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Abstract  
 
The research objective of this study was to understand the fundamental requirements of a Pump and Treat 
Aerobic Flushing Bioreactor Landfill (PTAFBL) as a means of sustainable landfilling of municipal solid waste 
(MSW). The overall goal was to test whether sustainable landfilling can be achieved by removing releasable 
recalcitrant carbon and ammonia-nitrogen at the end of a landfill life, reducing long-term environmental threat at 
minimal cost and time. Laboratory-scale PTAFBL reactors were used to achieve the objectives. Laboratory 
analyses were conducted to evaluate both the solid waste and leachate characteristics during operation.  

The PTAFBL will reduce the potential for pollutant leaching, dramatically shortening the post-closure care 
period and reducing the potential for long-term adverse environmental impact. Results will permit quantification 
of the economics, pollution reduction potential, and energy consumption of the process in comparison with 
traditional and bioreactor landfills. Ideally the end result of operating a landfill in this fashion will be a stable, 
reusable land area; it is anticipated that this study will demonstrate that a PTAFBL is an environmentally 
satisfactory approach to manage MSW. 
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1 Introduction 

The objective of the studied process is to provide sustainable landfilling by removing releasable carbon and 
ammonia-nitrogen at the end of a bioreactor landfill life.  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 and Townsend, 1998; Reinhart et al, 2002.)  However, after the landfill has been operated as a 
bioreactor 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 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, 
2006).   

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 and PCC may 
actually be needed for much longer periods.  Some researchers suggest PCC may be required for 200 to 500 years 
(Belvi and Baccine, 1989; Ehrig and Krumpelbeck, 2001).  In some cases, removal of both remaining organic 
contaminants and ammonia-nitrogen must be accomplished before landfill PCC can end. Removal of these 
constituents from the leachate 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 as they leach from the waste.   

  

 
Figure 1-1. Experimental Design Schematic 

 
To minimize PCC following biological anaerobic digestion of waste in a bioreactor landfill, a completion phase 
was proposed. Small-scale batch and modeling studies (Batarseh et al, 2010) have preliminarily demonstrated the 
technical feasibility of a technology called the Pump and Treat Aerobic Flushing Bioreactor Landfill (PTAFBL), 
shown in Figure 1-1 (Reinhart et al, 2006b).   

During PTAFBL treatment, remaining contaminants, such as leachable ammonia 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).  Leachate treatment by Fenton’s reagent has proven 
to be quite effective (Batarseh et al., 2007; Wu et al., 2010; Tekin et al., 2006; Primo et al., 2008; Umar et al., 
2010; Deng et al., 2006).  Removal of COD in leachate has been report between 50%-98% from Fenton’s 
reagent (Lak et al., 2012; Trujillo et al., 2006; Tekin et al., 2006; Bae et al., 1997; Xie et al., 2010). 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 are essentially humic matter, insoluble non-
biodegradable organics, and immobilized inorganic compounds.  
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2 Methods 

The ability to achieve sustainable landfilling by removing releasable carbon (recalcitrant) and ammonia-nitrogen 
at the end of a landfill life is being evaluated using pilot-scale PTAFBL reactors. The required tasks to achieve 
the research objectives include: creating a source of mature waste and construction, operation, and monitoring of 
pilot-scale reactors. 

2.1 Operate Laboratory Waste Bioreactors   

In order to simulate the PTAFBL a sufficient amount of mature waste was generated. Waste was sampled and 
analyzed to explore the changes over time in the organic fractions. Two 114-L reactors were designed to allow 
for leachate recirculation and drainage, gas collection, and the ability to test waste subsidence, as shown in Figure 
2-1. Reactors were constructed of HDPE and measure 56 cm in diameter and a height of 69 cm. To ensure 
adequate leachate drainage, a layer of gravel was placed at the bottom of the reactors. Reactors were filled with 
synthetic MSW using new or post-consumer materials which were shredded to less than 2.5 cm using either a 
generic cross-cut paper shredder or scissors. Table 2-1 summarizes the waste composition present in both 
reactors. 

 
Figure 2-1: Anaerobic Bioreactor Schematic 

 
Each waste component was individually weighed and mixed on a plastic tarp. Final dry weight was 24.9 kg. After 
uniform mixing, liquid was added for a moisture content of 50% by wt (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. In addition to distilled 
water, approximately 1.5 L of anaerobically digested sludge, collected from a local wastewater facility, were added 
to provide a source of anaerobic organisms and decrease start-up time. The total liquid volume was applied to 
the waste in three aliquots and the waste was 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 equitable 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, were removed and individually analyzed for moisture and volatile solids 
content. 
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Table 2-1. Anaerobic Bioreactor Waste Composition 

Components Bioreactor (% by weight) 

Food Waste 9.0 

Plastics 7.0 

C&D Debris 0 

Tires 1.0 

Other Paper 30 

Glass 0 

Metals 12 

Textiles 4.0 

Yard Trash 17 

Newspapers 7.0 

Miscellaneous 13 

 

Liquids were introduced through a perforated PVC pipe grid placed under the reactor lid, ensuring equitable 
distribution of leachate.  Leachate was drained at the bottom of the reactors which were covered with a layer of 
gravel to minimize clogging.  Each reactor was filled with synthetic waste with characteristics of a typical US 
MSW landfill, shredded to 2.5 cm x 2.5 cm.  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.  The 
reactors were continuously operated to provide a source of mature waste defined as the point where leachate 
BOD/COD ratio less than 0.1.  

During operation a sufficient amount of leachate was generated for recirculation. Leachate was drained and 
approximately 2.0 liters were 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 (2005). To ensure that a sufficient volume of leachate was 
available for recirculation (2.0 L), deionized (DI) water was occasionally added to compensate for leachate lost 
through sampling and evaporation. 

2.2 Operation of Pilot-Scale PTAFBL 

Four kg of wet waste were 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) 
(Figure 2-2). The different scenarios will provide the information necessary to compare the effectiveness of the 
complete PTAFBL process (FB 3) with flushing (FB 1) and chemical oxidation only (FB 2).   

A total of eighteen 19-L flushing bioreactors (FB) were constructed, as shown in Figure 2-2, to represent the 
three scenarios shown in Figure 2-3. Flushing bioreactors (FBs 1-3) were constructed from high-density 
polyethylene (HDPE) containers and were modified for leachate drainage and recirculation (FB 1-3), as well as 
air addition (FB 3 only), as shown in Figure 2-4. A compressor was used to inject air into FB 3 for continuous 
aeration.  Air movement is countercurrent to leachate injection through a vertical perforated pipe. 
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Figure 2-2. Pilot Scale Test Flushing Bioreactors to Simulate the PTAFBL 

 

Figure 2-3. Experimental Design Schematic (18 total Flushing Bioreactors) 

Leachate was collected from Reactors 1 and 2 and combined for a total volume of ~4,200 mL. The combined 
leachate was analyzed for BOD5, COD, pH, and ammonia-nitrogen. After the test reactors were constructed, 
waste from Reactors 1 and 2 was prepared for waste placement. Waste was removed from both reactors and 
mixed on a plastic tarp to ensure a uniform mixture was achieved. Waste samples were then collected to quantify 
the volatile solids fraction and moisture content.  

Prior to waste placement a layer of gravel was added to the bottom of each FB to ensure there was adequate 
leachate drainage and to minimize clogging. Approximately 4 kg of wet waste were placed, without compaction, 
in each of the eighteen reactors. A final layer of aquarium gravel was added to promote ponding on the top of 
the waste to aide in uniform leachate distribution. Due to the size of the reactors it was important to ensure all of 
the waste was wet throughout the study. Reactors were closed and sealed to maintain an anaerobic environment 
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(FBs 1 and 2). A compressor was attached to each FB 3 for continuous aeration, countercurrent of the leachate 
flow. 

Leachate was recirculated three times per week (FBs 2 and 3), while FB 1 was flushed with DI water at the same 
frequency. Approximately 330 mL of leachate were recirculated or flushed each time. Due to the loss of volume 
from aeration in FB 3, DI water was added to maintain a supply of leachate. Leachate was collected from each 
FB and analyzed for COD and BOD5, biweekly.  

Once each week leachate collected from FBs 2 and 3 was treated with Fenton’s reagent. Prior to treatment the 
COD of the collected leachate was measured to determine the optimum dosage of ferrous chloride and 
hydrogen peroxide for each sample. The reaction proceeded for sixty minutes and the samples were allowed to 
settle.  

 

 
Figure 2-4. Design of Flushing Bioreactor Scenarios (A) FB 1 and FB 2 (No Aeration) and (B) FB 3 (Aeration) 

 
Leachate generated from the laboratory bioreactors was added to begin the flushing process except for FBs 1 
which were flushed with DI water.  Reactors were placed in a temperature controlled room maintained at 
35oC±2.  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 (solids analysis Table 2-2), with another set of six reactors deconstructed after four months.  
The last set was deconstructed after six months. 

Leachate from FBs 2 and 3 is recirculated three times per week and leachate from FBs 2 and 3 is treated with 
Fenton’s Reagent weekly. FB 1 is flushed with DI water three times per week. When leachate is treated with 
Fenton’s Reagent, the collected leachate from FBs 2 and 3 is 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) are added to 
the leachate. The reaction proceeds under continuously stirred conditions for sixty minutes (at room temperature 
24ºC). During this time hydrogen peroxide indicator strips are used to monitor the residual hydrogen peroxide. 
After confirming that the residual hydrogen peroxide is absent, the treated leachate pH is brought back up to 7.0 
S.U. using 6 N sodium hydroxide and set aside for settling. After settling is complete, leachate is centrifuged for 
ten minutes then filtered (1.5 µm Whatman 934-AH glass filter) to remove the precipitated solids. The 
precipitates are dried and stored for future analysis (FTIR and leachability). Aliquots of the treated (unfiltered) 
and filtered leachate are removed for COD analysis. To remove the interference from residual chloride and ferric 
ions (FeCl2 and HCl), mercuric sulfate (0.50 g) is added to each COD vial. Leachate generated from each reactor 
was tested for BOD and COD, biweekly, according to Standard Methods (2005); methods are summarized in 
Table 2-2. 

          (A)           (B) 
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Table 2-2: Analytical Methods 

Leachate Analysis Sampling Interval 
Analytical 
Technique 

Analytical Method 

Biochemical Oxygen Demand 
(BOD) 

Biweekly 
Oxygen meter with 
probe 

Standard Method 5210 

Chemical Oxygen Demand 
(COD) 

Biweekly Reflux tritimetric Standard Method 5220C 

pH Weekly Probe Standard Method 

Ammonia-Nitrogen (NH3-N) Monthly Salicylate Method USEPA Method 

Solid Waste Analysis Sampling Interval 
Analytical 
Technique 

Analytical Method 

Volatile Solids Every Two Months Gravimetric US EPA SW846 

Moisture Content Every Two Months Gravimetric Standard Method 

Lignin Initial and final Alkaline CuO 
oxidation 

Goni and Montgomery 
(2000) 

Cellulose and Hemicellulose Initial and final Hydrolysis method 
using HPLC 

Barlaz (2006) 

 

3 Preliminary Results and Discussion 

3.1 Laboratory Waste Bioreactors 

During operation buffered DI water was added every three days to each reactor to simulate the amount of 
rainfall that would be added to the reactor before closure. Approximately 1.0 L of buffered DI water were 
introduced into each reactor until 2 L of leachate were generated. Once a sufficient amount of leachate was 
generated, it was drained and recirculated every three days. During this time leachate samples were collected 
from each reactor every two weeks prior to recirculation. To ensure that a sufficient volume of leachate was 
available for recirculation (2 L), buffered DI water was occasionally added to compensate for leachate lost 
through sampling and evaporation.  

Waste samples were collected to quantify the biodegradable volatile solids fraction and moisture content. 
Laboratory-scale bioreactors were operated until a source of mature waste was achieved. This was confirmed 
when the BOD/COD ratio was less than 0.1. 

The average initial moisture content for Reactors 1 and 2, over time, was 49%±0.04%, and 54%±0.09%, 
respectively. During analysis it was observed that the volatile solids fraction remained artificially high during 
operation. Therefore all plastics, rope, and other wastes that are volatile but not biodegradable were removed 
prior to volatile solids analysis. The biodegradable volatile solid fraction was determined by dividing the mass 
loss during ignition (550ºC) (dry weight minus inorganic and volatile nonbiodegradable fraction) by the dry 
weight determined during moisture analysis (105ºC). The biodegradable volatile fraction was reduced to 45% 
(L/S of 4.85) in Reactor 1 and 21% (L/S of 5.01) in Reactor 2.  

Leachate was collected and recirculated throughout the operation of the laboratory scale bioreactors. Figure 3-1 
shows the pH trends for Reactors 1 and 2; the data suggest the reactors progressed as expected. The COD 
concentration in Reactors 1 and 2 declined to 5,800 mg/L (Figure 3-2) while the BOD5 concentration reached 
approximately 70 mg/L in both reactors.  The ammonia-nitrogen concentration in Reactors 1 and 2 increased to 
530 mg/L and 405 mg/L, respectively (Figure 3-3). Figure 3-4 shows the decrease in the BOD/COD ratio 
during the operation of the laboratory-scale bioreactors and supports that a source of mature waste was 
achieved. 
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Figure 3-1. Leachate pH for Bioreactors 1 and 2 vs. L/S 

 

Figure 3-2. Chemical Oxygen Demand Concentration (mg/L) Bioreactors 1 and 2 
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Figure 3-3. Ammonia-Nitrogen Concentration (mg/L) Bioreactors 1 and 2 

 

 

Figure 3-4. BOD/COD Ratio Bioreactors 1 and 2 

3.2 Pilot-Scale Flushing Bioreactors 

Leachate analysis was completed for FBs 1-3 biweekly. The mass of COD (mg) in the leachate collected from 
FBs 1-3 is summarized in Figure 3-5. The mass of COD in the leachate decreased with increasing L/S for all FBs 
and the mass present in FBs 2 and 3 was the same which was expected. The mass of BOD5 (mg) in the leachate 
collected from FBs 1-3 is summarized in Figure 3-6. BOD5 (mg) was significantly lower in FB 3 relative to FB 2 
due to aerobic conditions. The removal mechanisms responsible for the decrease in COD and BOD5 are 
leaching, biological processes, and oxidation by Fenton’s Reagent. The COD and BOD5 removed in FB 1 would 
need to be treated externally to avoid detrimental effects on the environment. Conversely the removal in 
PTAFBL reactors occurred in situ reducing the required external treatment to avoid an undesirable release of 
contaminants.  



 

 

Sinks a Vital Element of Modern Waste Management 
2nd International Conference on Final Sinks 
16 – 18 May 2013 
Espoo, Finland 

 

  

 

 

 

Figure 3-5. Mass of COD in Leachate Collected from FB Scenarios 

 

Figure 3-6. Mass of BOD5 in Leachate Collected from FB Scenarios 

The mass of ammonia-nitrogen in the leachate collected from FBs decreased in FBs 1 and 3 while FB 2 mass 
change was minimal. The reduction in the mass of ammonia-nitrogen for FBs 1, 2, and 3 from L/S of 5 to L/S 
of 8.7 was approximately 73%, 9.6%, and 99% (Figure 3-7), respectively. The ammonia-nitrogen was converted 
to nitrite and/or nitrate due to nitrification facilitated by in-situ aeration in FB 3, as shown in Figures 3-8 and 3-
9. Any removal in FBs 1 and 2 can be attributed to flushing, requiring ex-situ treatment.  
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Figure 3-7. Average Ammonia-N Mass in Leachate Collected from Deconstructed Reactors (L/S~3.7) 

 

Figure 3-8. Average Nitrite Mass in Leachate Collected from Deconstructed Reactors (L/S~3.7) 
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Figure 3-9. Average Nitrate Mass in Leachate Collected from Deconstructed Reactors (L/S~3.7) 

To date, after approximately two months of operation, two flushing bioreactors from each test scenario were 
sacrificed. These reactors were chosen at random, after which the reactors were unsealed and the final layer of 
aquarium gravel was removed. The contents were mixed and samples were removed for moisture content and 
volatile solids, analyses. The biodegradable volatile solid fractions of waste from FB 1, FB 2, and FB 3 decreased 
from 45% to approximately 25%, 29%, and 29%, respectively. Analytical results of the other deconstructed FBs, 
which include the analysis of the organics, are not yet available.  

4 Conclusions 

This research was aimed at defining the technological and economic requirements of the PTAFBL as a means of 
sustainable landfilling of MSW.  To date the project has contributed to an understanding of the pollution 
reduction potential of a PTAFBL in comparison to a flushing bioreactor landfill. 

Preliminary results show that a significant reduction in ammonia-nitrogen was achieved in pilot-scale reactors FB 
1 and FB 3 due to flushing and aeration respectively, while minimal reduction in FB 2 has been achieved. The 
PTAFBL has also been successful at reducing the COD loading in comparison to FBs 1 and 2. The removal 
observed in these latter reactors would require external treatment to avoid detrimental effects on the 
environment. Conversely the removal of carbon and nitrogen in PTAFBL reactors occurred in situ which 
reduces the required external treatment to avoid an undesirable release of contaminants.  

This technology has application to both operating landfills and to closed sites, which number in the US in the 
many thousands.  Ideally the end result of operating a landfill in this fashion will be a stable, reusable land area, 
therefore, it is anticipated that findings of this study will demonstrate that a Pump and Treat Aerobic Flushing 
Bioreactor Landfill is an environmentally satisfactory approach to manage municipal solid waste. 
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