data. Overall this method was used to identify patterns in the data sets and highlight differences 

and similarities (Smidt and Schwanninger, 2007; Smidt et al., 2002). 

Wastewater fluorescence was measured using a NanoLog Fluorescence spectrometer 

(HORIBA Scientific) with a 1-cm path-length quartz cuvette.  Each liquid sample was diluted to 

the same absorbance at 254 nm to remove any concentration-dependent effects on the 

fluorescence measurements. Spectra were measured at the four primary excitation 

peaks/emission peaks:  Peak A (Ex/Em = 260/380-460 nm; humic-like), Peak C (Ex/Em = 

350/420-480 nm; humic-like), Peak M (Em/Ex = 312/380-420 nm; marine-like) and Peak T 

(Em/Ex 275/340 nm, tryptophan/ tyrosine-protein-like material). The fluorescence values of each 

peak were used to identify differences in spectral characteristics of OM. 
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Results and Discussion 

Leachate and Wastewater Characterization 

The following samples were collected and characterized to develop baseline data: (1) 

leachate from eight landfills (total thirteen samples, Table 6-2) and (2) WWTP samples in the 

absence of leachate (five locations, Table 3). A complete set of data for leachate can be found in 

the Appendix E (Table E-1). 

Table 6-2. Comparison of Leachate (13 Samples) and Influent Wastewater (5 Samples) 

Parameter 

Leachate Wastewater Influent 

Min Max 

Average 

(13 

samples) 

Std. 

Dev. 

WWTP 1 

Sample A 

WWTP 1 

Sample B 
WWTP 3 

Total cBOD5 68 3730 651 981 NA 143 157 

Total COD (mg/L) 775 12300 4026 3080 165 224 482 

cBOD5/COD 0.02 0.30 0.12 0.081 NA 0.64 0.33 

pH (S.U.) 7.07 8.54 7.81 0.390 6.8 6.92 7.28 

Total NH3-N (mg/L) 98 2300 1020 693 33 32 45.6 

Total NO3-NO2 
(mg/L) 

7.0 66 32.6 19.6 0.832 0.91 0.77 

Total TKN (mg/L) 210 2360 1130 680 40.8 41.4 53.2 

Total Nitrogen 
(mg/L) 

216 2440 1160 698 41.6 42.3 54 

DON (mg/L) 10 97 40.7 27.4 3.47 2.45 5.9 

DOC (mg/L) 239 4420 1340 1090 8.9 8 29 

DOC/DON 14.7 88.4 38 22.2 2.6 3.3 4.9 

SUVA (L/mg-m) 2.43 4.55 3.59 0.66 3.34 3.7 1.86 

Dissolved UV-254 7.54 190 52.5 48.7 0.297 6.5 0.54 

E4/E6 (unitless) 3.00 8.20 5.77 1.57 4.3 6.5 2.1 

Total UV-245 6.50 191 54.7 49.2 0.964 0.584 0.974 

NA: not analyzed 
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Table 6-3. WWTP Effluent Sample Analysis 

Sample WWTP 1 WWTP 3 

Total cBOD5 3.4 5 

Total COD (mg/L) 19 25 

cBOD5/COD 0.18 0.19 

pH (S.U.) 7.33 7.57 

Total NH3-N (mg/L) 0.446 0.02 

Total NO3-NO2 
(mg/L) 

1.37 0.27 

Total TKN (mg/L) 1.53 0.82 

Total Nitrogen (mg/L) 2.9 1.09 

DON (mg/L) 0.65 0.80 

DOC (mg/L) 6.75 6.21 

DOC/DON 10.3 7.6 

SUVA (L/mg-m) 2.48 1.75 

Dissolved UV254 0.17 0.11 

E4/E6 (unitless) 8 ND 

Total UV245 0.181 0.109 

 

Thirteen leachate samples collected from eight landfills yielded a wide variation of values for 

the leachate parameters outlined in Table 6-2 and E-1. Some of the observed differences can be 

attributed to landfill operation (e.g., conventional liner system vs. slurry wall, age of the landfill, 

waste characteristics). Leachate overall had a low biodegradability (cBOD5/COD >0.3) relative 

to wastewater influent (>0.30). Wastewater effluent biodegradability as measured by 

cBOD5/COD, decreased to less than 0.19 after treatment (Table 6-3). Higher COD, TN, DOC, 

DON, UV254 absorbance, and pH were measured in leachate relative to wastewater effluent. 

Specific UV absorbance (SUVA) is related to the absorbance of a sample at UV254 nm  divided by 

the DOC concentration. SUVA is typically higher in leachate than in wastewater (Chin et al., 

1994). In this study, SUVA was similar for wastewater and leachate as DOC and UV absorbance 

at 254 nm were proportionally lower in wastewater. Samples collected from WWTP 1 may be 
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affected by the presence of anaerobic digester supernatant. Prior to anaerobic digestion, solids 

were dewatered though a gravity belt thickener. 

The spectral characteristics of the collected leachate samples were determined using FTIR. 

Figure F-1 summarizes the spectra of all thirteen samples.  Aromatic, organic, inorganic, and 

nitrogen functional groups were identified in most of the samples. Table 6-4 summarizes the 

identified functional groups, based on wavenumbers, and the leachates containing those groups. 

Aromatic functional groups were present in samples collected from closed landfill cells and have 

been shown to reflect a well-stabilized leachate based on our previous work (Reinhart and 

Bolyard, 2013). Aliphatic methylene groups were also present in the same samples and represent 

organic matter linked in straight/branched chains suggesting a complex organic matter such as 

humic substances. The SUVA values of these three samples were above 2.0, which also signifies 

the dominance of humic substances. Nitrate groups were present in all samples. Leachate L 

transmittance at 1397 cm-1 was 69% and was the most significant peak at this wavelength. This 

sample also had the highest concentration of NO3, which correlates well with the FTIR data. The 

remaining functional groups that were identified were inorganic (e.g., carboxylic/carbonate). As 

a landfill stabilizes the FTIR spectrum of leachates shifts from organic to inorganic (Schmidt et 

al., 2011; Reinhart and Bolyard, 2013). 
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Table 6-4. Summary of Detected Leachate Functional Groups that Dominated FTIR Spectra 

Wavenumber 

(cm-1) 
Chemical Functional Group Leachates 

2981 cm-1 Aromatic A, B, C 

2920 cm-1 and 2850 
cm-1  

Aliphatic methylene A, B, C 

1556 cm-1 Amides II 
A, B, C, F, G, H, I, 

and L 

1397 cm-1 Nitrate All 

1054 cm-1, 1033 cm-1, 
and 1012 cm-1 

Inorganics 
A, C, H, K, M, and 

N 

1033 cm-1 Inorganics G 

1022 cm-1 Inorganics (Silicate) Leachate(s) 

879 cm-1 
Carboxylic; Carbonate (COO-) (monovalent 

anion site) 
G, I, K, M, and N 

871 cm-1 
Carboxylic; Carbonate (COO-) (divalent anion 

site) 
H and J 

 

Principal Component Analysis (PCA) was used to evaluate the variance in the acquired data. 

PCA is specifically useful to identify patterns in FTIR data sets and highlight differences and 

similarities (Smidt and Schwanninger, 2007; Smidt et al., 2002). Figure 6-2 shows variation 

among the leachate samples. The positive and negative principal components (PCs) and 

associated functional groups based on PCA loading plots are summarized in Table 6-5. 

Leachates A, B, C, and E were influenced by negative PC 1 (84% variance) and positive PC 2 

(6% variance) which represent amide (1559 cm-1), nitrate (1397 cm-1), and carboxylic/carbonate 

(COO-) (divalent anion site, 871 cm-1) groups. The remaining leachates (G, H, I, J, K, M, and N) 

were influenced by negative PCs 1 and 2. The differences are mainly attributed to the dominance 

of inorganic functional groups relative to Leachates A, B, C, and E. Leachates A, B, and E were 

collected from the same landfill and would explain the similar characteristics picked up through 

FTIR.  
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Figure 6-2. PCA Scores Plot of FTIR Spectrum of Leachate Samples 

 

Table 6-5. Principal Component Scores Related to Loading Plots* 

PC (+/-) Wavenumbers (cm-1) Leachates 

PC 1 (-) 1556 cm-1 and 1397 cm-1 
A, B, C, E, G, H, J, K, 

M, and N 

PC 2 (+) 1397 cm-1 and 871 cm-1 A, B, C, E, F, and L 

PC 2 (-) 1556 cm-1, 1054 cm-1, 1033 cm-1, and 1012 cm-1 G, H, I, J, K, M, and N 

PC 3 (+) 1556 cm-1 
A, B, C, E, G, H, J, and 

K 

PC 3 (-) 1054 cm-1, 1033 cm-1, 1012 cm-1, and 871 cm-1 F, L, M, and N 

*Loading plots can be found in Appendix (Figures E-2 and E-3) 

Determination of Leachate Volumetric Contribution using UV-Vis Spectroscopy 

Leachate detection limits in wastewater influent and effluent were determined by dilution 

studies using samples collected from Leachate A and WWTP 1, Leachate F and WWTP 2, and 

Leachate H and WWTP 3. By comparing the UV-Vis transmittance of leachate diluted with 
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wastewater influent to wastewater alone, leachate could be detected in wastewater at values 

equal to or below 0.01% by volume for all three facilities (Figure 6-3). Leachate could 

potentially be detected at less than 0.01% for WWTPs 2 and 3 as their UV transmittances were 

below wastewater without leachate. At 0.01% by volume, the UV transmittances of leachate 

diluted by wastewater effluent were ~25%-36% lower than wastewater diluted by DI water or 

leachate diluted by DI water (Figures E-5 and E-6). This dilution study also brought to light that 

even at a leachate to wastewater volumetric contribution of 0.01% for Leachate A/WWTP 1, the 

UV transmittance was just below the minimum 65% necessary to meet the disinfection 

requirement of less than 200 fecal coliform values per 100 mL for reuse (F.A.C 62-600.440; 

National Water Research Institute, 2012) (Figure 6-4). Combinations of Leachate F/WWTP 2 

and Leachate H/WWTP 3 were able to meet the 65% requirement at a volumetric contributions 

of 0.1% and lower which is attributed to the low UV254 nm leachate absorbance (Table E-1). 

  

 

Figure 6-3. UV254 Transmittance of Leachate And Wastewater Influent Dilution Tests  
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Figure 6-4. UV254 Transmittance of Leachate and Wastewater Effluent Dilution Tests 

 

Field Studies of Leachate and Wastewater Co-Treatment 

The field study of leachate co-treatment with wastewater involved five sampling events at 

three WWTPs (see Table 6-2). Grab samples were collected every 4 hours over a 24-hour period 

at the influent composite samples, and after clarification and disinfection. Results from WWTP 2 

were used to evaluate the fate of leachate throughout the WWTP. Results from WWTP 1 and 2A, 

without leachate, showed the relative flatness of DON, sCOD, and DOC concentrations (Figures 

E-9 and E-10). The data for WWTP 2A (without leachate) were used to normalize leachate-

impacted samples by non-impacted samples. 

Leachate detection for each field study was tested using UV254 absorbance measurements, 

which were used to determine flow data from each landfill. Each sample with a significant 

increase in absorbance, relative to samples without leachate, was identified as a leachate 
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detection and subsequent impacts were further evaluated. Table 6-6 identified samples where 

leachate was detected. Leachate was detected in influent, clarifier, and effluent samples for 

WWTP 2B. Figure 6-5 illustrates the increase in UV254 absorbance when leachate arrived 

compared to WWTP 2A without leachate. Leachate was detected in WWTP 2C and 3 influent 

between 12:00 am-4:00 am and 8:00 pm, respectively, but the sampling plan did not capture the 

leachate leaving the plant because the HRT exceeded the sampling duration. WWTP 3 will be 

resampled to capture leachate in the clarifier and after disinfection. Figure E-11 shows the 

wastewater influent UV absorbance for WWTP 3. The UV254 absorbance of influent and effluent 

samples were also observed to be relatively constant when leachate was not discharged to the 

WWTP 2A and WWTP 1.  
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Table 6-6. Leachate Detection Based on Increase in UV254 Absorbance 

Leachate Detection Influent Clarifier Effluent 

WWTP 2B 4:00 pm-12:00 am 12:00 am-4:00 am 12:00 am-4:00 am 

WWTP 2C 12:00 am-4:00 am No Data Not Detected 

WWTP 3 8:00 PM Not Detected Not Detected 

 

 

Figure 6-5. UV254 Absorbance of WWTP 2A and 2B Influent 

Effluent impacts detected based on UV254 absorbance were also confirmed through visual 

observation and apparent color measurements (absorbance at 456 nm). Figure 6-6 shows effluent 

bottles organized by sampling time; two samples appeared to be impacted by leachate (i.e., 12:00 

am and 4:00 am). This persistence of color suggests that the leachate organic matter was resistant 

to biological degradation at this facility. This color change also affected the measured UV254 

Leachate Arriving at the WWTP 
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transmittance causing this facility to fall below the required 65% transmittance for disinfection 

(Figure 6-7; note this facility does not utilize UV disinfection). 

 

Figure 6-6. WWTP Effluent (WWTP 2A) with and without Leachate (WWTP 2B) 
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Figure 6-7. UV254 Percent Transmittance of Wastewater Effluent with and without Leachate at 
WWTP 2 

Studies on the co-treatment of leachate and wastewater report the total leachate volumetric 

loading rate relative to the total wastewater influent daily flow and leachate discharges and do 

not necessarily represent the loading at the time of sampling. The landfills studied do not record 

hourly leachate flows to each WWTPs therefore a method to estimate this information was 

needed. The UV absorbance at 254 nm was measured for all WWTPs influent samples evaluated 

in this study as a baseline (i.e., leachate volumetric contribution of 0%). Known additions of 

leachate to the WWTP influent were prepared and a calibration curve was developed to estimate 

the volumetric contribution of the field samples. UV absorbance at 254 nm was measured on all 

influent samples collected in the field studies and the volumetric contribution was calculated 

65% Transmittance Requirement 
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based on their respective calibration curves (Figures E-7 and E-8). The leachate volumetric 

contributions for WWTPs 2B and 2C and WWTP 3 are summarized in Table 6-9.   

Table 6-7. Estimated Volumetric contribution Using Known Addition of Leachate Added to 
Wastewater Influent (without Leachate) 

Sampling Time 
WWTP 2B WWTP 2C WWTP 3 

Volumetric contribution (%) 

8:00 am 0.0 NS 0.0 

12:00 pm (2:00 pma) 0.0 0.026 0.18 

4:00 pm 0.59 NS 0.93 

8:00 pm (7:00 pma) 1.1 0.16 7.9 

12:00 am 1.3 0.84 1.1 

2:00 am NSc 2.2 NS 

4:00 am (5:00 am) 0.052 NS 0.00 

a. WWTP 2C 
b. WWTP 3 
c. No sample 
 

The impacts of leachate on DON, sCOD, and DOC concentration for WWTP 2B were 

evaluated by normalizing measured concentrations in wo ways (1) using WWTP 2A data 

(without leachate; Table 6-8) and (2) using non-impacted samples, collected during the same 

sampling period, from WWTP 2B (Table 6-9). When comparing the sampling event without 

leachate (WWTP 2A) and with leachate (WWTP 2B), DOC was slightly impacted (i.e., 

normalized values were above 1), but DON was not impacted by leachate (i.e., normalized 

values were below 1) (Table 6-10). On the other hand, when comparing the leachate-impacted 

samples for WWTP 2B to non-impacted samples during the same sampling event these 

parameters were significantly impacted (normalized values were greater than 1).  These 

observations may be attributed to variations in wastewater characteristics from one day to 

another (i.e., a higher nitrogen loading was captured while sampling at WWTP 2A). DON ratio 
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decreased through the plant suggesting that this parameter was effectively removed in the plant, 

while DOC persisted.  DOC pass-through coincided with an increase in color and UV absorption. 

Table 6-8. WWTP 2B Leachate Impacted Samples Normalized by WWTP 2A* 

 
Influent Clarifier Effluent 

DON 0.90 0.92 0.90 

sCOD 0.90 1.13 1.01 

DOC 1.14 1.09 1.32 

* Same WWTPs 

Table 6-9. WWTP 2B Leachate Impacted Samples* Normalized by Non-Impacted Samples for 
WWTP2B 

 
Influent Clarifier Effluent 

DON 1.23 2.08 0.89 

sCOD 0.86 1.17 0.99 

DOC 1.52 1.33 1.95 

    *See Table 9 

Figure 6-13 show that there was minimal reduction in DOC concentrations after biological 

treatment (~6 hour HRT) and clarification (~4-5 hour HRT) which would be expected as the 

organic matter found in the DOC fraction would not settle out. DOC and sCOD captures organic 

matter that can be responsible for the colored effluent samples which is most likely recalcitrant 

and will pass through the WWTP.  



146 
 

 

Figure 6-8. DOC in Wastewater with Leachate (WWTP 2B) Normalized by Wastewater without 

Leachate (WWTP 2A) 

Leachate Organic Matter Fingerprinting 

Detecting the changes in wastewater characteristics specifically from leachate impacts 

required the following information: (1) wastewater baseline without leachate and (2) data on 

color (UV456 nm), DOC, UV254 nm, and fluorescence (i.e., characterization of the organics present). 

These parameters were selected specifically because of their sensitivity to leachate arriving at a 

WWTP. For example, UV-Vis absorbance for WWTP 2A had minimal variations in absorbance 

across the measured range (200 nm-800 nm), over time without leachate (Figure 6-9). A similar 

trend was observed for WWTP 3 (Figure 6-10). When leachate arrived at WWTP 2 during a 
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second sampling event (WWTP 2B) the spectra shifted due to the increase in UV254 nm 

absorbance. However the presence of leachate in WWTP 2B effluent was detected by a minor 

shift in the spectra as can be observed in Figure 6-9.   

 

Figure 6-9. UV-Vis Scan (200 nm to 800 nm) of Wastewater Influent and Effluent Samples with 
and without Leachate (WWTP 2C) 
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Figure 6-10. UV-Vis Scan (200 nm to 800 nm) of Wastewater Influent Samples with Leachate 
and Effluent without Leachate (WWTP 3) 

When fluorescence measurements are coupled with UV254 nm absorbance measurements the 

specific compounds presence in a sample can be identified. During this project, we focused on 

three humic-like peaks and one tryptophan/tyrosine protein-like peak. Figure 6-11 shows 

fluorescence data on the four peaks present in effluent samples with (black; WWTP 2B) and 

without leachate (dotted; WWTP 2A). Prior to analysis, all samples were diluted to a UV254 nm of 

0.01 to avoid any concentration dependent effects on fluorescence. Leachate-impacted 

wastewater showed a higher fluorescence which translates to a higher concentration of humic-

like peaks at 350 nm and 312 nm than wastewater without leachate. The humic-like peak at 260 

nm appears to be present in wastewater effluent with and without leachate and was only 1.22 

times higher with leachate present. Lastly, the tryptophan/tyrosine-protein-like peak was 

approximately the same for samples with and without leachate. The literature supports that 

wastewater effluent fluorescence is typically dominated by protein-like organic matter (Kazner et 

al., 2012). Table 6-10 presents the fluorescence index (FI) of all four samples and reveals that the 

organic matter present in both samples was autochthonous (microbial originating) in nature (FI 
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of ~1.7-~2.0) (Kazner et al., 2012). There was a slight increase in the FI of the leachate-impacted 

samples relative to wastewater only. Since these samples were analyzed at the same UV254 nm this 

increase could be significant.  

 

Figure 6-11. Excitation-Emission Figures for WWTP 2A and 2B (with leachate) Effluent 
Samples Collected at 12:00 am and 4:00 am 
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Table 6-11 summarizes the characteristics of wastewater effluent samples with and without 

leachate. Our data show that UV254 nm absorbance and FI were higher for leachate-impacted 

samples, and an increase in color and DOC was observed. A clear separation between leachate 

impacted wastewater effluents is illustrated in Figure 6-12 by plotting color, UV254 nm 

absorbance, and FI for the two sampling events at 12 am and 4 am.    

Table 6-10. Summary of Effluent Characteristics of Samples Collected at 12:00 am and 4:00 am 
from WWTPs 2A (without leachate) and 2B (with leachate) 

Sample 
Color (Pt-Co units) UV254 (abs) FI (unitless) DOC (mg-C/L) 

2A 2B 2A 2B 2A 2B 2A 2B 

12:00 am 1.18 34.5 0.13 0.256 2.3 2.5 8.02 9.65 

4:00 am 23.4 27.1 0.13 0.256 2.2 2.5 8.17 11.4 
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Figure 6-12. Relationship between FI, UV254 nm, and Color for Wastewater Effluent with (2B) 
and without (2A) Leachate 
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Conclusions 

 WWTP operators are cautious when accepting leachate because the variability in 

characteristics and flows could lead to increased complexity for domestic wastewater treatment 

(e.g., potential pass through of constituents leading to permit violations, inhibition of biological 

processes). This research provided a better understanding of potential implications of accepting 

leachate for both the landfill and WWTP operators. 

Leachate was detectable in wastewater influents at dilutions below 0.01% by volume.  In 

effluents, the UV transmittance was just below the minimum 65% necessary to meet the 

disinfection requirement (i.e., if membrane filtration is utilized) of less than 200 fecal coliform 

values per 100 mL for reuse (F.A.C 62-600.440; National Water Research Institute, 2012) at 

dilutions greater than 1%. The field study of leachate co-treatment with wastewater showed that 

leachate detection for each field study could be determined using UV254 absorbance 

measurements. Each sample with a significant increase in absorbance, relative to samples 

without leachate, was identified as a leachate detection and subsequent impacts were further 

evaluated.  Changes in influent characteristics were observed for all three WWTPs receiving 

leachate; however leachate was only evident in one effluent (WWTP 2B).   

Effluent impacts were detected based on UV254 absorbance and confirmed through visual 

observation and apparent color measurements. When comparing the leachate-impacted samples 

for WWTP 2B to non-impacted samples during the same sampling event, DON, sCOD, and 

DOC were significantly impacted (normalized values were greater than 1).  The DON ratio 

decreased through the WWTP suggesting that this parameter was effectively removed in the 

plant (WWTP 2B), while DOC persisted.  DOC pass-through coincided with an increase in color 

and UV absorption. 
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Spectral characteristics showed that leachate arrival during a sampling event led to a UV 

spectral due to an increase in UV254 nm absorbance, leachate-impacted wastewater showed a 

higher concentration of humic-like peaks during fluorescence measurements than wastewater 

without leachate, and UV254 nm absorbance and a fluorescence index were higher for leachate-

impacted samples and an increase in color and DOC was observed. 

It is apparent from this study that leachate can have significant effects on wastewater quality at 

relatively low volumetric contributions.  These effects were detected by a decrease in UV 

transmittance and color (which can interfere with disinfection), an increase in effluent DOC 

which can lead to violations in permits or the production of DBPs, and an increase in influent 

DON.  These effects, however, can be managed by ensuring that leachate discharge is 

maintained at acceptable dilution ratios and evenly spread out over the discharge period. 
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CHAPTER 7  

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Results supported that going beyond the bioreactor landfill can further stabilize solid 

waste as well as reduce leachate contaminants using FB approaches. Solid waste was stabilized 

as indicated by a reduction in biodegradable solids, C/L, (C+H)/L, and methane potential. Based 

on these results aeration did not impact solid waste degradation but was effective at oxidizing 

ammonia-N. Alone, the leachate BOD/COD < 0.10 was not a proper indicator of stabilization as 

there was still a significant pollution potential (i.e., leachate COD and ammonia-N). Ammonia-N 

removal was possible through flushing which is costly. In-situ aeration of the top half of the 

waste layer was effective at oxidizing ammonia-N but also promoted denitrification in the lower 

layer. Anammox bacteria were present in the aerated FBs. COD was removed through flushing 

and chemical oxidation. Despite this further stabilization, solid waste and leachate components 

still remained and additional costs would be considerable. However, additional costs could be 

recovered through a reduction in post-closure care period and monitoring requirements. These 

results show that under extensive treatment the waste and leachate characteristics did meet 

published stability values. A biodegradable volatile solids content of 17% dry matter, C/L of 

0.31, and a BMP21 of 3.6 m3 CH4/Mg waste were the minimum values that could be achieved by 

flushing. In terms of leachate quality, COD, BOD, and ammonia-nitrogen concentrations of 9 

mg/L, 150 mg/L, and 7 mg/L, respectively, can be achieved by operating a landfill using the 

flushing approach with just water. 
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Results in Chapter 3 supported that the solid waste was stabilized and leachate quality 

was improved through FB treatment. FTIR was used to further characterize the changes 

occurring in the waste and leachate during these treatments. The specific functional groups and 

their changes were determined. This research provided a better understanding of changes in 

waste characteristics when waste transitions from mature to stable under extensive treatment. 

The stability of waste was not indicated by leachate quality alone. Changes in the solid waste 

occurred while BOD5/COD in FBs 1 and 2 did not change significantly. The leachate 

BOD5/COD in FB 3 decreased by an order of magnitude due to aeration but changes in the 

waste, relative to FBs 1 and 2, were not observed. FTIR is a simple tool that revealed changes in 

waste stability (i.e., shift from dominance of organic to inorganic functional groups) while 

changes in conventional parameters were minimal (e.g., BOD5/COD). Additional study of 

conventional parameters and their correlation with the changes in the FTIR spectra to waste 

stability is needed. The PCA tool discussed in this study was used to better understand waste 

stability trends.  

 Leachate generated in this study contained high concentrations of COD, TN, and 

ammonia-N prior to FB treatment. Due to the maturity of this leachate, conventional biological 

treatment would be ineffective at treating these samples. Nitrogen loading from leachate may be 

problematic for WWTPs trying to meet low TN limits. The organic matter present in leachate has 

also been shown to directly interfere with UV disinfection. Twelve leachates from landfills in 

Florida and California were collected and characterized. Chapter 5 focused on TN and DON 

concentrations in leachate and wastewater effluent. DON has not been widely quantified in 

leachate as it is not required as part of the permitted monitoring requirements. This nitrogen 

species is important as it can pass through the treatment processes and be a significant fraction of 
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the effluent TN at WWTPs. This study provided data on the concentrations of TN and DON in 

leachate and the fractionation of rDON and bDON based on hydrophilic and hydrophobic 

properties. The average concentration of TN and DON in leachate was approximately 1,160 

mg/L and 40.7 mg/L, respectively. The average concentrations of bDON and rDON was 16.5 

mg/L and 18.4 mg/L, respectively. Understanding the distribution of each fraction relative to 

leachate characteristics was important to estimate the potential treatability of landfill leachate 

and pass through to the environment. It was observed that at a 10% leachate volumetric 

contribution, WWTPs, under some circumstances, were able to meet a TN discharge limit of 10 

mg/L, but not 3 mg/L. It was estimated that the pass through of leachate rDON and DON was 

significant and could contribute to TN permit violations. There is potential for these nitrogen 

species to become bioavailable once discharged to aquatic systems. Pretreatment of leachate can 

reduce nitrogen loadings to WWTPs and the discharge to aquatic systems.  

 Results from Chapter 5 supported the need to conduct field studies on the fate of leachate 

organic matter at WWTPs. This research provided a better understanding of the potential 

implications of accepting leachate for both the landfill and WWTP operators. Leachate was 

detectable in wastewater influents using UV254 nm absorbance at dilutions below 0.01% by 

volume.  In effluents, the UV transmittance was just below the minimum 65% necessary to meet 

the disinfection requirement (i.e., if membrane filtration is utilized) of less than 200 fecal 

coliform values per 100 mL for reuse (F.A.C 62-600.440; National Water Research Institute, 

2012) at dilutions greater than 1%. The field study of leachate co-treatment with wastewater 

showed that leachate could be detected using UV254 absorbance measurements. Changes in 

influent characteristics were observed for all three WWTPs receiving leachate; however leachate 

was only evident in one effluent (WWTP 2B) based on UV254 absorbance, confirmed through 
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visual observation and apparent color measurements. When comparing the leachate-impacted 

samples for WWTP 2B to non-impacted samples during the same sampling event, DON, sCOD, 

and DOC were significantly affected (normalized concentration values were greater than 1).  

DON decreased through the WWTP suggesting that this parameter was effectively removed in 

the plant (WWTP 2B), while DOC persisted.  DOC pass through coincided with an increase in 

color and UV absorption. 

Spectral characteristics showed that leachate arrival during a sampling event led to a UV 

spectral shifts due to an increase in UV254 nm absorbance. Leachate-impacted wastewater showed 

a higher concentration of humic-like peaks during fluorescence measurements than wastewater 

without leachate, UV254 nm absorbance and a fluorescence index were higher for leachate-

impacted samples, and an increase in color and DOC was observed. It is apparent from this study 

that leachate can have significant effects on wastewater quality at relatively low volumetric 

contributions.  These effects were detected by a decrease in UV transmittance and an increase in 

color (which can interfere with disinfection), an increase in effluent DOC which can lead to 

violations in permits to the production of DBPs, and an increase in influent DON.  These effects, 

however, can be managed by ensuring that leachate discharge is maintained at acceptable 

dilution ratios and evenly spread out over the discharge period. 
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Recommendations 

 Results from this study suggest that the FB treatments further stabilized solid waste and 

improved leachate quality. Additional treatment is required beyond closure to ensure that waste 

is stabilized and the site is safe without active care. At some point in time there will be a breach 

in the containment systems and landfills will be a significant source of pollution in the future. A 

conventional landfill could be retrofitted for leachate injection but the further stabilization of 

solid waste can potentially compromise the integrity of the final cover system due to subsidence. 

Therefore it would be suggested that leachate injection should occur before the final cover is 

installed. Another option could be installing a temporary permeable cover which will allow for 

infiltration of liquid through the landfill after closure. The time required to meet a sufficient L/S 

(e.g. L/S of 10) would be longer versus active liquid injection but the solid waste would continue 

to stabilize without added infrastructure. An additional benefit of a permeable cover is the cost 

savings of utilizing liquid from precipitation as opposed to potable water. 

Field studies of the three FB treatments are needed to determine the extent of waste 

stabilization that can be achieved relative to the laboratory. These fields studies would be 

necessary to understand the effects of hydraulic conductivity and the zone of influence for in-situ 

aeration. The extent of treatment achieved in the FBs was related to the L/S and the field L/S 

would need to be determined at a landfill. The field L/S could be used to gauge how much 

treatment has already been achieved and then how much liquid would need to be applied to reach 

a desired level of treatment. The level of treatment would be based on regulatory target values to 

release a landfill from PCC.  

The characterization of solid waste and leachate using FTIR shed some light on the ability to 

utilize this non-destructive technique but additional data is required to fully implement this 
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technique in the field. In this study there was a lack of samples during the initial anaerobic 

treatment. Laboratory-scale anaerobic bioreactors should be operated and deconstructed during 

the acidogenic and methanogenic phases to characterize the leachate and solid waste samples. 

The point at which these reactors reached acidogenic and methanogenic phases would be 

determined through conventional leachate characterization (e.g, BOD/COD and pH). Once these 

samples are generated and analyzed, a FTIR library could be developed of fresh, aciodgenic, 

methanogenic, mature, and stabilized solid waste characteristics. This information could be used 

to develop a predictive model which can be applied in the field. Waste that has been excavated 

could quickly characterized using FTIR and the stability related to the location and waste age 

where samples could be obtained. The characteristics would then be compared to the FTIR 

database and the extent of stabilization predicted.  

The characterization of leachate DON, bDON, and rDON needs to be expanded to include 

samples from landfills in various climates and waste collection practices (e.g., increase in waste 

diversion, banning of organics). Chemical oxidation or pretreatment methods could be used to 

remove DON from leachate prior to discharging to a WWTP. Chemical oxidation could be an 

upstream process geared towards reducing the organic loadings to increase the efficiency of 

physical processes, such as membrane filtration.  The removal of leachate DON during 

wastewater treatment has not been documented. This information is important to improve 

understanding of the impact of leachate on WWTP effluent quality. The production of rDON 

during biological treatment should be considered.  

Leachate discharge data needs to be improved to better understand the hourly impacts on 

wastewater influent and effluent quality. This information is necessary to refine the 

recommendation on the allowable volumetric contribution of leachate to avoid negatively 
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impacting UV disinfection and effluent quality. UV absorbance at 254 nm has the potential to 

detect leachate in influent and effluent samples. The change in UV absorbance in the influent 

could give operators a better idea of how much leachate is being received and the treatment 

processes could be adjusted accordingly (e.g., increase in air or divert flow to an equalization 

basin). UV technology is already available as an in-line meter for WWTPs.  



161 
 

APPENDIX B  

METHODOLOGY 
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The ability to achieve sustainable landfilling by removing releasable carbon (recalcitrant) 

and ammonia-nitrogen at the end of a landfill life was evaluated by operating and monitoring 

flushing bioreactors (FBs), which includes conducting laboratory tests to determine the chemical 

group and structural (molecular) changes in the solid waste, leachate, and HA. The methodology 

used to achieve the research objectives included: creating a source of mature waste, operating 

FBs, characterizing chemical and structural (molecular) changes of solid waste, leachate, and 

HA, and determining the effects of leachate dissolved organic nitrogen on wastewater treatment 

plant effluent quality.  

Operating Laboratory Scale Bioreactor to Create a Source of Mature Waste  

In order to simulate the three FBs a sufficient amount of mature waste was generated. It 

is hypothesized that a bioreactor landfill can be operated to create a source of mature stable 

waste based on conventional chemical and biological parameters (BOD/COD, BMP, and volatile 

solids) but will still have a significant leachable carbon and nitrogen content remaining. This 

hypothesis was tested by operating and monitoring two 121-L reactors that were designed to 

allow for leachate recirculation and drainage, gas collection, and the ability to test waste 

subsidence, as shown in Figure A-1. Reactors were constructed of HDPE and measure 56 cm in 

diameter and a height of 69 cm (Figure A-1).  
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Figure B-1. Anaerobic Bioreactor Schematic 

Leachate was introduced through a drilled PVC pipe grid placed under the reactor lid, 

ensuring equitable distribution of leachate.  Leachate was drained at the bottom of the reactors 

which was covered with a layer of gravel to minimize clogging.  The reactors were filled with 

synthetic waste with characteristics of a typical Florida MSW landfill shredded to 2.5 cm x 2.5 

cm.  Synthetic waste was generated from new or post-consumer materials and used to minimize 

variability in reactor operation that could result from using “real” waste and to better define and 

understand the reactor inputs.  

The waste generated for this study was approximated from the 2009 FDEP waste 

composition for the State of Florida (FDEP, 2011). Table A-1 compares the 2009 waste 

composition to the proposed waste composition that was added to both reactors. The reactors 

were continuously operated until a source of mature waste was achieved. 
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Table B-1. Anaerobic Bioreactor and State of Florida 2009 Waste Composition (FDEP, 2011) 

Components Florida 2009 (% by wt) Bioreactor (% by weight) 

Food Waste 6.0 9.0 

Plastics 6.0 7.0 

C&D Debris 23 0 

Tires 0 1.0 

Other Paper 20 30 

Glass 3.0 0 

Metals 14 12 

Textiles 3.0 4.0 

Yard Trash 11 17 

Newspapers 5.0 7.0 

Miscellaneous 9.0 13 

 

Where possible certain components were broken down into more specific subcomponents 

based on 2010 US EPA waste composition data (US EPA, 2011). These categories included 

other plastics, other paper, and non-ferrous metals. The detailed waste composition breakdown is 

summarized in Table A-2. Additional sub-components account for the variations in products and 

composition. For example the lignin content of paper varies by paper type (Eleazer et al., 1997; 

Stinson and Ham, 1995). Glass wAS omitted due to potential safety risks during waste mixture, 

placement, and future analytical tests. Shredded yard waste was collected from a processing 

facility in Central Florida and further processed in the laboratory by removing large pieces of 

debris.  
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Table B-2. Waste Composition for Reactor 1 

Waste Composition Breakdown Weight Added (lb) 

1. Food Waste  

Dog Food 4.6 

2. Textiles   

Clothing 1.15 

Rope 1.15 

3. Miscellaneous  

Soil 6.9 

4. Glass  

Beer and Soft Drink Bottles 01 

Wine and Liquor Bottles 01 

Other Bottles and Jars 01 

5. Aluminum Cans  

Soda Cans 0.80 

6. Steel Cans  

Steel Wire 0.80 

7. Plastic Bottles  

Bottles PET/Plastic Cups (1) 0.80 

8. Other Plastics  

HDPE (2)  

Water Jugs/Plastic Bags 0.60 

PVC (3)  

PVC Pipe 0.10 

LDPE (4)  

Grocery Bags 0.80 

Polypropylene (5)  

Plastic Plates 0.90 

Polystyrene (6)  

Styrofoam Cups 0.25 

Other (7)  

CDs 0.40 

9. Newspapers  

Newspapers 3.80 

10. Corrugated Cardboard   

Cardboard 7.70 

11. Office Paper   

Printer Paper 2.30 
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12. Other Paper   

Mixed Paper  

Magazines 0.30 

Phone Book 0.80 

High Grade  

Envelopes 0.80 

Letterhead 0.50 

Other Paper  

Notebook Paper 1.0 

Yellow Legal Paper 1.0 

Sticky Notes 1.0 

Glossy Paper 0.50 

13. Yard Waste   

Yard Waste 9.20 

14. Ferrous Metal   

Galvanized Steel Bolts 3.45 

15. Non-Ferrous Metal  

Copper Wire 0.75 

Brass Wire 0.50 

16. Tires  

Shredded Tire Mulch 0.80 

Total 53.7  
1. Omitted for safety reasons. 

 

Each waste component was individually weighed and mixed on a plastic tarp. After 

uniform mixing, liquid was added for a moisture content of 50% by weight (approximately 14 

L). To ensure there was adequate buffering capacity and to avoid the reactors from becoming 

acid-stuck, sodium bicarbonate was added to 12.5 L of distilled (DI) water for a final 

concentration of 3.4 g/L NaHCO3. This concentration was based on a theoretical alkalinity of 

2,000 mg/L as calcium carbonate. In addition to distilled water, approximately 1.5 L of 

anaerobically digested sludge, collected from a local wastewater facility, was added to provide a 

source of anaerobic organisms and decrease start-up time. The total liquid volume was applied to 
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the waste in three aliquots and the waste mixed between additions. This process was followed for 

each reactor. 

Waste placement was completed in small sections and compacted. A final layer of gravel 

and tires was added to promote uniform leachate distribution. Reactors were closed and sealed to 

maintain an anaerobic environment and Tedlar bags were attached to a gas sampling port for 

continuous gas collection.  Prior to closure samples (2.7-3.2 kg of waste), from each reactor, was 

removed and individually analyzed for moisture and volatile solids content, and analysis of 

humic acid, lignin, cellulose, and hemicellulose concentrations.  

Buffered distilled (DI) water was added until leachate was generated from both reactors. 

Leachate was drained and approximately 2.0 liters was recirculated roughly every three days. 

During this time leachate samples were collected from each reactor every two weeks prior to 

recirculation. Leachate was analyzed for BOD5, COD, pH, and ammonia-nitrogen following 

Standard Methods (APHA, 2005) and an additional 50 mL aliquot of leachate was dried and 

analyzed using FTIR.  To ensure that a sufficient volume of leachate was available for 

recirculation (2.0 L), DI water was occasionally added to compensate for leachate lost through 

sampling.  

Operation of Flushing Bioreactors 

This task investigates the three FB process (Figure A-2) to evaluate the technical 

feasibility of leaching organic contaminants for ex-situ oxidation and removal of ammonia-

nitrogen facilitated by in-situ oxidation. The goal of this task was to achieve sustainable 

landfilling by removing releasable recalcitrant carbon and ammonia-nitrogen at the end of a 

bioreactor landfill life, reducing long term environmental threat. It is hypothesized that the 
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STABL scenario will achieve a reduction in leachate ammonia-nitrogen and COD at a lower 

liquid addition in comparison to flushing and chemical oxidation only. 

Mature waste was removed from the laboratory bioreactors, after the analysis of gas, 

leachate, and solids confirmed a well-degraded state was achieved.  Four kg of wet waste was 

placed in each of eighteen reactors representing the following three scenarios, (1) flushing with 

clean water (FB 1), (2) recirculation of leachate, external leachate oxidation, with no internal 

oxidation (FB 2), and (3) recirculation of leachate, external leachate oxidation, and internal 

oxidation (FB 3), as shown in Figure A-2. The different scenarios will provide the information 

necessary to make a comparison of the effectiveness of the STABL (FB 3) with flushing (FB 1) 

and chemical oxidation only (FB 2).   

 Flushing bioreactors (FBs 1-3) wERE constructed from high-density polyethylene 

(HDPE) containers and were modified for leachate drainage and recirculation (FB 1-3), and air 

addition (FB 3 only), as shown in Figure A-2. An aquarium compressor was used to inject air 

into FB 3 for continuous aeration.  Air movement was countercurrent to leachate injection 

through a vertical perforated pipe.   
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Figure B-2. Design that Represents the Three Flushing Bioreactor Scenarios (A) FBs 1 and 2 (B) 
Pilot Scale STABL (FB 3) 

Leachate generated from the initial bioreactors (Task 1) was added to begin the flushing 

process (only distilled water will be added to FB 1).  Reactors were placed in a temperature-

controlled room maintained at 35oC±2.  A total of six reactors for each FB scenario were 

operated under identical conditions; however, one set was deconstructed after two months (six 

total) in order to evaluate the characteristics of solid waste at different waste degradation phases, 

with the remaining reactors deconstructed after four and six months. The hypothesistested was a 

reduction in C and N will be achievable in the flushing bioreactor scenarios but will require a 

larger volume of liquid and external treatment, relative to STABL and chemical oxidation only.                                   

 FB 1 was flushed with DI water three times per week. Leachate from FBs 2-3 was 

recirculated three times per week and leachate from FBs 2 and 3 was treated with Fenton’s 

Reagent weekly. Detailed methodology for Fenton’s Reagent treatment is summarized in 

Appendix B. Leachate was tested for COD, BOD5, pH, and ammonia-nitrogen according to 

Standard Methods (2005).   
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 The HA evolution (production) was characterized to monitor the stabilization of the 

waste. HA was extracted from each of the sacrificed reactors every two months. Solid and liquid 

phase extraction followed the method, which was adapted from Swift (1996), except for the 

sample preparation required for solid waste samples. The HA extraction is described in 

Appendix B.  

 To evaluate the changes in the organic waste during biological decomposition, samples of 

the waste from the deconstructed reactors were removed and the following tests conducted:  

volatile solids, biochemical methane potential (BMP), cellulose, hemicellulose, and lignin 

content (by an outside lab). Gas quality from the BMP tests was monitored for methane and 

carbon dioxide, respectively, using a Gas Chromatograph equipped with a Thermal Conductivity 

Detector (Appendix B). Organic content determined directly or indirectly from these techniques 

was correlated with stages of degradation, leachate characteristics, and pollutant leachability. 

  

Chemical Group and Structural (Molecular) Changes in Solid Waste and Leachate 

The chemical groups and structural (molecular) changes in solid waste and leachate 

samples during waste stabilization was characterized using FTIR. This spectroscopy method 

characterizes the spectral bands present from both specific chemical compounds (alcohols, 

benzene, phenol, water) and classes of compounds (aromatics, acids, esters, amides, aliphates) 

(Kalisz et al., 2008). Solid waste and solids derived from leachate samples will be removed from 

laboratory scale bioreactors and from the FBs. 

Solid waste samples were dried at 105°C overnight and milled to pass through a 2.0 mm 

sieve. Additionally, 50 mL of leachate from each reactor was collected and dried at 105°C 

overnight in a beaker. The powder collected from both solid waste (dried and inorganic fraction) 

and leachate samples were stored in glass vials until further analysis.  
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Sample powders were analyzed using a Perkin Elmer Spectrum 100 Series FTIR. A 

background scan was taken before each analysis to remove any contribution of air from the 

spectrum. A spectrum was acquired by placing a small amount of powder on the sample holder 

then applying the pressure arm until the force gauge reads approximately 80. Three spectrums 

were acquired for all samples. Transmittance peaks were labeled and identified based on 

published assignments for FTIR spectral peaks.  

HA samples were characterized using Nuclear Magnetic Resonance (NMR) to determine 

the carbon (13C) chemical shifts. Dried samples were dissolved in deuterium oxide (D2O) and 

analyzed using a Varian VNMRS 500 MHz NMR. Ultraviolet–Visible Spectroscopy will be used 

to measure the absorbed energy based on the electronic transition in the molecule. HA was 

dissolved in DI water and an aliquot of this suspension was placed in a 1.0 cm cell and the 

absorbance was measured at 465 nm and 665 nm using a HACH DR-5000 UV-Vis 

Spectrophotometer. FTIR was used to characterize the chemical and functional groups of the 

extracted HA. Spectral peaks were acquired using a Perkin Elmer Spectrum 100 Series FTIR. 
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APPENDIX C  

ANALYTICAL METHODS 



173 
 

Fenton’s Reagent Treatment 

When leachate is treated with Fenton’s Reagent, the collected leachate from FBs 2 and 3 

will be adjusted to a pH of 4.0 S.U. with 6 N hydrochloric acid, after which ferrous chloride (0.4 

Fe to H2O2) and 50% hydrogen peroxide (1 g H2O2: g COD) is added to the leachate. The 

reaction was allowed to proceed under continuously stirred conditions for 60 minutes (at room 

temperature 24ºC). During this time hydrogen peroxide indicator strips were used to monitor the 

residual hydrogen peroxide throughout the duration of the reaction. After confirming that the 

residual hydrogen peroxide is absent the treated leachate pH was brought back up to 7.0 S.U. 

using 6 N sodium hydroxide and set aside for settling. After settling is complete leachate was 

then centrifuged for ten minutes and then filtered (1.5 µm Whatman 934-AH glass filter) to 

remove the precipitated solids. The precipitates were dried and stored for future analysis (FTIR). 

Aliquots of the treated (unfiltered) and filtered leachate were removed for COD and TOC 

analysis. To remove the interference from chloride, which is added to the system from ferrous 

chloride and hydrochloric acid, mercuric sulfate (0.50 g) was added to each COD vial. This 

reagent removes up to 1,000 mg/L of chloride inference.  

 

Humic Acid Extraction 

The evolution (production) of HA has been an indicator of the extent of waste stabilization in 

landfills, composting, and wastewater sludge (Nanny and Ratasuk, 2002). The evolution of HA 

is evaluated by determining the change in concentration and the extent of humification using 

spectral properties. The increase in HA concentration has been shown to increase as waste is 

stabilized. HA was extracted from solid waste samples as one indicator of stabilization for each 
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FB scenario. The extraction procedure is based on a modified method to isolate HA and fulvic 

acid (FA) from solid-phase materials (IHSS, 2007).  

Twenty grams of the milled samples were placed in a 500-mL Erlenmeyer flask and the pH 

was equilibrated to 2.0 S.U. with 1 M HCl at room temperature (~24 ºC). The final volume was 

adjusted to a volume to solids ratio of 10 mL of liquid per 1.0 g of solid waste with 0.1 M HCl. 

Each flask was placed on a shaker table, at 200 RPM, for approximately one hour. Each 

suspension was decanted for 30 minutes to separate the FA (supernatant) and HA (residue) 

fractions. Supernatant was discarded after decanting. The residue was neutralized with 1 M 

NaOH to a pH of 7.0 S.U. followed by the addition of 0.1 M NaOH for 10:1 final extractant to 

residue ratio. This neutralized fraction was intermittently shaken, every 15 minutes, for 

approximately four hours. The solution was then allowed to settle overnight, centrifuged (4000 

RPM for 10 minutes), and the supernatant was collected (HA). In order to precipitate out the HA 

fraction, the supernatant was acidified with 6 M HCl (final pH of 1.0 S.U.), under continuous 

shaking, after which the suspension settled for approximately 12 to 16 hours. The HA fraction 

was collected and suspended in a minimal volume of DI water. The HA suspension was dialyzed 

against DI water using pre-wetted dialysis tubing with a 1,000 dalton molecular weight cut-off 

(Spectrums Lab #132640) for a 48-hour period (DI was replaced after 24 hours). The final HA 

extraction was dried overnight at 105°C and placed in a desiccator for further analysis. 
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Biochemical Methane Potential 

The BMP was determined following ASTM method E2170 (Owen, 1979). This test is 

traditionally used for liquid samples but has been modified and used to evaluate the methane 

potential of solid waste samples (Bergman, 1996, Bogner, 1990, Owens and Chynowth, 1992). 

An anaerobic inoculum medium was prepared by combining anaerobically digested sludge 

obtained from a local domestic wastewater treatment facility and necessary nutrients that are 

required to sustain an anaerobic environment for at least 90 days. BMP assays were prepared 

individually in 250-mL serum bottles processed under anaerobic conditions (maintained through 

continuous N2 flushing). Serum bottles were filled with 5.0 g dry milled solid waste samples 

after which 150 mL of anaerobic inoculum was added, using a peristaltic pump. All bottles were 

sealed with a rubber stopper and aluminum crimp, and incubated at 35±2 oC for 90 days.  

 Gas quality and quantity was measured periodically over a 90 day period. Gas samples 

were removed periodically during this period with a frictionless syringe to measure CO2 and CH4 

in the gas phase. The gas quality was measured using a Shimadzu – 14 gas chromatograph 

equipped with a TCD detector and a Carboxyn column. During analysis the detector temperature 

was held at 250°C, while the injection temperature was kept at 35°C for five minutes then 

ramped, in 20°C increments, up to 225°C over a 16-minute run time.  
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Solid-Phase Extraction of Recalcitrant Dissolved Organic Nitrogen in Leachate 

The impact on waters receiving WWTP LOM is related to the bioavailability of the 

material. The DON bioavailability to algae has been shown to be related to the hydrophilic 

nature of the material (Liu et al., 2011). Leachate was fractionated using SPE. The fractionation 

method is based on Liu et al. (2011) and was modified to account for the higher concentration of 

OM present in leachate. An acrylic ester resin (Supelite DAX-8, Sigma-Aldrich) was used to 

extract the hydrophobic DON. This specific fraction retained on the resin is considered to be 

rDON. Supelite DAX-8 resin is commonly used to extract fulvic and humic acids and will retain 

compounds up to 150,000 molecular weight (MW) (Liu et al., 2011). Resin was cleaned with 0.1 

M NaOH for three days (NaOH will be replaced every 24 hours), rinsed with methanol, and 

finally suspended in DI water. A glass column (1.0 cm diameter, 30 cm length, Kimble-Chase) 

was packed with 20 g of cleaned resin in 100 mL of DI for a final volume of approximately 20 

mL. Prior to fractionation, the column was conditioned following the method outlined in Liu et 

al., (2011). 

 Leachate samples were filtered using a 0.45-µm filter and then acidified with 6 N HCl to 

a pH of 2.0 S.U. A peristaltic pump was used to introduce the acidified sample through the 

column at a flow rate of 1 mL/min. Prior to pumping leachate through the column, the samples 

were diluted deioned (DI) water to ensure all of the liquid moves through the packed bed 

volume. Two fractions were generated: an unbound (flow through, hydrophilic) fraction and a 

bound fraction that elutes with 0.1 M NaOH (hydrophobic). The latter fraction was eluted in the 

reverse direction with 100 mL of NaOH. The DON, COD, color, and UV254 nm absorbance and 

was determined for each fraction.  
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APPENDIX D  

SUPPLEMENTAL INFORMATION: APPLICATION OF LANDFILL 

TREATMENT APPROACHES FOR THE STABILIZATION OF 

MUNICIPAL SOLID WASTE 
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Table D-1. Anaerobic Bioreactor Waste Composition 

Components Synthetic (% by weight) 

Food Waste 9.0 

Plastics1 7.0 

C&D Debris 0 

Tires 1.0 

Other Paper2 30 

Glass 0 

Metals 12 

Textiles 4.0 

Yard Waste 17 

Newspapers 7.0 

Miscellaneous 13 

Included: 

1. HDPE (20%), polyvinyl chloride (PVC) (3%), low-density polyethylene (LDPE) (28%), 

polypropylene (28%), polystyrene (8%), and other (13%). 

2. Magazines (4.7%), phone book (12.5%), envelopes (12.9%), letterhead (15.7%), 

notebook paper (15.7%), yellow legal paper (15.7%), sticky notes (15.7%), and glossy 

paper (7.4%). 



180 

 

 

Figure D-1. Design that Represents the Three Flushing Bioreactor Scenarios (A) FBs 1 and 2 (B) 
Pilot Scale STABL (FB 3) 
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Table D-2. Summary of Liquid Addition for Flushing Bioreactors 1-3 

Date 

Total 
Leachate 
Collected 

(mL) 

Total DI 
Water Added 

(mL) 

Total Leachate 
Removed for 

Sampling 
(mL) 

Loss Through 
Fenton's 

Treatment (mL) 

Total Loss 
(Fenton + 
Sampling) 

(mL) 

Total DI 
Water1 or 
Leachate 

Recirculated 
(mL) 

FB 1A 5435 5646 5478 0 5478 53161 

FB 1B 14690 16866 15016 0 15016 168661 

FB 1C 9510 16206 9801 0 9801 165361 

FB 1D 15920 16866 16096 0 16096 168661 

FB 1E 5600 5646 5896 0 5896 53161 

FB 1F 9355 16206 9681 0 9681 165361 

FB 2A 5440 963 410 1080 1490 5544 

FB 2B 5790 793 390 1180 1570 5626 

FB 2C 10350 1156 480 1110 1590 10231 

FB 2D 10335 1005 490 1035 1525 10208 

FB 2E 16570 1446 545 1175 1720 16946 

FB 2F 16680 1286 540 1150 1690 16606 

FB 3A 9650 6357 390 1050 1440 15196 

FB 3B 9110 6702 440 1020 1460 15146 

FB 3C 4020 1852 275 855 1130 5346 

FB 3D 5660 3827 310 690 1000 9046 

FB 3E 3610 2227 220 780 1000 5186 

FB 3F 6235 3457 290 825 1115 9046 

1. DI water added to  FBs. 
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Figure D-2. Cellulose plus Hemicellulose to Lignin Ratio of Waste Removed from Flushing 
Bioreactors 

 

Table D-3. Characteristics of the Mature Leachate used to Initiate Flushing in FBs 2 and 3 

Parameter Value 

pH (S.U.) 7.6 

COD (mg/L) 5350 

BOD5 (mg/L) 161 

BOD5/COD (mg/L) 0.03 

NH3-N (mg/L) 472 

Humic Acid (mg/L) 1200 

 

* 
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Table D-4. Characteristics of Anaerobic and Flushing Bioreactors Waste 

 
L/S 

Moisture Content 
(% by weight) 

Biodegradable 
Solids 

(% by weight) 

Cellulose1 
(%) 

Hemicellulose2 

(%) 
Lignin3 

(%) 
Carbon4 

(%) 
Nitrogen5 

(%) 
C/N (C+H)/L C/L 

Organic Carbon 
(% by weight) 

BMP (m3/Mg of 
dry waste) 

Initial Waste - 46% 65% 47.8 12.6 12.6 38.78 0.29 136 4.8 3.8 78% 140 

Mature Waste - 61% 31% 29.5 9.8 25.1 33.61 0.79 39 2.2 1.2 36% 47 

FB 1 

3 61% 29% 8.2 4.4 18.9 23.72 0.98 27 1.4 0.44 19% 17 

5 63% 23% 6.29 4.22 20.63 16.96 0.64 26 1.3 0.31 18% 9 

10 63% 24% 6.4 3.5 19.4 16.38 0.68 24 1.3 0.33 18% 10 

FB 2 

3 54% 27% 33.9 11 22.2 32.96 0.73 456 2.026 1.536 18% 42 

5 61% 26% 8.5 5.3 24.36 22.80 0.80 27 1.3 0.35 20% 14 

10 62% 25% 10.9 5.3 23.2 25.81 0.89 29 1.3 0.47 16% 20 

FB 3 

3 46% 28% 13.9 5.2 16.7 25.77 0.74 34 1.7 0.74 25% 36 

5 41% 28% 18.5 7.9 22.6 20.86 0.71 30 1.8 0.82 23% 28 

10 37% 28% 5.8 2.8 9.25 17.44 0.63 28 2 0.62 19% 31 

1. g cellulose/g dry wt. of biodegradable fraction 
2. g hemicellulose/g dry wt. of biodegradable fraction 
3. g lignin/g dry wt. of biodegradable fraction 
4. g carbon/g dry wt. of biodegradable fraction 
5. g nitrogen/g dry wt. of biodegradable fraction 
6. A statistical analysis did not support that these data points were significant outlier (P>0.05) but do not reflect the extent of degradation that should have occurred relative to the mature waste. 
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Cost Analysis 

The cost of Fenton’s Reagent treatment ($/L) was determined using Equation 1, which was 

adapted from Batarseh et al.(Batarseh et al., 2007) This equation takes into account the 

aforementioned Fenton’s Reagent dosage (0.4 molar ratio of Fe to H2O2 and 1 g H2O2: 1 g COD), 

leachate volume, COD concentration, air addition, and Fenton’s solids disposal, where 

applicable.   

 

 

(C-1) 

Where: 

CODc = the concentration of COD expressed as mg-C/L 

[H2O2]/[CODc] = 0.94(Batarseh et al., 2007) 

[Fe2+]/[CODc]= 0.38(Batarseh et al., 2007) 

Z = capital costs, construction, and electricity  

FSwet= Cost of Fenton’s solids disposal (wet; assuming 2% solids) 

The average costs of hydrogen peroxide (50% by volume), ferrous chloride, electricity, 

potable water, and leachate treatment were determined from published literature values and 

municipal utility rates.(Batarseh et al., 2007; Berge et al., 2006; Chemical, 2014; Chemicals, 

2014; County, 2014; Energy, 2014; Water, 2014) The costs of Fenton’s Reagent infrastructure, 

electricity, and miscellaneous chemicals for pH adjustment are based on a pilot plant project 

published by Choi(Choi, 1998) and converted to present day cost using an inflation of 3% (Z is 

equal to $0.0845/L). The pilot plant included mixing, oxidation, neutralization and settling tanks. 

Additional tanks were also included for H2O2, ferrous chloride, HCl, and NaOH storage. Costs 
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associated with leachate treatment were approximately $0.017/L assuming direct discharge to a 

sewer system(County, 2014; Water, 2014) and potable water usage was $0.0013/L determine 

from published municipality rates.(Berge et al., 2006; Cardinal Engineering, 2000; Willmar, 

2012; Wyoming, 2014) The disposal method for the Fenton’s Reagent solids (2% solids) was 

assumed to be landfilling. The cost of disposal (FSwet) was approximately $0.011/L and $0.014/L 

of leachate treated for FBs 2 and 3, respectively ($33.06/tonne(Commissioners, 2013)). The cost 

of aeration was approximately $2.08 per tonne of landfilled waste and was calculated based on 

values reported by Heyer et al.(Heyer et al., 2005) 

Estimated costs of each FB scenario for L/S of 3, 5, and 10 are shown in Figures C-3 and C-

4. Cost estimated in this paper do not include the infrastructure for leachate recirculation or air 

injection, where applicable. It is assumed that air injection was included during the design and 

construction of the landfill and that these costs were incurred prior to closure.(Berge et al., 2006) 

If this infrastructure was not included in the initial design and was built as a retrofit, the cost of 

leachate recirculation and air injection (blowers, piping, and valves) is estimated to be 

approximately $96,000 and $81,000, respectively.(Berge et al., 2006) There were significant 

differences in treatment costs for the FB scenarios. Leachate treatment was the major driver for 

these cost differences. Solid waste and leachate data support that flushing in FB 1 was an 

efficient method to remove pollutants but at a substantially higher cost due to the required water 

addition and associated leachate treatment. FBs 2 and 3 had significantly lower costs due to on-

site and in-situ treatment of leachate. FB 3 costs were lower than FB 2 due to the evaporation of 

leachate during aeration, which reduces the total volume requiring treatment by Fenton’s Regent.   

To compare the effectiveness of each FB scenario, the cost relative to the percent carbon or 

nitrogen removed was considered. As shown in Figures C-3 and C-4, the cost increases with 
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increasing mass of carbon and nitrogen removal. The maximum extent of treatment that could be 

achieved was assumed to occur by L/S of 10 because there were minimal changes in the solid 

waste characteristics and leachate quality between L/S of 5 and 10. If a landfill is capped after 

closure and there is no leachate recirculation or liquid addition then it would not be possible to 

reach L/S of 10 (i.e., point of completion) during the thirty-year PCC period.  Therefore the PCC 

period may be extended (i.e., perpetual care) and would translate to additional expenses for a 

landfill that may not have been anticipated. The FB scenarios have the potential to end or reduce 

PCC, which would subsequently offset the additional costs associated with leachate recirculation 

and treatment. An analysis of the site specific L/S would need to be completed to determine the 

time required to reach L/S of 10. After this information is determined then a cost comparison of 

FBs 1-3 can be completed relative to the percent carbon or nitrogen removed (estimated using 

Figures C-3 and C-4) and further compared to the traditional method of capping (i.e., dry 

entombment).  

 

Figure D-3. Cost of Treatment based on the Mass of Carbon Removed from Waste 
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Figure D-4. Cost of Treatment based on the Mass of Nitrogen Removed from Waste 
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APPENDIX E  

SUPPLEMENTAL INFORMATION: CONVENTIONAL AND FOURIER 

TRANSFORM INFRARED CHARACTERIZATION OF WASTE DURING 

MUNICIPAL SOLID WASTE STABILIZATION 
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Figure E-1. Volatile Solids Flushing Bioreactors 1-3 

 

Figure E-2. Cellulose/Lignin Ratio Flushing Bioreactors 1-3 

Anaerobic 

Bioreactors 
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Figure E-3. Biochemical Methane Potential Flushing Bioreactors 1-3 
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Figure E-4. Spectral Profiles of Anaerobic and Flushing Bioreactors 1-3 Leachates 

Summary of Leachate Spectra 

Anaerobic 

Bioreactors 
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Figure E-5. Loading Plot for Anaerobic Bioreactor and FBs 1-3 (L/S of 8-10) Leachates (A) PC 
1 91% Variance and (2) PC 2 Variance 6% 

 

 

Figure E-6. Loading Plot for Anaerobic Bioreactor and FBs 1-3 (L/S of 8-10) Solid Waste (A) 
PC 1 91% Variance and (2) PC 2 Variance 6% 
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Figure E-7. Spectral Profiles of Anaerobic and Flushing Bioreactors 1-3 Solid Waste 

 

 

Summary of Solid Waste Spectra 
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APPENDIX F  

SUPPLEMENTAL INFORMATION: EVALUATION OF LEACHATE 

DISSOLVED ORGANIC NITROGEN DISCHARGE EFFECT ON 

WASTEWATER EFFLUENT QUALITY 
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Table F-1. Summary of Leachates Characterized 

 
Leachate A Leachate B Leachate C Leachate E Leachate F Leachate G Leachate H Leachate I Leachate J Leachate K Leachate L Leachate M Leachate N 

Sample 
Source 

Combined 
Leachate1 

Leachate 
from a 

Closed Cell 

Combined 
Leachate1 

Aerated 
Leachate 
from a 

Closed Cell 

Combined 
Leachate1 

Combined 
Leachate1 

Combined 
Leachate1 

Combined 
Leachate1 

Combined 
Leachate` 

Leachate from a 
Closed Cell 

Leachate from a 
Closed Cell 

Leachate from 
Closed Cell 
Stored in an 
Open Tank 

Leachate from a 
Closed Cell 

Total cBOD5 326 578 553 121 606 456 150 1653 80 75 3730 72 68 

Total COD 
(mg/L) 

2625 6750 3150 5050 5150 4375 888 6375 775 1550 12275 1575 1800 

cBOD5/COD 0.12 0.09 0.18 0.02 0.12 0.10 0.17 0.26 0.10 0.05 0.30 0.05 0.04 

pH (S.U.) 7.76 7.58 8.32 8.54 8.09 7.72 7.45 7.99 7.07 7.57 7.59 8.25 7.62 

Total NH3-N 
(mg/L) 

772 1708 870 1713 1396 276 98 1980 203.5 776 2300 470 746 

Total NO3-
NO2 (mg/L) 

24 66 15 60 51 35.9 7 21 7 27 61 24 25 

Total TKN 
(mg/L) 

800 1870 901 1794 1419 903 209.5 2080 218 779 2360 498 793 

Total 
Nitrogen 
(mg/L) 

824 1936 916 1854 1470 939 216 2100 224.5 806 2440 522 818 

DON (mg/L) 22 53 31 97 25 56 15.5 90 14 10 60 20 36 

DOC (mg/L) 941 2373 1030 1486 1577 1387 239 2012 252 552 4419 527 604 

DOC/DON 41.8 45.2 58.7 14.7 62.9 24.8 15.4 22.4 18.0 55.2 88.4 26.3 16.8 

SUVA 
(L/mg-m) 

4.19 4.33 2.43 4.23 4.55 3.34 3.39 3.68 2.65 3.42 4.31 3.16 2.95 

Dissolved 
UV254 

39.5 103 25 63 72 46.4 8.08 74 7.54 18.9 189.6 16.4 18.6 

E4/E6 
(unitless) 

4.8 6.31 5.80 5.15 4.85 4.8 3.7 6.0 3.0 8 6.3 8.2 8.125 

Total UV-
245 

40.7 106 27 70 75 51.3 8.26 76 6.5 19.7 190.95 18.7 20.5 

1. Combined Active and Closed Cells
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Table F-2. Summary of bDON and rDON Concentrations and Percent Recovery 

 
bDON  (mg/L) rDON (mg/L) Percent Recovery (%) 

Leachate A 9.38 6.25 71 

Leachate B 5.39 18.1 76 

Leachate C 20.0 18.3 60 

Leachate D 2.02 0.435 92 

Leachate E 46.3 47.7 97 

Leachate F 16.7 7.87 98 

Leachate G 32.7 22.0 98 

Leachate H 2.71 10.83 87 

Leachate I 31.1 39.9 79 

Leachate J 8.75 4.51 95 

Leachate K 2.00 7.00 90 

Leachate L 20.5 37.7 97 

Average 16.5 18.4 87 
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Table F-3. Calculated Pass through of Leachate rDON and DON in Wastewater Effluent 

 
rDON Pass Through (mg/L) DON Pass Through (mg/L) 

 10% 1% 10% 1% 

Leachate A 0.625 0.0625 2.2 0.22 

Leachate B 1.81 0.181 5.25 0.525 

Leachate C 1.83 0.183 3.1 0.31 

Leachate D 0.0435 0.00435 0.266 0.0266 

Leachate E 4.77 0.477 9.71 0.971 

Leachate F 0.787 0.0787 2.51 0.251 

Leachate G 2.2 0.22 5.6 0.56 

Leachate H 1.083 0.1083 1.55 0.155 

Leachate I 3.99 0.399 9 0.9 

Leachate J 0.451 0.0451 1.4 0.14 

Leachate K 0.7 0.07 1 0.1 

Leachate L 3.77 0.377 6 0.6 

Average 1.84 0.18 3.97 0.40 

Max 4.77 0.477 9.71 0.971 

Min 0.0435 0.00435 0.266 0.0266 

 

 

Figure F-1. rDON versus Leachate Total UV254 nm Absorbance 
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Figure F-2. rDON versus Leachate Dissolved UV254 nm Absorbance 

 

 

Figure F-3. Figure F-4. rDON versus Leachate Chemical Oxygen Demand 
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Figure F-5. rDON versus Leachate Total Nitrogen 

 

Figure F-6. rDON versus Leachate Total Kjeldahl Nitrogen 
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Figure F-7. rDON versus Leachate Total Humic Acid 

 

 

Figure F-8. rDON versus Leachate Dissolved Humic Acid 
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APPENDIX G  

SUPPLEMENTAL INFORMATION: FATE OF ORGANIC MATTER 

FROM LEACHATE DISCHARGED TO WASTEWATER TREATMENT 

PLANTS 
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Figure G-1. FTIR Spectrum of Dried Leachate Samples 
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APPENDIX H  

ELSEVIER LICENSE TERMS AND CONDITIONS: APPLICATION OF 

LANDFILL TREATMENT APPROACHES FOR THE STABILIZATION 

OF MUNICIPAL SOLID WASTE 
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