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ABSTRACT 

Municipal landfill leachate is a high strength wastewater characterized by high 
concentrations of organics and ammonia, and potentially containing toxic levels of 
arsenic.  Typical young leachate may have a chemical oxygen demand (COD) 36 
times higher than raw sewage.  Mature leachate, though similar in COD to raw 
sewage, typically contains high levels of biologically-recalcitrant organics.  Because 
of difficulties in treatment, municipal wastewater treatment plants in less urban 
regions of Florida have stopped accepting leachate.  The objective of this proposed 
two-year study was to investigate alternatives for the management of municipal 
landfill leachate, and develop the initial design of a leachate treatment process to 
allow sewer discharge in these areas.  In Task 1, technologies for removal of toxic 
organics and metals from leachate and wastewater were reviewed.  In Task 2, the 
design of a reactor was developed in bench-scale tests, for treatment of raw and/or 
aerobically-treated leachate containing arsenic.  In Task 3, photochemical 
iron-mediated aeration experiments were conducted at Florida Atlantic University 
(FAU).  The following results were developed in Year 1.  Technologies suggested in 
the literature for treatment of landfill leachate include membrane filtration, activated 
carbon adsorption, aerobic and anaerobic biological treatment, chemical oxidation and 
advanced oxidation and related technologies (ozone, hydrogen peroxide, ultraviolet 
(UV) irradiation, UV/titanium dioxide catalysis), electrochemical oxidation, Fenton 
treatment, and iron-mediated aeration (IMA) treatment.  Of these, Fenton treatment 
and IMA were assessed to be cost-effective and feasible for implementation within a 
leachate recirculation system, to allow disposal of leachate to municipal sewers.  
Year 1 laboratory results included the following.  First, Fenton treatment reduced the 
COD of primarily mature leachate by 60%, and increased the BOD5/COD ratio from 
0.04 to 0.25.  Design parameters suggested for the mature leachate tested include an 
initial process pH of approximately 3.0, and a molar ratio [H2O2]/[Fe2+] of 3:1 to 4:1.  
However, the Fenton process removed little ammonia nitrogen, and increased 
electrical conductivity by 100% (indicating a doubling in total dissolved solids).  
While ammonia could be removed in a second treatment step, the total dissolved 
solids would be difficult to remove in treatment and may present a disposal problem.  
In addition, the required handling and feeding of large volumes of concentrated acid 
may limit the applicability of Fenton treatment in the field.  Simple IMA treatment at 
neutral pH reduced the COD of primarily mature leachate by 56%, and increased the 
BOD5/COD ratio from 0.1 to 0.28.  Simple IMA treatment also achieved an 83% 
reduction in ammonia nitrogen, and 40% reduction in effluent electrical conductivity. 
Chemically-enhanced, fixed bed IMA treatment of a more recalcitrant leachate 
achieved reductions of 73% in total arsenic and 50% in COD, and increased the molar 
BOD5/COD ratio from 0.02 to 0.17.  Suggested design parameters included an 
aeration rate of at least 14 mL air/min-mL leachate, and an oxidant dosage equal to 
approximately 6.4 times the initial COD concentration (mass ratio).  New process 
designs are under development.  To our knowledge, this study is the first to apply 
IMA to the treatment of a high strength, biologically-recalcitrant, organic wastewater.



 

v 
 
 

EXECUTIVE SUMMARY 
 
This report describes the results of the first year of a proposed two-year study of 
municipal landfill leachate management alternatives.  
 
OBJECTIVES 
 
The objective of the proposed two-year study was to assess the economics and 
performance of alternatives for treatment of leachate and wastewater.  Specifically, 
Objective 1 was to review the literature on technologies for leachate detoxification 
and treatment, and this was accomplished in Year 1 as detailed in this report.  
Objective 2 of the proposed study was to design, and provide initial demonstration of, 
a leachate/arsenic reactor through laboratory testing.  This objective was also 
partially accomplished in Year 1, in terms of the initial design of a Fenton process for 
leachate treatment, and in terms of an initial design for a new iron-mediated aeration 
(IMA) process for leachate treatment.  New process design configurations are under 
development.  To our knowledge, this study is the first application of IMA to the 
treatment of a high strength organic wastewater.  Objective 3 of the proposed study 
was to test the addition of ultraviolet energy for the reduction of iron consumption and 
sludge generation in the IMA treatment process.  This objective was also completed 
in Year 1, in that tests of the ultraviolet-assisted IMA process were conducted. 
 
RATIONALE 
 
Municipal landfill leachate is a high strength wastewater characterized by high 
concentrations of recalcitrant organic compounds, ammonia and, increasingly, arsenic.  
As such, leachate is difficult to treat biologically or chemically.  Leachate in Florida 
is often discharged to sewers.  However, sewage treatment plants in less densely 
populated areas of Florida have stopped accepting leachate because of severe 
corrosion of pump stations and equipment, serious sludge bulking and carryover, and 
difficulty in maintaining consistent chlorine residual in the effluent from activated 
sludge treatment.  This situation has resulted in charges of up to $0.20/gallon for 
trucking of leachate to larger urban treatment facilities and treatment therein.  When 
leachate is accepted by the wastewater treatment district, pretreatment is generally 
required to reduce heavy metals, arsenic, and other hazardous constituents, and 
biological treatment may not be satisfactory.  In particular, arsenic concentrations in 
leachate are expected to increase.  Currently, CCA-treated wood makes up about 6% 
of the wood waste stream in Florida, and this percent is projected to increase to 
25-30% by 2020 due to disposal of aging structures.  In addition, ash from the 
combustion of a wood solid waste containing as little as 6% CCA treated wood fails 
the TCLP test (Hinkley 2003), indicating that ash monofill leachate contains arsenic, 
and disposal of CCA treated wood to a C&D landfill also generates 
arsenic-contaminated leachate.  Therefore, it was desired to investigate alternatives 
for the management of municipal landfill leachate. 
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METHODS 
 
The study was comprised of three overlapping tasks.  In Task 1, advised by the TAG, 
technologies for removal of toxic organics and metals from leachate and wastewater 
were reviewed.  Our working hypothesis was that chemical treatment would be 
required for decomposition of toxic organics together with removal of toxic metals 
such as arsenic.  The review was conducted by computerized and hard copy 
literature search using, for example, Science Citation® and Compendex® computer 
indexes.  Available cost and performance characteristics were reviewed, with 
discussion of risk reduction capability. 
 
In Task 2, the design of a reactor was developed in bench-scale tests, for treatment of 
raw and/or aerobically-treated leachate containing arsenic.  Our working hypothesis 
was that an iron-mediated aeration (IMA) reactor that maximizes mass transfer and 
iron surface area while retaining metallic iron in the aeration zone would provide 
economical and efficient treatment.  Tests of the IMA process involved study of the 
effect of aeration rate, mixing energy, iron form, surface area, and packing.  
Specifically, two alternative reactor designs were tested: pneumatic circulating 
plug-flow steel wool reactor, and recirculating fluidized iron bed aeration reactor.  
Effluent from each was filtered to simulate sedimentation/filtration in the field.  
Factorial experiments were conducted using leachate collected from Polk County 
North Central Landfill, with added NaAsO2.  Leachate flowrate (treatment time), 
aeration rate, and mixing energy were varied.    In addition, tests of the Fenton 
treatment process were conducted to identify optimal process pH, hydrogen peroxide 
dosage, and ferrous sulfate dosage as they affect COD removal from leachate.  For 
all tests, organic degradation was measured by chemical oxygen demand (COD) and 
biochemical oxygen demand (BOD).  Total arsenic and total iron were measured by 
atomic absorption spectroscopy.  Effluent pH and electrical conductivity were 
measured.  Ammonia nitrogen was measured colorimetrically.  Based on these 
results, one reactor design was selected.  In addition, contacts were made in the solid 
waste industry to identify potential end users of the technology under development, 
and cooperation was sought for continuation of the research. 
 
In Task 3, photochemical iron-mediated aeration experiments were conducted at 
Florida Atlantic University (FAU). The photochemical reactor used for these 
experiments had a carousel configuration. Samples were tested in quartz test tube 
reactors. Tests were conducted with UV+IMA and a side-by-side IMA control in 
addition to a UV and a side-by-side IMA control.  Samples were immediately tested 
for COD concentrations using the colorimetric reactor digestion method. Samples 
were filtered and tested for COD and BOD5. 
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CONCLUSIONS 
 
Based on the literature review conducted, technologies suggested for treatment of 
landfill leachate include membrane filtration, activated carbon adsorption, aerobic and 
anaerobic biological treatment, chemical oxidation and advanced oxidation (ozone, 
hydrogen peroxide, ultraviolet (UV) irradiation, UV/titanium dioxide catalysis), 
electrochemical oxidation, Fenton treatment, and iron-mediated aeration (IMA) 
treatment.  Of these, membrane filtration is subject to flux inhibition related to 
membrane fouling and, perhaps more important, disposal of a concentrated brine 
containing the constituents of the leachate is required.  Activated carbon is subject to 
limitations related to frequent carbon replacement and disposal.  Biological 
treatment is currently in use for leachate treatment; however COD removal efficiency 
is often low and biologically-refractory organics remain in the effluent, making the 
technology potentially inadequate as pretreatment for sewer disposal, particularly for 
mature leachate containing a high degree of biologically-refractory constituents. 
 
Laboratory, pilot, and field data have been reported for the chemical oxidation 
technologies just mentioned.  Based on these data, only electrochemical oxidation, 
Fenton, and IMA treatment were projected in this study to be cost-effective for 
leachate treatment as a component of a leachate recirculation system in which final 
leachate disposal is to municipal sewer.  However, based on literature reports and 
previous research conducted at the University of Miami, field implementation of 
electrochemical oxidation is not currently feasible for leachate treatment due to the 
potential for electrode fouling.  In addition, to achieve satisfactory efficiency, high 
dosages of salt may be needed to provide sufficient supporting electrolyte and a 
source of additional chlorine in the leachate.  Such salt addition to the influent would 
raise the total dissolved solids in the effluent to levels potentially unacceptable for 
final disposal. 
 
Several specific conclusions were drawn based on this study: 
 

1. Chemical oxygen demand in young leachate, typically higher in organic 
content than mature leachate, can be reduced significantly through biological 
treatment.  However, mature leachate may be recalcitrant to biological 
treatment, and young leachate treated biologically may still contain 
unacceptable levels of biologically-recalcitrant organic compounds; 

 
2. Leachate recirculation is an emerging technology being tested and 

implemented to accelerate landfill stabilization and settling, and reduce 
contamination in leachate.  However, reported reductions in the 
concentrations of COD and other constituents in leachate are on the order of 
only 20% and, in the long term, a mature (high-strength, 
biologically-recalcitrant) leachate may still be generated.  Such mature 
leachate currently requires physical/chemical treatment prior to discharge to 
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many small-to-medium sized activated sludge treatment plants in Florida, and 
requirements for pre-treatment will increase as the effects of stricter arsenic 
standards are realized and as CCA-treated wood structures are disposed in 
landfills; 

 
3. Fenton and IMA treatment are currently the most cost-effective technologies 

available for reduction of COD and enhancement of biodegradability of 
landfill leachate.  Either technology could be employed as an integral part of 
a leachate recirculation scheme for COD reduction, and IMA treatment further 
provides removal of ammonia, total dissolved solids, and arsenic; 

 
4. Fenton treatment effectively reduced the COD of a primarily mature leachate 

by 60%, and the BOD5/COD molar ratio was increased from 0.04 to 0.25.  
Design parameters suggested based on these tests include an initial pH of 
approximately 3.0, and a molar ratio [H2O2]/[Fe2+] of 3:1 to 4:1.  A new 
explanation is proposed for this optimal molar ratio: that higher doses of H2O2 
act to oxidize organics already partitioned to the sludge phase, thereby not 
contributing as strongly to overall COD removal.  Aeration had little effect 
on COD removal efficiency.  However, dosing of Fenton reagents 
incrementally in steps over the treatment period increased removal efficiency 
somewhat; 

 
5. The Fenton process removed little ammonia nitrogen, and increased effluent 

electrical conductivity by 100% indicating a doubling of the total dissolved 
solids.  While ammonia could be removed in a second treatment step, the 
total dissolved solids would be difficult to remove in treatment and may 
present a disposal problem; 

 
6. The required handling and feeding of large volumes of concentrated acid, with 

attendant safety and corrosion issues, may limit the applicability Fenton 
treatment in the field; 

 
7. Both oxidation and coagulation contributed to COD reduction through Fenton 

treatment of leachate. Relative contributions depend primarily on pH, molar 
ratio of Fenton regents, and Fenton reagent dosages.  Under conditions found 
to support maximum COD removal, the ratio of COD removal by oxidation to 
removal by coagulation was approximately 2:1; 

 
8. Simple IMA treatment at neutral pH reduced the COD of primarily mature 

leachate by 56%, and increased the BOD5/COD mass ratio from 0.1 to 0.28; 
 

9. Simple IMA treatment further achieved an 83% reduction in ammonia 
nitrogen, and a 40% reduction in the effluent electrical conductivity of 
leachate; 
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10. Chemically-enhanced, fixed bed IMA treatment of a more recalcitrant leachate 

reduced COD by 50%, and increased the BOD5/COD mass ratio from 0.02 to 
0.17.  Both oxidation and coagulation contributed to COD reduction, with 
oxidation occurring primarily within the first 9 hours.  Design parameters 
suggested based on these tests include an aeration rate of at least 14 mL 
air/min-mL leachate, and a hydrogen peroxide dosage equal to approximately 
6.4 times the initial concentration of COD (mass ratio);  

 
11. Chemically-enhanced IMA treatment achieved a 73% reduction in total 

arsenic, from an initial concentration of 13.80 mg/L;  
 

12. Based on previous studies reported in the literature, and preliminary laboratory 
results for the UV-enhanced IMA process, ultraviolet radiation does not appear 
cost-effective for treatment of municipal landfill leachate; and 

 
13. It appears based on Year 1 results that the design objectives for a 24 hour 

treatment cycle of the process (preliminary cost projections below 
$0.05/gallon of mature leachate, >50% COD removal, BOD5/COD mass ratio 
>0.2, low total dissolved solids, operational simplicity, and projected 
reliability) can be met with the chemically-enhanced IMA process.  
Objectives can also be met with the Fenton process, with the exception that 
total dissolved solids are increased substantially.  Also, Fenton treatment 
does not remove ammonia.  Both processes appear practical for field 
implementation, with the caveat that Fenton treatment requires the storage, 
handling, and feeding of large volumes of concentrated acid. 



 

i 
 
 

KEY WORDS 

Landfill leachate, iron-mediated, aeration, Fenton, organic compounds, ammonia 
nitrogen, arsenic 



 

ii 
 
 

LIST OF ABBREVIATIONS 

 
BOD Biological Oxygen Demand 
COD Chemical Oxygen Demand  
DO Dissolved Oxygen 
IMA Iron-mediated Aeration 

·OH  
Hydroxyl Radical 

TOC  Total Organic Carbon 
UV Ultra Violet  
ZVI Zero-valent Iron 
  
  
  
  



 

iii 
 
 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS......................................................................................... iii 
ABSTRACT..................................................................................................................iv 
KEY WORDS.................................................................................................................i 
LIST OF ABBREVIATIONS........................................................................................ii 
TABLE OF CONTENTS............................................................................................. iii 
LIST OF FIGURES .......................................................................................................v 
LIST OF TABLES..................................................................................................... viii 
1. LITERATURE REVIEW ..........................................................................................1 

1.1 INTRODUCTION ...........................................................................................1 
1.2 CHARACTERISTICS OF LANDFILL LEACHATE ....................................1 
1.3 MANAGEMENT OF LANDFILL LEACHATE............................................3 
1.4 CHEMICAL/PHYSICAL TREATMENT OF LANDFILL LEACHATE......5 
1.5 ELECTROCHEMICAL OXIDATION FOR LANDFILL LEACHATE 
TREATMENT .......................................................................................................8 

1.5.1 Design of Electrochemical Oxidation Reactors for Leachate Treatment
........................................................................................................................8 
1.5.2 Indirect Oxidation versus Direct Anodic Oxidation .............................8 
1.5.3 Treatment Efficiency ............................................................................9 
1.5.4 Operating Parameters..........................................................................10 

1.6 FENTON PROCESSES.................................................................................14 
1.6.1 Design of Fenton Reactors for Leachate Treatment ...........................14 
1.6.2 Treatment Efficiency ..........................................................................15 
1.6.3 Oxidation versus Coagulation.............................................................15 
1.6.4 Fenton-based Treatment Trains ..........................................................16 
1.6.5 Operating Parameters..........................................................................19 
1.6.6 Summary: Electrochemical Oxidation and Fenton Treatment of 
Leachate .......................................................................................................26 

1.7 IRON MEDIATED AERATION TREATMENT .........................................27 
2. IRON-MEDIATED TREATMENT PROCESS DEVELOPMENT .......................29 

2. 1 METHOD .....................................................................................................29 
2.1.1 Materials and Reagents .......................................................................29 
2.1.2 Iron-mediated Aeration (IMA) Tests ..................................................30 

2.1.2.1 IMA fibrous media reactors .....................................................30 
2.1.2.2 IMA granular media reactors ...................................................31 

2.1.3 Fenton Tests ........................................................................................33 
2.1.4 Sample Preparation .............................................................................33 

2.1.4.1 IMA fibrous media tests...........................................................33 
2.1.4.2 IMA granular media tests.........................................................34 
2.1.4.3 Fenton reaction tests ................................................................34 



 

iv 
 
 

2.1.4.4 Sludge digestion and iron consumption tests...........................34 
2.1.5 Chemical Analysis ..............................................................................34 

2.2 RESULTS AND DISCUSSION....................................................................36 
2.2.1 Iron-Mediated Aeration (IMA) ...........................................................36 
2.2.1.1 Tests without pH adjustment or hydrogen peroxide addition..........36 

2.2.1.1.1 IMA fixed bed tests using fibrous and granular iron ............36 
2.2.1.1.2 IMA fluidized bed tests.........................................................42 

2.2.1.2 Taguchi Array Fixed Bed Enhanced IMA Tests..............................47 
2.2.1.3 Enhanced IMA Fixed-bed Treatment Tests.....................................49 

2.2.1.3.1 Effect of aeration rate and hydrogen peroxide concentration 
in fibrous IMA fixed bed reactors........................................................49 

2.2.1.3.2 Effect of stepwise addition of hydrogen peroxide in fibrous 
IMA fixed bed reactors ........................................................................53 

2.2.2 Fenton Reaction Treatment Tests .......................................................54 
2.2.2.1 Effect of pH..............................................................................54 
2.2.2.2 Effect of molar ratio of Fenton reagents ..................................56 
2.2.2.3 Optimal doses of Fenton reagents............................................59 

2.2.2.4 Effects of aeration and stepwise addition of Fenton reagents..........60 
2.2.3 Evaluation of Enhanced IMA and Fenton ..........................................64 

3. ULTRAVIOLET-ENHANCED IRON-MEDIATED AERATION PROCESS 
DEVELOPMENT........................................................................................................66 

3. 1 METHOD .....................................................................................................66 
3.1.1 UV Enhanced IMA Carousel Reactors ...............................................66 
3.1.2 UV Enhanced IMA New Reactors......................................................68 

3. 2 RESULTS AND DISCUSSION...................................................................69 
4. CONCLUSIONS......................................................................................................71 
REFERENCES ............................................................................................................75 
APPENDIX 1. COMPUTATION TO ESTIMATE OPERATING COSTS OF 
AVAILABLE OXIDATION TECHNOLOGIES FOR LEACHATE TREATMENT85 
APPENDIX 2. IMA Treatment Test Data (no pH adjustment or hydrogen peroxide 
addition) .......................................................................................................................90 
APPENDIX 3. IMA Treatment Test Data (Taguchi array) .......................................103 
APPENDIX 4 Enhanced IMA Treatment Test Data .................................................105 
APPENDIX 5. Fenton Treatment Test Data..............................................................112 
APPENDIX 6. COMPUTATION TO ESTIMATE OPERATING COSTS FOR 
ENHANCED IMA AND FENTON TREATMENTS...............................................119 



 

v 
 
 

LIST OF FIGURES 

Figure 1. Flow sheets for Fenton treatment of landfill leachate. .................................18 
Figure 2.  Conceptual process design for a municipal landfill leachate 
recirculation/sewer disposal system.............................................................................29 
Figure 3. Fixed bed reactor (fibrous iron)....................................................................31 
Figure 4. Fixed bed reactor (granular iron)..................................................................32 
Figure 5. Fluidized bed reactor (granular iron)............................................................32 
Figure 6. Comparison of residual COD in untreated, aerated and fibrous IMA fixed 
bed reactor treated samples after 27 hours.(Leachate collected from South Dade 
County Landfill; initial COD = 3630 mg/L.)...............................................................36 
Figure 7. Residual COD versus time in control samples for tests of fibrous IMA fixed 
bed treatment of leachate (Polk County). (Initial COD = 684 ±14 mg/L)...................38 
Figure 8. Residual COD versus time in treated samples for tests of fibrous IMA fixed 
bed treatment of leachate (Polk County). (Initial COD = 684 ±14 mg/L)...................38 
Figure 9. BOD5/COD ratio versus time in control samples for tests of fibrous IMA 
fixed bed treatment of leachate (Polk County). ...........................................................39 
Figure 10. BOD5/COD ratio versus time in treated samples for tests of fibrous IMA 
fixed bed treatment of leachate (Polk County). ...........................................................39 
Figure 11. (COD0-COD)/Fe ratio versus time in fibrous IMA fixed bed reactor tests 
on leachate (Polk County)............................................................................................40 
Figure 12. Residual conductivity versus time in control samples for tests of fibrous 
IMA fixed bed treatment of leachate (Polk County). (Initial conductivity = 6.24 ± 0.46 
ms/cm)..........................................................................................................................40 
Figure 13. Residual conductivity versus time in treated samples for tests of fibrous 
IMA fixed bed treatment of leachate (Polk County). (Initial conductivity = 6.24 ± 0.46 
ms/cm)..........................................................................................................................41 
Figure 14. pH versus time in control samples for tests of fibrous IMA fixed bed 
treatment of leachate (Polk County). ...........................................................................41 
Figure 15. pH versus time in treated samples for tests of fibrous IMA fixed bed 
treatment of leachate (Polk County). ...........................................................................42 
Figure 16. Residual COD versus time in control samples for tests of fibrous IMA 
fluidized bed treatment of leachate (Polk County). (Initial COD = 771 ±144 mg/L). 43 
Figure 17. Residual COD versus time in treated samples for tests of fibrous IMA 
fluidized bed treatment of leachate (Polk County). (Initial COD = 771 ±144 mg/L). 44 
Figure 18. BOD5/COD ratio versus time in control samples for tests of fibrous IMA 
fluidized bed treatment of leachate (Polk County). .....................................................44 
Figure 19. BOD5/COD ratio versus time in treated samples for tests of fibrous IMA 
fluidized bed treatment of leachate (Polk County). .....................................................45 
Figure 20. (COD0-COD)/Fe versus time in treated samples for tests of fibrous IMA 
fluidized bed treatment of leachate (Polk County). .....................................................45 
Figure 21. Residual conductivity versus time in control samples for tests of fibrous 



 

vi 
 
 

IMA fluidized bed treatment of leachate (Polk County). (Initial conductivity = 6.68 ± 
0.40 ms/cm)..................................................................................................................46 
Figure 22. Residual conductivity versus time in treated samples for tests of fibrous 
IMA fluidized bed treatment of leachate (Polk County). (Initial conductivity = 6.68 ± 
0.40 ms/cm)..................................................................................................................46 
Figure 23. Average responses of COD removal efficiency for four factors. ...............49 
Figure 24. Average responses of iron consumption for four factors. ..........................49 
Figure 25. Residual COD versus hydrogen peroxide addition rate (ratio to theoretical 
requirement) at various aeration rates, in the enhanced IMA fixed bed reactor Polk 
County leachate treatment. (Reaction time: 27 hours. Initial COD = 1270 mg/L)......50 
Figure 26. BOD5/COD versus hydrogen peroxide addition rate (ratio to theoretical 
requirement) at various aeration rates, in the enhanced IMA fixed bed reactor Polk 
County leachate treatment. (Reaction time: 27 hours. Initial COD = 1270 mg/L. Initial 
BOD5/COD = 0.021)....................................................................................................51 
Figure 27. COD reduction and iron consumption versus time in the enhanced IMA 
fixed bed tests of Polk County leachate treatment. (initial COD = 1270 mg/L). ........52 
Figure 28. Kinetics of NH3-N removal in the enhanced IMA fixed bed reactor 
treatment of Polk County leachate (Initial COD = 1270 mg/L). .................................52 
Figure 29. Kinetics of Total Arsenic removal and iron consumption in enhanced IMA 
fixed bed treatment of Polk County leachate...............................................................53 
Figure 30. Effect of times of stepwise addition on overall COD reduction and COD 
oxidation in enhanced-IMA treatment of leachate (Reaction conditions: mean initial 
COD0 = 1295 mg/L; mass [H2O2]/2.125COD0 = 3). ...................................................54 
Figure 31. Effect of pH on COD removal efficiencies in Fenton treatment of leachate 
(Polk County). [Fe2+] = 800 mg/L. [H2O2] = 800 mg/L. Initial COD = 1166 mg/L. ..55 
Figure 32. Effect of molar [H2O2]/[Fe2+] on overall COD removal efficiency in 
Fenton treatment of Polk County leachate (Initial COD = 1133 ± 34 mg/L). .............56 
Figure 33. Effect of molar [H2O2]/[Fe2+] on COD removal efficiency by oxidation in 
Fenton treatment of leachate (from Polk County collected on 12/16/2004). Initial 
COD = 1133 ± 34 mg/L. ..............................................................................................57 
Figure 34. COD removal efficiencies versus peroxide dosage in Fenton treatment of 
leachate (from Polk County collected on 12/16/2004). (Initial COD = 1133 ± 34 
mg/L)............................................................................................................................58 
Figure 35. COD removal efficiencies versus doses of Fenton reagents in Fenton 
treatment of leachate (Polk County). (Molar [H2O2]/[Fe2+] = 3; initial mean COD = 
1369 mg/L)...................................................................................................................59 
Figure 36. COD removal efficiencies versus molar [H2O2]/[Fe2+] ratio in conventional 
and aerated Fenton treatment of leachate (Polk County). (Oxidation time = 3 hours. 
Flocculation time = 0.5 hour. Sedimentation time = 1.5 hours. Initial mean COD = 
1225 ± 58 mg/L). .........................................................................................................60 
Figure 37. BOD5/COD versus molar [H2O2]/[Fe2+] in conventional and aerated Fenton 
treatment of leachate (Polk County). (Oxidation time = 3 hours. Flocculation time = 
0.5 hour. Sedimentation time = 1.5 hours. Initial mean COD = 1225 ± 58 mg/L. Initial 
BOD5/COD = 0.050.)...................................................................................................61 



 

vii 
 
 

Figure 38. NH3-N versus molar [H2O2]/[Fe2+] in conventional and aerated Fenton 
treatment of leachate (Polk County). (Oxidation time = 3 hours. Flocculation time = 
0.5 hour. Sedimentation time = 1.5 hours. Initial [NH3-N] = 350 ± 71 mg/L.)...........62 
Figure 39. Effects of aeration and stepwise addition of Fenton reagents on overall 
COD reduction and COD removal by oxidation in Fenton treatment of leachate 
(Reaction conditions: initial pH = 3; times of stepwise addition of chemicals = 9; 
mean initial COD0 = 1295 mg/L; mass [H2O2]/2.125COD0 = 3; molar [H2O2]/[Fe2+] = 
3). .................................................................................................................................63 
Figure 40. Effect of times of stepwise addition on overall COD reduction and COD 
removal by oxidation in Fenton treatment of leachate (Reaction conditions: initial pH 
= 3; times of stepwise addition of chemicals = 9; mean initial COD0 = 1295 mg/L; 
mass [H2O2]/2.125COD0 = 3; molar [H2O2]/[Fe2+] = 3). .............................................64 
Figure 41. Carousel reactor..........................................................................................66 
Figure 42. UV + IMA test sample (24 hours)..............................................................67 
Figure 43. IMA control running side-by-side. .............................................................67 
Figure 44. Close-up of IMA control. ...........................................................................68 
Figure 45. New photochemical reactor........................................................................69 
 
 
 



 

viii 
 
 

LIST OF TABLES 

 
Table 1 Comparison of water quality of untreated municipal wastewater and landfill 
leachate ..........................................................................................................................3 
Table 2.  Comparison of treatment efficiencies and operating costs for different 
leachate oxidation technologies .....................................................................................7 
Table 3. Optimal pH in conventional, photo-Fenton, and electro-Fenton treatment of 
landfill leachate............................................................................................................22 
Table 4.  Comparison of Fenton reagent dosages and COD removal in Fenton 
treatment of landfill leachate .......................................................................................23 
Table 5 Quantity percent distribution of Polk County leachate from Phase I and II 
cells ..............................................................................................................................30 
Table 6 Conditions of fixed bed reactor (fibrous iron) experiments a .........................37 
Table 7 Conditions of fluidized bed reactor (granular iron) experiments a .................43 
Table 8 L9(34) Taguchi array experiments...................................................................47 
Table 9 Analysis of variance (ANOVA) of COD removal results in the Taguchi array 
experiments: enhanced fibrous IMA fixed bed reactora ..............................................48 
Table 10 Analysis of variance (ANOVA) of iron consumption results in the Taguchi 
array experiments: enhanced fibrous IMA fixed bed reactora .....................................48 
Table 11. Fenton-recalcitrant organic compounds.......................................................59 
Table 12 Comparison of Fenton and enhanced IMA in treatment of landfill leachatea

......................................................................................................................................65 
Table 13. Measurements of COD and BOD testing using the carousel reactor. .........70 



 

 
 

1

1. LITERATURE REVIEW 

Yang Deng 
James D. Englehardt 

1.1 INTRODUCTION 

Landfill leachate is a high strength wastewater characterized by high levels of organic 
constituents and ammonia, potentially containing non-trivial levels of toxic 
contaminants such as arsenic. A typical young leachate may have a chemical oxygen 
demand (COD) 36 times higher than raw sewage, whereas a mature leachate may be 
equal in COD to raw sewage but containing much more recalcitrant organic 
constituents than domestic sewage. Untreated leachates can permeate ground water or 
mix with surface waters and contribute to the pollution of soil, ground water and 
surface water. Additionally, leachate may cause malodors and aerosols though these 
effects tend to be temporary and local.  

1.2 CHARACTERISTICS OF LANDFILL LEACHATE 

The composition of municipal landfill leachate exhibits noticeable temporal and 
site-specific variation. This variation in chemical and microbiological characteristics 
is attributed to a combination of factors including landfill age, waste nature, moisture 
availability, temperature, pH, depth fills, and compaction (USEPA, 1995; 
Viraraghavan and Singh, 1997). As a result, reported concentrations of leachate 
contaminants range extensively, probably spanning several orders of magnitude. The 
internal biological and chemical transformations within landfills occurring as wastes 
decompose have a strong relationship with leachate characteristics. In general, these 
biochemical processes are divided in time into aerobic, anaerobic acid, initial 
methanogenic, and stable methanogenic phases. Over a longer time frame, three 
additional phases including methane oxidation, air intrusion, and carbon dioxide 
phases are speculated to follow (Kjeldsen et al., 2002). The comparison of qualities of 
landfill leachate and municipal wastewater is shown in Table 1. 
 
Organic constituents, ammonia, and heavy metals in leachate are the three primary 
treatment and disposal issues, in addition to high total dissolved solids concentrations. 
Organic constituents are typically characterized in terms of chemical oxygen demand 
(COD), 5-day biological oxygen demand (BOD5), and total organic carbon (TOC). 
Additionally, molecular weight fraction and identification of organic compounds at a 
molecular level have been reported. Generally, high COD (3,000-60,000 mg/L) and 
high BOD5/COD ratio (> 0.6) characterize leachate from young landfills (< 1-2 years 
old), and, in contrast, relatively low COD (100-500 mg/L) and low BOD5/COD ratio 
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(< 0.3) characterize mature leachate from old landfills (> 10 years old) 
(Tchobanoglous and Kreith, 2002). High molecular weight organics account for a 
higher fraction in mature leachate, whereas a larger amount of low molecular weight 
organics is found in young leachate. Among these organics, high molecular weight 
fractions possess complex structures with functional groups containing nitrogen, 
oxygen and sulfur. In contrast, low molecular weight fractions have linear chains 
substituted by oxygenated functional groups (Calace et al., 2001). Phthalate esters, 
volatile aromatics, aromatic sulphonates, chlorinated volatile hydrocarbons, phenols, 
cresols and numerous other organic pollutants have been identified in various 
concentrations in landfill leachate (Jimenez et al., 2002).  
 
Ammonia nitrogen in leachate may be present in concentrations up to 2,000 mg/L. 
Ammonia, released from wastes mainly by decomposition of protein, may kill 
microorganisms in biological processes. And, ammonia concentrations may persist in 
the leachate with time, so that ammonia has been regarded as the most problematic 
constituent in leachate over the long term (Kjeldsen et al., 2002). 

 
Heavy metals can be a significant concern in leachate, although Kjeldsen et al. (2002) 
reported that metals in leachate were found at concentrations at or below U.S. 
drinking waster standards due to adsorption, precipitation and complexation in the 
landfill.  In particular, CCA treated wood makes up about 6% of the wood waste 
stream in Florida, and this fraction is projected to increase to 25-30% by 2020 due to 
disposal of aging structures. Ash from the combustion of a wood solid waste 
containing as little as 6% CCA treated wood fails the TCLP test (Hinkley, 2003), 
indicating that ash monofill leachate contains arsenic, and disposal of CCA treated 
wood to a C&D landfill also generates arsenic-contaminated leachate.  

 
Microbiological characteristics in leachate are less well known than their chemical 
counterparts. A significant bacterial population associated with municipal landfill 
leachates of fresh refuse was observed in several studies (Ware, 1980; Donnelly and 
Scarpino, 1981; Sleat et al., 1989). Viruses are only occasionally detected in the 
leachate (Lu et al., 1985). Little information is available on the presence of fungi and 
parasites in the leachate. Certain landfill conditions, such as high temperature, low pH 
and old landfill age, and chemical characteristics of the leachate including heavy 
metal concentrations contribute to inactivation of bacteria and viruses (Lu et al., 1985; 
Andreottola, 1992). 
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Table 1 Comparison of water quality of untreated municipal wastewater and landfill 
leachate 

Untreated Municipal Wastewater 
 
(Liu and Liptak, 2000; 
Tchobanoglous et al., 2002 ) 

Landfill Leachate 
 
(Lu et al., 1985; Andreottola 
and Cannas, 1992; Qasim and 
Chiang, 1994; Tchobanoglous 
and Kreith, 2002; ; Qian et al., 
2002) 

 
 
 
Indicators 

Weak Medium Strong Young Old 
pH    4.5 –7.5 6.6 – 7.5 
COD (mg/L) 250 500 1,000 3,000- 60,000 100 - 500 
BOD5 /COD N/A N/A N/A 0.6 - 1.0 0 - 0.3 
TOC (mg/L) 80 160 290 1,500 - 20,000 80 - 160 
TSS (mg/L) 100 220 350 200 – 2,000 100 - 400 
TDS (mg/L) 250 500 850 3,90-44,900 
Hardness  
(mg/L as CaCO3) 

   300 – 10,000 200 - 500 

Alkalinity  
(mg/L as CaCO3) 

50 100 200 470-57,850 

Ammonia 
nitrogen (mg/L) 

12 25 50 10 - 800 20-40 

Total P (mg/L) 4 8 15 5 - 100 5-10 
Chloride (mg/L) 30 50 100 200 -3,000 100 - 400 
Sulfate (mg/L) 20 30 50 8-1,400 
Arsenic (mg/L)    0.0002-1.6 
Barium (mg/L)    0.08-5 
Cadmium (mg/L)    0.0007-0.15 
Lead (mg/L)    0.005-1.6 
Mercury (mg/L)    0.0002-0.05 
Nickel (mg/L)    0.02-2.227 
Copper (mg/L)    0.004 - 9 
N/A: not available. 
 

1.3 MANAGEMENT OF LANDFILL LEACHATE 

In general, available landfill leachate treatment options include: (1) spray irrigation on 
adjacent grassland; (2) recirculation of leachate through the landfill; (3) co-treatment 
of sewage and leachate; (4) leachate evaporation using landfill-generated methane as 
fuel; and (5) biological or physical/chemical treatment (Barber and Maris, 1984). 
However, several limitations have hindered wide application of the first four methods.  
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The irrigation of landfill leachate by spray or pipe flow systems onto grassland, 
woodland or peat slopes has been employed in areas where high rainfall leads to the 
production of large volumes of dilute leachate and where there are appropriate lands 
for irrigation. The practice has been regarded as an appropriate technology for dilute, 
high volume leachate, and for the polishing of pre-treated leachate. However, 
applicability is limited by the availability of large vegetated areas near the landfill, 
generation of aerosols and subsequent exposure of workers and others to hazardous 
components, and by other negative impacts such as leaf damage, premature leaf 
senescence, and plant attrition (Mensar et al., 1983; Ettala, 1988; Wong and Leung, 
1989; Cureton et al., 1991; Gray et al., 2005). Furthermore, spray irrigation has 
limited capacity for organics reduction, relying on a combination of physicochemical 
and biological processes to provide polishing (Maehlum, 1995; Martin and Johnson, 
1995). 
 
Leachate recirculation was pioneered in US in the 1970s.  Since then, laboratory, 
pilot, and full scales studies have been conducted with the goal of converting the 
landfill into an aerobic bioreactor. Such leachate recirculation may decrease the 
stabilization time of landfill leachate from several decades to 2 –3 years, increase 
methane gas production rates, accelerate landfill settlement before final closure, 
partially treat the leachate, and reduce leachate volume by evaporation or adsorption 
in refuse (Diamadopolous ,1994; Reinhart and Al-Yousfi,1996).  Leachate ponding 
and surface seeps have been operational challenges, and insufficient liquid availability 
limits applicability in dry areas. Importantly, recirculation alone does not provide 
sufficient attenuation of leachate constituent to allow, in many cases, direct discharge 
of leachate to municipal wastewater treatment facilities (Wintheiser, 1998).   
 
Co-treatment of sewage and leachate is a proven technology, though careful operation 
is required and the approach may be problematic for small treatment plants. Sludge 
bulking and increases in effluent COD are potential operational problems, and the 
increase in sludge production can overload the sludge processing unit. Corrosion of 
plant equipment and erratic chlorine residual have also been serious issues (Lokken, 
2004). Moreover, high leachate addition rates can inhibit biological oxidation in the 
treatment plant (Ahnert and Ehrig, 1992; Berry and Lin, 1997).  
 
Little information was found in the literature on leachate evaporation using 
landfill-generated methane.  However, leachate evaporation has not been widely 
implemented due to operational problems related to gas collection, odor, and process 
operation and maintenance (Reinhart 2005). 
 
Laboratory studies of biological and chemical leachate treatment processes have been 
reported since the early 1970s (Boyle and Ham, 1974; Ho et al., 1974). Biological 
processes can be effective for young leachate with a high BOD5/COD ratio (Ehrig and 
Stegmann, 1992). However, these processes may not effectively treat leachate with a 
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low BOD5/COD ratio, or with high concentrations of toxic constituents. Hence, 
physical-chemical processes are used for pretreatment or full treatment of such 
leachate. Processes include flocculation/precipitation (Amokrane et al., 1997; Tatsi et 
al., 2003), activated carbon adsorption (Copa and Meidl, 1986), membrane filtration 
(Ushikoshi, 2002), and chemical oxidation (Ince, 1998; Qureshi et al., 2002; Lopez et 
al., 2004).   

1.4 CHEMICAL/PHYSICAL TREATMENT OF LANDFILL LEACHATE 

Physical/chemical treatment processes are often required for treatment of mature and 
recalcitrant leachates. Flocculation/precipitation, activated carbon adsorption, 
membrane filtration, and oxidation technologies have been reported.  
 
Coagulation/precipitation is an efficient pretreatment prior to biological or membrane 
treatment, or an effective post-treatment for the leachate (Amokrane et al., 1997; Tatsi 
et al., 2003). However, coagulation/precipitation is not appropriate for a full treatment 
of leachate, due to its limited efficiency for removal of organic content. Reported 
leachate COD removal efficiencies depend primarily on coagulant species, coagulant 
dose, pH and leachate characteristics, ranging widely from 10% to 80%. Several 
investigators reported that coagulation favored removal of high molecular organic 
compounds in leachate (Chian and DeWalle, 1976; Slater et al., 1985; Yoon et al., 
1998). Ferric chloride appeared to be more efficient than alum in removing organic 
constituent of leachate,, especially at pH values above 9. As a traditional coagulant, 
lime can achieve up to 90% removal of heavy metals such as Fe, Cd and Cr. However, 
lime increases pH and hardness, provides poor COD removal (20~40%), and 
generates excessive sludge at high dosages (Amokrane et al., 1997). 
 
Activated carbon adsorption using granular or powered forms can achieve greater 
reduction in organic content than has been reported for coagulation/precipitation. In 
particular, activated carbon adsorption is efficient in removing non-biodegradable and 
color-causing organic compounds remaining after biological treatment. Also, low 
molecular weight compounds are preferentially adsorbed (Morawe et al., 1995). 
However, applicability is acutely limited by the need for frequent regeneration of 
carbon columns or, equivalently, high dosages of carbon power (Lema et al., 1988).  
 
Membrane filtration has been applied for treatment of landfill leachate. For example, 
removals of >96% of TOC, >88% of NH3, and 99.9% of the electrical conductivity 
have been reported using reverse osmosis (RO) (Ushikoshi, 2002). However, disposal 
of RO concentrate is a serious problem (Peters, 1998). In addition, high salt 
concentration in the leachate may cause membrane fouling and low membrane flux. 
 
Operating costs reported for different leachate oxidation technologies are shown in 
Table 2 and detailed in Appendix 1. In general, these technologies have been applied 
for the treatment of relatively mature leachates.  From the table, only 
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electrochemical oxidation and Fenton treatment appear to provide sufficient COD 
reduction at low operating cost.  Ozone used alone, UV, UV+ O3, and O3 + H2O2 
have particularly high reported operating costs for leachate treatment. H2O2 used 
alone reportedly has a limited capacity for COD reduction (24.3%), albeit at a low 
operating cost.  
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Table 2.  Comparison of treatment efficiencies and operating costs for different 
leachate oxidation technologies  

Treatment 
Process 
 

Initial  
COD 
(mg/L) 

Final 
COD 
(mg/L) 

COD 
removal 
 

Cost 
(dollars/kg 
COD) 

Cost 
(dollars/103 
gal) 

Reference 

O3 2599 1351 48% 1694 3194 Silva et al. (2004) 
 1511 1012 33% 1328 2509 Monje-Ramirez  

and Velásquez 
(2004) 

 25950 19884 23.40% 298 6844 Qureshi et al. 
(2002) 

H2O2 25950 19638 24.30% 
 

2.33 55.7 Qureshi et al. 
(2002) 

UV (with 
TiO2) 

1409 
 

282 80% 719 3065 Cho et al. (2002) 

UV (no 
TiO2) 

5800 
 

4002 
 

31% 
 

112 757 Wang et al. 
(2002a) 

 4500 1750 61.1% 73 760 Wang et al. 
(2002a) 

O3+UV 25950 17801 45.80% 130 4006 Qureshi et al. 
(2002) 

O3+H2O2 1440 905 37.20% 
 

7894 15986 Wang  et al. 
(2002b) 

 394 85 78.4% 13667 15984 Wang  et al. 
(2002b) 

Electro- 
chemical 
oxidation 

1610 797 50.5% 8 24.6 Wang et al. 
(2001a) 

 1610 209 87% 5.5 29.2 Wang  et al. 
(2001a) 

 2700 1120 58.5% 10 60 Chiang et al. 
(2001) 

 1042 313 70% 13.6 38 Chiang et al. 
(2001) 

 1134 262 77% 11.6 38.2 Chiang et al. 
(2001) 

Fenton 1500 450 70% 1.23 4.93 Wang et al. 
(2001b) 

 1200 
-1500 

405 70% 5.25 18.8 Kang and Hwang 
(2000) 

 10540 4216 60% 4.29 102.6 Lopez et al. 
(2004) 

 1550 435 72% 1.78 7.51 Gau and Chang 
(1996) 
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1.5 ELECTROCHEMICAL OXIDATION FOR LANDFILL LEACHATE 

TREATMENT 

1.5.1 Design of Electrochemical Oxidation Reactors for Leachate Treatment 

Experiments for electrochemical oxidation of leachate have been conducted at the 
laboratory and pilot plant scales. Bi-polar cell, and cylindrical cell, are the two major 
reactor designs for leachate electrolysis, though additional designs have been 
employed in electro-oxidation of other wastewaters (Chen, 2004). Electrolysis of 
leachate is generally reported in batch or continuously stirred reactors. Recirculation 
may be employed in the batch mode.  Cells are well mixed, and pH and temperature 
controllers may be employed.  Generally the cathode material is stainless steel, 
though copper (Tsai et al., 1997) and titanium (Moraes et al., 2005) have been used. 
Anode (working electrode) materials vary extensively. The reference electrode may be 
connected to the working electrode through a Luggin probe, to measure electrical 
potential. In bi-polar cell reactors, anodes and cathodes are vertical parallel sheets. 
Surface areas vary from 12 cm2 (Cossu et al., 1998) to 160 cm2 (Chiang et al., 1995b). 
In cylindrical cell reactors, anodes are located inside a stainless steel cylinder serving 
as the cathode.  

1.5.2 Indirect Oxidation versus Direct Anodic Oxidation 

Electrochemical oxidation of pollutants in wastewater is potentially accomplished via 
two distinct mechanisms: indirect oxidation, in which a mediator is electrochemically 
generated to carry out the oxidation, and direct anodic oxidation, in which pollutants 
are destroyed at the anode surface (Grimm et al., 1998). Indirect oxidation agents are 
generated anodically, and are responsible for oxidation of inorganic and organic 
pollutants. Agents include chlorine and hypochlorite (Naumczyk et al., 1996; 
Vlyssides et al., 1997), hydrogen peroxide (Brillas et al., 1995; Brillas et al., 1996), 
ozone (Stucki et al., 1987; El-Shal, 1994), and metal mediators such as Ag2+ (Farmer 
et al., 1992).  Hydroxyl radicals can also be generated using the electro-Fenton 
process, in which added ferrous ion reacts with electrochemically generated hydrogen 
peroxide (Matsue et al., 1981; Brillas et al., 1996). In contrast, direct anodic oxidation 
is achieved via two pathways: electrochemical conversion, and electrochemical 
combustion (Comninellis, 1994). In indirect electrolysis, two species of active oxygen 
can be electrochemically generated on oxide anodes (MOx). One is the chemisorbed 
“active oxygen” (oxygen in the oxide lattice, MOx+1), responsible for electrochemical 
conversion through Equation (1), while the other is the physisorbed “active oxygen” 

(adsorbed hydroxyl radicals, · OH), responsible for electrochemical combustion 

through Equation (2). 
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R + MOx+1 → RO + MOx                                             (1) 

R + MOx(·OH)z → CO2 + zH+ + ze- + MOx                          (2) 

 
In Equations (1) and (2), R indicates an organic compound, and Z indicates number of 

absorbed ·OH radicals on the anode. During electrochemical conversion, organic 

compounds are only partially oxidized, so that further (e.g., biological) treatment may 
be required. In contrast, electrochemical combustion yields CO2 and water, achieving 
complete purification (Grimm, 1998).  
 
During the electrochemical oxidation of leachate, pollutant removal may be primarily 
due to the indirect oxidation, utilizing chlorine/hypochlorite formed by anodic 
oxidation of chlorine originally existing or added to the leachate (Chiang et al., 
1995a), though direct anodic oxidation may destroy pollutants adsorbed on the anode 
surface (Li et al., 2001).  Chiang et al. (1995a) found that operating factors, 
including anode material, current density, and chloride concentration, had similar 
effects on both chloride/hypochlorite production efficiency during saline water 
electrolysis, and the efficiency of reduction of organic constituents during leachate 
electrolysis. In addition, they found that COD and NH3-N removal efficiencies 
increased with increasing current density, in electro-oxidation of leachate. However, 
in a direct electrochemical oxidation, pollutant removal efficiency at the same charge 
loading was independent of current density (Murphy et al., 1992). Hence, Chiang et al. 
(1995a) concluded that indirect oxidation was the dominant mechanism pathway in 
the electrochemical oxidation of leachate. Moreover, they proposed that NH3-N 
removal could be due to a series of reactions between hypochlorite and ammonia, 
similar to “breakpoint reactions”, described by White (1986), rather than to air 
stripping or direct anodic oxidation. 

1.5.3 Treatment Efficiency 

Electrochemical oxidation can efficiently reduce organic content, ammonia, color and 
metals from landfill leachate. COD reduction efficiencies range from 70% to over 
90%, and NH3-N removal efficiency has approached 100% under appropriate 
conditions for leachate electrolysis (Leu and Chang, 1999; Chiang et al., 2001; Ihara 
et al., 2004). Removal of organics in leachate is significantly higher than has been 
reported for coagulation/flocculation (Amokrane et al., 1997), light-enhanced 
oxidation (Ince, 1998), O3/H2O2 (Qureshi et al., 2002), ultrasonic treatment (Gonze et 
al., 2003), and other physical/chemical processes. Kinetics data have been reported by 
several investigators. Chiang et al. (2001) found that COD and NH3-N removal 
exhibited pseudo-first-order and zero-order kinetic rate constants, respectively. 
However, Moraes et al. (2005) reported that decay profiles for both COD and TOC 
followed pseudo-second-order kinetics. And, competition between COD and NH3-N 
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for removal was observed during electrolysis. Li et al. (2001) reported that when 
indirect oxidation predominated, most of the NH3-N and 30% of the initial COD were 
removed in the first hour. Subsequently COD declined further, in the electrolysis of an 
SBR-pretreated leachate. Chiang et al. (1995a) also found that removal of NH3-N was 
dominant in this competition, in the indirect oxidation of a leachate with an initial 
BOD5/COD ratio of 0.2. And, Cossu et al. (1998) reported that removal of NH3-N was 
lower than that of COD in the initial stage of electro-oxidation of a mature leachate, 
when direct oxidation was important, and NH3-N was substantially removed in the 
subsequent electrolysis stage when indirect oxidation prevailed. In addition, Marincic 
and Leitz (1978) also found that direct anodic oxidation of ammonia was fairly slow. 
Therefore, removal of NH3-N appears to prevail over COD removal when indirect 
oxidation is dominant, while COD removal prevails under direct anodic oxidation. 
Removal of color and metals by leachate electrolysis was investigated by Moraes et al. 
(2005). Eighty-six percent of color was removed within 180 min of electrochemical 
oxidation, with a pseudo-second-order rate constant. Residual metals in the effluent, 
including Zn and Cu, dropped below 0.05 mg/L, except for Fe which dropped from 
7.31 mg/L to 5.60 mg/L. 

1.5.4 Operating Parameters 

Operating factors affecting the performance of leachate electrolysis have been 
investigated, including pretreatment, anode materials, pH, current density, Cl- 
concentration, and species and concentrations of added electrolytes. These factors 
influence, to varying degree, pollutant removal efficiency, current efficiency and 
energy consumption.  
 
Pretreatment technologies reported to precede electrochemical oxidation of leachate 
include sequencing batch aerobic treatment, upflow anaerobic sludge beds (UASB) 
treatment, coagulation, carbon adsorption, and electro-coagulation combined with 
magnetic separation. The goal of biological pretreatment (SBR and UASB) is to 
remove biodegradable organics and NH3-N, to reduce loading and energy 
consumption in treatment of a young leachate with a high BOD5/COD ratio. Li et al. 
(2001) reduced COD from 62,000 mg/L to 693 mg/L, and NH3-N from 2,160 mg/L to 
263 mg/L, through SBR treatment prior to electrolysis of a leachate with an initial  
BOD5/COD ratio of 0.77. Wang et al. (2001) reported that energy consumption in 
electrochemical oxidation of pretreated leachate by UASB was 55 kWh/kg COD, less 
than the 80 kWh/kg COD observed in direct electrochemical oxidation of the raw 
leachate with a BOD5/COD ratio of 0.48. Coagulation and activated carbon 
adsorption were compared as pretreatments for electro-oxidation of a mature leachate 
with an initial BOD5/COD ratio of 0.11 by Chiang et al. (2001). For leachate 
pretreated by coagulation, overall COD removal and energy consumption by 
electrochemical oxidation were 88.4% and 99 kWh/m3 respectively., and 90.3% and 
101 kWh/m3 respectively for leachate pretreated by carbon adsorption, considerably 
superior to 58.5% COD removal and 159 kWh/m3 energy consumption by 
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electrochemical oxidation alone. It should be noted that coagulation preferentially 
removed high molecular weight organics of the leachate whereas carbon adsorption 
favored removal of low molecular weight organics. Since electrochemical oxidation 
seemed to favor the destruction of high molecular weight organics, electrochemical 
oxidation combined with adsorption was superior to that combined with coagulation, 
in terms of current efficiency. Electro-coagulation combined with magnetic separation 
was used by Ihara et al. (2004) as a pretreatment for leachate electrolysis. This 
pretreatment removed 99.6% of total phosphorus, though only 10% of the COD was 
removed. Additionally, air stripping has been recommended as a pretreatment to 
remove NH3-N, and avoid its competition with COD removal (Li et al., 2001). 
 
Choice of anode materials is a pre-eminent electrolysis design variable. The choice of 
cathode materials is not considered as important, though Azzam et al. (1999) found 
considerable influence of counter electrode materials on the electrolysis of 4-Cl 
phenol. Various anode materials have been investigated for leachate electrolysis, 
including ternary Sn-Pd-Ru oxide-coated titanium (SPR), binary oxide-coated 
titanium Ru-Ti oxide (DSA), PbO2-coated titanium (PbO2/Ti), graphite, SnO2-coated 
titanium (SnO2/Ti), iron (Fe) and aluminum (Al). Chiang et al. (1995a) found that 
COD removal efficiencies as a function of anode material followed the order of SPR 
> DSA > PbO2/Ti > graphite. In orthogonal array experiments for electrolysis of 
saline water, Chiang et al. also found that chlorine/hypochlorite production 
efficiencies for these four anode materials followed the same order, indicating that 
indirect oxidation might be dominant in electrochemical oxidation of leachate. Li et al. 
(2001) also reported a similar order for the anode materials not only regarding COD 
removal efficiency, but also in terms of NH3-N removal efficiency. The high removal 
efficiency of the SPR anode may be attributed to a high current efficiency owing to its 
high electrocatalytic activity, and high anodic oxygen evolution potential (Satio et al., 
1977). Cossu et al. (1998) reported that SnO2/Ti and PbO2/Ti anodes did not have 
substantial differences in terms of COD and NH3-N removal, mostly because the both 
materials have oxygen evolution potentials near 1.9 v (Feng and Johnson, 1991; 
Correa-Lozano, 1996). In addition, Tsai et al.. (1997) employed Fe and Al anodes to 
simultaneously utilize electro-coagulation, responsible for removal of high molecules, 
and oxidation during treatment of a raw leachate.  Oxidation was the primary 
contributor to COD removal. Iron anodes provided better COD removal at low 
applied voltages than did aluminum. 
 
Optimal pH reported for electrolysis of leachate varies significantly. These 
discrepancies probably derive from the complex and variable composition of 
leachates, and the different operating conditions used in the studies. Some 
investigators found that pH variation did not considerably alter COD removal in 
leachate electrolysis. Chiang et al. (1995a) reported that the pH effect on 
chlorine/hypochlorite production efficiency was insignificant over the range pH 4-10 
in saline water electrolysis experiments, conducted to help understand mechanism of 
electrolyzing leachate. Cossu et al. (1998) found that a pseudo-first-order rate 
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constant for COD reduction in real leachate increased only slightly at pH 3, compared 
with pH 8.3. Also, Wang et al. (2001) reported that at pH 8.9 and 10 COD removal 
was approximately 4% higher than at pH 7.5. In contrast, other investigators found 
that pH had a significant effect on COD reduction. Li et al. (2001) reported that COD 
removal was at least 20% higher at pH 4.0 than at pH 8.0 after 4-hour electrolysis. 
Vlyssides et al. (2003) found that pH was the most significant operational parameter 
in electrolyzing leachate, compared with Cl- concentration, temperature, applied 
voltage, SO4

2- concentration, and leachate input rate. And, lower pH favored COD 
removal and saved energy consumption within the range pH 5.5 – 7.5. The 
disagreement in these investigations suggests further work, perhaps in terms of the 
mechanisms by which pH affects COD removal in leachate electrolysis. Theoretically, 
it can be noted that acidic conditions decrease the concentrations of CO3

2- and HCO3
- , 

both well-known scavengers of·OH radical generated on anodes (Li et al., 2001), 

while alkaline conditions promote the Cl-→Cl2→ClO-→Cl- redox cycle. Therefore, low 

pH may enhance direct oxidation, while high pH may enhance indirect oxidation 
(Wang et al., 2001). 
 
Current density (current per unit area of electrode) in an electrochemical process 
indicates gross reaction rate. Current densities reported for electrochemical oxidation 
of leachate range extensively from 5 to 540 mA/cm2.  At least 5 mA/cm2 is required 
to achieve effective oxidation of organics in leachate. Under more weakly oxidative 
conditions, leachate may darken and brown precipitates may form at the anode (Cossu 
et al., 1998; Li et al., 2001). Increasing current density improves COD and NH3-N 
treatment efficiencies at the same charge loading. Chiang et al. (1995b) reported that 
during electrolytic treatment of leachate, COD removal at 25 mA/cm2 was 
approximately 50% higher than that observed at 6.25 mA/cm2, for the same charge 
loading (1.178 x 105 coulombs/L). The reason may be that increasing the current 
density during electrolysis enhances chlorine generation, which may have been 
responsible for subsequent removal of pollutants (Costaz et al., 1983; Chiang et al., 
1995a). Li et al. (2001) further reported that the effect of current density on treatment 
was not obvious between 30 and 120 mA/cm2 at a low Cl- concentration (1650 mg/L), 
but was noticeable at a high Cl- concentration (5000 mg/L). This result validates the 
suggestion that importance of indirect oxidation in the electrolytic treatment of 
leachate. Additionally, Moraes et al.. (2005) reported that color removal from leachate 
strongly depended upon current density. Color removal efficiency at 116 mA/cm2 was 
five times higher than that at 13 mA/cm2

, after 180 min. of electrochemical treatment. 
 
The addition of extra Cl- generally improves the electrolysis of leachate due to 
enhanced indirect oxidation, but the addition of Cl- may produce hazardous 
chlorinated organics and increase the TDS of the effluent. Typically, Cl- concentration 
ranges between 200-3,000 mg/L in young leachate, and between 100-400 mg/L in 
mature leachate (Tchobanoglous and Kreith, 2002).  However, Cl- concentration in 
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landfill leachate is frequently inadequate for effective indirect oxidation. Indirect 
oxidation of wastewater using chlorine/hypochlorite generally requires a high chloride 
concentration, typically greater than 3,000 mg/L (Chen, 2004). Hence, additional Cl- 
is necessary in the electrolysis of wastewaters such as leachate.  That is, removal is 
typically enhanced by the addition of Cl-, up to a saturation value. For example, Li et 
al. (2001) found that COD removal rose with increasing concentrations of chloride 
over the range 2500 – 5000 mg/L, but further increases were limited over the range 
5,000 – 10,000 mg/L Cl-.  Wang et al. (2001) found that leachate COD removal 
efficiencies increased significantly over the range 2,010-4,010 mg/L Cl-, while higher 
Cl- concentrations did not result in further removal. However, Cossu et al. (1998) 
reported no significant variation in COD removal over the range 1,600 to 3,600 mg/L 
Cl-. It should be noted that the result of Cossu et al. was attained at a current density 5 
mA/cm2, much lower than the 150 mA/cm2 used by Chiang et al. (1995a), the 100 
mA/cm2 used by Li et al. (2001), and the 32.2 mA/cm2 used by Wang et al. (2001). 
Vlyssides et al. (2003) also reported that Cl- concentration over the range 20,000 to 
40,000 mg/L did not influence COD removal or power consumption, perhaps because 
of the high concentration range tested. Although the addition of extra Cl- can enhance 
oxidation efficiency, the potential formation of chlorinated organic intermediate and 
final compounds, as well as the potential increase in TDS, may hinder wide 
application of indirect electrochemical oxidation of leachate.  Naumczyk et al. (1996) 
reported the formation of numerous chloroorganics in high concentrations in the 
electro-oxidation of textile wastewater containing a high Cl- concentration. Chiang et 
al. (1995c) reported that numerous chlorinated byproducts were formed at the start of 
electrolysis, in the electrolysis of a coke plant wastewater. Additionally, added salts 
increase the effluent TDS, which is then difficult to remove in subsequent processes. 
 
Various electrolytes may be added to enhance the removal of pollutants from leachate, 
including sulfate (SO4

2-), hydrogen peroxide (H2O2) and ferrous ion (Fe2+). Sulfate 
itself does not react at the electrodes, but may improve electrochemical oxidation as a 
supporting electrolyte. Differing effects on leachate organics removal were reported 
after the addition of SO4

2-.  For example, Wang et al. (2001) found that the addition 
of 5,000 mg/L SO4

2- increased COD removal efficiency from 36% to 47%, but did not 
significantly improve NH3-N reduction. In contrast, Chiang et al. (1995) found that 
COD and NH3-N removal efficiencies both dropped below 30% at 5,000 mg/L SO4

2-, 
probably because SO4

2- improved anodic oxygen evolution thereby suppressing the 
production of chlorine/hypochlorite.  
 
During electrolysis, H2O2 may decompose to hydroxyl radical, enhancing pollutant 
removal. Wang et al. (2001) reported that the addition of 200 mg/L H2O2 increased 
COD removal from 36% to 47%, and NH3-N removal from 47% to 53%. The addition 
of H2O2 may also initiate Fenton oxidation, when the anode is zero-valent iron. In 
so-called electro-Fenton oxidation, additional H2O2 and Fe2+ released from anode 
serve as Fenton reagents to generate hydroxyl radicals. Lin and Chang (2000) 
investigated electro-Fenton treatment of leachate subsequent to chemical coagulation. 
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They reported 67.3% COD removal by electro-Fenton treatment, as compared with 
26.7% COD removal under identical conditions but without H2O2 addition. They also 
reported an optimal pH for electro-Fenton treatment near 4.0, slightly higher than the 
optimal pH values of 2-3 (Roddy and Choi,1999), 3.0 (Kim et al., 2001), and 3.5 
(Kim and Huh, 1997; Kang and Hwang, 2000)  reported for conventional Fenton 
treatment. 
 

1.6 FENTON PROCESSES 

1.6.1 Design of Fenton Reactors for Leachate Treatment 

Lab and pilot scale experimental procedures for Fenton treatment of leachate 
generally include steps for oxidation, neutralization, flocculation and solid-liquid 
separation. Lab scale experiments have been operated in the batch mode, except by 
Roddy and Choi (1999) who investigated continuous flow mode. Because low pH 
favors Fenton oxidation, initial pH must be lowered. Generally, two pH control 
methods are used. First, only the initial pH is adjusted. Second, pH is adjusted initially 
and controlled continuously at the desired value by a pH controller using sulfuric acid 
and sodium hydroxide solution. Fenton oxidation is initiated by addition of Fenton 
reagents, typically ferrous sulfate and H2O2. Rapid mixing for from 30 seconds to 60 
minutes at impellor speeds of 80 – 400 rpm is required. Adjustment of final pH 
follows, to increase solution pH to the neutral range with sodium hydroxide or lime 
solution. During this procedure large amounts of iron sludge may form, because Fe3+ 

is converted to ferric-hydroxo complexes. Subsequently, flocculation for 10 – 30 min 
at 20 – 80 rpm slow mixing is performed, followed by sedimentation for periods of 
from 30 min to several days. COD, BOD5, and TOC in the supernatant are measured 
to evaluate overall treatment efficiency, and COD in settling sludge can be used to 
evaluate the contribution of coagulation/flocculation to the removal of organics (Kang 
and Hwang, 2000).  
 
Several field operational problems may lead to lower COD removal efficiencies than 
found in laboratory tests (Roddy and Choi, 1999; Zhang and Huang, 2001). The 
primary reported problem is foaming due to CO2 converted from carbonate species at 
acidic pH. Foaming takes place in the mixing and oxidation tanks, leading to a 
requirement for a much larger tank volume. Other problems hindering operations 
include malfunctioning pumps, controllers and flowmeters. Bigda (1995) also 
reported that much less iron salt was generally needed in full-scale tests than in lab 
tests, when the Fenton process was scaled up for treatment of industrial wastewater. 
 
Information on commercial full scale Fenton reactors for landfill leachate treatment is 
scarce. However, commercial Fenton reactors for industrial wastewater treatment 
have been used for the past 10 to 15 years (Bigda, 1996). And, commercial Fenton 
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reactors, typically represented by the flow sheet in Figure 1, have been reviewed by 
several authors (Bigda, 1995; Tang, 2003; Gogate and Pandit, 2004). The reactor is 
operated in a batch mode with great flexibility, and the process includes oxidation, 
neutralization, flocculation and solid-liquid separation. Air sparging may be used to 
remove volatile organic compounds (VOCs) in solution. The reactor is 
non-pressurized and stirred, with metering pump for addition of acid, base, and 
Fenton or Fenton-like reagents. A pH sensor/controller and acid and base addition are 
used to maintain a constant desired pH in the reactor, and redox potential 
sensor/controllers are used to control the addition of Fenton reagents.  A level sensor 
controls the feed pump, to prevent overflow and accidental discharge (e.g. if the 
operator leaves the bottom valve open when filling). The interior of the reactor vessel 
must be acid-resistant. During oxidation, the order of addition of wastewater and 
chemicals is important. First, the vessel is filled with wastewater. Second, pH is 
adjusted with dilute acid to prevent formation of iron hydroxides. Third, iron salt is 
added. The pH shift due to iron salt addition is controlled by a pH sensor/controller. 
Fourth, H2O2 is introduced slowly. During neutralization, lime is used to raise the pH 
to 6 – 9, form iron sludge, decrease total dissolved solids (TDS), and precipitate 
metals. Subsequently, coagulation agents are metered to support flocculation, and 
solids are separated by sedimentation and filtration.  

1.6.2 Treatment Efficiency 

Leachate quality in terms of organic content, odor, and color can be greatly improved 
following Fenton treatment. Most important, the Fenton process can significantly 
remove recalcitrant and toxic organic compounds, and increase the biodegradability of 
organic compounds. Reported COD removal efficiencies range from 45% (Kim et al., 
2001) to 85% (Roddy and Choi, 1999), and the BOD5/COD mass ratio can typically 
be increased from < 0.3 to > 0.60. Color and odor in leachate can also be reduced 
considerably. Kim and Huh (1997) reported decolorization efficiency as high as 92%. 
And Lin and Chang (2000) found that leachate after electro-Fenton treatment was 
colorless and odorless, though almost 300 mg/L of the initial COD remained. 
However, ammonia is not removed through Fenton treatment (Lin and Chang, 2000; 
Lau et al., 2002), and information on the removal of other constituents (e.g., TDS, 
metal ions) from leachate by Fenton treatment is scarce. 

1.6.3 Oxidation versus Coagulation 

Few studies have been conducted to characterize the relative removal of organic 
constituents by oxidation and coagulation, through Fenton treatment of landfill 
leachate. Yoon et al. (1998) found that organics removal rates by Fenton treatment and 
by simple coagulation were similar, in that high molecular organics were removed 
more readily and selectively. Therefore, they concluded that coagulation played a 
primary role in the removal of organics from leachate by Fenton treatment. Wang et al. 
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(2000) and Lau et al. (2001) reported that oxidation and coagulation were responsible 
for approximate 20% and 80% of overall COD removal, respectively, in Fenton 
treatment of a biologically stabilized leachate. Kang and Hwang (2000) found that pH, 
and Fenton reagents dosages, significantly affected removal of COD from leachate by 
oxidation and coagulation. At a maximum, removal of COD by oxidation was 
estimated at 2-3 times removal by coagulation.  And overall COD removal and COD 
oxidation linearly increased with increasing H2O2 concentration. They estimated that 
the increase of COD oxidation would slow down at H2O2 concentration above a 
reasonable amount due to the fraction of the recalcitrant organics to Fenton oxidation.  

1.6.4 Fenton-based Treatment Trains 

Several flow sheets reported for Fenton-based leachate treatment schemes are shown 
in Figure 1. These flow sheets can be roughly grouped into four categories: direct 
Fenton treatment of raw leachate; Fenton pretreatment prior to biological treatment; 
Fenton treatment preceded by physical/chemical treatment, occasionally followed by 
biological treatment, and; Fenton treatment preceded by biological treatment, 
occasionally followed by physical/chemical or biological treatment. The difference 
between direct Fenton treatment (Figure 1a), and Fenton pretreatment for a biological 
process (Figure 1b), is that the former focuses on COD removal, while the latter 
focuses on increasing the BOD5/COD ratio. The first design scheme (Figure 1a) is 
appropriate for mature leachate, because biodegradable organics in young leachate 
can be economically removed by biological processes. The second scheme (Figure 1b) 
is also appropriate for mature leachate. Lopez et al. (2004) found that dosages of 
Fenton reagents required to achieve an exploitable improvement in organic 
biodegradability are significantly lower than those required to achieve a minimal 
COD in a raw leachate. Lopez et al. (2004) utilized conventional Fenton to increase 
the BOD5/COD ratio above 0.5, to treat a raw leachate with an original BOD5/COD 
ratio equal to 0.22. Kim and Huh (1997) also raised the BOD20/COD ratio in leachate 
from 0.10 to 0.58 by a conventional Fenton process. Kim et al. (1997) used 
photo-Fenton treatment to increase the BOD5/COD ratio of leachate from <0.05 to 
>0.60.  
 
The third process design (Figure 1c – e) frequently involves coagulation as 
pretreatment, to reduce organic loading on the Fenton process. Since the 1970s, lime, 
alum and ferric salts have been extensively investigated for full treatment and 
pretreatment for landfill leachate (Thornton and Blanc, 1973; Cook and Foree, 1974; 
Ho et al., 1974; Millot et al., 1987; Christenesen, 1992; Amokrane et al., 1997; Forgie, 
1988; Kim et al., 2001; Trebouet et al., 2001; Wang et al., 2002; Tatsi et al., 2003; 
Monje-Ramirez and Velasquez, 2004; Pala and Erden, 2004; Silva et al., 2004; Wu et 
al., 2004). COD removal efficiencies reported for coagulation depend primarily on 
coagulant species, coagulant dose, pH and leachate characteristics, ranging widely 
from 10% to 80%. Several workers reported that coagulation favored removal of high 
molecular organic compounds in leachate (Chian and DeWalle, 1976; Slater et al., 
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1985; Yoon et al., 1998). A modification of coagulation (ferric salt) combined with 
Fenton treatment involves the recycle of Fenton sludge, as shown in Figure 1e. In this 
scheme, a portion of the Fenton sludge is returned to the coagulation tank to increase 
COD removal efficiency, and reduce coagulant consumption and sludge disposal cost 
(Yoo et al., 2001). Finally, if effluent from the Fenton unit contains COD above the 
discharge standard, post-treatment may be employed (Lin and Chang, 2000).  
 
According to the fourth treatment scheme (Figure 1f - h), biological pretreatment 
including one or more aerobic and anaerobic processes is used to reduce 
biodegradable organics or ammonia at a low operating cost (Gau and Chang, 1996; 
Bae et al., 1997; Yoon et al., 1998; Wang et al., 2000; Lau et al., 2001; Gulsen and 
Turan, 2004). Gau and Chang (1996) used activated carbon adsorption as a 
post-treatment to decrease COD from 320 mg/L to 150 mg/L. The reason for this 
efficiency may be that the effluent from Fenton leachate treatment contains a high 
fraction of low molecular organics (Yoon et al., 1998), which may be efficiently 
removed by activated carbon adsorption (Chiang et al., 2001). Another option for 
reduction of COD in Fenton-treated leachate is activated sludge treatment (Bae et al., 
1997).  
 
In addition to the process designs described above, two-stage Fenton treatment 
processes, and biological treatments of mixtures of Fenton effluent and municipal 
wastewater, have been reported. The two-stage Fenton process, comprised of two 
successive Fenton processes, can be used in place of a single Fenton process. Gau and 
Chang (1996) reported that the second Fenton step could further reduce COD in 
leachate, though dosages of Fenton reagents in the second stage were much higher 
than those in the first step.  
 
As mentioned earlier, although Fenton treatment can increase the biodegradability of 
organic compounds, the increase may not be adequate to support subsequent 
biological treatment. For example, Kim et al. (2001) raised leachate BOD5/COD from 
0.14 to 0.22 and 0.27 by Fenton and Fenton like methods, respectively. Lau et al. 
(2002) applied photo Fenton treatment to increase leachate BOD5/COD from 0.08 to 
0.14. And, Lin and Chang (2000) obtained a BOD5/COD ratio of 0.30 by 
electro-Fenton treatment of a leachate (original BOD5/COD = 0.10).  To remedy this 
deficiency, the leachate effluent can be mixed with municipal wastewater prior to 
biological treatment (Lin and Chang, 2000). 
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Figure 1. Flow sheets for Fenton treatment of landfill leachate. 
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1.6.5 Operating Parameters 

An essential characteristic of the Fenton process is that pH in the acidic range strongly 
favors oxidation. Optimal pH values reported for conventional, photo and 
electro-Fenton processes for landfill leachate treatment range between 2.0 and 4.5, 
except those of Wang et al. (2000) and Lau et al. (2001) (pH 6.0), as shown in Table 4. 
A pH below optimal can inhibit oxidation by three mechanisms. First, at extremely 
low pH values, the [Fe(H2O)]2+ formed reacts relatively slowly with H2O2, producing 

less·OH radical (Gallard et al., 1998). Second, the scavenging effect of H+ on ·OH 

becomes more important at a lower pH (Tang and Huang, 1996). Third, exceptionally 
low pH can inhibit reaction between Fe3+ and H2O2 (Pignatello, 1992). On the other 
hand, a pH above optimal, especially in the neutral-to-alkaline range, also hinders 
Fenton oxidation by five mechanisms. First, the absence of H+ can inhibit the 

decomposition of H2O2 to reduce production of •OH (Walling, 1975). Second, H2O2 

itself rapidly decomposes to water and oxygen with increasing pH above 5 (Meeker, 
1965). Third, the ferrous catalyst is deactivated with the formation of ferric hydroxo 
complex at a pH higher than 5 (Bigda, 1995). Fourth, at the neutral and alkaline 
conditions, the primary form of aqueous carbonate system are CO3

2- and HCO3
-, the 

well known •OH scavengers. Five, the oxidation potential of •OH radical decreases 

with increasing pH from E0=2.8 V at pH 0 to E14=1.95 V at pH 14 (Kim and 
Vogelpohl, 1998).  
 
Additionally, in photo-Fenton process, pH 2-4.5 strongly favors oxidation process 
through two other reasons. First, around pH 3.0, highly soluble Fe(OH)2+ that has the 
highest photoreactivity is the predominant form of ferric hydroxyl complexes instead 
of free Fe3+, Fe(OH)2

+ , and Fe2(OH)2
4+ (Faust and Hoigne, 1990). Second, the 

generated scale probably due to formation of amorphous iron oxyhydroxide (Fe2O3•

nH2O) at pH above 5.0 prevents the transmission of UV light into wastewater solution 
(Kim et al., 1997; Kim and Vogelpohl, 1998).   
 
Dosages of Fenton reagents determine, to a large extent, the operating costs and 
organics removal efficiency of the process. Determination of the optimal dosages of 
Fenton reagents involves determining both the absolute amounts of Fenton reagents 
and their relative ratio. Generally, removal of organics increases with increasing 
concentration of iron salt. However, the extent of increase may be marginal when the 
concentration of iron salt is above a certain value. A similar trend is observed for 
H2O2. Excess iron salt contributes to an increase in TDS and electrical conductivity in 
the effluent, as well as in the amount of iron sludge that requires treatment (Gogate 
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and Pandit, 2004). Excess H2O2 results in iron sludge flotation, due to O2 off-gassing 
caused by autodecompostion of excess H2O2 (Kim et al., 2001; Lau et al., 2001), and 
residual H2O2 may inhibit downstream biological treatment.  
 
Dosages of Fenton reagents and COD removal efficiencies reported for Fenton 
treatment of leachate are shown in Table 5. The large discrepancies in reported 
optimal ratios of H2O2 to Fe2+, and in reported COD removed per unit mass of Fenton 
reagents, are ascribed to variations in leachate quality and to differing methods of 
determining the optimal dosage. Three methods have been used to optimize addition 
rates. First, the most favorable dosages of Fenton reagents are determined by varying 
Fe2+ dosage at a fixed arbitrary dosage of H2O2, then optimizing at this Fe2+ dosage 
(Wang et al., 2000; Lau et al., 2001; Gulsen and Turan, 2004). Second, the best among 
several combinations of Fenton reagents’ dosages on COD removal is selected as the 
optimal within certain ranges of H2O2 and Fe2+ concentration (Pala an Erden, 2004). 
Third, the optimal relative ratio of concentrations of H2O2 and Fe2+ is first found, and 
optimal dosages of Fenton reagents are then determined at this ratio (Lopez et al., 
2004).  While all methods are valid, the final result of such analyses depends on the 
extent of iteration. 
 
Understanding the roles of H2O2 and iron in the removal of organic compounds by 
Fenton treatment helps in determining the optimal reagent dosages. Of the two 
reagents, H2O2 is more critical because it directly affects the theoretic maximum mass 

of •OH generated. Therefore, H2O2 dosage depends heavily on initial COD. A high 

initial COD generally requires more H2O2.  The theoretical mass ratio of removable 
COD to H2O2 is 470.6/1000. That is, 1000 mg/L H2O2 theoretically removes 470.6 
mg/L COD by oxidation. Occasionally, η as defined as Equation (27) is used to 
evaluate the efficiency of H2O2 usage in the Fenton process (Kang and Hwang, 2000): 
 
η = 2.12 CODoxi/[H2O2]                                               (3) 
 
In Equation (3), CODoxi is the COD removed by oxidation. At a low H2O2 
concentration relative to the COD concentration in the untreated leachate, η may be 

above 100%, indicating that COD is primarily oxidized by ·OH radical instead of by 

H2O2 in conventional Fenton treatment, or by additional ·OH radical produced by 

photolysis in the photo-Fenton process (Kim et al., 1997; Lau, et al., 2001). However, 
η decreases gradually below 100% with increasing [H2O2], indicating that remaining 
organics are refractory and unfavorably oxidized (Kang and Hwang, 2000), or that 

some of the·OH radical produced is scavenged by excess H2O2. On the other hand, the 

amount of iron salt is also important to maximize net production of  •OH, because 
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excess iron salt also scavenges •OH. An optimal molar ratio of H2O2 to iron salt 

required to maximize production of •OH has been theoretically calculated for some 

individual organic compounds. For example, Tang and Huang (1997) concluded that 
the optimal molar ratio of H2O2 to Fe2+ is 11:1, for Fenton oxidation of TCE. Such 
calculation is not possible or relevant for leachate, however, due to its complex 
characteristics and because a high dosage of iron salt is required to promote 
coagulation and flocculation. Roddy and Choi (1999) reported that molar ratios of 
H2O2 to Fe2+ for batch mode and continuous mode operation were 1.5:1 and 3:1, 
respectively. Kim and Huh (1997) found an optimal molar ratio of 12.5:1 in batch 
tests. And, Lopez et al. (2004) reported a molar ratio of H2O2 to Fe2+ of almost 20: 1, 
for treatment of a raw leachate in batch tests. The variation on these results reflects 
the variability of the optimal ratio of Fenton reagents for treatment of landfill 
leachate. 
 
The photo-Fenton method can be used to enhance reduction of Fe3+ to Fe2, and initiate 

production of •OH radical through photolysis, so that less Fe2+ is required. Kim and 

Vogelpohl (1998) reported ratios of H2O2 to Fe2+ of 26.2:1 and 35.0:1 for 
photo-Fenton and photo-Fenton-like processes, respectively, much larger than those 
reported for conventional Fenton treatment of leachate treatment. 
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Table 3. Optimal pH in conventional, photo-Fenton, and electro-Fenton treatment of 
landfill leachate 

Optimal 
pH 

pH 
control 
mode 

Leachate 
characteristic

Operation 
mode 

Fenton type Experiment 
scale 

Reference 

2.0-3.0 Constant N/A Batchwise Conventional 
Fenton 

Lab scale Roddy 
and Choi, 
1999 

2.5 Initial Pretreated 
biologically 

Batchwise Photo-Fenton 
like 

Pilot scale Kim and 
Vogelpohl, 
1998 

2.5 Constant Pretreated 
biologically 

Batchwise Conventional 
Fenton 

Lab scale Gulsen 
and Turan, 
2004 

3.0 Initial Pretreated 
biologically 

Batchwise Photo-Fenton  Pilot scale Kim and 
Vogelpohl, 
1998 

3.0 Initial Pretreated 
biologically 

Batchwise Photo-Fenton  Pilot scale Kim et al., 
1997 

3.0 Constant N/A Continuous 
flow 

Conventional 
Fenton 

Lab scale Roddy 
and Choi, 
1999 

3.0 N/A Old leachate N/A Conventional 
Fenton 

N/A Kim et al. 
2001 

3.5 Constant Old leachate Batchwise Conventional 
Fenton 

Lab scale Kang and 
Hwang, 
2000 

3.5 Initial Old leachate Batchwise Conventional 
Fenton 

Lab scale Kim and 
Huh, 1997 

3.0 - 
4.0 

Initial Pretreated 
biologically 

Batchwise Photo-Fenton Lab scale Lau et al., 
2002 

4.0 Initial Old leachate Batchwise Electro-Fenton Lab scale Lin and 
Chang, 
2000 

4.0 N/A Pretreated 
biologically 

Batchwise Conventional 
Fenton 

Lab scale Gau and 
Chang, 
1996 

4.5 N/A Old leachate N/A Conventional 
Fenton like 

N/A Kim et al. 
2001 

6.0 Initial Pretreated 
biologically 

Batchwise Conventional 
Fenton 

Lab scale Wang et 
al., 2000 

6.0 Initial Pretreated 
biologically 

Batchwise Conventional 
Fenton 

Lab scale Lau et al., 
2001 

N/A: not available
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. 
Table 4.  Comparison of Fenton reagent dosages and COD removal in Fenton treatment of landfill leachate 

 
Reagent dosages Consumed reagent Leachate 

characteristic 
Fenton type Initial 

COD H2O2 Fe2+ (Fenton) 
Fe3+(Fenton-like) 

Molar 
H2O2: 
Fe2+ 

COD 
removal 
efficiency 

H2O2 Fe2+ (Fenton) 
Fe3+(Fenton-like) 

Reference 

  (mg/L) (mg/L) (mg/L)  (%) (mg/mg COD) (mg/mg COD)  
Pretreated 
biologically 
 

Conventional 
Fenton 

1,500 200 300 1.1 70 0.19 0.29 Lau et al., 2001 

Raw 
 
 

Conventional 
Fenton 

10,540 10,000 830 19.8 60 1.58 0.13 Lopez et al., 2004 

Pretreated by 
coagulation 
 

Conventional 
Fenton 

22,400 2,500 2,500 1.6 79 0.14 0.14 Pala and Erden, 2004 

Pretreated 
biologically 
 

Conventional 
Fenton 

2,130 200 294 1.1 70 0.13 0.20 Gau and Chang, 1996 

After 
one-stage 
Fenton 
 

Conventional 
Fenton 

640 1,000 184 8.9 50 3.13 0.58 Gau and Chang, 1996 

Pretreated 
biologically 
 

Conventional 
Fenton 

1,800 600 1,500 0.7 69 0.64 1.60 Kim et al., 2001 
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Pretreated 
biologically 
 

Fenton-like 1,800 1,500 1,500 1.6 45 1.85 1.85 Kim et al., 2001 

Pretreated 
biologically 
 

Conventional 
Fenton 

N/A 1,200 1,800 1.1 85 N/A N/A Gulsen and Turna, 
2004 

Pretreated 
biologically 
 

Conventional 
Fenton 

338 10 20 0.8 72 0.04 0.08 Welander and 
Henrysson, 1998 

Pretreated 
biologically 

Conventional 
Fenton 

1,100 900 900 1.6 63 1.3 1.3 Bae et al., 1997 

Pretreated by 
coagulation 
 

Fenton-like 3,530 34,000 558 100 80 12.0 0.2 Rivas et al., 2004 

Pretreated 
biologically 
 

Photo-Fenton 1,150 1,150 72 26.2 70 1.43 0.09 Kim and Vogelpohl, 
1998 

Pretreated 
biologically 

Photo-Fenton-
like 

440 660 31 35.0 80 1.88 0.09 Kim and Vogelpohl, 
1998 

Old Photo-Fenton 1,150 2,438 56 1 70 3.03 0.07 Kim et al., 2001 
Pretreated 
biologically 
 

Photo-Fenton 513 800 N/A N/A 71 2.19 N/A Lau et al., 2002 

Old Electro- 
Fenton 

950 750 N/A N/A 68 1.15 N/A Lin and Chang, 2000 

N/A: not available.
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Dissolved oxygen (DO) drops rapidly to near zero in the presence of organic 
compounds during Fenton oxidation, because the rate of O2 transfer from the 
atmosphere to solution is significantly lower than the O2 consumption rate. Kim and 
Vogelpohl (1998) found that air-saturated conditions strongly improved the reduction 
of TOC in photo-Fenton treatment of a biological pretreated leachate, compared with 
N2-saturated conditions. Rivas et al. (2003a) found that COD in an oxygen saturated 
solution dropped more rapidly than in a helium-bubbled solution, in Fenton-like 
treatment of fermentation table olive brines having an initial COD of 15,000 mg/L. 
However, when they treated a landfill leachate using aerated and nitrogenated 
Fenton-like reactors, the effect of maintaining higher DO was not observed (Rivas et 
al., 2003b). Utset et al. (2000) investigated replacement of H2O2 by O2 during 
degradation of aniline by Fenton and photo-Fenton process. They found that O2 only 
partially replaced the role of H2O2 in TOC degradation, and the amount of O2 
replacing H2O2 as an oxidizing agent dependeds on the concentrations of aniline and 
H2O2, pH, temperature, O2 flow rate and O2 feeding type, regardless of ferrous 
concentration. 
 
Effluent pH subsequent to Fenton oxidation is adjusted to satisfy requirements for 
discharge or subsequent biological treatment, and to convert dissolved iron to iron 
sludge, reducing TDS in the effluent. Although Fe3+ is least soluble at pH 8.0 (Stumm 
and Morgan, 1996), Rivas et al. (2004) found that pH 5.5 was most favorable for 
coagulation of effluent from Fenton oxidation of a leachate pretreated by coagulation. 
And Kang and Hwang (2000) investigated operating pH ranging from 2.0 to 9.0 for 
coagulation of a leachate after Fenton oxidation, and found that both overall COD 
removal efficiency and COD removal efficiency by coagulation peaked at pH 3.0 – 
6.0. These pH ranges are similar to the optimal pH reported in previous studies on 
single ferric salt coagulation for landfill leachate treatment (Christenesen,1992; Gau 
and Chang, 1996).  
 
Modification of the mode of addition of Fenton reagents, and two-stage Fenton 
treatment, have been reported for improvement of the oxidation of recalcitrant 
organics in leachate. The two similar operational modes involve successive addition 
of Fenton reagents to leachate.  However, stepwise addition implies constant dosages 
of Fenton reagents to one unit, whereas two-stage treatment implies different dosages 
in two separate Fenton units. Generally, Fenton reagents are added to leachate in a 
single-step. However, such addition may cause self-decomposition of H2O2 due to 
high localized concentrations at the point of injection. To ensure complete usage of 
H2O2 for oxidation, several investigators added Fenton reagents in successive steps. 
Yoo et al. (2001) reported that two-step addition of Fenton reagents increased COD 
removal by 10% over single step addition, if the appropriate ratio of Fenton reagents 
was ensured.  However, Rivas et al. (2003b) found that COD removal efficiencies 
were not greatly different for single, two, and three-step addition of Fenton-like 
reagents to leachate. The two-stage Fenton method for leachate treatment was used by 
Gau and Chang (1996) to treat a biologically pretreated leachate. COD was reduced 
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from 2130 mg/L to 640 mg/L in the first Fenton stage using 200 mg/L H2O2 and 800 
mg/L Fe2+, and further decreased to 320 mg/L using 1000 mg/L H2O2 and 500 mg/L 
Fe2+. Thus, two-stage Fenton treatment improved COD removal while consuming 
more reagents in the second stage, perhaps due to the recalcitrance of the organics 
remaining after first-stage treatment. 
 
Recycling of iron sludge from the Fenton process to a coagulation step prior to Fenton 
treatment (Figure 1e) can increase COD removal, decrease coagulant consumption, 
increase the settling velocity of coagulated sludge, and reduce the production of 
sludge. Yoo et al. (2001) carried out a series of lab and pilot-scale experiments to 
investigate the effect of Fenton sludge recycling. They found that addition of Fenton 
sludge did not impart an additional COD loading to the coagulation process and, on 
the contrary, the Fenton sludge could be used as an alternative coagulant to enhance 
COD removal efficiency and reduce the coagulant (ferric salt) dose up to 50%. In 
addition, sludge settling velocity was increased and less sludge production was 
observed. 
 
Rivas et al. (2003) investigated the effect of temperature on Fenton treatment of 
landfill leachate. Final COD removal rose with increasing temperature from 10oC to 
30oC. However, a further temperature increase did not cause an obvious increase in 
COD removal efficiency. Also, constant temperature below 35 oC ensured a low H2O2 
consumption per mass of removed COD, while a sudden rise in temperature 
contributed significantly to inefficient H2O2 decomposition. 
 
In the photo-Fenton process, ultraviolet (UV) irradiation is used to enhance the 
reduction of Fe3+ to Fe2+ and the resulting Fenton reaction, and the photolysis of H2O2 
directly to ·OH. Kim et al. (1997) evaluated the effect of UV irradiation on 
photo-Fenton treatment of a mature leachate. They found that a specific energy input 
of 80 kW m-3 resulted in 51% TOC removal, three times the removal efficiency of the 
dark process. A specific energy input of 160 kW m-3 promoted higher TOC 
degradation.  TOC degradation kinetics were described by pesudo-first order kinetics, 
with rate constants at 0, 80 and 160kW m-3 UV input of 1.7, 9.6, and 18.7 min-1, 
respectively.  
 

1.6.6 Summary: Electrochemical Oxidation and Fenton Treatment of Leachate  

As indicated in this survey, electrochemical oxidation effectively reduces COD and 
ammonia, and significantly removes metals and color from landfill leachate under 
appropriate conditions. During electrolysis, reduction of pollutants may be primarily 
due to indirect oxidation. Pretreatment methods, anode materials, pH, current density, 
chloride concentration as well as species and concentration of other additional 
electrolytes all influence removal efficiencies of pollutants and energy consumption. 



 

 
 

27

However, four drawbacks may limit wide application of electrolysis for leachate 
treatment: electrode fouling, high energy consumption, potential formation of 
chlorinated organics, and increase in the TDS of the effluent. Cossu et al. (1998) 
suggested electrolysis as a finishing step in a combined process, or as an auxiliary unit 
process in emergency situations, instead of for full treatment of leachate. 
 
The survey indicated that Fenton treatment can effectively reduce COD in landfill 
leachate, and may be particularly appropriate for mature leachate. Fenton processes 
are applicable to the treatment of highly toxic leachate and exhibit noticeably faster 
kinetics, as compared with biological treatment processes. Fenton treatment also 
exhibits considerably higher removal of removal of organic compounds, compared 
with other available physical/chemical technologies including coagulation and 
activated carbon adsorption. In particular, Fenton treatment effects destruction of 
organic pollutants, in contrast with the phase transfer accomplished via separation 
processes such as membrane filtration and adsorption. Importantly, capital and 
operational costs of Fenton processes are relatively low, particularly in comparison 
with other advanced oxidation processes (Tang, 2004). Operating costs depend 
primarily on Fenton reagent concentrations. 
 
Fenton treatment can be implemented alone or in tandem with other technologies for 
leachate treatment. Coagulation and oxidation both contribute to the removal of 
pollutants from leachate, and their relative importance depends on leachate 
characteristics and reaction conditions. Generally, an initial pH between 2.0 and 4.5 
favors the Fenton reaction. In addition, the ratio of Fenton reagents greatly influences 
process efficiency because it determines the degree of scavenging of hydroxyl radicals. 
Moreover, aeration, final pH, reagent addition mode, temperature and UV irradiation 
may influence the efficiency of treatment of landfill leachate. When optimized 
accordingly, Fenton treatment can reduce COD, increase the ratio of BOD5/COD, and 
remove color in landfill leachate. 
 
Several drawbacks should be noted that may limit the applicability of Fenton 
treatment of leachate. First, as mentioned previously, some organic compounds are 
recalcitrant to Fenton treatment. Second, very significant quantities of acid are 
required to adjust the pH of typical leachate, significantly increasing the TDS of the 
effluent and presenting operational hazards and safety and corrosion issues. Third, 
proper sludge disposal after treatment is required, and the amount of sludge generated 
may influence the operational cost. Finally, at temperatures less than 18.3oC, the 
Fenton reaction may exhibit slow initial kinetics. 
 

1.7 IRON MEDIATED AERATION TREATMENT  

Although zero-valent iron (ZVI) has been extensively studied for the reductive 
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dechlorination of organic compounds over the past 20 years (Tang, 2004), the 
degradation of organic compounds through iron-mediated oxidation in 
oxygen-containing water has only recently been reported (Englehardt et al., 2001, 
2002; and 2003; Joo et al., 2004 and 2005). In previous work at the University of 
Miami, Englehardt et al.(2001, 2002, and 2003) reported oxidation of EDTA and 
co-precipitation of metals by iron-mediated aeration (IMA) at room temperature and 
atmospheric pressure. Two logs of removal of EDTA, Cd2+, Hg2+, and Pb2+, and an 
average 63% removal of Ni2+ were achieved (Englehardt et al., 2002). In addition, 1-2 
logs of removal of 1.0 mg/L 17-β-estradiol (estrogen) and di-n-butyl phthalate were 
achieved in simulated natural water at pH 7.5 (Englehardt et al., 2003). Both 
non-ferric iron and aeration were found essential for effective removal of organic 
compounds. Joo et al. (2004 and 2005) reported oxidative degradation of molinate (a 
carbothioate herbicide), benzoic acid, aniline, o-hydroxybenzoic acid, phenol, and 
humic acid using nanoscale iron metal. However, they reported that pH was important, 
in addition to iron metal and air supply. Lower pH resulted in increased degradation 
of these organic compounds. And, the significant scavenging effect of 1-butanol, a 
well-known hydroxyl radical scavenger, on Fe(0) oxidation of molinate implied a 
Fenton mechanism of oxidation. Noradoun et al. (2003) reported complete destruction 
of separate mixtures of 1.1 mM 4-chlorophenol and 0.61 mM pentachlorophenol, in 
the presence of 0.5 g of iron particles in 10 mL of 0.32 mM EDTA under ambient 
aeration at room temperature. They found that the presence of EDTA greatly 
improved degradation of these organic compounds, and attributed this observation to 
the formation of FeII[EDTA] that might improve the redox cycle between Fe(0) 
dissolution, Fenton reaction, and O2 reduction to H2O2. Three explanations for the 
oxidative capacity of iron-EDTA-mediated aeration were suggested: (i) heterogeneous 
activation of O2 at the Fe(0) surface, (ii) homogeneous activation of O2 by 
FeII[EDTA], and (iii) heterogeneous activation of O2 in conjunction with EDTA 
producing a surface-bound ferryl species. 
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2. IRON-MEDIATED TREATMENT PROCESS DEVELOPMENT 

James D. Englehardt 
Yang Deng 

Yves Legrenzi 
Joël Mognol 
Jose Polar 

 
 Based on the literature review described in the previous section, the Fenton and 
IMA iron-mediated treatment processes were identified for laboratory development.  
The goal of this work was the initial design of a process that could be inserted into the 
recirculation line of a municipal landfill recirculation system, to allow eventual sewer 
disposal of remaining leachate.  This conceptual design is shown in Figure 2.  
Design objectives for a 24 hour treatment cycle were preliminary cost projections 
below $0.05/gallon of mature leachate, >50% COD removal, BOD5/COD mass ratio 
>0.2, low total dissolved solids, operational simplicity, and projected reliability.  
Experiments conducted during Year 1 towards this end are described in this section. 
 

 
Figure 2.  Conceptual process design for a municipal landfill leachate 

recirculation/sewer disposal system. 

2. 1 METHOD 

2.1.1 Materials and Reagents 

All chemicals were analytical grade except as noted, and were used as received.  
Landfill leachates were collected from North Central Landfill in Polk County (Winter 

Iron-mediated 

treatment

Municipal 
Landfill 

Rainfall 

Sewer 

Disposal 
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Haven, FL) and South Dade County Landfill in Dade County (Miami, FL). Polk 
County leachate was primarily discharged from the Phase I cell, closed June 2000, 
with a contribution from the Phase II cell, opened March 2000, as shown in Table 5. 
Leachate was collected in a zero headspace plastic bottle and stored in refrigerator at 

4°C until it was used. To simulate an arsenic-contaminated leachate in some tests, the 

leachate was spiked with a known amount of NaAsO2 solution containing 1000 mg/L 
As (sodium arsenite, Baker Chemical Co., Inc., USA) to achieve the desired arsenic 
concentration. Grade 0000 (very fine) and grade 3 (coarse) fibrous iron (steel wool) 
(Homax Products, Inc., Bellingham, WA), Brillo® fibrous iron (fine steel wool) 
(Church & Dwight Co. , Inc., Princeton, NJ), and 40 mesh iron filings 
(FisherChemical, Fair Lawn, NJ) were used as reactive iron media. H2O2, (30% w/w), 
hydrochloric acid, and hydrogen peroxide were purchased from VWR (West Chester, 
PA). 
 

Table 5 Quantity percent distribution of Polk County leachate from Phase I and II 
cells 

Date Phase I Phase II Total 
May 21, 2004 30.8% 69.2% 100% 
Jun., 2004 20.1% 79.9% 100% 
Jul., 2004 18.2% 81.8% 100% 
Jul. 26, 2004 16.1% 83.9% 100% 
Sep. 13, 2004 10.7% 89.3% 100% 
Dec. 16, 2004 31.9% 68.1% 100% 
Feb. 23, 2005 30.2% 69.8% 100% 
 

2.1.2 Iron-mediated Aeration (IMA) Tests 

2.1.2.1 IMA fibrous media reactors 

The IMA process using fibrous media was tested in fixed bed reactors as shown in 
Figure 3. Circulation in the reactor was provided by pneumatic pumping using 
injected air. Air was delivered to the bottom of the reactor inside a tube, serving to 
pump water to the top of the container inside the tube. Simultaneously, aeration was 
accompanied. Water then circulated down along the outside of the tube, passing 
through a reaction zone containing the steel wool. Homogenous circulation in the 
reactor was verified in previous work (Englehardt et al., 2001). 



 

 
 

31

 
 
 

Figure 3. Fixed bed reactor (fibrous iron). 
 
Fibrous zero-valent iron (ZVI) was rinsed with hexane (ACS reagent grade, Aldrich 
Chemical Co., Milwaukee, WI) to remove surface oils, dried completely, rinsed with 
0. 1 N HCl (technical grade, 37.25% v/v, EM Science, Gibbstown, NJ), and dried 
again. Subsequently, fibrous ZVI was formed to a relatively uniform fiber density in a 
30 mL test tube. An inside glass tube was then inserted in the center of fibrous iron. 
Leachate was dispensed to the test tube, and humidified air was delivered to samples 
in the reactor through a glass capillary tube (50 µL microcapillary tubing, Coming 
Glass Works, Big Flats, NY) within the inside glass tube. Samples were continuously 
aerated and circulated in the reactor. 

2.1.2.2 IMA granular media reactors 

IMA granular media rectors in fixed bed and fluidized bed configurations were tested. 
The IMA fixed bed reactor using granular media, as shown in Figure 4, was similar in 
construction to the fibrous media reactor, except that fibrous iron was replaced by 
granular iron. The IMA fluidized bed reactor using granular media is shown in Figure 
5. Circulation in the reactor was provided by a peristaltic pump. The sample, mixed 
with injected air, was delivered to the bottom of the glass column reactor (Chrom 
column, 22 mm ID, Ace Glass Inc.), passed through the iron media to a  600 mL 
Pyrex reservoir, and recirculated to the reactor via a peristaltic pump (Pump drive, 
Masterflex 20-650 R.P.M.; Pump heads, Masterflex 77601-00, Cole-Parmer 
instrument Co.). Tubing consisted of Masterflex. Injected air was supplied by an 
independent air pump (20 L/h, Tetratec, China). Stainless steel balls (1/4 inch SS GR 
25 balls, Boca Bearing Co., Boyton Beach, FL) were used as the distributor, to obtain 
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homogenous fluid and support the iron media.  
 

 
 

Figure 4. Fixed bed reactor (granular iron). 
 

  
 
 

Figure 5. Fluidized bed reactor (granular iron). 
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2.1.3 Fenton Tests 

Raw landfill leachate was pre-filtered through a glass filter paper (934-AH, 
Whatman, Cifton, VA, USA) under gravity to remove large particles and debris in 
leachate, to maintain uniformity of tested samples. Concentrated sulfuric acid (H2SO4, 
96%, FishChemical, Fair Lawn, NJ, USA) was used to adjust leachate pH to the 
desired value. Subsequently, 200-300 mL of prefiltered leachate was dispensed to a 1 
L beaker. The leachate was stirred thoroughly with magnetic stirrer to avoid 
concentration gradients. Granular FeSO4·7H2O (ferrous sulfate, heptahydrate, 
FishChemical, Fair Lawn, NJ) was added to the leachate. Fenton oxidation was 
started by addition of a known amount of H2O2 solution (hydrogen peroxide, 30% 
w/w, VWR, West Chester, PA) to the leachate. In the aerated Fenton tests, injected air 
was supplied by a small pump to maintain oxygen-saturated conditions. In the 
experiments to investigate the effect of stepwise reagent addition, Fenton oxidation 
proceeded for 9 hours, and reagents were averagely added at each designated addition 
time. In the other experiments, Fenton oxidation proceeded for 2 hours. At the 
designated reaction time, NaOH pellets (Fishchemical, Fair Lawn, NJ, USA) were 
added to the rapidly stirred solution, to stop oxidation and increase the pH 
approximately to 6.5. Ten M NaOH solution was then added dropwise to a pH of 8.0. 
Leachate was transferred to a Phipps & Bird Stir (Model 7790, Richmond, VA, USA) 
for a 20 min flocculation period at 20 rpm. One hundred mL of uniformly mixed 
solution was immediately dispensed to a glass cylinder and heated in a 50oC water 
bath (8851, Cole Parmer, Chicago, IL, USA) for 30 min to remove any residual H2O2 
in solution. Finally, the sample was brought to the room temperature for a 90 min 
sedimentation period. 

 

2.1.4 Sample Preparation 

2.1.4.1 IMA fibrous media tests 

At the designated reaction time, aeration was stopped. Subsequently, the 
remaining fibrous iron media and inside tube were removed, and the media was 
pressed to discharge adsorbed sample. The sample was then stirred magnetically and 
shaken. An aliquot of this homogenized solution was pipetted to a glass bottle for 
digestion and iron analysis. The remaining solution was transferred to second glass 
bottle for a 2 hour sedimentation period. The upper supernatant was then vacuum 
filtered through 0.45 µm Millipore HA filter membranes (#HAWP 025 00, Millipore, 
Bedford, MA). Electrical conductivity, pH, COD, BOD5 and NH3-N of the filtrate 
were tested. The COD of a 0.5 mL aliquot of sludge phase was tested and the total 
volume of iron sludge was measured to determine COD removed by coagulation. 
Ferrous concentration in the iron sludge was tested to correct the measured sludge 
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COD value. 

2.1.4.2 IMA granular media tests 

In the fixed bed granular rector, aeration was stopped at the designated reaction time. 
Subsequently, the inside tube was removed. Leachate in the reactor was vacuum 
filtered through 0.45 µm Millipore HA filter membranes (#HAWP 025 00, Millipore, 
Bedford, MA). Electrical conductivity, pH, and COD of the filtrate were tested. 

 
In the fluidized bed rector, 10 mL of effluent from the reactor was collected from the 
reservoir at each sampling time. 2.5 mL aliquots were stored in glass sample bottles 
for digestion and iron analysis. Remaining sample was vacuum filtered through 0.45 
µm Millipore HA filter membranes (#HAWP 025 00, Millipore, Bedford, MA). The 
filtrate was collected and transferred to a glass sample bottle for pH, electrical 
conductivity, COD and BOD measurements. 

2.1.4.3 Fenton reaction tests 

After sedimentation, pH, electrical conductivity, COD, BOD5 and NH3-N of the 
supernatant was tested, COD partitioned to the sludge phase was measured as 
described for the IMA process. 
 

2.1.4.4 Sludge digestion and iron consumption tests 

Homogenized leachate samples were completely digested by addition of concentrated 
HNO3 (nitric acid, 69%, FishChemical, Fair Lawn, NJ). The digested solution was 
diluted 500:1, and vacuum filtered through 0.45 µm Millipore HA filter membranes 
(#HAWP 025 00, Millipore, Bedford, MA). Total iron in filtrate was tested to indicate 
iron consumption.  

2.1.5 Chemical Analysis 

Sample pH was measured by pH meter (model 370, ORIN). Electrical conductivity 
was measured by a digital conductivity meter (Model 4081, Amber Science Inc., 
Eugene, OR, USA). BOD5 was measured according to standard method 5210 B 
(APHA et al., 1995). COD was measured by colorimetric method using COD 
digestion vials (high range, 20-1500 mg/L, HACH, Loveland, CO) (wavelength = 600 
nm). Ferrous ion was measured according to standard method 3500-Fe D (APHA et 
al., 1995). H2O2 was measured by the titration method (Sandell, 1952). Ammonia 
nitrogen was measured by ammonia test kit (Aquarium Pharmaceutical, Inc., Chalfont, 
PA) with a detection limit of 0.25 mg/L. Total iron was measured by flame atomic 
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adsorption spectrometry (Analyst 800, Perkin Elmer). 
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2.2 RESULTS AND DISCUSSION 

Results of the tests of IMA and Fenton treatment processes are described in this 
section.   

2.2.1 Iron-Mediated Aeration (IMA) 

2.2.1.1 Tests without pH adjustment or hydrogen peroxide addition 

Tests of the simple IMA treatment process are described in this section.  Test data 
and conditions are detailed in Appendix 2. 

2.2.1.1.1 IMA fixed bed tests using fibrous and granular iron 

Initial tests were conducted on leachate from South Dade County Landfill, a young 
leachate, in Figure 6. Leachate pH was not adjusted and no chemical additives were 
introduced during the experiment. After 27 hours, 75% of the COD remained in 
samples treated in the fibrous IMA fixed bed reactor, as compared with 86% and 88% 
in control (aeration only) and untreated samples, respectively. 

 
Figure 6. Comparison of residual COD in untreated, aerated and fibrous IMA 

fixed bed reactor treated samples after 27 hours.(Leachate collected from 
South Dade County Landfill; initial COD = 3630 mg/L.) 

 
A set of experiments were conducted to study fibrous IMA fixed bed treatment of 
Polk County Landfill leachate (initial COD = 3630 mg/L) under the experimental 
conditions shown in Table 6.  All leachate samples in these tests were spiked with 
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0.1 mmoles/L sodium arsenite. Residual COD versus time for control and treated 
sample are shown in Figures 7 and 6, respectively. Control samples were aerated 
without iron addition.  Test data and conditions are detailed in Appendix 2.  As 
shown in Figure 7, almost no COD removal was observed in control groups after 27 
hours aeration, indicating that most of the organic compounds present were 
nonvolatile and persistent.  As shown in Figure 8, residual COD in treated samples 
ranged from 50 to 90% after 27 hours. 50% COD removal was demonstrated in 
Experiment 2. The same iron mass and iron grade were used in Experiments 1 and 6, 
as well as in Experiments 2 and 7. However, residual COD values were higher in 
Experiments 6 and 7 where acid wash was not used in pretreatment of fibrous iron. 
Therefore, acid wash may have been important. Alternatively, the leachate sample 
collected on June 17 may have been less refractory. 
 
Figures 9 and 10 depict BOD5/COD ratio versus time for control and treated samples 
of leachate (Polk County), respectively. Final BOD5/COD ratios in the control 
samples were generally below 0.10. In contrast, final BOD5/COD ratios in treated 
samples varied from 0.028 up to 0.277. These BOD5/COD ratio increases may have 
been due to a combination of oxidation and coagulation of both refractory organics 
and toxic metals including added arsenic. 
 

Table 6 Conditions of fixed bed reactor (fibrous iron) experiments a 

Experiment 
NO. Steel wool grade 

Iron mass 
(g) 

Acid wash 
pre-treatment 

Leachate 
collection date 

1 
Coarse (Homax®, grade 
3) 1 Yes 

06/17/2004 

2 
Fine (Homax®,grade 
0000) 1 Yes 

06/17/2004 

3 
Coarse (Homax®, grade 
3) 1.5 Yes 

06/17/2004 

4 
Coarse (Homax®, grade 
3) 0.5 Yes 

06/17/2004 

5 
Fine (Homax®,grade 
0000) 1.5 Yes 

07/26/2004 

6 
Coarse (Homax®, grade 
3) 1.0 No 

07/26/2004 

7 
Fine (Homax®,grade 
0000) 1.0 No 

07/26/2004 

a 1.0 g fibrous iron; 25 mL leachate sample; aeration rate: 16-19 mL air/mL 

sample·min; control condition: no air and Fe(0); Leachate collected from Polk County 

North Central Landfill. 
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Figure 7. Residual COD versus time in control samples for tests of fibrous IMA 

fixed bed treatment of leachate (Polk County). (Initial COD = 684 ±14 

mg/L). 

 
Figure 8. Residual COD versus time in treated samples for tests of fibrous IMA 

fixed bed treatment of leachate (Polk County). (Initial COD = 684 ±14 

mg/L). 
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   Figure 9. BOD5/COD ratio versus time in control samples for tests of fibrous 

IMA fixed bed treatment of leachate (Polk County). 
 

 
   Figure 10. BOD5/COD ratio versus time in treated samples for tests of 

fibrous IMA fixed bed treatment of leachate (Polk County). 
 
In Figure 11, the mass ratio of COD removed to iron consumed [(COD0-COD)/Fe] 
versus time is shown for the fibrous IMA fixed bed reactor tests. Here, COD0 
indicates initial COD, COD indicates final COD, and Fe indicates the mass of 
consumed iron per unit volume of solution. In Figure 11, it is seen that the use of 
coarse fibrous iron achieved a significantly higher (COD0-COD)/Fe ratio as compared 
with fine fibrous iron.  
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Figure 11. (COD0-COD)/Fe ratio versus time in fibrous IMA fixed bed reactor 

tests on leachate (Polk County). 
 

In Figures 12 and 13, conductivity versus time are shown for the control and treated 
samples, respectively. A slight decrease in conductivity of the control groups occurred 
due to aeration softening. In contrast, the conductivity of treated leachate was reduced 
by 30-40%, due to aeration softening and coagulation. 
 

 
Figure 12. Residual conductivity versus time in control samples for tests of 

fibrous IMA fixed bed treatment of leachate (Polk County). (Initial 

conductivity = 6.24 ± 0.46 ms/cm). 
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   Figure 13. Residual conductivity versus time in treated samples for tests of 

fibrous IMA fixed bed treatment of leachate (Polk County). (Initial 

conductivity = 6.24 ± 0.46 ms/cm). 

 
 

As shown in Figures 14 and 15, pH in the control samples increased slightly from 
8.00 initially to 8.50 after 27 hours. In contrast, final pH ranged from 9.00 to 9.52 in 
the treated samples.  

 
   Figure 14. pH versus time in control samples for tests of fibrous IMA fixed 

bed treatment of leachate (Polk County). 
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Figure 15. pH versus time in treated samples for tests of fibrous IMA fixed bed 

treatment of leachate (Polk County). 

2.2.1.1.2 IMA fluidized bed tests  

Experiments were conducted to evaluate the IMA fluidized bed design for treatment 
of landfill leachate, under the experimental conditions shown in Table 7.  COD 
versus time is shown in Figures 16 and 17 for samples and IMA –treated samples. 
Final residual COD ranged from 44 to 73% in IMA-treated samples. A maximum of 
54% COD removal was achieved in Experiment 2. Experiment 5 was conducted 
under the same conditions as Experiment 2, except that leachate circulation flow rate 
was doubled. However, roughly same final COD removal was observed, indicating a 
negligible effect of bed expansion (from 50 to 100%). Experiment 1 also was 
conducted under the same conditions as Experiment 2, except that the aeration rate 
was one seventy as high. Consequently, residual COD % increased from 73% in 
Experiment 1. 
 
The BOD5/COD ratio versus time is shown in Figures 18 and 19 for the control group 
and IMA-treated samples, respectively. The increase in BOD5/COD ratio observed in 
these initial tests was modest. 
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Table 7 Conditions of fluidized bed reactor (granular iron) experiments a 

 

Experiment 
NO. 

Control 
description 

Iron 
mass 
(g) 

Aeration rate 
(mL air/mL 

sample·min) 

Recirculation 
flow-rate 
(L/min) 

Leachate 
collection 
date 

Bed 
expansion 
(%) 

1 only air 24 0.1 0.6 06/17/2004 50% 
2 only air 24 0.71 0.54 06/17/2004 50% 
3 only air 15 0.74 0.9 06/17/2004 50% 
4 only air 30 0.80 0.63 06/17/2004 50% 
5 only air 24 0.73 1.2 07/26/2004 100% 

6 
no air, no 
Fe 24 0.73 0.58 

07/26/2004 50% 

7 
no air, no 
Fe 30 0.78 0.62 

07/26/2004 50% 

a Experimental condition: 600 mL leachate; control condition: no air and Fe(0). 
 
 
 

    
Figure 16. Residual COD versus time in control samples for tests of fibrous IMA 

fluidized bed treatment of leachate (Polk County). (Initial COD = 771 ±144 

mg/L). 
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Figure 17. Residual COD versus time in treated samples for tests of fibrous IMA 

fluidized bed treatment of leachate (Polk County). (Initial COD = 771 ±144 

mg/L). 
 

 
 
 

 
Figure 18. BOD5/COD ratio versus time in control samples for tests of fibrous 

IMA fluidized bed treatment of leachate (Polk County). 
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Figure 19. BOD5/COD ratio versus time in treated samples for tests of fibrous 

IMA fluidized bed treatment of leachate (Polk County). 
 
The efficiency of COD removal relative to iron consumption (COD0-COD)/Fe versus 
time is shown in Figure 20 for the IMA fluidized bed tests. Importantly, the efficiency 
of COD removal per unit mass of iron (COD0-COD)/Fe in fluidized bed reactor was 
an order of magnitude lower than in the fixed bed reactor, presumably due to abrasion 
of fluidized granules.  
 

 
Figure 20. (COD0-COD)/Fe versus time in treated samples for tests of fibrous 

IMA fluidized bed treatment of leachate (Polk County). 
 

Residual conductivity versus time is shown in Figures 21 and 22 for the control 
groups and the IMA-treated samples, respectively. Removal of conductivity in the 
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fluidized bed IMA reactor exhibited the same trend as observed for the IMA fixed bed 
reactor. Final residual conductivity ranged between 50% and 70%. The pH rose 
moderately over time to a final value of 9.1-9.2 in all experiments, as observed in the 
fixed-bed experiments, due to equilibration of the open carbonate system.  

 
Figure 21. Residual conductivity versus time in control samples for tests of 

fibrous IMA fluidized bed treatment of leachate (Polk County). (Initial 

conductivity = 6.68 ± 0.40 ms/cm). 

 
   Figure 22. Residual conductivity versus time in treated samples for tests of 

fibrous IMA fluidized bed treatment of leachate (Polk County). (Initial 

conductivity = 6.68 ± 0.40 ms/cm). 
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2.2.1.2 Taguchi Array Fixed Bed Enhanced IMA Tests 

To further improve the removal of organic compounds from leachate and increase 
effluent BOD5/COD ratio, the effects of fibrous iron grade, pH, aeration rate, and 
hydrogen peroxide dosage were tested in a set of Taguchi array experiments (Hicks 
and Turner, 1999) using fibrous IMA fixed bed reactors.  Test data and conditions are 
detailed in Appendix 3.  Leachate was collected from North Central Polk County 
Landfill on Feb. 23, 2005.  The four factors iron grade, pH, aeration rate, and 
hydrogen peroxide dosage were tested at three levels each in an L9(34) Taguchi array, 

as shown in Table 8. In this Taguchi array, hydrogen peroxide dosage η is defined as 

(H2O2 concentration)/(2.125•COD0), In which COD0 indicates initial COD in the 

leachate. Three levels ofη= 0, 0.5 and 1.0 were tested. 

 
Table 8 L9(34) Taguchi array experiments 

Exp. Steel wool pH 
Hydrogen 
peroxide 
dosage 

Aeration rate 

(mL air/mL sample·min)

1 
Very fine
(Homax®) Original 0 0 

2 
Very fine
(Homax®) 5 0.5 1.3 

3 
Very fine
(Homax®) 3 1.0 15.7 

4 Fine (Brillo®) Original 0.5 15.7 
5 Fine (Brillo®) 5 1.0 0 
6 Fine (Brillo®) 3 0 1.3 
7 Coarse (Homax®) Original 0.5 1.3 
8 Coarse (Homax®) 5 0 15.7 
9 Coarse (Homax®) 3 1.0 0 

 
Results of the analysis of variance (ANOVA) for the Taguchi array experiments in 
terms of COD removal and iron consumption are shown in Tables 9 and 10, 
respectively. As shown, these four factors have a significant effect on both COD 
removal and iron consumption. Their order of influence on COD removal was 
aeration rate > hydrogen peroxide concentration > iron grade > pH. The 
corresponding order of influence in terms of iron consumption was aeration rate > 

iron grade ≈ pH > hydrogen peroxide concentration. 
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Table 9 Analysis of variance (ANOVA) of COD removal results in the Taguchi array 
experiments: enhanced fibrous IMA fixed bed reactora 

Factor 
Degree of 

freedom (DF)
Sum of Squares 

(SS) 
Mean square 

(MS) F ratio p value 
Fibrous iron 2 0.057 0.0285 27 0.000 
PH 2 0.04 0.0200 18.947 0.000 
Hydrogen 
peroxide 
dosage  2 0.089 0.0445 42.158 0.000 
Aeration rate 2 0.255 0.1275 120.790 0.000 
Error 18 0.019 0.0011   
Total 26 0.46    

aSignificance level at a 95% confidence interval, F(2,18)0.05 = 2.97 
 

Table 10 Analysis of variance (ANOVA) of iron consumption results in the Taguchi 
array experiments: enhanced fibrous IMA fixed bed reactora 

Factor 
Degree of freedom 

(DF) 
Sum of Squares  

(SS) Mean square (MS) F ratio 
Fibrous iron 2 29340641.52 14670321 25.4 
pH 2 27283286.19 13641643 23.7 
Hydrogen 
peroxide 
dosage  2 8184748.185 4092374 7.1 
Aeration rate 2 56568980.19 28284490 49.0 
Error 18 10380846.98 576713  
Total 26 131758503.1   
aSignificance level at a 95% confidence interval, F(2,18)0.05 = 2.97 
 
Average responses of COD removal efficiency and iron consumption for four factors 
are shown in Figures 23 and 24. Average response can reflect the influence of each 
level of every factor. First, aeration rate was the most significant in terms of COD 
removal and iron consumption, according to the ANOVA results. However, from 
Figure 21, the greatest increase in COD reduction was achieved in going from 0 to 1.3 
mL air/mL sample-min; further increase in COD removal was marginal at 15.7 mL 
air/mL sample-min. Second, based on ANOVA results, the introduction of hydrogen 
peroxide greatly improved the rate of COD removal. In addition, hydrogen peroxide 
dosage had the smallest influence on iron corrosion among these factors. Also, each 
level of hydrogen peroxide dosage significantly affected COD removal and iron 
corrosion, as shown in Figures 23 and 24. Third, remarkably, the greatest COD 
reduction and least iron corrosion were observed for the Brillo® iron media, although 
this steel wool surface to mass ratio was between the other two fibrous irons. This 
result may reflect varying steel wool composition. Finally, pH was the least important 
factor in terms of COD reduction, and a lower pH resulted in more serious corrosion, 
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based on ANOVA results. Moreover, pH reduction was only achieved through an 
increase in conductivity.  
 
 

 
Figure 23. Average responses of COD removal efficiency for four factors. 

 

 
Figure 24. Average responses of iron consumption for four factors. 

 

2.2.1.3 Enhanced IMA Fixed-bed Treatment Tests 

2.2.1.3.1 Effect of aeration rate and hydrogen peroxide concentration in fibrous 

IMA fixed bed reactors 

Experiments were conducted to evaluate the enhanced IMA fixed bed reactor for 
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treatment of Central North Polk County Landfill leachate sampled on Feb. 23, 2005.  
Test conditions and data are detailed in Appendix 4. Residual COD versus hydrogen 
peroxide dosage is shown in Figure 25 for different aeration rates. Control samples 
contained hydrogen peroxide only. Overall COD removal increased with increasing 
hydrogen peroxide concentration, as shown in Figure 25. For molar ratios of hydrogen 
peroxide to initial COD > 3, COD removal increases were marginal It was also 
observed that COD removal increased with increasing aeration rate. However, COD 
removal did not increase significantly above an aeration rate of > 14 mL air/min-mL 
sample. The maximum COD removal was 50%, significantly higher than was 
achieved by hydrogen peroxide addition alone (7%).  
 
The BOD5/COD ratio versus hydrogen peroxide dosage for various aeration rates is 
shown in Figure 26. The ratio of BOD5/COD increased with increasing aeration rate 
in these tests, regardless of the value of hydrogen peroxide dosage. The maximum 
BOD5/COD ratio achieved was 17%, significantly higher than in the untreated 
leachate (2%) and after treatment with hydrogen peroxide alone (8%). 
 

 
Figure 25. Residual COD versus hydrogen peroxide addition rate (ratio to 

theoretical requirement) at various aeration rates, in the enhanced IMA 
fixed bed reactor Polk County leachate treatment. (Reaction time: 27 hours. 

Initial COD = 1270 mg/L). 
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Figure 26. BOD5/COD versus hydrogen peroxide addition rate (ratio to 

theoretical requirement) at various aeration rates, in the enhanced IMA 
fixed bed reactor Polk County leachate treatment. (Reaction time: 27 hours. 

Initial COD = 1270 mg/L. Initial BOD5/COD = 0.021). 
 
The results of COD reduction and iron consumption in kinetic tests in the enhanced 
IMA fixed bed reactor are shown in Figure 27. Efficiencies of COD removal by 
coagulation and oxidation, and COD removal by oxidation alone increased to 45% 
and 38%, respectively, in the first 9 hours. However, from the 9th to the 27th hour, 
COD reduction efficiency by oxidation did not increase, and overall COD reduction 
efficiency increased only slightly due to coagulation. Iron consumption increased to 
3945 mg/L within 27 hours.  
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Figure 27. COD reduction and iron consumption versus time in the enhanced 

IMA fixed bed tests of Polk County leachate treatment. (initial COD = 1270 
mg/L). 
 

NH3-N versus time in the enhanced IMA fixed bed reactor is shown in Figure 28. 
Within 27 hours, pH increased from 8.05 to 9.07. Although this pH range is not 
optimal (>10) for air stripping of ammonia, NH3-N in the leachate declined from 300 
mg/L initially to 50 mg/L.  
 

 
Figure 28. Kinetics of NH3-N removal in the enhanced IMA fixed bed reactor 

treatment of Polk County leachate (Initial COD = 1270 mg/L). 
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As shown in Figure 29, enhanced IMA treatment was effective in reducing total 
arsenic in the leachate. Total As was reduced from 13.78 to 4.45 mg/L within the first 
hour. Removal was marginal in the subsequent 26 hours, though iron sludge continued 
to be generated.  

 
Figure 29. Kinetics of Total Arsenic removal and iron consumption in enhanced 

IMA fixed bed treatment of Polk County leachate. 

2.2.1.3.2 Effect of stepwise addition of hydrogen peroxide in fibrous IMA fixed 

bed reactors 

The effect of the number of hydrogen peroxide dosing steps on COD removal in 
enhanced-IMA treatment of leachate is shown in Figure 30. Although the nine-step 
dosing scheme did not improve COD oxidation, overall COD removal was increased 
by 5%, when compared with single-step dosing for equal total hydrogen peroxide 
dosage. This result was attributed to enhanced corrosion of iron, resulting in enhanced 
ferric hydroxide coagulation. 
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Figure 30. Effect of the number of dosing steps on overall COD reduction and 

COD oxidation in enhanced-IMA treatment of leachate (Conditions: mean 
initial COD0 = 1295 mg/L; mass ration H2O2/2.125COD0 = 3; total reaction 

time = 9 hours). 

2.2.2 Fenton Reaction Treatment Tests 

Tests of the Fenton treatment process were conducted on leachate collected from 
Central North Polk County Landfill leachate sampled on Feb. 23, 2005.  Test 
conditions and data are detailed in Appendix 5. 

2.2.2.1 Effect of pH 

The effect of the initial pH on COD removal efficiencies is shown in Figure 31. At a 
H2O2 concentration of 800 mg/L and Fe2+ concentration of 800 mg/L, maximum COD 
removal efficiencies by oxidation and coagulation occurred at pH 2.5-3.5, such that 
overall COD removal efficiency peaked above 50%. At pH < 2.5, COD oxidation 
efficiency and overall COD removal efficiency decreased sharply. This result may be 
explained as follows. First, at very low pH, the [Fe(H2O)]2+ formed reacts more 

slowly with H2O2, and generates less·OH radical (Gallard et al., 1998). Second, the 

effect of H+ ion on·OH radical scavenging becomes more important at a low pH (Tang 

and Huang, 1996). Third, a low pH can inhibit the reaction between Fe3+ and H2O2 
(Pignatello, 1992). On the other hand, at pH > 5.0, little oxidation occurred, and COD 
removal by coagulation dropped with increasing pH. As a result, overall COD 
removal efficiency decreased rapidly, falling below 5% at pH 8. Five mechanistic 
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aspects may contribute to the negative effect of high pH. First, low pH favors 

decomposition of H2O2 for OH· radical production by the basic overall Fenton 

reaction described by Equation (2) by Walling (1975):  
 

2Fe2+ + H2O2 + 2H+ → 2Fe3+ + 2H2O                                    (4) 

 
Second, H2O2 rapidly decomposes to water and oxygen with increasing pH above 5 
(Meeker, 1965), as indicated in Equation (5) and (6). 
 

H2O2 + OH -→ HO2
- +H2O                                             (5) 

H2O2 + HO2
-→ H2O + O2 + OH-                                        (6) 

 
Third, ferrous catalyst is deactivated with the formation of ferric oxyhydroxide at a 
pH above 5 (Bigda, 1995). Fourth, under neutral and alkaline conditions, the primary 

forms of aqueous carbonate are CO3
2- and HCO3

-, both well known •OH scavengers 

(Stumm and Morgan, 1996). Finally, the oxidation potential of •OH decreases with 

increasing pH, from E0=2.8 V at pH 0 to E14=1.95 V at pH 14 (Kim and Vogelpohl, 
1998).

 
 

Figure 31. Effect of pH on COD removal efficiencies in Fenton treatment of 
leachate (Polk County). [Fe2+] = 800 mg/L. [H2O2] = 800 mg/L. Initial COD 

= 1166 mg/L. 
 
The results shown in Figure 31 indicate that both oxidation and coagulation 
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contributed significantly to COD reduction, in Fenton treatment of mature leachate. 
Overall COD removal efficiency and COD removal by oxidation depend primarily on 
initial pH, and peaked at an initial pH of 3.0. This optimal initial pH is similar to the 
one found by other investigators (Kim and Huh, 1997; Kim and Vogelpohl, 1998; Kim 
et al. 2001). 

2.2.2.2 Effect of molar ratio of Fenton reagents 

The effects of molar [H2O2]/[Fe2+] ratio on overall COD removal and COD oxidation 
at various ferrous dosage are shown in Figures 32 and 33. As the molar [H2O2]/[Fe2+] 
ratio increased from 1 to 3, COD removal by oxidation increased, and overall COD 
removal also increased slightly. Although COD removal by oxidation continued to 
increase at a molar ratio of [H2O2] to [Fe2+] from 3 to 10, overall COD reduction 
increased only marginally. As a result, the optimal molar ratio [H2O2] to [Fe2+] of 
approximately 3.0 was assessed for the overall COD removal. While, at a fixed molar 
ratio, higher [Fe2+] resulted in a higher overall COD removal (Figure 32), the trend 
was marginal at [Fe2+] > 60 mM.  

 
Figure 32. Effect of molar [H2O2]/[Fe2+] on overall COD removal efficiency in 

Fenton treatment of Polk County leachate (Initial COD = 1133 ± 34 mg/L). 
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Figure 33. Effect of molar [H2O2]/[Fe2+] on COD removal efficiency by 
oxidation in Fenton treatment of leachate (from Polk County collected on 

12/16/2004). Initial COD = 1133 ± 34 mg/L. 
 
COD removal efficiencies versus H2O2 dosage achieved through Fenton treatment are 
shown in Figure 34. COD removal by oxidation increased significantly and linearly 
with increasing H2O2 dosage, at low H2O2 concentrations (< 270 mM), regardless of 
the molar ratio of [H2O2] to [Fe2+]. This observation is in agreement with Kang and 
Hwang (2000). However, oxidation increased little at a high H2O2 concentration (> 
270 mM), indicating that remaining organic compounds were not amenable to 
oxidation by hydroxyl radical. Bigda (1995) reviewed organic compounds that are 
difficult to be oxidized by Fenton treatment (Table 11).This result is experimental 
evidence for the prediction of Kang and Hwang (2000), that the anticipated linear 
increase in COD oxidation would be inhibited at high H2O2 dosage, though the 
inhibition was not observed in their investigation. This inhibition observed in our 
study was attributed to the broader range of H2O2 dosages tested, to provide a more 
complete picture of the relationship between COD oxidation and H2O2 concentration. 
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Figure 34. COD removal efficiencies versus peroxide dosage in Fenton treatment 

of leachate (from Polk County collected on 12/16/2004). (Initial COD = 
1133 ± 34 mg/L). 
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Table 11. Fenton-recalcitrant organic compounds 
Acetic acid 
Acetone 
Carbon Tetrachloride 
Maleic acid 
Malonic acid 
Methylene chloride 
Oxalic acid 
n-Paraffins 
Tetrachlorethane 
Trichlorethane 

 

2.2.2.3 Optimal doses of Fenton reagents 

COD removal efficiencies versus doses of Fenton reagents in Fenton treatment of 
leachate is shown in Figure 35 for molar ratios of [H2O2]/[Fe2+] = 3. Overall COD 
removal efficiency did not increase at [Fe2+] > 60 mM although COD removal by 
oxidation did increase slightly at [Fe2+] > 60 mM. Thus, the optimal dosage of Fenton 
reagents for overall COD removal was less than that for COD oxidation. The reason 
for this result is that a portion of the COD that could have been removed by oxidation 
was actually removed by coagulation.  
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Figure 35. COD removal efficiencies versus doses of Fenton reagents in Fenton 

treatment of leachate (Polk County). (Molar [H2O2]/[Fe2+] = 3; initial mean 
COD = 1369 mg/L). 
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2.2.2.4 Effects of aeration and stepwise addition of Fenton reagents  

In Figure 36, results of a set of experiments on conventional and aerated Fenton 
treatment conducted at various molar [H2O2]/[Fe2+] ratios to investigate the effect of 
aeration are shown. At a molar ratio of [H2O2]/[Fe2+] ≤ 4.0, aeration made little 
difference in COD reduction by the overall process, or by oxidation. At a [H2O2]/[Fe2+] 
ratio = 4-10, COD reduction by oxidation was slightly lower (7%) by the aerated 
process than by conventional Fenton treatment, resulting in a lower (7%) overall COD 
removal, for reasons that are not clear. In Figure 36, BOD5/COD ratio versus molar 
[H2O2]/[Fe2+] ratio for conventional and aerated Fenton treatments is shown. 
Conventional and aerated Fenton treatments increased the BOD5/COD ratio from 
0.040 to 0.232 and 0.254, respectively. Little difference in the BOD5/COD ratio was 
observed between the two treatments. 
 

 
Figure 36. COD removal efficiencies versus molar [H2O2]/[Fe2+] ratio in 

conventional and aerated Fenton treatment of leachate (Polk County). 
(Oxidation time = 3 hours. Flocculation time = 0.5 hour. Sedimentation 

time = 1.5 hours. Initial mean COD = 1225 ± 58 mg/L). 
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Figure 37. BOD5/COD versus molar [H2O2]/[Fe2+] in conventional and aerated 

Fenton treatment of leachate (Polk County). (Oxidation time = 3 hours. 
Flocculation time = 0.5 hour. Sedimentation time = 1.5 hours. Initial mean 

COD = 1225 ± 58 mg/L. Initial BOD5/COD = 0.050.). 
 
Changes in ammonia nitrogen as a result of conventional and aerated Fenton 
treatment of leachate are shown in Figure 38. Only 50 mg/L NH3-N removal was 
achieved in such treatments, indicating that little Fenton oxidation of ammonia 
nitrogen occurred. In addition, the aerated Fenton process was not effective in 
stripping NH3-N because of the low pH of the process, which does not favor NH4

+ 
conversion to NH3.  Hence, conventional and aerated Fenton processes do not appear 
efficient for ammonia removal. 
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Figure 38. NH3-N versus molar [H2O2]/[Fe2+] in conventional and aerated Fenton 

treatment of leachate (Polk County). (Oxidation time = 3 hours. 
Flocculation time = 0.5 hour. Sedimentation time = 1.5 hours. Initial 

[NH3-N] = 350 ± 71 mg/L.). 
 

 
The potential for increased efficiency of oxidation through dosing of Fenton reagents 
in steps over the treatment period was investigated in tests in which the effects of 
aeration alone, stepwise addition alone, and the combination of the two on COD 
removal were investigated, as shown in Figure 39. The addition of reagents in nine 
steps increased COD removal by oxidation slightly, from 18% to 24%, and increased 
overall COD removal from 46% to 56%. Aeration alone similarly increased COD 
oxidation/volatilization to 22%, but did not obviously improve overall COD removal. 
The combination of aeration and stepwise addition further improved COD oxidation 
to 32%, with an overall COD removal of 55%. That is, stepwise addition and aeration 
showed a synergistic effect on COD oxidation during Fenton treatment of mature 
leachate. Such stepwise addition may improve oxidation due to a reduction in the 
self-decomposition of to high localized H2O2 concentrations at the point of injection, 
and to reduced scavenging of hydroxyl radicals by hydrogen peroxide (Rivas et al., 
2003a; Zhang et al., 2005). Aeration may improve oxidation by offsetting the rapid 
consumption of DO that occurs during Fenton oxidation of organic compounds (Yoon 
et al., 2001). In addition, aeration may strip volatile degradation intermediates during 
Fenton oxidation. 
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Figure 39. Effects of aeration and stepwise addition of Fenton reagents on 

overall COD reduction and COD oxidation in Fenton treatment of leachate 
(Conditions: initial pH = 3; number of dosing steps = 9; mean initial COD0 
= 1295 mg/L; mass ratio H2O2/2.125COD0 = 3; molar ratio [H2O2]/[Fe2+] = 

3; total reaction time = 9 hours). 
 
The effect of the number of reagent addition steps on COD removal is shown in 
Figure 7. As the number of steps increased from one to nine, COD oxidation increased 
from 22% to 32%. Interestingly, observed overall COD removal was higher for nine 
steps than six, perhaps, again because low molecular weight oxidative byproducts 
may be less amenable to coagulation. As shown, the maximum overall COD removal 
of approximate 61% was achieved at initial pH 3, molar ratio [H2O2] / [Fe2+]= 3, mass 
ratio H2O2/2.125 initial COD = 3, and six reagent addition steps, where the ratio of 
removal by oxidation to that of coagulation was approximately 0.74:1. 
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Figure 40. Effect of the number of dosing steps on overall COD reduction and 

COD oxidation in Fenton treatment of leachate (Conditions: initial pH = 3; 
total reaction time = 9 hours; mean initial COD0 = 1295 mg/L; mass ratio 

H2O2/2.125COD0 = 3; molar ratio [H2O2]/[Fe2+] = 3). 
 
 

2.2.3 Evaluation of Enhanced IMA and Fenton 

A comparison of the performance and projected operating costs for the Fenton process 
and for the preliminary design of the enhanced IMA process described in this report 
are shown in Table 12 and detailed in Appendix 6. Fenton treatment achieved slightly 
higher COD reduction (61%) than the initial design of the enhanced IMA treatment 
process described in this report (45%). Operating costs as projected in this speculative 
preliminary analysis are similar and depend upon the cost for hydrogen peroxide, iron 
or iron salts, and hydrogen peroxide.  Importantly, the enhanced IMA process 
decreased electrical conductivity by 40% and ammonia nitrogen by 83%. In contrast, 
Fenton treatment doubled the conductivity and decreased ammonia nitrogen only by 
14%. The effluents of both processes exhibited similar BOD5/COD ratios of less than 
0.30. 
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Table 12 Comparison of Fenton and enhanced IMA in treatment of landfill leachatea 
 Enhanced IMA Fenton 
Mean COD0 (mg/L) 1200 
Mean initial NH3-N (mg/L) 300 - 350 
Max. COD removal 45% 61% 
Max. BOD5/COD 0.17 0.25 
COD removal per unit mass of
iron (COD mg/mg Fe) 0.24 (as Fe0) 0.220 (as Fe2+) 
COD removal per unit mass of
hydrogen peroxide (mg
COD/mg) 0.078 0.120 
Conductivity removal 40% -100% 
NH3-N removal 83% a 14% 
Operating cost ($/kg COD)e 25.55b 

34.05c 
52.39d 21.97 

Operating cost ($/103 gal)e 58.02b 
77.33c 
118.98d 49.96 

aAssume 0.99 dollars/lb hydrogen peroxide , 0.077 dollars /lb FeSO4·7H2O, 0.10 

dollars /lb H2SO4 
27.51 dollars/103 lb CaO. 
bAssume $0.2/lb fibrous iron 
cAssume $1/lb fibrous iron 
dAssume $3/lb fibrous iron 
eNot including sludge disposal cost. 
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3. ULTRAVIOLET-ENHANCED IRON-MEDIATED AERATION 

PROCESS DEVELOPMENT 

Daniel E. Meeroff 

3. 1 METHOD 

3.1.1 UV Enhanced IMA Carousel Reactors 

The photochemical reactor used for these experiments was a carousel configuration. 
The carousel reactor had the potential advantage of eliminating “dark side” shielding, 
but without the capability of irradiating multiple samples simultaneously. The reactor 
is pictured below in Figures 41 – 44. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 41. Carousel reactor.   
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Figure 42. UV + IMA test sample (24 hours). 
 
 

 
Figure 43. IMA control running side-by-side. 
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Figure 44. Close-up of IMA control. 
  
 
Samples were tested in quartz test tube reactors following the same scale parameters 
as the University of Miami (UM) non-energized tests. Samples consisted of 50 mL of 
leachate provided by UM and two grams of steel wool substrate, prepared according 
to earlier described methods in Chapter 2. Tests were conducted with UV+IMA and a 
side-by-side IMA control in addition to a UV and a side-by-side IMA control, for 
comparison purposes. Immediately after testing, the samples were completely mixed 
and the fine iron particles were removed using a magnet. Then the samples were 
quenched with two drops of concentrated sulfuric acid and stored in 25 mL glass vials 
for subsequent analysis. 
 

3.1.2 UV Enhanced IMA New Reactors 

This new reactor was constructed in order to perform further experiments in the 
photochemical iron-mediated aeration of landfill leachate. The new reactor had a 
stronger capacity of producing sufficient ultraviolet intensity than the carousel reactor. 
The newly constructed reaction chamber, located within the FAU Laboratories for 
Engineered Environmental Solutions, consists of a protective outer well (cooling 
jacket), a central 550 Watt high-intensity mercury lamp, an array of notches to allow 
for the placement of individual test tube reactors at varying distances from the UV 
source, and an aeration system for the individual reactors.  This arrangement is 
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shown below in Figure 45. 
 
 

 
Figure 45. New photochemical reactor 

3. 2 RESULTS AND DISCUSSION 

In Table 13, COD and BOD5 are shown for control and treated samples in carousel 
reactor tests. COD removal varied between 5-12% and no net increase in BOD5 was 
observed. Essentially no differences were noted between the three treatments. In 
addition, none of the samples showed signs of corrosion or oxidation of the steel wool 
substrate during testing over a 24-hour period. During previous testing, ferric 
precipitates were evident after only 2 hours. Interestingly, the only ferric precipitates 
found after 24 hours were observed in the UV only test, which had fine orange 
colored particles in the bottom. Influent conductivity was measured at 12.7 mS/cm 
and all test samples were measured at >2 mS/cm. In addition, pH remained steady 
between 7 and 8 for all samples monitored. 
 
The lack of observed COD removal is attributed to the reactor design of the UV 
source. The steel wool packing density also appeared to inhibit mixing and corrosion. 
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Furthermore, the UV reactor irradiation intensity was much lower than the previous 
reactor (see Table 2). Through matching funds, a laboratory scale photoreactor 
($5,400) similar to the unit used in previous testing at UM was ordered, and assembly 
of the new unit was completed in early June 2005. 
 

Table 13. Measurements of COD and BOD testing using the carousel reactor. 
 Reactors COD (mg/L) BOD5 (mg/L) 
Influent  990 11 
20050308 IMA 870 9 
20050308 UV+IMA 940 3 
20050309 IMA 940 11 
20050309 UV alone 870 10 
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4. CONCLUSIONS 

Municipal landfill leachate is a high strength wastewater characterized by high 
concentrations of recalcitrant organic compounds, ammonia and, increasingly, arsenic.  
As such, leachate is difficult to treat biologically or chemically.  Leachate in Florida 
is often discharged to sewers.  However, sewage treatment plants in less densely 
populated areas of Florida have stopped accepting leachate because of severe 
corrosion of pump stations and equipment, serious sludge bulking and carryover, and 
difficulty in maintaining consistent chlorine residual in the effluent from activated 
sludge treatment.  This situation has resulted in charges of up to $0.20/gallon for 
trucking of leachate to larger urban treatment facilities and treatment therein.  Even 
when leachate is accepted by the wastewater treatment district, pretreatment is 
generally required to reduce heavy metal and hazardous constituents prior to 
discharge.  Biological treatment may not be satisfactory to remove such constituents 
as toxic metals and arsenic.  And, arsenic concentrations in leachate are expected to 
increase.  Currently, CCA treated wood makes up about 6% of the wood waste 
stream in Florida, and this percent is projected to increase to 25-30% by 2020 due to 
disposal of aging structures.  In addition, ash from the combustion of a wood solid 
waste containing as little as 6% CCA treated wood fails the TCLP test (Hinkley 2003), 
indicating that ash monofill leachate contains arsenic, and disposal of CCA treated 
wood to a C&D landfill also generates arsenic-contaminated leachate. 
 
Results of the first year of a proposed two-year study of leachate treatment 
alternatives are described in this report.  The objective of the study was to assess the 
economics and performance of alternatives for treatment of leachate and wastewater.  
Specifically, Objective 1 was to review the literature on technologies for leachate 
detoxification and treatment, and this was accomplished in Year 1 as reported in this 
report.  Objective 2 of the proposed study was to design, and provide initial 
demonstration of, a leachate/arsenic reactor through laboratory testing.  This 
objective was also accomplished in Year 1, in terms of the initial design of a Fenton 
process for leachate treatment, and in terms of an initial design for a new IMA process 
for leachate treatment.  To our knowledge, this study is first attempt to apply 
iron-mediated aeration to the treatment of a high strength wastewater, and results 
indicate significant improvements over existing processes.  Objective 3 of the 
proposed study was to test the addition of ultraviolet energy for the reduction of iron 
consumption and sludge generation in the IMA treatment process.  This objective 
was also completed in Year 1, in that tests of the ultraviolet-assisted IMA process 
were conducted in the Year 1 effort reported here. 
 
Based on the literature review conducted, technologies suggested for treatment of 
landfill leachate include membrane filtration, activated carbon adsorption, aerobic and 
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anaerobic biological treatment, chemical oxidation and advanced oxidation (ozone, 
hydrogen peroxide, ultraviolet (UV) irradiation, UV/titanium dioxide catalysis), 
electrochemical oxidation, Fenton treatment, and iron-mediated aeration (IMA) 
treatment.  Of these, membrane filtration is subject to flux inhibition related to 
membrane fouling by leachate and, perhaps more important, disposal of a 
concentrated brine containing the constituents of the leachate is required.  Activated 
carbon is subject to similar limitations related to frequent carbon replacement and 
disposal.  Biological treatment is currently in use for leachate treatment; however 
COD removal efficiency is often low and biologically-refractory organics remain in 
the effluent, making the technology potentially inadequate as pretreatment for sewer 
disposal, particularly for mature leachate containing a high degree of 
biologically-refractory constituents. 
 
Laboratory, pilot, and field data have been reported for the chemical oxidation 
technologies just mentioned.  Based on these data, only electrochemical oxidation, 
Fenton, and IMA treatment were projected in this study to have operating costs below 
$50/gallon of leachate, or below $20/kg COD removed.  However, based on 
literature reports and previous research conducted at the University of Miami on 
development of electrochemical reduction water treatment processes, field 
implementation of electrochemical oxidation is not currently feasible for leachate 
treatment due to problems of electrode fouling.  In addition, to achieve satisfactory 
efficiency, high dosages of salt may be needed as supporting electrolyte and a chlorine 
source in the leachate, resulting in an effluent containing high total dissolved solids 
that may be difficult to treat and dispose subsequently. 
 
Several specific conclusions were drawn based on this study: 
 

1. Chemical oxygen demand in young leachate, typically higher in organic 
content than mature leachate, can be reduced significantly through biological 
treatment.  However, mature leachate may be recalcitrant to biological 
treatment, and young leachate treated biologically may still contain 
unacceptable levels of biologically-recalcitrant organic compounds; 

 
2. Leachate recirculation is an emerging technology being tested and 

implemented to accelerate landfill stabilization and settling, and reduce 
contamination in leachate.  However, reported reductions in the 
concentrations of COD and other constituents in leachate are on the order of 
only 20% and, in the long term, a mature (high-strength, 
biologically-recalcitrant) leachate may still be generated.  Such mature 
leachate currently requires physical/chemical treatment prior to discharge to 
many small-to-medium sized activated sludge treatment plants in Florida, and 
requirements for pre-treatment will increase as the effects of stricter arsenic 
standards are realized and as CCA-treated wood structures are disposed in 
landfills; 
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3. Fenton and IMA treatment are currently the most cost-effective technologies 

available for reduction of COD and enhancement of biodegradability of 
landfill leachate.  Either technology could be employed as an integral part of 
a leachate recirculation scheme for COD reduction, and IMA treatment further 
provides removal of ammonia, total dissolved solids, and arsenic; 

 
4. Fenton treatment effectively reduced the COD of a primarily mature leachate 

by 60%, and the BOD5/COD molar ratio was increased from 0.04 to 0.25.  
Design parameters suggested based on these tests include an initial pH of 
approximately 3.0, and a molar ratio [H2O2]/[Fe2+] of 3:1 to 4:1.  A new 
explanation is proposed for this optimal molar ratio: that higher doses of H2O2 
act to oxidize organics already partitioned to the sludge phase, thereby not 
contributing as strongly to overall COD removal.  Aeration had little effect 
on COD removal efficiency.  However, dosing of Fenton reagents 
incrementally in steps over the treatment period increased removal efficiency 
somewhat; 

 
5. The Fenton process removed little ammonia nitrogen, and increased effluent 

electrical conductivity by 100% indicating a doubling of the total dissolved 
solids.  While ammonia could be removed in a second treatment step, the 
total dissolved solids would be difficult to remove in treatment and may 
present a disposal problem; 

 
6. The required handling and feeding of large volumes of concentrated acid, with 

attendant safety and corrosion issues, may limit the applicability Fenton 
treatment in the field; 

 
7. Both oxidation and coagulation contributed to COD reduction through Fenton 

treatment of leachate. Relative contributions depend primarily on pH, molar 
ratio of Fenton regents, and Fenton reagent dosages.  Under conditions found 
to support maximum COD removal, the ratio of COD removal by oxidation to 
removal by coagulation was approximately 2:1; 

 
8. Simple IMA treatment at neutral pH reduced the COD of primarily mature 

leachate by 56%, and increased the BOD5/COD mass ratio from 0.1 to 0.28; 
 

9. Simple IMA treatment further achieved an 83% reduction in ammonia 
nitrogen, and a 40% reduction in the effluent electrical conductivity of 
leachate; 

 
10. Chemically-enhanced, fixed bed IMA treatment of a more recalcitrant leachate 

reduced COD by 50%, and increased the BOD5/COD mass ratio from 0.02 to 
0.17.  Both oxidation and coagulation contributed to COD reduction, with 
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oxidation occurring primarily within the first 9 hours.  Design parameters 
suggested based on these tests include an aeration rate of at least 14 mL 
air/min-mL leachate, and a hydrogen peroxide dosage equal to approximately 
6.4 times the initial concentration of COD (mass ratio);  

 
11. Chemically-enhanced IMA treatment achieved a 73% reduction in total 

arsenic, from an initial concentration of 13.80 mg/L;  
 

12. Based on previous studies reported in the literature, and preliminary laboratory 
results for the UV-enhanced IMA process, ultraviolet radiation does not appear 
cost-effective for treatment of municipal landfill leachate; and 

 
13. It appears based on Year 1 results that the design objectives for a 24 hour 

treatment cycle of the process (preliminary cost projections below 
$0.05/gallon of mature leachate, >50% COD removal, BOD5/COD mass ratio 
>0.2, low total dissolved solids, operational simplicity, and projected 
reliability) can be met with the chemically-enhanced IMA process.  
Objectives can also be met with the Fenton process, with the exception that 
total dissolved solids are increased substantially.  Also, Fenton treatment 
does not remove ammonia.  Both processes appear practical for field 
implementation, with the caveat that Fenton treatment requires the storage, 
handling, and feeding of large volumes of concentrated acid. 
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APPENDIX 1. COMPUTATION TO ESTIMATE OPERATING COSTS OF 

AVAILABLE OXIDATION TECHNOLOGIES FOR LEACHATE 

TREATMENT  

Assumption: 
H2O2: 50% purity 0.495 dollars/lb, therefore, unit price of pure H2O2 = 0.495 
dollars/lb x (1/50%) x (1 lb/453.6 g) = 2.18 x 10-3 dollars /g H2O2 
H2SO4: 200 dollars/ton, therefore, unit price of H2SO4 =200 dollars/ton x (1 ton/ 2000 
lb) x (1 lb/453.6 g) = 0.22 x 10-3 dollars /g H2SO4 
FeSO4·7H2O: 150 dollars/ton, therefore, unit price of pure for FeSO4·7H2O= 150 

dollars/ton x (1 ton/ 2000 lb) x (1 lb/453.6 g) = 0.17 x 10-3 dollars FeSO4·7H2O /g 
 
 
UV (TiO2) Cho et al. (2002) 
Given:  
Lamp power 16 x 0.008 KW=0.128 KW, reaction time 12 hrs, reactor vol. = 0.19 L; 
COD0 = 1409 mg/L, CODf = 282 mg/L, ΔCOD= 1409-282=1127 mg/L; pH0 = 8.57, 
pHf = 4, alkalinity = 6127 mg/L as CaCO3 
Solution:  
Power consumption per unit mass COD: (0.128 KW ÷ 0.19 L)x 12 hr ÷1127 mg COD 
/L x 106 mg/kg = 7173 KWh/kg COD 
Consumed acid = (6127 mg/L ÷ 50 mg/meq) ÷2 = 0.062 mol H2SO4/L  
Cost per unit volume leachate: 7173 KWh/kg COD x 0.1 dollar/KWh + 0.062 mol 
H2SO4/L x 98 g H2SO4/mol x 0.22 x 10-3 dollars /g H2SO4  ÷ (1.127 x 10-3 kg 
COD/L)=719 dollars/ 103 gal 
Cost per unit volume leachate: 7173 KWh/kg COD x 1.127x 10-3 kg COD/L x 3785 
L/ 103 gal x 0.1 dollar/KWh + 0.062 mol H2SO4/L x 98 g H2SO4/mol x 0.22 x 10-3 
dollars /g H2SO4  x 3785 L/ 103 gal =3065 dollars/ 103 gal. 
 
O3  after coagulation  Monje-Ramirez, I. and Velásquez, M.T. Orta De (2004) 
Given:  
COD0 = 1511 mg/L, CODf = 1012 mg/L, ΔCOD= 1511-1012=499 mg/L,  O3 
consumption = 1700 g O3/ kg COD 
Solution: 
Assume a plant has 8x106 gal leachate /year, that is, 8x106 gal leachate /year x 1 
year/365 days = 21918 gal/ day. Hence, required O3 = 21918 gal/day x3.785 L/ 1 gal x 
0.499 x 10-3 kg COD/L x1700 g O3/ kg COD x 1 lb/ 454 g = 155 lb O3/day.  
 
See Figure A-24 on Manual: Ground Water and Leachate Treatment Systems (USEPA, 
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1995), at 155 lb O3/day, O&M cost = 5.5x 104 dollars/day.  
 
Cost per unit mass O3 = 5.5x 104 dollars /day ÷ 155 lb O3/day = 355 dollars/lb O3 
Cost per unit mass COD =355 dollars/lb O3 x 1700 g O3/ kg COD x 1 lb/454 g = 1328 
dollars/kg COD  
Cost per unit volume leachate = 5.5x 104 dollars/day ÷ 21918 gal/ day = 2509 
dollars/103 gal.  
 
 
O3   Qureshi et al. (2002) 
Given:  
COD0 = 25950 mg/L, CODf = 19884 mg/L, ΔCOD= 25950-19884=6066 mg/L,  O3 
generation rate= 70 mg/min = 4.2 g O3/ h, reaction time = 5 h, reactor vol = 8 L 
Solution: 
O3 consumption = 4.2 g O3/ h x 5 h ÷ 8 L = 2.625 g O3/L 
O3 consumption per mass COD = 2.625 g O3/L ÷ 6066 mg COD/L = 433 g O3 / kg 
COD 
Assume a plant has 8x106 gal leachate /year, that is, 8x106 gal leachate /year x 1 
year/365 days = 21918 gal/ day. Hence, required O3 = 21918 gal/day x3.785 L/ 1 gal x 
2.625 g O3/ L x 1 lb/ 454 g = 480 lb O3/day.  
See Figure A-24 on Manual: Ground Water and Leachate Treatment Systems (USEPA, 
1995), at 480 lb O3/day, O&M cost = 1.5x 105 dollars/day.  
 
Cost per unit mass O3 = 1.5x 105 dollars /day ÷ 480 lb O3/day = 312.5 dollars/lb O3 
Cost per unit mass COD =312.5 dollars/lb O3 x 433 g O3/ kg COD x 1 lb/454 g = 298 
dollars/kg COD  
Cost per unit volume leachate = 1.5x 105 dollars/day ÷ 21918 gal/ day = 6844 
dollars/103 gal.  
 
O3 +UV 
Given:  
COD0 = 25950 mg/L, CODf = 17801 mg/L, ΔCOD= 25950-17801=8149 mg/L,  O3 
generation rate= 50 mg/min = 3 g O3/ h, reaction time = 5 h, reactor vol = 8 L; Lamp 
input = 1.5 KW, power = 1.5 KW x 5 h ÷8 L= 0.94 KWh/L 
Solution: 
O3 consumption = 3 g O3/ h x 5 h ÷ 8 L = 1.875 g O3/L 
O3 consumption per mass COD = 1.875 g O3/L ÷ 8149 mg COD/L = 230 g O3 / kg 
COD 
Assume a plant has 8x106 gal leachate /year, that is, 8x106 gal leachate /year x 1 
year/365 days = 21918 gal/ day. Hence, required O3 = 21918 gal/day x3.785 L/ 1 gal x 
1.875 g O3/ L x 1 lb/ 454 g = 343 lb O3/day.  
See Figure A-24 on Manual: Ground Water and Leachate Treatment Systems (USEPA, 
1995), at 343 lb O3/day, O&M cost = 8 x 104 dollars/day.  
 
Cost per unit mass O3 = 8x 104 dollars /day ÷ 343 lb O3/day = 233 dollars/lb O3 
Cost per unit mass COD =233 dollars/lb O3 x 230 g O3/ kg COD x 1 lb/454 g + 0.1 
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dollars/KWh x 0.94 KWh/L  ÷ (8.149 x 10-3 kg COD/L) = 118 dollars/kg COD 
+11.54 dollars/kg COD = 130 dollars/kg COD 
Cost per unit volume leachate = 8x 104 dollars/day ÷ 21918 gal/ day + 0.1 
dollars/KWh x 0.94 KWh/L  x 3785 L/103 gal = 3650 dollars/103 gal + 356 
dollars/103 gal = 4006 dollars/103 gal.  
 
H2 O2  
Given:  
COD0 = 25950 mg/L, CODf = 19638 mg/L, ΔCOD= 25950-19638=6312 mg/L,  
required H2O2 = 0.5 x (17/8) g H2O2 /g COD = 1.07 g H2O2 /g COD =1070 g H2O2 
/kg COD 
Solution: 
Cost per unit mass COD = 1070 g H2O2 /kg COD x 2.18 x 10-3 dollars /g H2O2 = 2.33 
dollars/kg COD 
Cost per unit volume leachate = 2.33 dollars/kg COD x 6.312 x 10-3  kg/L x 3785 
L/103 gal = 55.7 dollars/103 gal 
 
 
O3  Silva et al. (2004) 
Given:  
After coagulation, COD0 = 2599 mg/L, CODf = 1351 mg/L, ΔCOD= 
2599-1351=1248mg/L, 3000 mg /L O3 
Solution:  
3000 mg /L O3 ÷ 1248mg COD/L =2404 g O3/kg COD 
Assume a plant has 8x106 gal leachate /year, that is, 8x106 gal leachate /year x 1 
year/365 days = 21918 gal/ day. Hence, required O3 = 21918 gal/day x3.785 L/ 1 gal x 
0.499 x 10-3 kg COD/L x 2404 g O3/ kg COD x 1 lb/ 454 g = 219 lb O3/day.  
 
See Figure A-24 on Manual: Ground Water and Leachate Treatment Systems (USEPA, 
1995), at 219 lb O3/day, O&M cost = 7 x 104 dollars/day.  
Cost per unit mass O3 = 7 x 104 dollars /day ÷ 219 lb O3/day = 320 dollars/lb O3 
Cost per unit mass COD =320 dollars/lb O3 x 2404 g O3/ kg COD x 1 lb/454 g = 1694 
dollars/kg COD  
Cost per unit volume leachate = 7x 104 dollars/day ÷ 21918 gal/ day = 3194 
dollars/103 gal.  
 
 
O3 + H2O2 after aerobic process Wang et al. (2001) 
Given: 500 H2O2 mg/L , in- O3 52.2 mg/L O3, off-gas 22.4 mg/L O3, O3 generation 
rate = 2.4 L O3 /min, reaction time 60 min; COD0 = 1440 mg/L, CODf = 905 mg/L, 
ΔCOD= 1440-905=535 mg/L 
Solution: 
H2O2 : 500 mg/L ÷ 535 mg/L = 935 g H2O2 / kg COD 
O3: 52.2 mg/L O3 x 2.4 L O3 /min x 60 min ÷ 535 mg COD/L = 14050 g O3 / kg COD 
O3 efficiency: 1-22.4 mg/L O3 ÷ O3 52.2 mg/L O3 =1-0.43=0.57=57% 
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Assume a plant has 8x106 gal leachate /year, that is, 8x106 gal leachate /year x 1 
year/365 days = 21918 gal/ day. Hence, required O3 = 21918 gal/day x3.785 L/ 1 gal x 
0.535 x 10-3 kg COD/L x 14050 g O3/ kg COD x 1 lb/ 454 g = 1374 lb O3/day.  
 
See Figure A-24 on Manual: Ground Water and Leachate Treatment Systems (USEPA, 
1995), at 1374 lb O3/day, O&M cost = 3.5 x 105 dollars/day.  
Cost per unit mass O3 = 3.5 x 105 dollars /day ÷ 1374 lb O3/day = 255 dollars/lb O3 
Cost per unit mass COD =255 dollars/lb O3 x 14050 g O3/ kg COD x 1 lb/454 g +0.5 
g H2O2 /L x 2.18 x 10-3 dollars /g H2O2 ÷  0.535 x 10-3 kg COD/L = 7894 dollars/kg 
COD  
Cost per unit volume leachate = 7894 dollars/kg COD x 0.535 x 10-3 kg COD/L x 
3785 L/103 gal = 15986 dollars/103 gal.  
 
O3 + H2O2 after aerobic process+Fenton 
Given: 500 mg/L H2O2, in- O3 52.2 mg/L O3, off-gas 25.3 mg/L O3, O3 generation rate 
= 2.4 L O3 /min, reaction time 60 min; COD0 = 394 mg/L, CODf = 85 mg/L, ΔCOD= 
394-85=309 mg/L 
Solution: 
H2O2 : 500 mg/L ÷ 309 mg/L = 1618 g H2O2 / kg COD 
O3: 52.2 mg/L O3 x 2.4 L O3 /min x 60 min ÷ 309 mg/L = 24326 g O3 / kg COD 
O3 efficiency: 1-25.3 mg/L O3 ÷ O3 52.2 mg/L O3 =1-0.48=0.52=52% 
 
Assume a plant has 8x106 gal leachate /year, that is, 8x106 gal leachate /year x 1 
year/365 days = 21918 gal/ day. Hence, required O3 = 21918 gal/day x3.785 L/ 1 gal x 
0.309 x 10-3 kg COD/L x 24326 g O3/ kg COD x 1 lb/ 454 g = 1374 lb O3/day.  
 
See Figure A-24 on Manual: Ground Water and Leachate Treatment Systems (USEPA, 
1995), at 1374 lb O3/day, O&M cost = 3.5 x 105 dollars/day.  
Cost per unit mass O3 = 3.5 x 105 dollars /day ÷ 1374 lb O3/day = 255 dollars/lb O3 
Cost per unit mass COD =255 dollars/lb O3 x 24326 g O3/ kg COD x 1 lb/454 g +0.5 
g H2O2 /L x 2.18 x 10-3 dollars /g H2O2 ÷  0.309 x 10-3 kg COD/L = 13667 dollars/kg 
COD  
Cost per unit volume leachate = 13667 dollars/kg COD x 0.309 x 10-3 kg COD/L x 
3785 L/103 gal = 15984 dollars/103 gal.  
 
 
UV for raw leachate  Wang et al. (2002) 
Given:  
Lamp power 0.25 KW, reaction time 4 hrs; COD0 = 5800 mg/L, CODf = 4002 mg/L, 
ΔCOD= 5800-4002=1792 mg/L, reactor vol = 0.5 L 
Solution:  
Power consumption per unit mass COD: (0.25 KW x 4 hr ÷0.5 L)÷1792 mg COD /L x 
106 mg/kg = 1116 KWh/kg COD 
Cost per unit mass COD = 1116 KWh/kg COD x 0.10 dollars/KWh = 111.6 dollars/kg 
COD 
Cost per unit volume COD: 111.6 dollars/kg COD x 1.792 x 10-3 kg COD/L x 3785 L/ 
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103 gal = 757 dollars/ 103 gal 
 
UV after coagulation 
Given:  
Lamp power 0.25 KW, reaction time 4 hrs; COD0 = 4500 mg/L, CODf = 1750 mg/L, 
ΔCOD= 4500-1750=2750 mg/L, reactor vol = 0.5 L 
Solution:  
Power consumption per unit mass COD: (0.25 KW x 4 hr ÷0.5 L)÷2750 mg COD /L x 
106 mg/kg = 727 KWh/kg COD 
Cost per unit mass COD = 727 KWh/kg COD x 0.10 dollars/KWh = 73 dollars/kg 
COD 
Cost per unit volume COD: 73 dollars/kg COD x 2.75 x 10-3 kg COD/L x 3785 L/ 103 
gal = 760 dollars/ 103 gal 
 
 
UV after coagulation  
Given:  
Lamp power 0.25 KW, reaction time 4 hrs; COD0 = 4500 mg/L, CODf = 1750 mg/L, 
ΔCOD= 4500-1750=2750 mg/L 
Solution:  
Power consumption per unit mass COD: 0.25 KW x 4 hr ÷2750 mg COD /L x 106 
mg/kg = 364 KWh/kg COD 
Cost per unit volume COD: 364 KWh/kg COD x 2.75x 10-3 kg COD/L x 3785 L/ 103 
gal x 0.1 dollar/KWh= 379 dollars/ 103 gal 
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APPENDIX 2. IMA Treatment Test Data (no pH adjustment or hydrogen 

peroxide addition) 
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Comparison of residual COD% between natural decay, control and fibrous IMA fixed 
bed reactor.a 

Group Residual COD 
Untreated 88.00% 
Control 86.00% 
IMA 75.00% 

a Control group: aeration only. Leachate collected from the South Dade County 
landfill. Reaction time: 27 hours. Initial COD = 3630 mg/L. 
 
 
 
 
 
Summary of residual COD in fibrous IMA fixed bed reactor tests in treatment of 
leachate (Polk County)a 

 Residual COD Residual COD 
 

Sampling 
time (h) Mean Std Mean Std 
0 0% 1% 100% 1% 
1 2% 1% 98% 1% 
3 3% 2% 97% 2% 
9 20% 1% 80% 1% 

IMA 
(fibrous 
iron) 

27 26% 2% 74% 2% 
0 0% 1% 100% 1% 
1 8% 4% 92% 4% 
3 16% 1% 84% 1% 
9 25% 3% 75% 3% 

IMA 
(granular 
iron) 

27 31% 1% 69% 1% 
a Control group: aeration only. Initial COD = 846 mg/L 
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Summary of residual COD in fibrous IMA fixed bed reactor tests in treatment of leachate (Polk County)a 

 

Exp. No. 1 2 3 4 5 6 7 
 Sampling 

time (h) Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std

0 100% 5% 100% 2% 100% 1% 100% 15% 100% 2% 100% 2% 100% 2%
1 97% 3% 70% 6% 102% 2% 76% 3% 98% 6% 96% 4% 100% 1%
3 93% 10% 70% 11% 105% 1% 103% 9% 72% 8% 93% 5% 98% 2%
9 98% 11% 81% 10% 99% 2% 96% 9% 55% 10% 91% 5% 98% 3%

IMA 

27 56% 6% 50% 9% 57% 11% 72% 7% 90% 17% 78% 4% 70% 5%
0 100% 5% 100% 2% 100% 1% 100% 15% 100% 2% 100% 2% 100% 2%
1 95%  102% 0% 98%  98%  92% 0% 96% 4% 101% 0%
3 95%  100% 0% 100%  105%  93% 0% 98% 5% 101% 1%
9 105%  100% 0% 99%  98%  100% 0% 98% 7% 101% 2%

Control

27 115%  108% 0% 99%  96%  111% 0% 96% 5% 102% 1%
a initial COD = 684 ±14 mg/L 
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Summary of BOD5/COD in fibrous IMA fixed bed reactor tests in treatment of leachate (Polk County). 
 

Exp. No. 1 2 3 4 5 
 Sampling 

time (h) Mean Std Mean Std Mean Std Mean Std Mean Std 

0 0.097 0.005 0.100 0.006 0.037 0.006 0.038 0.019 0.099 0.003 
1 0.072 0.026 0.133 0.009 0.031 0.013 0.028 0.020 0.073 0.057 
3 0.079 0.006 0.135 0.019 0.040 0.001 0.084 0.008 0.118 0.017 
9 0.062 0.014 0.147 0.047 0.024 0.005 0.035 0.002 0.023 0.020 

IMA 

27 0.142 0.013 0.277 0.097 0.057 0.029 0.033 0.034 0.028 0.005 
0 0.097 0.005 0.100 0.006 0.037 0.006 0.038 0.019 0.099 0.003 
1 0.063  0.098  0.042  0.043  0.129  
3 0.057  0.096  0.029  0.019  0.053  
9 0.056  0.151  0.019  0.033  0.057  

Control 

27 0.064  0.112  0.029  0.030  0.025  
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Summary of (COD0-COD)/Fe in fibrous IMA fixed bed reactor tests in treatment of leachate (Polk County). 
 

Exp. No. 6 7 

Sampling time (h) Mean Std Mean Std 

0 0.000 0.000 0.000 0.000 
1 6.493 6.439 -0.005 1.006 
3 12.625 8.310 4.764 4.080 
9 9.414 4.524 5.166 7.689 
27 9.117 1.821 4.667 0.698 
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Summary of residual conductivity in fibrous IMA fixed bed reactor tests in treatment of leachate (Polk County)a 

 

 1 2 3 4 5 6 7 
 Sampling 

time (h) Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std

0 100% 4% 100% 2% 100% 3% 100% 1% 100% 3% 100% 4% 100% 1%
1 91% 3% 69% 4% 93% 1% 98% 6% 86% 4% 96% 2% 98% 1%
3 92% 4% 67% 5% 95% 3% 92% 1% 70% 6% 85% 2% 91% 1%
9 81% 5% 62% 4% 83% 3% 79% 2% 55% 7% 80% 2% 77% 3%

IMA 

27 72% 2% 59% 4% 66% 2% 69% 2% 64% 6% 69% 3% 61% 3%
0 100% 4% 104% 2% 100% 0% 100% 1% 100% 3% 100% 4% 100% 1%
1 103%  92%  97%  99%  97%  102% 0% 101% 2%
3 106%  94%  101%  97%  94%  100% 3% 103% 1%
9 100%  89%  102%  88%  103%  98% 1% 103% 3%

Control

27 101%  94%  94%  89%  92%  93% 2% 103% 1%
a initial conductivity = 6.24 ± 0.46 ms/cm 
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Summary of pH in fibrous IMA fixed bed reactor tests in treatment of leachate (Polk County) 
 

 1 2 3 4 5 6 7 
 Sampling 

time (h) Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std 

0 8.07 0.10 8.17 0.02 8.33 0.03 8.46 0 7.94 0.04 7.92 0.06 8.01 0.02
1 8.55 0.01 8.63 0.10 8.65 0.03 8.75 0.02 8.62 0.06 8.50 0.08 8.36 0.05
3 8.85 0.01 8.85 0.05 8.84 0.04 8.89 0.08 8.92 0.07 8.90 0.00 8.78 0.10
9 9.01 0.02 9.11 0.01 9.02 0.02 9.05 0.02 8.94 0.07 9.04 0.02 9.08 0.06

IMA 

27 9.35 0.24 9.52 0.67 9.46 0.03 9.00 0.10 9.06 0.05 9.11 0.08 9.10 0.03
0 8.07 0.10 8.17 0.02 8.33  8.46 0 7.94  7.92 0.06 8.01 0.02
1 8.05  8.15  8.30  8.48  7.92  7.95 0.02 8.07 0.00
3 8.09  8.15  8.36  8.39  7.90  8.04 0.02 8.15 0.01
9 8.06  8.15  8.32  8.41  7.91  8.17 0.03 8.19 0.06

Control

27 8.10  8.18  8.36  8.39  7.96  8.37 0.01 8.53 0.01
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Summary of residual COD in IMA fluidized bed reactor tests in treatment of leachate (Polk County)a 

 

 1 2 3 4 5 6 7 
 Sampling 

time (h) Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std 

0 100% 0% 100% 0% 100% 0% 100% 0% 100% 0% 100% 0% 100% 0% 
1 85% 4% 69% 3% 82% 2% 75% 8% 81% 16% 91% 11% 71% 5% 
3 85% 6% 71% 10% 81% 4% 80% 12% 58% 6% 70% 29% 66% 14%
9 83% 6% 66% 7% 76% 5% 67% 10% 62% 10% 60% 12% 60% 5% 

IMA 

27 73% 4% 51% 7% 71% 6% 44% 8% 49% 13% 51% 19% 46% 3% 
0 100%  100%  100%  100%  100% 0% 100% 0% 100% 0% 
1 94%  85%  91%  100%  111% 9% 106% 6% 91% 3% 
3 106%  71%  88%  73%  94% 18% 89% 20% 82% 15%
9 88%  76%  89%  93%  96% 4% 97% 4% 87% 5% 

Control

27 88%  90%  86%  87%  94% 7% 95% 4% 89% 3% 
a initial COD = 771 ±144 mg/L 
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Summary of BOD5/COD in IMA fluidized bed reactor tests in treatment of leachate (Polk County). 
 1 2 3 4 5 

 Sampling 
time (h) Mean Std Mean Std Mean Std Mean Std Mean Std 

0 0.059  0.038  0.101  0.048    
1 0.041 0.017 0.081 0.013 0.135 0.013 0.082 0.015 0.077 0.042
3 0.031 0.010 0.103 0.014 0.134 0.010 0.104 0.041 0.037 0.018
9 0.071 0.002 0.092 0.018 0.123 0.020 0.103 0.010 0.029 0.045

IMA 

27 0.071 0.008 0.147 0.029 0.112 0.014 0.150 0.025 0.142 0.050
0 0.059  0.038  0.101  0.048    
1 0.000  0.086  0.121  0.067  0.049 0.008
3 0.035  0.092  0.123  0.081  0.054 0.020
9 0.057  0.111  0.103  0.049  0.030 0.015

Control 

27 0.048  0.061  0.102  0.059  0.041 0.005
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Summary of (COD0-COD)/Fe in IMA fluidized bed reactor tests in treatment of leachate (Polk County). 
 6 7 
Sampling 
time (h) Mean Std Mean Std 

0 0.000  0.000  
1 0.097 0.222 0.220 0.040 
3 0.426 0.076 0.217 0.088 
9 0.132 0.153 0.189 0.025 
27 0.085 0.090 0.088 0.006 
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Summary of residual conductivity in IMA fluidized bed reactor tests in treatment of leachate (Polk County)a 

 

. 1 2 3 4 5 6 7 
 Sampling 

time (h) Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std 

0 100% 0% 100% 0% 100% 0% 100% 0% 100% 0% 100% 0% 100% 0% 
1 77% 0% 78% 0% 80% 3% 82% 2% 78% 1% 80% 2% 81% 1% 
3 67% 2% 68% 1% 64% 5% 66% 5% 68% 1% 65% 3% 66% 4% 
9 65% 3% 63% 2% 55% 13% 57% 12% 63% 3% 58% 3% 56% 3% 

IMA 

27 62% 3% 62% 2% 53% 15% 58% 13% 62% 1% 57% 3% 57% 2% 
0 100%  100%  100%  100%  100%  100% 0% 100% 0% 
1 98%  87%  90%  92%  93%  91% 0% 92% 0% 
3 87%  83%  73%  78%  83%  91% 17% 82% 14%
9 80%  83%  70%  75%  80%  90% 0% 82% 1% 

Control

27 80%  86%  65%  77%  82%  89% 0% 81% 1% 
a initial conductivity = 6.68 ± 0.40 ms/cm 
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Summary of pH in IMA fluidized bed reactor tests in treatment of leachate (Polk County). 
 

 1 2 3 4 5 6 7 
 Sampling 

time (h) Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std 

0 7.76 0.00 8.01 0.00 7.91 0.00 7.88 0 8.00 0.00 7.99 0.00 7.89 0.00
1 8.32 0.08 8.61 0.02 8.61 0.01 8.61 0.03 8.59 0.06 8.61 0.02 8.60 0.05
3 8.64 0.11 8.86 0.27 8.84 0.42 8.92 0.42 8.88 0.15 8.89 0.04 8.92 0.03
9 8.96 0.26 9.05 0.36 9.02 0.51 9.03 0.51 9.12 0.18 9.05 0.01 9.02 0.02

IMA 

27 9.20 0.28 9.08 0.42 9.12 0.57 9.15 0.57 9.14 0.04 9.20 0.01 9.16 0.04
0 7.76  8.01  7.91  7.88  8.00  7.99 0.00 7.89 0.00
1 8.17  8.14  7.88  7.91  8.66  7.90 0.05 7.88 0.04
3 8.45  8.15  8.09  8.14  8.76  8.14 0.45 8.08 0.47
9 8.75  8.25  8.18  8.29  8.70  8.18 0.02 8.12 0.02

Control

27 8.75  8.30  8.21  8.48  8.74  8.31 0.02 8.16 0.02
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APPENDIX 3. IMA Treatment Test Data (Taguchi array)
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Summary of L9(34) in fibrous IMA fixed bed reactor tests in treatment of leachate (Polk County). 

COD removal BOD5/COD Consumed Fe (mg/L) pH conductivity 
(ms/cm) 

Exp.  Observation 
1 

Observation 
2 

Observation 
3 Mean Std Observation 

1 
Observation 
2 

Observation 
3 Mean Std Mean Std 

1 1% -1% 1% 0.02 0.00 0.000 0.000 0.000 8.271 0.016 10328 298 
2 32% 36% 33% 0.042 0.006 3271 5353 3625 7.155 0.035 11948 80 
3 46% 44% 41% 0.065 0.012 8423 5053 6193 6.449 0.046 8684 632 
4 40% 46% 43% 0.073 0.024 1075 1707 2312 9.218 0.085 6191 106 
5 29% 24% 29% 0.02 0.00 1455 1176 1178 7.008 0.054 12011 1233 
6 44% 39% 40% 0.05 0.01 -158 810 317 6.551 0.030 13068 492 
7 38% 36% 48% 0.059 0.018 439 394 706 8.917 0.016 6065 2120 
8 27% 32% 32% 0.042 0.008 4243 3445 4228 6.856 0.035 7770 1576 
9 25% 28% 27% 0.05 0.01 872 777 179 6.716 0.002 12474 212 
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APPENDIX 4 Enhanced IMA Treatment Test Data
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Summary of effect of aeration rate and hydrogen peroxide concentration in fibrous IMA fixed bed tests (aeration rate = 7 mL air/mL sample 
min).a 

Overall residual 
COD 

COD removal by 
oxidation 

COD removal by 
coagulation BOD5/COD pH Conductivity 

(ms/cm) 
η = 
hydrogen 
peroxide 
conc./ 2.125 
COD0 

Mean std Mean std Mean std Mean std Mean std Mean std 

Initial - - - - - - 0.021 - 8.054 - 9900 - 
0 - - - - - - - - - - - - 
1 74% 2% 20% 1% 6% 3% 0.049 0.004 9.000 0.071 5870 99 
2 63% 2% 11% 1% 26% 0% 0.069 0.001 8.792 0.031 4970 240 
3 62% 3% 25% 1% 13% 4% 0.061 0.007 9.086 0.127 5385 49 
4 63% 4% 30% 5% 7% 1% 0.118 0.009 8.971 0.011 5860 57 

aReaction time: 27 hours. Leachate collected from Polk County. Initial COD = 1270 mg/L. 
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Summary of effect of aeration rate and hydrogen peroxide concentration in fibrous IMA fixed bed tests (aeration rate = 14 mL air/mL sample 
min).a 

Overall residual 
COD 

COD removal by 
oxidation 

COD removal by 
coagulation BOD5/COD pH Conductivity 

(ms/cm) η 
Mean std Mean std Mean std Mean std Mean std Mean std 

Initial - - - - - - 0.021 - 8.054 - 9900 - 
0 - - - - - - - - - - - - 
1 61% 3% 24% 5% 15% 2% 0.084 0.005 9.003 0.004 5940 85 
2 55% 0% 11% 0% 33% 1% 0.050 0.006 8.773 0.004 5935 120 
3 52% 2% 13% 1% 35% 2% 0.079 0.005 9.025 0.106 5805 148 
4 49% 2% 22% 2% 30% 0% 0.104 0.000 8.860 0.014 5860 42 

aReaction time: 27 hours. Leachate collected from Polk County. Initial COD = 1270 mg/L. 
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Summary of effect of aeration rate and hydrogen peroxide concentration in fibrous IMA fixed bed tests (aeration rate = 21 mL air/mL sample 
min).a 

Overall residual 
COD 

COD removal by 
oxidation 

COD removal by 
coagulation BOD5/COD pH Conductivity 

(ms/cm) 
η = hydrogen 
peroxide 
concentration/ 
2.125 COD0 Mean std Mean std Mean std Mean std Mean std Mean std 

Initial - - - - - - 0.021 - 8.054 - 9900 - 
0 - - - - - - - - - - - - 
1 56% 3% 31% 6% 13% 3% 0.157 0.069 9.129 0.172 5700 1782 
2 49% 2% 34% 4% 16% 1% 0.138 0.063 9.184 0.015 6650 325 
3 48% 5% 29% 2% 23% 7% 0.084 0.032 8.848 0.004 6500 594 
4 48% 7% 32% 4% 20% 3% 0.166 0.023 9.018 0.066 6580 552 

aReaction time: 27 hours. Leachate collected from Polk County. Initial COD = 1270 mg/L. 
 
Summary of results of treatment with hydrogen peroxide only.a 

Overall residual 
COD BOD5/COD pH Conductivity 

(ms/cm) 
η = hydrogen 
peroxide 
concentration/ 
2.125 COD0 Mean std Mean std Mean std Mean std 

Initial - - 0.021 - 8.054 - 9900 - 
0 - - - - - - - - 
1 100%  0.000  8.275  8000 1782 
2 98%  0.003  8.425  8187 325 
3 97%  0.069  8.414  9653 594 
4 93%  0.080  8.496  9547 552 
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aReaction time: 27 hours. Leachate collected from Polk County. Initial COD = 1270 mg/L. 
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Summary of kinetics tests in enhanced IMA fixed bed reactor for leachate (Polk County) treatment.a η = 3. Initial COD = 1270 mg/L. 
 

Overall COD 
removal 

COD removal by 
oxidation 

COD removal by 
coagulation BOD5/COD pH NH3-N (mg/L) 

Time (hr) 

Mean std Mean std Mean std Mean std Mean std Mean std 

0 0% 0% 0% 0% 0% 0% 0.021 0.000 8.054  300  
1 0% 3% 18% 3% 3% 0% 0.050 0.007 8.887 0.051 300 0 
3 21% 4% 22% 3% 3% 1% 0.062 0.002 9.029 0.067 200 71 
9 25% 1% 38% 2% 7% 3% 0.074 0.014 9.093 0.013 150 0 
27 45% 1% 38% 2% 12% 1% 0.159 0.005 9.067 0.003 50 0 

a η = 3. Initial COD = 1270 mg/L. 
 
 
Summary of [As] and iron corrosion in enhanced fibrous IMA fixed bed (Polk County leachate).a 

[As] (mg/L) [Fe] (mg/L) Time (hr) 
Mean std Mean std 

0 13.78 1.88 0.00 0.00 
1 4.45 2.20 2.43 0.74 
3 3.71 1.47 2.42 0.38 
9 4.02 0.77 2.23 1.73 
27 3.80 0.36 10.28 0.00 

a hydrogen peroxide concentration / [Fe2+] = 3. Initial mean COD = 1369 mg/L. 
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Summary of effect of times of stepwise addition on overall COD reduction and COD oxidation in enhanced-IMA treatment of leachate (Polk 
County leachate).a (Reaction conditions: mean initial COD0 = 1295 mg/L; mass [H2O2]/2.125COD0 = 3). 
 

 COD removal 
 

Times of adding H2O2
overall std oxidation std 

IMA 1 4200% 700% 2700% 300% 
IMA 9 4700% 100% 2800% 1100% 

a mean initial COD0 = 1295 mg/L; mass [H2O2]/2.125COD0 = 3 
 



 

 
 
 
 
 
 

112

APPENDIX 5. Fenton Treatment Test Data 
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Summary of effect of initial pH in Fenton treatmenta 

Overall COD 
removal 

COD removal by 
oxidation 

COD removal by 
coagulation Time (hr) 

Mean Std Mean Std Mean Std 

8.09 2.6% 1.2% 0.0% 0.0% 2.6% 1.2% 
7 15.2% 1.5% 1.0% 1.0% 14.2% 0.5% 
6 30.0% 1.8% 0.1% 0.2% 29.9% 1.6% 
5 42.9% 1.8% 10.7% 2.9% 32.2% 1.1% 
4 45.0% 1.5% 8.3% 0.8% 36.8% 0.8% 
3.5 50.0% 1.5% 14.6% 1.0% 35.4% 2.5% 
3 51.1% 1.8% 15.4% 2.8% 35.7% 0.9% 
2.5 49.3% 3.0% 11.8% 1.9% 37.6% 1.1% 
2 27.5% 3.0% 4.8% 3.6% 22.6% 0.5% 

aLeachate collected from Polk County. Initial COD = 1166 mg/L. 
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Summary of effect of molar [H2O2] / [Fe2+] on COD removal efficiencies in Fenton treatment of leachate (Polk County collected on 
12/16/2004).a 

[H2O2] Overall COD removal COD removal by oxidation COD removal by coagulation H2O2/Fe2+  
(molar) (mM) Mean Std Mean Std Mean Std 
0 0 - - - - - - 
1 30 36.6% 6.9% 1.7% 5.3% 34.9% 1.6% 
2 60 39.7% 7.1% 7.7% 5.0% 32.0% 2.1% 
3 90 44.7% 5.8% 12.2% 1.0% 32.5% 4.8% 
4 120 43.5% 7.0% 16.0% 7.8% 27.5% 0.8% 
10 300 46.6% 4.2% 31.6% 4.3% 14.9% 8.5% 

a[Fe2+] = 30 mM. Leachate collected from Polk County. Initial COD = 1133 ± 34 mg/L. 
 
Summary of effect of molar [H2O2] / [Fe2+] on COD removal efficiencies in Fenton treatment of leachate (Polk County collected on 
12/16/2004).a 

[H2O2] Overall COD removal COD removal by oxidation COD removal by coagulation H2O2/Fe2+  
(molar) (mM) Mean Std Mean Std Mean Std 
0 0 - - - - - - 
1 60 43.2% 4.4% 12.2% 2.2% 31.0% 2.2% 
2 120 48.5% 3.9% 18.9% 2.4% 29.5% 1.5% 
3 180 54.4% 1.7% 27.0% 3.8% 27.4% 2.2% 
4 240 52.9% 3.3% 31.2% 4.8% 21.8% 1.5% 
10 600 56.7% 3.0% 38.8% 0.0% 17.9% 2.9% 

a[Fe2+] = 60 mM. Leachate collected from Polk County. Initial COD = 1133 ± 34 mg/L. 
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Summary of effect of molar [H2O2] / [Fe2+] on COD removal efficiencies in Fenton treatment of leachate (Polk County collected on 
12/16/2004).a 

[H2O2] Overall COD removal COD removal by oxidation COD removal by coagulation H2O2/Fe2+  
(molar) (mM) Mean Std Mean Std Mean Std 
0 0 - - - - - - 
1 90 51.9% 0.5% 18.3% 4.8% 33.6% 4.3% 
2 180 55.4% 0.4% 21.4% 2.9% 34.0% 2.4% 
3 270 56.9% 3.9% 28.4% 1.7% 28.5% 2.2% 
4 360 54.6% 0.7% 28.7% 0.3% 26.0% 0.4% 
10 900 58.2% 5.0% 39.3% 3.6% 18.9% 1.3% 

a[Fe2+] = 90 mM. Leachate collected from Polk County. Initial COD = 1133 ± 34 mg/L. 
 
Summary of effect of molar [H2O2] / [Fe2+] on COD removal efficiencies in Fenton treatment of leachate (Polk County collected on 
12/16/2004).a 

Overall COD removal COD removal by oxidation COD removal by coagulation H2O2/Fe(II)  
(molar) Mean Std Mean Std Mean Std 
0 - - - - - - 
1 43.5% 0.7% 4.3% 5.1% 39.2% 5.8% 
2 44.6% 3.0% 18.9% 4.5% 25.6% 1.5% 
3 49.0% 0.3% 19.4% 5.8% 29.6% 5.5% 
4 54.4% 1.3% 37.6% 1.0% 16.8% 0.3% 
10 50.7% 1.5% 38.5% 1.4% 12.2% 2.8% 

a[Fe2+] = 64 mM. Leachate collected from Polk County. Initial COD = 1225 ± 58 mg/L. 
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Summary of doses of Fenton reagents in Fenton treatment of leachate (Polk County).a 

Overall COD 
removal 

COD removal by 
oxidation COD removal by coagulation [Fe2+] 

(mM) Mean Std Mean Std Mean Std 
0 0 - 0 - 0 - 
15 46.3% 5.2% 20.1% 5.1% 26.2% 0.1% 
30 53.0% 4.4% 34.7% 4.2% 18.2% 0.2% 
60 60.9% 1.6% 33.9% 5.8% 27.0% 4.3% 
90 59.7% 1.3% 43.5% 1.2% 16.2% 0.1% 

a Molar [H2O2] / [Fe2+] = 3. Initial mean COD = 1369 mg/L.
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Summary of conventional Fenton treatment of leachate (Polk County). 
Overall COD 
removal 

COD removal by 
oxidation 

COD removal by 
coagulation BOD5/COD NH3-N (mg/L) H2O2/Fe2+  

(molar) 
Mean Std Mean Std Mean Std Mean std Mean std 

0 - - - - - - - - - - 
1 43.5% 0.7% 4.3% 5.1% 39.2% 5.8% 0.191 0.035 350 71 
2 44.6% 3.0% 18.9% 4.5% 25.6% 1.5% 0.197 0.060 375 0 
3 49.0% 0.3% 19.4% 5.8% 29.6% 5.5% 0.226 0.050 300 0 
4 54.4% 1.3% 37.6% 1.0% 16.8% 0.3% 0.246 0.023 300 0 
10 50.7% 1.5% 38.5% 1.4% 12.2% 2.8% 0.254 0.031 300 0 

a Oxidation time = 3 hours. Flocculation time = 0.5 hour. Sedimentation time = 1.5 hours. Initial mean COD = 1225 ± 58 mg/L. Initial 
BOD5/COD = 0.050. Initial [NH3-N] = 350±71 mg/L. 
 
Summary of aerated Fenton treatment of leachate (Polk County). 

Overall COD 
removal 

COD removal by 
oxidation 

COD removal by 
coagulation BOD5/COD NH3-N (mg/L) H2O2/Fe2+  

(molar) Mean Std Mean Std Mean Std Mean std Mean std 
0 - - - - - - - - - - 
1 40.4% 3.7% 7.2% 1.7% 33.3% 5.4% 0.170 0.043 350 71 
2 48.3% 4.1% 18.5% 7.7% 29.8% 3.7% 0.197 0.061 313 88 
3 49.7% 1.8% 21.2% 1.6% 28.5% 0.2% 0.201 0.090 300 0 
4 57.2% 2.7% 34.3% 2.5% 22.9% 0.2% 0.203 0.084 300 0 
10 44.2% 0.5% 30.5% 1.8% 13.7% 1.3% 0.232 0.034 300 0 

a Oxidation time = 3 hours. Flocculation time = 0.5 hour. Sedimentation time = 1.5 hours. Initial mean COD = 1225 ± 58 mg/L. Initial 
BOD5/COD = 0.050. Initial [NH3-N] = 350±71 mg/L. 
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Summary of aeration and stepwise addition (Polk County). 
 

Exp. condition Overall COD
removal  std COD 

oxidation std 

no aeration + no stepwise 
addition 46% 3% 18% 3% 

no aeration + stepwise addition 56% 5% 24% 5% 
aeration + no stepwise addition 48% 3% 22% 3% 
aeration + stepwise addition 55% 3% 32% 3% 
 
 
Summary of stepwise addition (Polk County) 
 
stepwise overall std oxidation std 

1 48% 3% 22% 3%
3 46% 4% 23% 2%
6 61% 2% 26% 3%
9 55% 3% 32% 3%
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APPENDIX 6. COMPUTATION TO ESTIMATE OPERATING COSTS FOR 
ENHANCED IMA AND FENTON TREATMENTS 

Assume: 
0.96 x 10-3 dollars /g hydrogen peroxide,  
0.17 x 10-3 dollars /g FeSO4·7H2O 
0.22 x 10-3 dollars /g H2SO4 
6.06 x 10-5 dollars/g CaO 
Fe(0) (steel wool): if 0.07 dollar/lb Fe(0), 0.16 x 10-3 dollars /g Fe(0); if 1 dollar/lb 
Fe(0), 2.2 x  10-3 dollars /g Fe(0); if 3 dollar/lb Fe(0), 6.6 x  10-3 dollars /g Fe(0) 
 
Enhanced IMA 
 
From Figure 27, after 9 hrs 45% of the original COD (1270mg/l) has been oxidized, 
consuming 2,490 mg/l of Fe(0).  Therefore, (2490)/(0.4487*1270) = 4.37 mg Fe(0) 
consumed per mg of COD oxidized. 
 
Fe(0): 0.24 g COD/g Fe(0), so 4.17 x 103 g Fe(0)/kg COD. 
If 0.07 dollar/lb Fe(0), 4.17 x 103 g Fe(0)/kg COD x 0.16 x 10-3 dollars /g Fe(0) = 
0.67 dollar/kg COD for Fe(0). 
If 1 dollar/lb Fe(0), 4.17 x 103 g Fe(0)/kg COD x 2.2 x 10-3 dollars /g Fe(0) = 9.17 
dollar/kg COD for Fe(0). 
If 3 dollar/lb Fe(0), 4.17 x 103 g Fe(0)/kg COD x 6.6 x 10-3 dollars /g Fe(0) = 27.51 
dollar/kg COD for Fe(0). 
 
From Figure 25, η = [Hydrogen peroxide]/(2.125[COD0]), for η = 3, and COD0 = 
1,270 mg/l then Hydrogen peroxide concentration is 8,191.5 mg/l. This amount of 
hydrogen peroxide removed 53% of the COD0 (0.50*1,270 = 638.9 mg/l). Therefore, 
8191.5 mg/l Hydrogen peroxide / 638.9 mg/l COD = 12.82 mg Hydrogen 
peroxide/mg COD  
Hydrogen peroxide (50% solution) price transported from 1000 miles away in bulk 
can be $0.96/kg of Hydrogen peroxide 50% solution, which is equal to $0.96/0.5 kg 
of Hydrogen peroxide (or 0.96 x 10-3 dollars/0.5 g hydrogen peroxide) 
Hydrogen peroxide: 0.078 g COD/g hydrogen peroxide, so 12.82 kg Hydrogen 
peroxide/ kg COD. 
12.82 kg Hydrogen peroxide/ kg COD x $0.96/0.5 Kg hydrogen peroxide = $24.61/kg 
COD for hydrogen peroxide 
 
Aeration: in a traditional wastewater treatment, operating cost is $0.58-$1.28 /1000 
gal with an average cost of $0.82/1000 gal. Aeration cost can reach up to 21% of the 
total O&M cost, giving a cost of $0.17/1000 gal. In Enhanced IMA, most of COD 
was removed in 9 hours. Assuming that the aeration time for wastewater treatment is 
2.57 hours, The O&M Aeration cost for enhanced IMA would be 9/2.57*$0.17/1000 
gal = $0.60/1000 gal  (1 L leachate/0.6 x 10-3kg removed COD) x ($0.000159 /L) = 
$0.265/kg COD for aeration 
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In summary, operation cost for enhanced IMA: 
If 0.07 dollar/lb Fe(0), 0.67 dollar/kg COD + 24.61 dollars/kg COD + 0.265 
dollars/kg COD = 25.55 dollars/kg COD 
If 1 dollar/lb Fe(0), 9.17 dollar/kg COD + 24.61 dollars/kg COD + 0.265 dollars/kg 
COD = 34.05 dollars/kg COD 
If 3 dollar/lb Fe(0), 27.51 dollar/kg COD + 24.61 dollars/kg COD + 0.265 dollars/kg 
COD = 52.39 dollars/kg COD 
 
If 0.07 dollar/lb Fe(0), 0.6 x 10-3 kg COD/L x 25.55 dollars/kg COD = 15.33 x 10-3 
dollars/L x 3785 L/103 gal = 58.02 dollars/ 103 gal  
If 1 dollar/lb Fe(0), 0.6 x 10-3 kg COD/L x 34.05 dollars/kg COD = 20.43 x 10-3 
dollars/L x 3785 L/103 gal = 77.33 dollars/ 103 gal  
If 3 dollar/lb Fe(0), 0.6 x 10-3 kg COD/L x 52.39 dollars/kg COD = 31.43 x 10-3 
dollars/L x 3785 L/103 gal = 118.98 dollars/ 103 gal  
 
Fenton 
 
Ferrous: 0.22 g COD/g Fe2+, so 4.55 x 103 g Fe2+/kg COD, equivalent to 22.73 x 103 g 
FeSO4·7H2O /kg COD 

22.73 x 103 g FeSO4·7H2O /kg COD x 0.17 x 10-3 dollars FeSO4·7H2O /g COD = 3.86 
dollar/kg COD for ferrous 
 
H2O2: 0.12 g COD/g H2O2, so 8.33 kg H2O2/ kg COD. 
8.33 kg H2O2/ kg COD x 0.96 dollars/0.5 kg H2O2 =15.99 dollar/kg COD for H2O2 
 
H2SO4: in lab experiment, 0.7 mL concentrated H2SO4 (96%) could lower pH to 3.0 in 
300 mL of leachate. Density of H2SO4 is 1.84. So 0.7 x 1.84 = 1.288 g H2SO4, and 
(1.288 H2SO4 g /0.3 L leachate x(0. 22 x 10-3 dollars /g H2SO4) = 0. 945 x 10-3 dollars 
/ L leachate = 3.66 dollars / 103 gal leachate 
(1 L leachate/0.6 x 10-3kg removed COD) x (0. 945 x 10-3 dollars / L leachate)=1.58 
dollars/kg COD for sulfuric acid 
 
CaO: in lab experiment, 1.6 g CaO increased pH to 8.0 after Fenton oxidation. 1.6 g 
CaO/0.3 L = 5.33 g CaO/L, and (5.33 g CaO/L) x (6.06 x 10-5 dollars/g CaO) = (3.23 
x 10-4dollar/L)x (3785 L/103 gal) = 1.22 dollars/103 gal 
(1 L leachate/0.6 x 10-3kg removed COD) x (3.23 x 10-4 dollars / L leachate)=0.54 
dollars/kg COD for CaO 
 
In summary, operation cost for enhanced IMA: 
3.86 dollar/kg COD + 7.99 dollar/kg COD + 1.58 dollar/kg COD + 0.54 dollar/kg 
COD = 21.97 dollars/kg COD 
0.6 x 10-3 kg COD/L x 19.85 dollars/kg COD = 11.91 x 10-3dollars/L x 3785 L/103 gal 
= 45.08 dollars/ 103 gal (ferrous + hydrogen peroxide); plus acid and lime, 45.08 + 
3.66 + 1.22 dollars/ 103 gal = 49.96 dollars/ 103 gal 
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