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Abstract 

In this study one open dump lysimeter with leachate detection and collection system as well as two 
it 

sanitary lysimeter having two different types of cap liner were simulated. After designing a reference 

cell, construction of landfill lysimeter was started in January 2008 and completed in July 2008. In all 

construction process locally available civil construction materials were used. The municipal solid 

waste (MSW) of 2800 to 2985 Kg having the total volume of 2.60 m3  (diameter 1.48 m; height 1 .6m) 

as well as moisture and organic content of 65, 52 %, respectively, was deposited in each lysimeter by 

applying required compaction energy. This study endeavors to characterize leachate and investigate 

the tropical climatic influence on leachate characteristics under different seasonal variation. The 

leachate characteristics, leachate generation and climatic influence parameter had been monitored 

since June 2008 to Dec. 2010. These periods covered both the dry and rainy season. The leachate 

generation followed the rainfall pattern and open dump lysimeter-A without top cover demonstrated 

more leachate generation due to percolation of rainfall than that of sanitary lysimeter-B and C. 

Open dump lysimeter-A showed lower concentration of TKN and NH4-N as well as TKN load, while 

both the concentration and load of COD higher in compared to sanitary lysimeter-B and C. Sanitary 

lysimeter-B, not only revealed lower leachate generation, but also produced reasonable lower 

concentration and load of COD in compared with open dump lysimeter-A. Result depicted that 

lysimeter operational mode had direct effect on leachate quality. In contrary, sanitary lysimeter-C 

showed higher composition of LFG in compared to sanitary lysimeter-B due to the providing of lower 

compaction of cap liner in sanitary lysimeter-C. in absence of compacted clay liner (CCL) and hence 

percolation of rainwater that facilitated rapid degradation of MSW in open dump lysimeter-A and 

resulted in higher settlement than that of sanitary lysimeter-B and C. In sanitary lysimeter-B and C, 

leachate generation showed lesser amount than that of open dump lysimeter-A due to the providing of 

cap liner in lysimeter-B and C, played an important role to reduce the percolation of rainwater. Study 

revealed leachate pollution index (LPI) and sub-pollution indices (sub-LPI) for lysimeter significantly 

higher and proper treatment to be necessary before discharging the leachate into the water bodies. 

To meet the standard discharge condition lysimeter leachate was treated in the laboratory through the 

phytoremediation treatment process by using aquatic reactors of duckweed, snail, helencha and 

topapana, but the removal efficiency was not satisfactory. Then the leachate was treated through the 

chemical coagulation process by using FeCl3, PAC, FeSO4  and Al2(SO4)3  in various dosages and pH. 

Result revealed that FeCl3  more effective for removing pollutant. In the laboratory, leachate was 

further treated by using FeCl3  at optimum dosage and the concentration and consequently the values 

of LPI of treated leachate were found within the limit of maximum discharge standards. Finally, it can 
41 

be concluded that leachate generated from lysimeter may be discharge after required level of chemical 

treatment into the natural streams to maintain the limit of maximum discharge standards. 
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Nomenclature 

All the notation and symbols are defined where they first appear in the text or figures. For 

convenience, the more frequently used symbols and their meanings are listed below. 

Al2(SO4)3  : Aluminum sulphate 

AN1, AN2  : Anaerobic reactors 

AOP : Advanced oxidation processes 

API-IA American public health association 

ASTM American Society for Testing and Materials 

B Sanitary lysimeter-B 

BOD5  : Biochemical oxygen demand 

c : Cohesion 

CaCO3  : Calcium carbonate 

CC Cement concrete 

CCLs : Compacted clay liners 

Cd Cadmium 

CEC : Cation exchange capacity 

Cu 4  : Methane 

CL : Closed lysimeter 

Cl- : Chloride 

CO2  Carbon dioxide 

COD Chemical oxygen demand, 

Cr Chromium 

Cu : Copper 

DoE : Department of Environment 

E : Evapo-transpiration from the landfill 

EB Electron beam 

EC : Electric conductivity 

EPA : Environmental protection agency 

EPD : Environmental protection department 

ET : Quantity of moisture lost through evapo-transpiration per unit area 

Fe : Total iron 

FeCl3  : Ferric chloride 

FeSO4  : Ferrous sulphate 

FMLs : Synthetic flexible membrane liners 

GCL : Geosynthetic clay liner 

gm : Gram 

H2SO4  : Sulfuric acid 
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HCl Hydrochloric acid 

I-ICV Higher calorific value 

ISWA : International solid waste association 

k : Intrinsic permeability 

KUET : Khulna University of Engineering & Technology 

LCS : Leachate collection systems 

LCV : Lower Calorific value 

LDCs Least developed countries 

LPI : Leachate pollution index 

LP110  Root sum power additive form (r=10) 

LPI2  Root sum power additive form 

LP125  : Ambiguity and eclipsity free aggregation function 

LPI4  : Root sum power additive form (r=4) 

LPIh : Leachate pollution index for heavy metal fraction in leachate 

LPL Leachate pollution index for inorganic fraction in leachate 

LPlrnax  Maximum operator function 

LPJnr  : Weighted root sum square aggregation function 

LPIor  : Leachate pollution index for organic fraction in leachate 

LPTrm  Root mean square additive form 

LPIua  Unweighted additive form 

LPIum  And unweighted multiplicative aggregation function 

LPI 10  Weighted root sum power additive form (r10) 

LPI.2, 5  : Weighted ambiguity and eclipsity free aggregation function 

LPI \%4  : Weighted root sum power additive form (r=4) 

LPIssa  : Weighted linear additive form 

LPII.%Inl Multiplicative aggregation function 

MAP : Magnesium ammonium phosphate 

MBAS : Methylene blue active substances 

meq : Milliequivalents 

MSW : Municipal solid waste 

n Number of leachate pollutant parameter 

NH3-N Nitrate 

NH4-N : Ammonia nitrogen 

Ni : Nickel 

NMOCS : Non-methane organic compounds 

NTU : Naffilometric turbidity unit 

02 : Oxygen 

03  Ozonation 
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OC : Organic content 

OL Open lysimeter 

OpCD : Optimum coagulant dosage 

PAC Poly-aluminum chloride 

Pb : Lead 

PER : Quantity of water which percolates through the cover per unit area of soil 

P1 : Plasticity index 

p1 : Sub-index value 

PL : Plastic limit 

PSSL : Pilot scale sanitary landfill 

R : Precipitation 

R2  : Regression coefficient 

RCC Reinforced cement concrete 

RO Quantity of runoff per unit area 

rpm Revolution per minute 
5042  : Sulfate 

SPT : Standard penetration test 

Suh-LPI : Sub-pollution indices 

TCB : Total coliform bacteria 

Tl)S : Total dissolve solid, 

TKN : Total kjeldahl nitrogen 

TOC : Total organic carbon 

TS : Total solid 

TSS : Total suspended solid 

UV Ultraviolet 

VDS : Volatile dissolved solids 

VFA : Volatile fatty acids 

VOC : Volatile organic compounds 

VS : Volatile solid 

VSS : Volatile suspended solids 

W Quantity of moisture either lost or retained in the waste 

w/w : Weight per weight 

We Water in the cover material placed on the waste 

Wevp : Moisture loss due to evaporation 

w1  : Weight factor 

Wleach Water leaving the landfill (control volume) as leachate 

Wlfg : Water utilized in the formation of landfill gas 

Wp : Water from precipitation and other outside sources (less runoff) 
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Wsw : Moisture in the incoming solid waste 

Wv Water lost as saturated vapor with the landfill gas 

Zn : Zinc 

Specific weight of water 

AMC : Change in the amount of moisture stored in a unit volume of landfill 

p. : Dynamic viscosity of water and 
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Chapter One 

Introduction 

1.1 Background of the Study 

The best appropriate ways of managing of municipal solid waste (MSW) generated from 

different sources are source reduction, reuse and recycling, but beyond this, the remaining 

MSW still have to be effectively managed with environmentally sound technologies (Rafizul et 

al.. 2012a). The key management tries of MSW are landfihling, composting, anaerobic 

digestion, combustion or incineration and gasification (Tchobanoglous et al., 1993). There are 

two options for disposal of MSW, one is open dumping and another one is sanitary landfill 

(Visvanathan et al., 2002). In South and Southeast Asia more than 90 % of MSW is disposed in 

an open dumping landfill (Trankler et al., 2005). Considering this issue, it is necessary to 

develop an approach to design and operate simple landfill with economic version, which are in-

transition between an open dumping and sanitary landfill facilities (Visvanathan et al., 2002). 

The term 'landfill' is used herein to describe a unit operation for final disposal of MSW on land, 

designed and constructed with the objective of minimum impact to the environment (Alamgir 

et al., 2005). This term encompasses the other terms such as 'secured landfill' and 'engineered 

landfills' which are also sometimes applied to MSW disposal units (Tubtirnthai, 2003). The 

term 'landfill' can be treated as synonymous to 'sanitary landfill' of MSW, only if the latter is 

designed on the principle of waste containment and is characterized by the presence of a liner 

and leachate collection system to prevent ground water contamination (Visvanathan et al., 

2007). Sanitary landfill is one of the secure and safe facilities for the disposal of MSW; 

however, it needs high standard of environment protection in the operation of landfill (Davis 

and Cornwell, 1998). Moreover, it is a well-suited method for managing of MSW and to 

investigate the performance of sanitary landfill, the behavioral patterns namely; leachate 

generation, landfill gas (LFG) emissions etc. are required (Visvanathan et al., 2002). Sanitary 

landfill is the most popular method of ultimate disposal of MSW. It is a land disposal site 

4 employing an engineered method of disposing of MSW on land in a manner that minimize 
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volume, and applying and compaction cover material at the end of each day (Davis and 

Cornwell, 1998; Qasim and Chaing, 1994). 
'a 

Lysimeter is a simulate form of sanitary landfill in the sense of control device (Rafizul et al., 

2011). The word lysimeter is a combination of two Greek words "Lusis" means Solution and 

"Meiron" means Measure and the original aim is to measure soil leaching as stated by Rafizul 

et al. (2009). Three lysimeters were designed and hence constructed at KUET campus, to 

investigate the performance of both the base and cap liners. In order to restrict of leaching, 

both the cap and base liners made from compacted clay liners (CCLs) were used in landfill 

lysimeter. The base liner in lysimeter-A in terms of thickness and materials characteristics was 

the same as the pilot scale sanitary landfill (PSSL) situated at Rajbandh of KJ1ulna city (Islam 

et al., 2011). 1-lowever, two different types of cap liners were constructed in the experimental 
A 

study; cap liner in lysimeter-B was exactly the same as PSSL and the one in lysimeter-C was a 

simple and economic version. The MSW deposited in landfill lysimeter was collected from 

Khulna city area as similar to that of deposited in PSSL. Moreover, the average composition of 

MSW and moderate compaction density were maintained during the deposition of MSW in 

lysimeter. The functionality of locally available civil engineering materials used for lysimeter 

construction will he judged through its proper characterization. Moreover, the emission of LFG 

and leachate from MSW in lysimeter depends on the characteristics of clay used as CCLs and 

the deposited MSW in landfill lysimeter. The principal components of LFG emissions from the 

landfill sites are methane, carbon dioxide, hydrogen, oxygen and nitrogen (Gendibien et al., 

1992). Methane and carbon dioxide are the major gases produced in MSW from anaerobic 

decomposition of biodegradable organic waste (Aim et al., 2002). 

The leachate generated from MSW disposal sites is considered as one of the highly 

contaminated resources from physical, chemical and biological point of view (Rafizul et al., 

2009). However, the best possible knowledge of leachate characteristics at a specific site is an 

essential management tool. This is not only important for new containment landfill needs 

designed in advance, where leachate will be extracted , but also important for the old landfill 

where the environmental safeguards rely on the natural attenuating properties of the geological 

strata, to reduce the level of contaminant to environment (Robinson ci al., 1989 and Youcai et 

at.. 2000). In that maimer leachate may pose a severe pollution threat to ground water supplies 

(Kelly et at., 1976; Rafizul et al., 2012h). Chemically contaminated leachate is one of the Al 

byproducts in landfill degradation reactions (Alamgir ci al., 2006). One of the severe problems 
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associated with the open dumping of MSW is percolation of leachate into the surrounding 

environment, subsequent contamination of the land and water bodies (Walker, 1969; Chian and 

DeWalle. 1976; Kelly,1976: Masters, 1998; Kurnar et al., 2002). El-Fadel et al. (2002) stated 

that composition of landfill leachate can exhibit considerable spatial and temporal variations 

depending upon the site, management practices, refuse characteristics (i.e. composition and 

age), and internal landfill processes (hydrolysis, adsorption, speciation, dissolution, ion 

exchange, re-dox reactions, precipitation etc.). Moreover, the variation of leachate quality in 

MSW landfill can be attributed to many interacting factors such as the composition and depth 

of MSW; decomposition and age of MSW; degree of compaction; landfill design and 

operation; liner (top and base) design and operation; MSW filling procedures; the availability 

of moisture content; available oxygen; rate of water movement (fluid addition) and temperature 

(Qasim and Chiang, 1994). Therefore, it is difficult to generalize the chemical composition of 

leachate that posses at a particular time of sampling. In addition, leachate quality may vary 

from time to time and site to site due to the variables such as waste composition, temperature, 

moisture content, climatic changes etc. (Alkalay et al., 1998; Lee, 2002; Rafizul et al., 2011). 

The present study was aimed to characterize the leachate and to investigate the tropical climatic 

influence on leachate characteristics generated from MSW deposited in open dump and 

sanitary landfill lysimeter. The generation of leachate is a result of percolation of rainfall 

through open landfill (Aziz et al., 2007). Moreover, the characteristics of leachate are highly 

variable depending on the wastes deposited in the landfill, composition of wastes, moisture 

content, the particle size, the degree of compaction, sampling procedures, landfill design and 

operation, the hydrology of the site, the climate, and age of the fill and other site-specific 

conditions including landfill design and type of liners used, if any (Rafizul et al., 2012a; Leckie 

et al., 1979). The concentrations of leachate contaminants may range over several orders of 

magnitude (Deng and Englehardt, 2006; Bashir et al., 2010; Halim et al., 2010). 

Leachate can contaminate groundwater where landfills are not provided with liners and surface 

water if it is not collected and treated prior to its discharge. The overall pollution potential of 

landfill leachate can be calculated in terms of leachate pollution index (LPI) as proposed by 

Kumar and Alappat (2005). Because identification and quantification of pollutants in landfill 

leachate is the major limitation for its successful treatment (Trankler et al., 2005), LPI can be 

used as a mean to determine whether a landfill requires immediate attention in terms of 
A 

introducing remediation measures. Most of the landfills in developing countries including 

Bangladesh are not designed with proper leachate collection mechanism. Moreover, the state 
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regulatory authorities in almost of the countries have framed regulations to safe guard against 

the contamination of groundwater sources from the leachate generated from the landfills (Umar 

et al.. 2010). As the remedial and preventive measures are so expensive for most of the 

countries of the world, so it is to be taken up in a phased manner. Thus a system needs to 

develop to classify the landfill in the basis of their hazard potential (Urase et al.. 1997; Rafizul 

ci al.. 2012c). Kumar and Alappat (2003) have developed a technique to find the leachate 

contamination potential of different landfills on a comparative scale in terms of LPI. LPI has 

many potential applications including ranking of landfill sites, resource allocation, trend 

analysis, enforcement of standards, scientific research and public information. In this study, the 

contamination potential of landfill lysimeter was evaluated by using LPI and sub-LPIs and the 

variability of leachate parameters involved in LPI were also analyzed. 

Leachate is one of the major problems to overcome in managing the landfill. The collection 

and treatment of leachate has become common practice in order to prevent environmental 

pollution (Cara et al.. 1974; Zouboulis, 1930). This study endeavors to characterize the leachate 

collected from leachate collection chamber of landfill lysirneter at KUET campus, through the 

biological as well as chemical treatment processes. The concentration of contaminants in 

leachate was compared to the maximum discharge standard from some selected countries 

available in the literature. Result revealed most of the parameters exceed the permissible limit 

of maximum discharge standard which indicates that treatment is required for reducing the 

leachate concentration. Leachate samples having the ratio of BOD5  and COD is less than 0.30, 

should be treated by chemical treatment process; 0.30-0.60 by conbined process of biological 

and chemical treatment process; greater than 0.60 which indicates for removing leachate 

concentration, it shound be treated by biological process (Mahmud et al., 2012). In the pilot 

scale treatment scheme, the phytorernediation treatment through aquatic reactors by Duckweed 

(Lenina minor,), Snail (Pila glohasa), 1-Iclencha (Enhydra fiucluans) and Topapana (Pistia 

stralioles) was carried out. In the laboratory, leachate samples at varying concentrated were 

prepared through the dilution of raw leachate with tap water. At such stage, the prepared 100 

concentrations of leachate means 100 % of raw leachate was used and 50 concentration means 

50 % of tap water was mixed with 50 % of raw leachate. Similarly 20 concentration of 

contaminants in leachate means 80 % of tap water was mixed with 20 % of raw leachate. In 

addition, the leachate samples subsequent to pre-treatment through different aquatic reactors 

were analyzed based on the elapsed period from the treatment, leachate concentration 

(conditioning system) and removal efficiency. Treating through phytoremediation treatment 
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process, the removal efficiency was not satisfactory. Then for removing the concentration in 

& leachate, leachate was further treated by using chemical coagulants of ferric chloride (FeCl3), 

poly-aluminum chloride (PAC), aluminum sulphate (Al2(SO4)3) and ferrous sulphate (FeSO4) 

at various dosages and p1-I. Results revealed FeCl3  more effective coagulant in leachate 

treatment in compared to PAC, FeSO4  and A1004)3  because this chemical was able to give 

more reduction than PAC, FeSO4  and Al2(SO4)3  Result showed that by using FeCl3  at optimum 

dosage, the concentration of contaminants in leachate and consequently the vales of LPI of 

treated leachate of landfill lysimeter was found within the limit of maximum leachate discharge 

standards. It can be concluded that leachate generated from lysimeter may be discharge without 

further treatment into the natural streams to maintain the limit of maximum discharge 

standards. 

1.2 Objectives of the Study 

As a principal output from dumping facilities, leachate is one of the major problems to 

overcome in managing the solid waste landfill and treatment has become common practice in 

order to prevent environmental pollution. The treatment that has low cost, need less 

maintenance and environmental friendly was the target on how to treat the leachate. This 

research mainly focused on the performance of base liner in open dump lysimeter and cap liner 

in sanitary lysimeter. Moreover, the variation of leachate parameters with the increasing of 

elapsed period of MSW deposited in lysimeter operated at varying operational conditions as 

well as the tropical climatic variation also highlighted. To reduce the pollutant concentration in 

leachate for meet the standard discharge condition, the performance of biological and chemical 

treatment were also investigated. The overall objectives can be summarized as follows: 

To investigate the characteristics of leachate, LFG and settlement pattern of MSW 

deposited in lysimeter simulated at varying landfill operational condition. 

To examine the influence of tropical climatic on leachate characteristics, generation 

pattern and cumulative loading of carbon and nitrogen in leachate. 

To evaluate the contamination potential of landfill lysimeter by using a quantifying tool of 

leachate pollution index and sub-pollution indices. 

To study the consequence/potential and effectiveness of different treatment processes for 

removing contaminations from lysimeter leachate. 

To recommend appropriate design aspects and operational modes for sustainable landfill 

operation. 
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1.3 Scope of the Study 

This study was adopted landfill lysimeter simulation through different operation modes 

using three lysimeters that were set up for study lysimeter experiments under tropical 

conditions in the Environmental Research Station backyard of Civil Engineering 

Department at KUET campus. 

The leachate characteristics, leachate generation, settlement variation and climatic 

influence parameter such as rainfall and temperature, has been continuously monitored 

from June 2008 to December 2010. The experiment parameters were monitored 

continuously and were also utilized this data to compare the leachate characteristic, 

leachate generation in the region, and to determine settlement variation of solid waste 

during operation. 

One open dump lysimeter with leachate detection and collection system as well as two 

sanitary lysimeter having two different types of cap liner were simulated. 

(iv)The experiments has been conducted in simulated landfill lysimeter. The three landfill 

lysimeter , were constructed using the brick wall of 250 mm thick having outer and 

inner diameter of approximately 1.98 m and 1.48 m, respectively, with a total height of 

3.35 m, resting on a 250 mm thick of reinforced cement concrete mat foundation at a 

depth of 760 mm below the existing ground surface. 

The biodegradation of MSW in landfill lysimeter was studied in terms of quantity and 

quality of LFG produced, leachate characteristics and changes in chemical 

characteristics of solid waste at the beginning until the completion of the study. 

To meet the standard discharge condition lysimeter leachate was treated in the 

laboratory through the phytoremediation treatment process by using aquatic reactors of 

duckweed, snail, helencha and topapana, but the removal efficiency was not 

satisfactory. 

Then the leachate was treated through the chemical coagulation process by using 

FeCl3, PAC, FeSO4  and Al2(SO4)3  in various dosages and pH. 

The contamination potential of landfill lysimeter was evaluated by using a 

quantifying tool of leachate pollution index and sub-pollution indices. 
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1.4 Organization of the Thesis 

This report was written through eight chapters in the following sequence. The outline and 

relations between these eight chapters as depicts in Figure 1.1. The background, objectives as 

well as the research scope were presented in a comprehensive style in Chapter One. 

Chapter Two presented the literature review of this work. This chapter describes the 

characteristics of MSW and dumping facilities, CCL used in the lysimeter and the leachate 

characteristics and management which generated in lysimeter as a potential output. This 

chapter also deals about the open dump, sanitary landfill lysimeter and overall significance of 

the landfill gas emissions from MSW deposited in Landfill. In addition, the contamination 

potential of landfill lysimeter through the concept of leachate pollution index (LPI), 

4 formulation of sub-pollution indices and variable aggregation has been described in this 

chapter. 

Chapter Three discusses about the overall methodology of this study. The details of landfill 

lysimeters design, construction, monitoring and evaluation are also highlighted in this chapter. 

This chapter also discusses the procedure for the determination of physical, hydraulic, 

compaction properties as well as mineralogical compositions of clay used as compacted clay 

liner (CCL). Moreover, the physical and chemical characteristics of MSW deposited in 

lysimeter are also highlighted in this chapter. This chapter also deals about the laboratory 

procedure with model references for the determination of relevant parameters of contaminated 

leachate as well as measure the flow rate and composition of LFG generated from the MSW in 

lysimctcr and hence discussed. In addition, the analyses of contamination potential of landfill 

lysimeter through LPI, chemical and phytoremediation treatment of leachate are also described 

by the author in this chapter. 

Chapter Four describes the design, construction and evaluation of pilot scale landfill lysimeter 

in Bangladesh. Moreover, the design of reference cell, construction and monitoring of landfill 

lysimeter are also highlighted in this chapter. The monitoring of settlement of MSW in landfill 

lysimeter, quantification of leachate generated from MSW in landfill lysimeter, evaluation of 

contamination potential of landfill lysimeter using LPI and specific COD load of MSW in 

landfill lysimeter are also presented by the author in this chapter. In addition, this chapter 

describes the composition and production rate of landfill gas generated from MSW in sanitary 

landfill lysimeter. 
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Chapter Five represents the characterization and seasonal variation of lysimeter leachate. 

This chapter also describes the analytical methods for the assessment of leachate as well as 

the characteristics of leachate in terms of pH, chloride, nitrogen and carbon content. Moreover, 

the influence of tropical seasonal variations on landfill lysimeter operation in terms of 

variation of leachate generation, settlement, pH, COD concentration, chloride, total solid 

and conductivity are also described in this chapter. Chapter Five also describes the 

assessment of metal and heavy metal concentration in lysimeter leachate. The chapter 

represents the variation of metal concentrations in terms of calcium, potassium, sodium, 

magnesium and total iron as well as heavy metal concentration via cadmium, copper, nickel, 

zinc, chromium, lead and mercury in relation to the variation of elapsed time for the deposition 

of MSW in landfill lysimeter. 

Chapter Six represents the selection of appropriate aggregation function. Chapter Six describes 

the evaluation of contamination potential of landfill lysimeter using leachate pollution index 

(LPI). Moreover, the concept of leachate pollution index, pollutant variables selection, 

development of pollutant variable rating curves and variable aggregation are also highlighted in 

this chapter. In addition the assessment of parameters involved in the LPI and their significance 

are also represented in this chapter. The formulation of sub-pollution indices and evaluation of 

LPI of landfill lysimeter was also highlighted in this chapter. In addition, chapter Six represents 

the possible errors involved in the estimation of LPI. Moreover, the errors introduced by 

ignoring pollutant data based on weight factor, removing pollutants with low weight factors, 

removing pollutants with high weight factors and errors introduced by ignoring pollutant data 

based on sub-index value are also highlighted in this chapter. 

Chapter Seven describes the small scale phytoremediation treatment of lysimeter leachate. This 

chapter also represents the effect of phytoreinediation treatment on leachate concentration as 

well as the removal efficiency of pollutant in leachate. This chapter also describes the chemical 

treatment of lysimeter leachate using coagulants. The analytical methods for the assessment of 

leachate and the coagulation and flocculation process of leachate treatment are also highlighted 

in this chapter. The chemical coagulant at varying concentrations, regression coefficient for 

optimum coagulant dosage, effect of p1-I on the optimum coagulation dose of coagulation, 

regression coefficient for optimum pH as well as optimum results of leachate treatment are also 

highlighted in this chapter. 

Finally, the conclusions and recommendations of the findings were presented in Chapter Eight. 
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Chapter Two 

4- 

Literature Review 

2.1 General 

This chapter describes the characteristics of MSW and dumping facilities, CCL used in lysimeter 

and the leachate characteristics and management which generated in lysimeter as a potential 

output. This chapter also deals about the open dump, sanitary landfill, lysimeter technology and 

overall significance of the landfill gas emissions from MSW deposited in landfill. In addition, this 

chapter also deals about the contamination potential of landfill lysimeter through the concept of 

leachate pollution index (LPI), formulation of sub-pollution indices and variable aggregation. 

2.2 Municipal Solid Waste 

Municipal solid waste (MSW) can be defined as useless, unused, unwanted or discarded material 

available in solid or semisolid form (Qasim and Chiang, 1994). It normally includes all the 

community waste such as durable good, non durable goods, containers and packaging, food 

waste, yard wastes and small amount of inorganic waste except industrial wastes (White et al., 

1999; http://www.wastekeysheets.net/). Many changes of MSW generation and composition have 

taken place due to urbanization including increase in the population. The rate of consumption has 

risen and the lifestyle of the people, too, has changed (Margarida ci al., 2007). Several studies 

have shown how increasing waste has affected society and the environment (nature) (Narisa, 

2004). The amount of waste production is a sign of the level of industrialization or a degree of 

development of a country or a city (Grover et al., 2002; Ludwig, 2003). 

2.2.1 Composition of MSW 

Composition is the term used to describe the individual components that make up a MSW stream 

and their relative distribution, usually based on percent by weight 

(www.worldbank.org//soljd  wml). Most of the countries, in the world have a national aim to 
A decrease the quantity of MSW in different ways such as by recycling, recovery and diversion 
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from landfill. In order to achieve those aims, information about the composition of MSW is 

required (Burnley et at., 2007). The successful planning of MSW management requires the 

availability of reliable information about the quantity and the type of material being generated 

(Gidarakos et al., 2006; Renbi and Mardina, 2002). Infbrmation on the composition of MSW is 

important in evaluating equipment needs, systems, management programs and plans. The actual 

percentage distribution of solid wastes will depend on: (i) the extent of the construction and 

demolition activities, (ii) the extent of the municipal services provided, and (iii) the types of water 

and wastewater treatment processes (www.lboro.ac.uk/WEDC;  (www.epa. gov//non-

hw/muncpl/index.htm).). A complete picture about the composition of MSW is an essential part 

for selection of the appropriate type of storage and transport system, determination of the 

potential resource recovery, choice of a suitable method of disposal, and the determination of the 

environmental impact exerted by MSW (Alam et al., 2008; Chan, 1993). 

2.2.2 Physical Properties of MSW 

Important physical characteristics of MSW include specific weight, moisture content, particle size 

and size distribution in the mass, field capacity and porosity. The discussion is limited to an 

analysis of residential, commercial, and some industrial solid wastes (Tchobanoglous et al., 

1993). Additional details on physical, chemical, and inicrophytoremediation methods of testing 

for MSW may be found in various publications of the American Society for Testing and Materials 

(ASTM). 

-q 

2.2.2.1 pH 

pH is the numerical expression of the concentration of hydrogen ions in a solution. It depicts 

whether a solution is neutral (pH=7), acidic (p1-1<7) or alkaline (pfl>7). Organic materials with a 

wide range of pH values from 3 to 11 can be composted, but the more desirable p11 range for 

composting is between 5.5 and 8.5 (Tchobanoglous et al., 1993). A study conducted by 

WasteSafe (2005) and shows in Bangladesh the p1-I value for MSW varies from 7.71 to 8.69. It 

clearly shows that the MSW of Bangladesh suitable for composting. 

2.2.2.2 Total Porosity 

Total porosity at 100 % saturation, is defined as the volume water to total volume. For MSW, the 

typical value is 0.67. A typical compacted soil liner material has the total porosity of about 0.40. 
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2.2.2.3 Wilting Point 

Wilting point is defined as the lowest volumetric water content that can be achieved by plant 

transpiration. The typical value for MSW is 0.084, while it is 0.29 for compacted clay liner in soil. 

2.2.2.4 Moisture Gontent 

One of the most important physical characteristics of MSW is moisture content. Moisture content 

is a property of particular importance to incinerator design and operation because of its effect on 

the calorific value and the ignition characteristics of the refuse (Zach et al., 2000)). Moisture 

content is also very important in composting, as there is a close relationship between moisture and 

aeration-particularly in windrow composting (Diaz et al., 1996). The moisture content completely 

depends on the composition of MSW. In case of MSW, it depends on the socio-economic 

condition, life style, geological location, weather conditions, seasons particularly rains and other 

parameters such as storage practice, collection method, etc. The moisture content in the developed 

country is much less than that of the developing and Least Developed Countries (LDCs). For most 

MSW in the United States, moisture content varies from 15 to 40 %. A study (WasteSafe 2005) 

shows that in Bangladesh it varies from 56 to 70%. In aerobic composting process, moisture 

content should be in the range between 50 and 60 % (Tchobanoglous et al., 1993). It depicts that 

the MSW of Bangladesh is suitable composting. 

2.2.2.5 Volatile Solid Content and As/i Residue 

The portion of organic materials with respect to the solid wet of the sample that can be released as 

a gas when organic material is burned in a muffle furnace at the temperature of 550°C for 5 hours 

is known as volatile solid (VS) content (Tchobanoglous et al., 2002). VS is a useful parameter 

particularly in gas production. Gas production is usually expressed in two terms: i) per unit of 

total solid, and ii) VS introduced. The VS content depends on the composition of MSW and it is 

usually high in the LDCs. A study conducted in Bangladesh (WasteSafe 2005) shows that VS 

content varies from 43 to 71%, while ash residue varies from 29 to 57 %. 

2.2.2.6 Bulk Density 

Bulk density is the important physical characteristics of MSW for final sample size reduction 

operation. Density data is often required to obtain the mass and volume of waste that must be 
A 

managed. Proper evaluation of this property is also important in designing the collection 
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equipment and treatment plant capacity. It should be noted that the different value between the 

compacted and uncompacted densities (Diaz et al., 1996). Diaz et al. (1996) reported that bulk 

density for Low, middle income developing and industrialized countries varies from 300 to 600, 

200 to 300, 100 to 150 kg/rn3, respectively. 1-lowever, a study WasteSafe (2005) conducted in six 

major cities of Bangladesh shows that it varies from 549 to 1127 kg/rn3. 

2.2.2.7 Particle Size Distribution 

The particle size and distribution of the component materials in MSW is an important 

consideration for a basic understanding of the nature of the wastes and potentiality of materials 

recovery, especially with mechanical means such as trammel screens and magnetic separators. It 

is also a nutrient-related factor, because the waste is the substrate in composting and the substrate 

is the source of nutrients. The relation to nutrition is the effect of size of the individual particles. 

Particle size also determines the ratio of mass-to-surface and hence amount of a particle's mass 

that is exposed to microbial attack (Diaz et al., 1996). The particle size distribution of waste is 

usually determined by sieve analysis. Air-dried wastes with the lumps are passed through a 

number of sieves and finally cumulative percent passing though a given sieve is determined. This 

is generally referred to as percent finer. The particle size distribution can be used to determine 

some of the basic waste parameter such as effective size, the uniformity coefficient and the 

coefficient of gradation. The screens can be easily made with lumber and wire and have square 

openings, and the sizes of the openings are 400, 300, 200, 100, 76.2, 38.2, 19.1, 9.52, 4.76 and 

2.38mm. A study (WasteSafe, 2005) depict that the average percent finer in Bangladesh are 

100% in 200 mm sieve openings whereas 83 % in 100 mm, 72 % in 76.2 mm, 53 % in 38.2 mm 

and 33 % in 19.1 mm and gradually decreases for smaller sieve openings. In 100 mm sieve 

opening, the average highest value is 92 % for Kliulna city, while the lowest value is 78 % for 

Dhaka city. 

2.2.2.8 Field Capacity 

The field capacity of MSW is the total amount of moisture that can be retained in a waste sample 

subject to the downward pull of gravity. The field capacity of waste materials is of critical 

important in determining the formation of leachate in landfills (Tchobanoglous et al., 1993). 

Water in excess of the field capacity will be released as leachate. The field capacity varies with 

the degree of applied pressure and the state of decomposition of the waste. A field capacity of 30 
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percent by volume corresponds to 30inl100in. The field capacity of uncompacted commingled 

wastes from residential and commercial sources is in the range of 50 to 60 %. 

2.2.3 Chemical Properties of MSW 

The chemical properties of MSW are especially important to determine its possible environmental 

impacts. Information on the chemical composition of the components that constitute MSW is also 

important in evaluating alternative processing and recovery options (Jayabala, 2005; Mufeed et 

al., 2007; Agamuthu, 2001). The important chemical characteristics of MSW are: calorific value, 

carbon, nitrogen, hydrogen, oxygen, potassium, phosphorous, sulfur and boron. Among the above 

mentioned properties, the most important are described in the followings: 

2.2.3.1 Calorjfic value 

The term calorific value of waste is the quantitative estimation of heat energy released by burning 

(or modifying) a unit amount of the waste in a specified process (Fassett et al.,1994). Two types 

of energy values are usually ascertained; one is Higher Calorific Value (HCV) and another is 

Lower Calorific value (LCV). Depending upon the process, calorific value of a fuel may vary. 

The total heat released by complete burning of a fuel is called the HCV. Usually some fuel 

contains hydrogen, which produces water and heat during burning with oxygen. The water get 

evaporated by absorbing this heat and escaped with exhaust. Higher calorific value of MSW will 

be estimated by using a bomb calorimeter in laboratory as oven dry basis (Jha et al., 2003; 

Jouraiphy et al., 2005). The term calorific value of waste is quantitative estimate of heat energy 

released by burning a unit amount of waste in a specific process. It is obvious that energy content 

in MSW depends on the composition, however, literature shows (Tchobanoglous et al., 1993) that 

range of energy is 4,000 to 6,000 Btullb (9304 to 13,956kJ/kg). As reported (WasteSafe, 2005), 

calorific value of organic components of MSW collected from six major cities of Bangladesh was 

determined in laboratory by using a bomb calorimeter. The highest calorific values were 20,467 

kJ/kg for rubber, 20,077 kJ/kg for plastics and 14,578 kJ/kg for wood and the lowest value was 

obtained as 5, 907 kJ/kg for wood wastes. 

2.2.3.2 Carbon 

Carbon is one of the most important components in MSW. In aerobic composting of MSW, the 

,41 higher concentrations of carbon are superior as bacteria use carbon as an energy source. In MSW 

14 1 P a g e 



paper is the main source of carbon. Thus higher ratio of paper to vegetables/putrescible matters, 

higher the concentration of carbon can be obtained. In Bangladesh less percentage of paper is 

present in MSW. The report shows (WasteSafe, 2005) that percentage of paper and paper 

products varies from 7.2 to 10.7 % at source and 4 to 7 % at secondary disposal sites. From 

laboratory investigation, it was observed that average % of carbon varies from 2.67 to 15.15 in 

Bangladesh. 

2.2.3.3 Nitrogen 

In MSW, the main source of nitrogen is the vegetables/putrescible matter, which is very high 

percentage in MSW of Bangladesh. In aerobic composting of solid waste by Windrow Technique, 

the optimum value of nitrogen appears to be about 1.40% in compost (Enayetullah and Sinha, 

2000). Nitrogen as inorganic nutrient needed by microorganism during composting of solid waste 

and bacteria use nitrogen for cell building in aerobic composting. A study shows (WasteSafe, 

2005) that the percentage of nitrogen varies from 0.17 to 1.62% in Bangladesh as obtained from 

MSW samples collected from six major cities. 

2.2.3.4 Potassium 

Potassium is one of the principle inorganic nutrients needed by microorganism during the 

composting of solid waste. In aerobic composting of MSW by Windrow Technique, the optimum 

value of potassium appears to be about 0.66% in compost (Enayetullah and Sinha, 2000). A study 

shows (WasteSafe, 2005) that the percentage of potassium varies from 0.38 to 1.37% in 

Bangladesh as obtained from MSW samples collected from six major cities. 

2.2.3.5 P/i osphorous 

Phosphorous is another principle inorganic nutrients needed by microorganism during the 

composting of MSW. In aerobic composting of solid waste by Windrow Technique, the optimum 

value of potassium appears to be about 0.3 6% in compost (Enayetullah and Sinha, 2000). A study 

shows (WasteSafe, 2005) that the percentage of phosphorous varies from 0.23 to 0.41% in 

Bangladesh as obtained from MSW samples collected from six major cities. 
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2.2.4 Mechanical Properties 

The mechanical properties are especially important for the design of sanitary landfills and 

ancillary systems (Diaz et al., 1996). Analyses and testing of MSW are carried out using raw 

(fresh) MSW, fractions of MSW, as well as landfilled MSW generated in industrialized countries 

in Western Europe. Due to the sharp differences in the composition and characteristics between 

these wastes and those from economically developing countries, it is needed to modify to suit the 

conditions of the particular location (Diaz et al., 1996). 1-lowever, there is no reliable reported data 

in Bangladesh. Major mechanical characteristics of MSW are described briefly in the followings: 

2.2.4.1 Stren gE/i and compressibility 

Strength and compressibility for MSW are important engineering considerations because these 

characteristics are required for landfill stability and settlement analyses. Due to variability in 

MSW, reliance on conventional laboratory results is not prudent. In general, strength and 

compressibility characteristics of MSW are not yet well understood and need further evaluation. 

Triaxial compression test is generally conducted on raw MSW and on mixtures of MSW and 

incinerator bottom ash to determine the stress-strain behavior. The test result shows that ash has a 

considerable impact on the behavior of refuse (Diaz et al., 1996). The results also demonstrate 

that samples of the old refuse were able to reach substantially higher densities than the samples of 

fresh refuse. Besides this, vane shear test, standard penetration test (SPT) tests and back-

calculated c-4 are used to get required data. Sharma et al. (2005) generally use the values of 

cohesion, c400 lb/ft2  and angle of internal friction, 200  in preliminary slope stability analysis. 

Compressibility of a landfill is related to the settlement behavior of the landfill. The settlement 

behavior of MSW is complex and can be influenced by various factors such as movement of 

smaller particles into larger voids, chemical reactions, biodegradations of organics within the 

landfill, dissolving of soluble substances by percolating groundwater, creep, and changes in 

deformation properties with time (Sowers, 1968, Fassett et al., 1994). Generally, it has been 

observed that a new landfill may settle up to 50% of its thickness or depth, while a closed landfill 

will settle between 15 to 20% per year. 
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2.2.4.2 Permeability of compacted Waste 

The hydraulic conductivity of compacted waste is an important mechanical property that to a 

large extent, governs the movement of liquids and gases in a landfill. The coefficient of 

permeability is normally written as: k = Cd2  74t = k ylj.i; where, k=coefficient of permeability, 

C=dirncnsionless constant or shape factor, d=average size of pores, y=specific weight of water, 

dynarnic viscosity of water and kintrinsic permeability. The term Cd2  is known as the intrinsic 

(or specific) permeability. The intrinsic permeability depends solely on the properties of the 

material, including pore size distribution, tortuosity, specific surface and porosity. The typical 

values for the intrinsic permeability for compacted MSW in a landfill are in the range between 

about 10-11  
 to 102  m2  in the vertical direction and about 1010  rn2  in the horizontal direction. 

2.3 I)urnping Facilities of MSW 

Landfilling practices in developing countries differ from that of the developed countries, which 

follow advanced landfihling practices such as sanitary landfill (engineered landfill) as opposed to 

open dumping practiced in the developing countries. There arc two methods for the final disposal 

of MSW, one is open dumping and the other is sanitary landfill (Visvanathan et al., 1999). 

2.3.1 Open Dumping Facilities 

Open dump is a solid disposal without waste compaction during placement; neither compacts nor 

covers with soil. The land is used without preparation of engineering planning (Chomsurin, 1997). 

Thus, the open dump site characteristic are unplanned heaps of uncover waste, burning waste at 

the dump site, pools of standing polluted water, rat and fly infestation and waste scavenging at 

dump site (Pugh, 1999). Open dump practice of MSW in Bangladesh (Alamgir et al. 2005) shown 

Fj 

in Figure 2.1. 

 

 

Figure 2.1: Open dump practice in Bangladesh 
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6-2 

In South and South East Asia the open dump approach is the most predominant waste disposal 

option (Visvanathan et al., 1999; Ashford et al., 2000). Open dumping is the main disposal 

method of MSW in developing countries (Bulent et al., 2004. The toxic chemicals from open 

dump have negative effects on human life, wildlife, and environmental quality (Tanabe, 2002). 

Open dumping facilities have no longer acceptable from aesthetic, environment and sanitary 

points of view (Minh et al., 2003). Crude open dumping is being practiced in many developing 

countries as a means of final disposal of solid waste (Visvanathan et al., 2003). The had effects of 

open dumping reveals as: (a) health hazard; (b) public complain; (c) bad image; (d) air and water 

pollution and (e) more space occupies. 

2.3.2 Sanitary Landfill 

Sanitary landfill is one of the most widely used MSW methods; however, it needs high standard 

of environment protection in the operation of landfill (Davis and Cornwel!, 1998; Tchobanoglous 

et al., 1993). The changing from dumping to high standard of environment protection needed time 

change technology, change in thinking and behavior (Bodelius and Rydberg, 2000; Pugh, 1999). 

Figure 2.2 shows a cross-section of a typical engineered landfill constructed at Khulna city of 

Bangladesh, which has provisions for containing leachate and landfill gases generated from MSW 

deposited in pilot scale sanitary landfill (PSSL) stated by Islam et al. (2009). 
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Figure 2.2: Cross section of PSSL at Rajbandh, Khulna (Source: Islain ci al., 2009) 

18 1 P a g e 



The base liner, the most important component, includes a leak detection sump system, compacted 

clay liner, leachate collection pipe system with a leachate collection layer. It was designed 

considering hydrological data of the site, the size of landfill, suitability of construction and locally 

available of material as shown in Figure 2.3. In addition, the final cover of PSSL as shown in 

Figure 2.4, consists of top soils, percolation water collection layer, compacted clay liner and gas 

collection pipe system with gas collection layer. 
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Figure 2.3: Schematic diagram of base liner Figure 2.4: Schematic diagram of the cap 
liner 

The main aim of a sanitary landfill is to use it for a longer time for disposal of MSW with less 

negative effect to the ecosystem (Agamuthu, 2001; Mohamed, 2004). There must be several 

monitoring wells around the landfill to monitor the movement of pollutants. There should also be 

a special drainage system which can help to reduce the flow over from the landfill surface. Thus, 

the amount of water that penetrates it will be reduced. Typically, impermeable clay cap located at 

the top of landfill can prevent the infiltration of water through the landfill (Figure 2.4) (Chiras, 

2001). There are several types of landfills with or without engineering measures, leachate and 

landfill gas management and day-to-day operation measures, which are cited in Table 2.1. These 

are usually planned, located, designed and constructed in accordance with engineering 

specification to minimize ground water contamination (Sowers, 1968). The advantages of sanitary 

landfill given of: (a) no health hazard; (b) no public complain; (e) no smell; (d) gas and leachate 

control and (e) life of landfill extended. The progressive development of sanitary landfill plan as 

presented in Table 2.2. 
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2.1: Types of solid waste landfill 

Type Engineering Leachate Landfill gas Operation measures 
measures management management  

Open Dump None Unrestricted release of None Few, mostly scavenging 
contaminants  

Controlled None Unrestricted release of None Recording and placement 
Dump  contaminants  of waste with compaction 

Engineered Infrastructure and placing Containment and some level of Passive Registration and placement of waste with 
Landfill of liners leachate management ventilation or compaction and daily use of soil cover 

flaring  
Sanitary Proper siting and Containment and leachate Flaring Registration and placement of waste with 
Landfill infrastructure; liner and treatment (phytoremediation and compaction and daily use of soil cover, 

leachate collection physico-chemical  and final top cover 
Controlled Proper siting and Controlled release of leachate Flaring or passive Registration and placement of waste with 
Contaminant infrastructure with low based on assessment and proper Ventilation compaction and daily use of soil cover 
Release permeable liner; Low siting and treatment through top cover and final top cover 
Landfill permeable final top cover 

Landfill Proper siting and Controlled leachate recirculation Landfill gas Registration and placement with 

Bioreactor infrastructure with liner and for enhanced degradation and recovery compaction, daily cover, closure, mining 
leachate recirculation stabilization of wastes and and material recovery 
system leachate  

Source: Tubiiinthai, 2003 

20 1 P a g e 



Table 2.2: Progressive development of sanitary landfill 

Date Development Problem Improvement 
1970 Sanitary landfill Odors, fires Daily cover, better compaction 

Late 1980- Engineered landfill Ground and ground Engineered liners, cover, leachate and 
early 1990 recycling water contamination gas collection system, increasing  

regulation 
Improve siting and Incorporation of technical, development 

Late 1990 containment waste Stability, gas migration of new lining materials, increase post 
diversion and reuse  closure use 

Improved gas Increasing emphasis on mechanical and 
2000 

treatment phytoremed iation waste pretreatment, 
leachate recirculation and bioreactions 

.)vurL(;. I uvilnuriul, ZtJIL) 

2.4 Lysimeter Technology 

The term lysimeter is a combination of the Greek words "lusis "means "solution" and "me/ron" 

means "measure" (Meima, 1997) and the original aim was to measure soil leaching. The first 

lysimeter was used by DE LA HIRE in 1688. The overall definition of lysimeter from various 

sources as reveals below: 

Lysimeter is a control device where the generated leachate and LFG are accumulated from 

deposited MSW in landfill then collected properly. 

A device which is used to measure the rate of downward water movement through a block 

of soil usually undisturbed or to collect such percolate water as referred as lysimeter. 

A type of evaporation gauge consisting of a tank or pan of soil placed in a field so that the 

soil, water and vegetative properties in the tank duplicate as closely as possible the 

properties of surrounding area. 

An instrument to collect water flowing through the vadose zone or unsaturated zone of 

soil. A lysimeter is a measuring device which can be used to measure the amount of actual 

evapotranspiration which is released for an area of woodland. 

Typical view of lysimeter test cell constructed at AlT, Thailand for the treatment of MSW 

(WasteSafe, 2010) shown in Figure 2.5. In addition, four pilot-scale lysimeters of 3.0-rn-height 

and I .3-rn-diameter were constructed outdoors using reinforced cement concrete rings at Centre 

for Environmental Studies, Anna University, Chennai, Tamil Nadu, India (Swati et al.. 2011) 

shown in Figure 2.6. The laboratory-scale landfill lysimeter, which were constructed from 0.5 cm 
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polypropylene at Yildiz Technical University, Environmental Engineering Department, Yildiz, 

Besiktas, Istanbul (Sinan et al. 2006) is shown in Figure 2.7. 
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Figure 2.7: Laboratory-scale lysimeter Istambul 

2.4.1 Principles and General Considerations 

Lysimeters have been developed for use in soil science and have been used for over 300 years to 

study the relations between soil, water and plants. Much knowledge and experience concerning 
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the use, design, and operation of lysimeters have been gathered in this scientific field. During the 

last decades, the use of lysimeters has been extended to other scientific fields as for example to 

quantitative and qualitative studies of the leaching of LFG and contaminated leachate from MSW 

products or contaminated soils in order to evaluate the environmental impact of these materials. 

Leaching results from lysimeter experiments may often be taken to represent results obtained 

under field-resembling conditions, and they may thus be very useful for different purposes. The 

results may provide information on the composition of the initial leachate at very low liquid to 

solid ratios, which is very important in environmental risk assessment. 

Lysimeter leaching tests are, in principle, large-scale column leaching tests where the test material 

is placed in a container with an open surface. The container is supplied with a drainage system at 

the bottom, from where the leachate is conducted to a collection vessel. Then the contaminated 

leachate will be collected at the interval of time for laboratory investigations as well as to treat the 

leachate through different physical, chemical and phytoremediation treatment in sense of low 

cost effective (Diaz et al., 1996). Lysimeter experiments are often performed outdoors under 

"natural' conditions where the flow direction of the soil solution is downward. The formation of 

leachate is due to infiltration of precipitation but under special circumstances irrigation may be 

used in order to accelerate the leachate formation. Lysimeter experiments may also be performed 

indoors where the formation of leachate will be due to irrigation, and in that case the flow 

direction can be upwards as well as downwards. The duration of lysimeter tests is typically one to 

several years. 

2.4.2 Classification of Lysimeter 

Lysimeters may be classified according to different criteria such as type of soil block used 

(monolithic or reconstructed), drainage (drainage by gravity or vacuum or a water table may be 

maintained), or weighing or non-weighing lysimeters (Kohnke et al., 1940; Dugas et al., 1990). In 

addition, based on construction procedure and materials, the lysimeter categories as (Meij et al., 

2000): (a) Weighable lysimeter; (b) Non weighable lysimeter; (c) Hydro lysimeter; (d) Meteo 

lysimeter; (e) Scientific field lysimeter; (1) Agro lysimeter; (g) Aerobic (open dump) lysimeter 

and (h) Anaerobic (sanitary landfill) lysimeter. 
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2.4.3 Design and Materials 

The dimensions of a lysimeter will to a large extent be related to the time frame of the project 

involving the lysimeter. It should be possible to perform the desired measurements within the 

time frame of the lysimeter test, and the design of the lysimeter is often related to the amount of 

leachate that should be collected during the lysimeter experiment. Lysimeters most commonly are 

constructed with rectangular or circular surfaces, and they vary widely in sizes. A cylindrical 

container is often used for a "smaller" lysimeter (Cronan, 1978; McLay et al., 1992), whereas 

rectangular shapes generally are more practical for very large lysimeters (Fiumer et al., 2001). 

Rectangular lysimeters are also recommended for studies involving crops at the surfaces of the 

lysimeters due to the row crop geometry (Howell et al., 1991). In general the size of the lysimeter 

should be chosen keeping in mind that the results of the lysimeter tests must be representative for 

the material investigated. This means that if the material is very heterogeneous or if the particle 

size is large the lysimeter must be large enough to contain a representative sample of the material. 

It is of course of great importance to ensure that the material used for the construction of the 

lysimeter does not contaminate the leachate or the soil solutions, and that the material does not 

interfere with the parameters to be tested. 

2.4.4 Design Consideration of Lysimeter 

Lysimeter consists of collecting percolating water from the base of a test section, provides a direct 

measurement of the percolation rate, and can be used in equivalency demonstrations. The study of 

lysimeter how it's geometry & boundary conditions affect lateral diversion & percolation rates 

measured using lysimeter (Doerry, 1984). Lysimeters with various geometries were simulated 

with the constant meteorological & vegetation data. Simulations showed that sidewalls which are 

of 0.35 m high can minimize the lateral diversion of flow around the sides of the lysimeter. Up 

slope and down slope end walls need to extend to the surface of the lysimeter, especially when the 

lysimeter is inclined (4:1 or 3:1 slope). Modeling has shown that lysimeters underestimated 

percolation by 8 to 14 %. Based on these simulations in the design and construction of lysimeters 

recommended design of lysimeter is suggested. 
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2.4.5 Factors in Evaluating the Potential Site of Lysimeter Construction 

The following factors may be affecting the site selection of lysimeter construction of: (a) Haul 

distance; (b) Location restriction; (c) Available land area; (d) Site access; (e) Soil condition and 

topography; (1) Surface-water hydrology; (g) Geologic and hydrologic conditions; (h) Existing 

land use patterns; (i) Local environmental conditions and ) Potential ultimate uses for the 

completed site. 

2.5 Compacted Clay Liners 

Compacted clay liners (CCLs) are constructed primarily from natural soil materials that are rich in 

clay, although the liner may contain processed materials such as bentonite. CCLs are constructed 

in layers call lifts that typically have a thickness after compaction of 150 mm. On side slopes, the 

lifts in final cover systems are almost always placed parallel to the slope. However, parallel lift 

are very difficult or impossible to construct on side slopes steeper than 2.5 (H)-to-1(V) (Daniel et 

al., 1995). 

2.5.1 Component of CCLs 

A compacted soil component beneath, and in direct contact with, the geomembrane will: (a) 

Minimize, over the long term, liquid migration into the waste in the event of geomembrane failure 

or through imperfections (holes, tear, etc.) inadvertently left during the construction process; (b) 

Provide a firm foundation for the overlaying layers of the cover system; (c) Serve as bedding 

materials for protection of the overlaying geomembrane and (d) In junction with the 

geomembrane, satisfy the typical regulatory requirement for the cover to be no more permeable 

than the bottom liner of the facility. The design of CCL will depend on site-specific factors 

including the properties and engineering characteristics of the soil being compacted, the degree of 

compaction attainable, the total expected load, and the expected precipitation. 

2.5.2 Design Criteria of CCL 

The design criteria of CCL are as follows: (a) Hydraulic conductivity , k<1 0 mlsec; (b) Clay 

(<20-6 m) content > 15-20 %; (c) Plasticity index, P1 >7 to 15%; (d) Water content must be 
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greater than plastic limit; (e) Must he as ductile as possible (by avoiding the use of dense, dry 

soils, which tents to brittle); (1) Minimum cation exchange capacity (CEC) of 10 mcq 

(Milliequivalents)/100 gr. soil; (g) Leachate compatibility : (no k-value increase); (h) Minimum 

thickness for MSW: 1 .0 in, 0.6 in with Geomembrane; (i) Minimum thickness for industrial /toxic 

waste: 3-4 in, alternatively Multiple Composite Liner Systems. These criteria are quite complex to 

investigate because the performance of the liner materials is influenced by many variables such as 

clay contents, liquate limit, plasticity index, activity, amount of fines, properties of the fines, 

grading, compaction level, water contents and mineralogy. The overall criteria of clay used as 

CCLs in sanitary landfill as shown in Figure 2.8. 

I •k_<1x10 9m/s 

Hydraulic Plasttcity - - 

- 

Conductivityl 

plastic liniit fines of 

clay 

Figure 2.8: Criteria to satisfy the clay as CCL 

2.5.3 Liner System of Landfill 

The basic liner system used as a single composite barrier system (I) in the engineered landfill 

shown in Figure 2.9 (a) and serves as: (a) Clay liner and the geomembrane serve as a composite 

barrier to the movement of leachate and landfill gas; (b) Sand layer serves as the collection and 

drainage layer; (c) Geotextile layer is used as separation layer to minimize the intermixing of the 

soil and sand layers and (d) The final soil layer is used to protect the drainage and barrier layers. 

However, the basic liner system used as a single composite barrier system (II) in the engineered 

landfill shown in Figure 2.9 (b) and serves as: (a) Specifically designed geonet and geotextile 

filter cloth are placed over the geomembrane, which, in turn, is placed over a compacted clay 
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layer; (b) The protective soil layer is placed above the geotextile; (c) The geonet and geotextile 

function together as the drainage layer to convey leachate to the leachate collection system and 

(d) The permeability of drainage layer is equivalent to that of coarse sand/gravel. 

' Waste (see text) 

ft protective soil 

Geotextile 
1 ft sand or gravel 
leachate collection 

layer 

40 to 80 mu 
geomembrane liner 

2ttcompacted clay —  

(a) 

Waste 

protective soil layer 

Geotextile  
Geonet 

geomembrane 

2 ft compacted 
clay layer 

Figure 2.9: Basic liner used as a single composite barrier (a) system (1) and (b) system (11) 

(Source: Diaz et al., 1996) 

In addition, the basic liner system used as a double composite barrier system (I) in the engineered 

landfill shown in Figure 2.10 (a) as well as serves as: (a) Two composite liners, commonly 

identical as the primary and secondary composite liners consisting compacted clay, 

geomembrane, geonet and geotextile and (b) Primary composite liner is used for the collection of 

leachate, while the secondary liner serves as a leak detection system and a backup for the primary 

composite liner. Moreover, the basic liner system used as a double composite barrier system (II) 1 

in the engineered landfill shown in Figure 2.10 (b) as well as serves as: (a) Same as double layer 

composite system with PCL and SCL with exception that the clay layer below the first 

geomembrane liner is replaced with a geosynthetic clay liner (GCL) and (b) GCL is made from 

high-quality bentonite clay and an appropriate binding material. 
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Figure 2.10: Basic liner used as a double composite barrier (a) system (I) and (b) system (11) 

(Source: Diaz et al., 1996) 
El 

2.6 Issues in the Solid Waste Landfill 

2.6.1 Leachate as a Potential Output Element 

Leachate may be defined as liquid that has percolated through solid wastes and has extracted 

dissolved and suspended materials. In most landfills, leachate is composed of the liquid that has 

entered the landfill from external sources, such as surface drainage and rainfall and the liquid 

produced from the decomposition of the wastes, if any. Landfill leachate is liquid that 

occasionally leaks from a landfill and enters the environment. This liquid may either exist in the 

landfill or it may be created after rainwater mixes with the chemical waste in a landfill (Tatsi and 

Zouboulis, 2002). Leachate is generated due to precipitation, surface run-off, and infiltration or 

intrusion of groundwater percolating through a landfill. It can cause great environmental problems 

if it gets into underground water, especially because it has organic matter (both biodegradable and 

non-biodegradable carbon) ammonia-nitrogen, heavy metals, chlorinated organic and inorganic 

salts. However, some of these pollutants can be degraded by microorganisms (Wang et al., 2002). 

The best method of leachate treatment depends on the characteristics of leachate. There are 

different methods of treatment of leachate, one of which is the phytorernediation process which is 

suitable for young" or "freshly" produced leachates, but it is less efficient for the treatment of 

"older" leachate. Another method, the physical-chemical process is not suitable for treating 
In 

young leachate (Ntampou et al, 2006). 
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Landfill leachate has an impact on the environment because it has very dangerous pollutants such 

as ammonium nitrogen (NH+-N), biodegradable and refractory organic matter and heavy metals. 

In fact, the ammonium concentration in leachate found to be up to several thousand mg/L (Li Ct 

al., 1999; Wichitsathian Ct al., 2004). In addition, Landfill leachate cause serious pollution to 

groundwater and surface waters. It is important to note that the chemical characteristic of leachate 

varies significantly and is usually different from country to country and from residential to 

residential area as a function of a number of factors such as waste composition, the degradation 

degree of waste, moisture content, hydrological and climatic conditions (Wang et al., 2003). 

Depending on the type of wastes and the reactions between the percolated water and wastes, the 

leachate may become highly contaminated. The most common reaction process occurring within 

the wastes are: (a) Dissolution of certain solid forms of waste and subsequent precipitation; (b) 

Decomposition and disintegration of the solids and (c) Reactions between the original liquids 

contained in the waste and the percolating water. 
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Figure 2.11: Pattern of leachate generation from solid waste landfill 

2.6.2 Generation of Leachate and Water Balance 

Landfill leachate is a high strength wastewater generated as a result of percolation of the 

rainwater and moisture through the waste resulting in the solubilization of nutrients and the 

contaminants within a landfill. Generally, the quantity of leachate is a direct function of the 

amount of external water entering the landfill. A general pattern of leachate generation is 

presented in Figure 2.11 (Farquhar, 1989). The leachtc generation process consists of several 
A 
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procedures which are illustrated as: (a) Precipitation falls on the landfill and some of it becomes 

runoff; (b) Some of the precipitation infiltrates the surface (uncovered refuse, intermediate cover, 

or final cover); (c) Some of the infiltration evaporates from the surface and (or) transpires through 

the vegetative cover if it exists; (d) The remainder of the infiltration, remaining after evaporation, 

and the storage water moves downward was forming percolate and which eventually becomes 

leachate as it reaches the base of the landfill and (e) Percolation may be increased by infiltration 

of groundwater. In addition, Figure 2.12 presents the various water inputs and its movement in 

the landfill leading to leachate production. Figure 2.13 gives the equations for leachate generation 

and water balance. 

Figure 2.12: Movement of water in the landfill (Source: Tubtirnihai, 2003) 

The components, which contribute to leachate formation, follow a certain pattern based on the 

physical processes taking place within the landfill that can be summarized as follows: (a) 

Precipitation on the landfill initiates runoff while some amount infiltrates into the surface; (b) 

Some of the infiltration evaporates from the surface and/or transpires through vegetative cover 

while some part is retained as the soil moisture; (c) The remainder of the infiltration percolates 

within eventually forming leachate at the base of the landfill and (d) Percolation may be 

augmented by infiltration of groundwater. The most popular and easiest method employed for the 

30 1 P a g e 



disposal of solid waste in least developing Asian countries is the landfill method. The 

composition of municipal solid waste will be changed physically-chemically and 

phytoremediation ly after landfihling directly, due to weathering conditions. When rain falls it will 

combine with waste and generate a high contaminant liquid called leachate. The waste in the 

landfill undergoes changes from a short acidic phase (aerobic) to much longer acidogenic and 

methanogenic phases (anaerobic decomposition) (Tonni et al, 2005). 

Leachate Generation 

W = R - E 
W = Quantity of moisture either lost or retained in the waste [mm]; 
R = Precipitation [rnni]; and 
E = Evapo-transpiration from the landfill [mm]. 

Leachate Formation and Water Balance 

AMC = P - RO E'I' - PER 

AMC = Change in the amount of moisture stored in a unit volume of landfill [cm]; 
P = Quantity of net precipitation (incident precipitation less runoff) per unit area [cm]; 
RO Quantity of runoff per unit area [cm]; 
ET = Quantity of moisture lost through evapo-transpiration per unit area [cm]; and 
PER = Quantity of water which percolates through the cover per unit area of soil cover [cm]. 

Water balance 
AMC = Wsw + We +Wp -Wlfg - Wv - Wevp + Wleach 

AMC = Change in the quantity of moisture stored in the landfill [kg/rn3]; 
Wsw = Moisture in the incoming solid waste [kg/rn3]; 
We = Water in the cover material placed on the waste [kg/rn3]; 
Wp = Water from precipitation and other outside sources (less runoff) [kg/1113]; 
Wlfg = Water utilized in the formation of landfill gas [kg/1,13]; 
Wv = Water lost as saturated vapor with the landfill gas [kg/rn3]; 
Wevp = Moisture loss due to evaporation [kg/rn3]; and 
Wleach = Water leaving the landfill (control volume) as leachate [kg/rn3]. 

iigure 2.13: Equations for water balance and leachate formation ('Source: Tub!imthai, 2003) 

2.6.3 Formation of Leachate 

A water balance on the landfill can assess the potential for the formation of leachate. The 

principle components involved in the water balance are: (a) The water entering the landfill cell 

from above, the moisture in the solid wastes, the moisture in the cover material, and the moisture 

in the sludge, if the disposal of sludge is allowed and (b) The water leaving the landfill as part of 

the landfill gas, the saturated water vapor in the landfill gas, and as leachate. Landfill leachate 
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formation depends on several phases (Figure 2.14), which are related by changes in solid waste 

composition. These phases are hydrolysis and acidification (phase I), initial methane generation 

(phase 11), Stable methane (phase III), Slow-down (phase IV), and Final storage (phase V). 
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Figure 2.14: Development of gas and leachate in landfill (Source: Christensen and Kjeldsen, 
1989) 

In Phase I, the decomposition of solid waste by bacteria begin through aerobic process which 

requires oxygen. In the Phase II, the anaerobic process starts, while the amount of oxygen 

decreases. The presences of organic acids reduce the pH in the leachate. Also through this stage 

the methanogenic bacteria starts to grow slowly. Furthermore, the consumption of simple organic 

compounds helps to produce methane and carbon dioxide within the landfill. Waste 

decomposition can take many years. The transition from phase II to phase III may not be 

completed for decades. Phase Ill is called the acid phase due to the production of acids during the 
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phase. This stage includes many activities such as the beginning of methane production, growth of 

methanogenic bacteria which is responsible for degradation of soluble organic compounds in the 

leachate. Furthermore, the BOD, COD and conductivity of leachate will increase due to the 

dissolution of the organic acids in the leachate. Many inorganic constituents, in particular heavy 

metals, will be solubilized during this phase due to the low pH of the landfill leachate. The 

leachate that is produced in phase III has a lower value of pH as well as a lower ratio of BOD5  to 

COD. Moreover, both ammonia and nitrogen will be present at higher levels in the leachate. A 

number of inorganic constituents, for example heavy metals and also many essential substances 

will be solubilized in this phase. The composition of phase III is distinguished by neutral pH; low 

concentration of volatile fatty acid, sharply decreasing redox potential, and higher refractory 

organic matter concentrations. The longest phase is the methanogenic phase which undergoes 

more stabilization than other phases. 

In phase IV a group of microorganisms convert the acetic acids and hydrogen gas to methane and 

carbon dioxide. The microbes responsible for this reaction are called methanogenic or 

mcthanogens. The pH values, due to methanogenic reaction, will rise to more neutral range of 

6.8-8. The BOD and COD values of the landfill leachate and the concentration of heavy metals 

will reduce. Phase V which is the maturation phase starts after the biodegradable organic 

material. Leachates produced during this phase are characterized by relatively low BOD values 

and low ratios of BOD/COD. Also, heavy metal, organic compounds and fatty acids are depleted, 

while the ammonia-nitrogen remains at high level and pH will increase (Diego, 2003). 

1' 

1-lowever, the amount of pollutants in the leachate varies with time. Generally, the biodegradable 

organics tend to reach peak concentrations in the leachate in the earlier period (months) of 

leaching and then decreased. On the other hand, some pollutants such as poorly biodegradable 

organics and heavy metals such as iron tend to persist in the leachate for several years. This is 

shown in Figure 2.15 (Farquar, 1989). It is also apparent from this data that contaminants are 

added to the leachate for many years even after the site is closed. Usually, the main reason for the 

presence of heavy metals in landfill leachate is the lack of awareness among the people. A lot of 

hazardous waste such as clinical bandages, batteries and medicine are found in the refuse sent to 

landfills (Hamidi et al, 2003). Heavy metals such as iron, manganese, zinc, chromium, lead, 

copper and cadmium are present in high concentrations. These minerals can cause pollution to 

groundwater, surface water and reservoirs (Schwarzbauer et al., 2002; Aziz et al., 2004). 
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Figure 2.15: Illustration showing the amount of pollutants in the leachate (Source: Farquar, 
1989). 

2.6.4 Composition of Leachate 

The composition of leachate is decided by many factors, for example waste composition, site 

hydrology, the availability of moisture and oxygen, design and operation of the landfill and its 

age. Many studies indicate that leachate is rich with minerals and many other resources 

(Christensen et al, 2001; Warith, 2002; Abanades et al., 2001; Rivas et al., 2004). Furthermore, 

leachate may contain large amounts of organic matter, but also refractory materials and 

biodegradation materials (Marttinen at el, (2002). Furthermore, leachate can contain hazardous 

organic substances, e.g. aromatic compounds, chlorinated aliphatic compounds, phenols, 

phthalates and pesticides (Paxéus, 2000; Baun et al., 2003, 2004). 

The operation of landfills posses a great challenge in the production and management of the 

leachate especially if it is not properly collected, treated, and disposed. It is considered an 

environmental problem because it is one of the main sources of contamination of soil, ground 

water, and surface water. The environmental problem is created since leachate contain large 

quantities of materials like organic matter, ammoniacal - nitrogen, heavy metals, and chlorinated 
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organic and inorganic compounds (Al-Yaqout et al., 2003). A knowledge of leachate composition 

and its seasonal variation helps to choose the best method of treatment (Tatsi and Zouboulis, 

2002). The old landfills which have a large quantity of organic matters use a combination of 

techniques because it is more efficient to do so. However, phytoremediation treatment is 

insufficient for old landfills (Silva et al., 2003). The Table 2.3 shows the typical data on the 

composition of leachate from new and maturation landfill. 

Table 2.3: Typical data on the composition of leachate from new and maturation landfill 

Constituent 
Value mg/L  

New landfill (<2 years) Mature landfill 
(>10 years) Range Typical 

BOD5 (5-day biochemical oxygen demand 2,000-30,000 10,000 100-200 
TOC (total organic carbon) 1,500-20,000 6,000 80-60 
COD (chemical oxygen demand) 3,000-60,000 18,000 100-500 
TSS (total suspended solids) 200-2,000 500 100-400 
Organic nitrogen 10-800 200 80-120 
Ammonia nitrogen 10-800 200 20-40 
Nitrate 5-40 25 5-10 
Total phosphorus s-ioo 30 5-10 
Ortho phosphorus 4-80 20 4-8 
Alkalinity as CaCO3  1,000-10,000 3,000 200-1,000 
pH 4.57• 5 6 6.6-7.5 
Total hardness as CaCO3  300-10,000 3,500 200-500 
Calcium 200-3,000 1,000 100-400 
Magnesium so-i,soo 250 50-200 
Potassium 200-1,000 300 50-400 
Sodium 200-2,500 500 100-200 
Chloride 200-3,000 500 100-400 
Sulfate 50-1,000 300 20-50 
Total iron 

- 

50-1,200 60 20-200 
juu,c. j cnuvanogious et at. (1 YYi), lvolation: p1-I has 110 will. 

Table 2.4 shows the difference in leachate quality which is dependent upon landfill age. The 

results of recent studies shows that even leachate from young landfills contain low organic 

concentration (Aziz et al., 2007). The reason for it may be the fact that leachate recirculation 

method is practiced in many landfills according to Chan et al., (2002). The concentration of 

chemical materials will change over time. Hence it is difficult to be specific as to concentration of 

a particular chemical in leachate at a given time. The composition and characteristics of leachate 

used to determine the kind of leachate treatment methods needed and appropriate. 
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Table 2.4: Characteristics of different types of landfill leachate 

Young Intermediate stabilized 
Age of landfill (years) <1 1-5 >5 

pH <6.5 6.5-7.5 >7.5 

BOD/COD 0.5-1.0 0.1-0.5 <0.1 

COD(gIL) <15 3-15 <3 

NI-13-N(mg/L) <400 NA >400 

TOC/COD <0.3 0.3 - 0.5 >0.5 
Heavy metals (mg/L) >2 <2 <2 

Source: Tchohanoglous ci al. (1993) 

Table 2.5: Maximum discharge standard for landfill leachate from selected countries 

Maximum discharge standard ( mglL) 

USA Germany France Hon 

Kong 

South 

Korea 

Malaysia 
6 

standard (A) 

Malaysia 

standard (B) 
COD NA 200 120 200 50 50 100 
BODS NA 20 30 800 NA 20 50 
NH3-N NA NA NA 5 50 NA NA 
Total nitrogen NA 70 30 100 150 NA NA 
Phosphorus NA 30 NA 25 NA NA NA 
Cd (II) 0.01 0.1 NA 0.1 NA 0.01 0.02 
Cr (111) NA 0.5 NA 0.1 NA - 0.05 
Cr(VI) 0.05 0.1 NA NA NA - 0.05 
Ni (11) 0.013 1 NA 0.6 NA 0.2 1.0 
Pb(11) 0.03 0.5 NA NA NA 0.1 0.5 
Cu (II) 0.07 0.5 NA 1.0 NA 0.2 1.0 
Zn (II) 0.3 2 NA 0.6 NA 0.2 1.0 
Ag (1) 0.05 NA NA 0.6 NA - - 

Source: Irnran ci al. 2011 

There are specific technologies which are used to reduce the concentration of contaminants in the 

leachate. Treatment methods like physio-chemical treatment, phytoremediation treatment, 

advanced oxidation process as well as natural systems such as constructed wetlands (Klomjek et 

al., 2005) and leachate recirculation (Warith 2002) have been developed in recent years. These 

treatments not only minimize the generation of toxic contaminants from leachate, but also comply 

with the increasingly stringent discharge standards in different countries (Table 2.5). 
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2.6.5 Characteristics of Leachate 

The variation in leachate quality can he due to a variety of reasons based on the four aspects of 

andfihls, which are: (a) Waste type - its grade of decomposition with possible seasonal variance in 

its deposal; (b) Landfill environment-waste degradation phase, humidity, precipitation, 

temperature, etc.; (c) Filling tecimique-waste compaction, landfill cover and height of landfill 

layers; and (d) Sampling-method of analysis and point of sample collection. These aspects are 

interlinked and a combination of the first three categories contributes to the overall variance in 

leachate quality and characterization, whereas the fourth aspect affects the analysis. Moreover, the 

changes in the BOD5/COD, CODITOC, VS/FS and VFAITOC ratios of leachate depend greatly 

on the age of the landfill (Chian and DeWalle, 1976; Kylefors, 1997). Figure 2.16 represents the 

trend in the variation of leachate over the age. Figure 2.17 shows the trend of leachate quality 

over the lifetime of a landfill with its different phases. 
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Figure 2.16: Variation of leachate characteristics over time in a landfill ('Source: Kylefors, 1997) 
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Figure 2.17: Trends in leachate quality over lifetime of a landfill (Source: Tubiimthai, 2003) 

During the first few years (<5 years), the landfill is in acidogenic phase and the leachate generated 

is generally referred to as young or carbon-based leachate due to the higher concentration of 

organic carbon. Landfill greater than 10 years old are generally in the methanogenic phase and the 

leachate generated is referred to as old or nitrogen-based (Mavinic, 1988). Ehrig (1998) 

conducted an extensive study on leachate characterization of 15 landfills ranging from 0 to 12 

years in Germany and found the characteristics of leachate in the acidogenic and methanogenic 

landfill leachate. Table 2.6 presents the general leachate characteristics with age and suitability of 

treatment options in terms of biodegradable, intermediate and stabilized landfill leachate. Table 

2.6 aids in determining the appropriate leachate treatment options. Effectiveness of combined 

process for the treatment of a leachate produced at specific landfill age has not been considered. 

Individual treatment options cannot be a long-term solution for leachate as they are not effective 

in treating that generated at different periods of time and do not adapt to changing characteristics 

(Pohland et al., 1985). Moreover, the characteristics of leachate generated from deposited MSW 

in landfill as presented in Table 2.7. 
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Table 2.6: Relation between landfill age, leachate characteristics and treatment 

Landfill Age (years) <5 (young) 5 tolO (medium) > 10 (old) 
Leachate Type I (Biodegradable) II (Intermediate) III (Stabilized) 
pH <6.5 6.5 - 7.5 > 7.5 
COD (rng/L) > 10,000 <10,000 <5000 
COD/TOC <2.7 2.0 - 2.7 > 2.0 
BOD5/COD <0.5 0.1 -0.5 <0.1 
VFA(%TOC) >70 5-30 <5 
Process  Treatment Efficiency ____________________ 
Phytoremediation 
Treatment 

A B C 
F 

Chemical Oxidation B-C B B 
Chemical Precipitation B-C B C 
Activated Carbon B-C A-B A 
Coagulation-flocculation B-C A-B A 
Reverse Osmosis 

A I 

C A A 
)ource: iimoicrane ci at., I YY/; AUood; BFair; C = I'oor; 
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Table 2.7: Different characteristics of leachate generated from deposited MSW 

Physical Organic constituent Inorganic constituents Phytoremediation 

Appearance Organic chemicals Suspended solids (SS), total dissolved solids (TDS) Biochemical oxygen 

pH Phenols Volatile suspended solids (VSS), volatile dissolved demand (BOD) 

Oxidation-reduction Chemical oxygen demand (COD) solids (VDS) Coliform bacteria (total; 

potential Total organic carbon (TOC) Chloride fecal; fecal streptococci) 

Conductivity Volatile acids Sulfate Standard plate count 

Color Tannins, lignins Phosphate 
Turbidity Organic-N Alkalinity and acidity 

Temperature Ether soluble (oil and grease) Nitrate-N 

Odor Methylene blue active substances Nitrite-N 
(MBAS) Ammonia-N 
Organic functional groups as required Sodium 
Chlorinated hydrocarbons Potassium 

Calcium 
Magnesium 
Hardness 
Heavy metals (Pb, Cu, Ni, Cr, Zn, Cd, Fe, Mn, Hg, 
Ba, Ag) 
Arsenic 
Cyanide 
Fluride 
Selenium  

Source: Tchobanoglous et al. (1993) 
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2.6.6 Control of Leachate Movement 

Cleaning of polluted ground water is very expensive. Hence, using the best ways for leachate 

treatment in order to keep the ground water safe and clean is very essential. Currently, landfill 

management is governed by strict rule, design, and construction instructions in order to prevent 

the migration of leachate into the ground water. The design of the lining system offers less 

permeability in the movement of leachate into ground water. The lining materials are mostly 

made of low-permeability soils (typical clays) or synthetic materials (e.g. plastic). Sometimes the 

landfill design has more than one liner. Leachate collection systems (LCS) consist of several 

layers with different types of materials. Figure 2.18 shows the components of a collection system 

(listed from the solid waste layer downward) (Debra and Manoj, 2000). 

Waste 
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(~ Q 
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pe 

Figure 2.18: Schematic diagram showing a cross Section of typical LCS 

As leachate percolated through the underlying strata, many of the chemical and phytoremediation 

constituents are removed by the filtering and absorptive action of the material composing strata. 

In general, the extent of this action depends on the characteristics of the soil, especially the clay 

content. To prevent percolation, the best practice is elimination or containment. The use of clay as 

a liner is the favored method of reducing or eliminating of percolation of leachate from landfills 
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for its ability to adsorb and retain many of the chemical constituents and resistance to flow. The 

.& general guidelines for the control of leachate as presented in Table 2.8. The use of combination 

composite geosynthetic and clay liners is gaining popularity, especially because of the resistance 

afforded by geomembranes to the movement of both leachate and landfill gases. 

Table 2.8: Guidelines for leachate control facilities 

Item Comments 

Synthetic flexible Liners must be designed and constructed to contain fluids, which include 
membrane liners wastes and leachates. These liners are installed to cover all natural 

(FMLs) geologic materials that are in contact with waste or leachate at a waste 
management unit. 

Bottom seals No specific regulations exist governing the application of bottom seals at 
MSW waste management units. Design, construction, and installation of 
bottom seals are subjected to the approval of local enforcement agencies. 

Artificial earthen Clay liners for MSW waste management units must be a minimum of 1 ft 
liners thick, relative compaction of at least 90 percent and hydraulic 

conductivity, k<10 rn/sec. 

Subsurface barriers A subsurface barrier is intended to be used in conjunction with natural 
geologic materials to assure that lateral permeability standard are 
satisfied. It must be a minimum thickness of 2 ft for clay material or a 
minimum of 40 mils for synthetic materials. 

Source. Tchobanoglous ci al. (1993) 

2.6.7 Factors Affecting Leachate Composition 

The composition of leachate is influenced by various factors-seasonal variations, landfill age, 

waste composition, geological characteristics and landfilling techniques. These factors interlinked 

with one another have potential to influence the leachate quality, thereby producing an integrated 

effect on its composition. Some important factors are discussed in the sections below (Pohland et 

al., 1999). 

2.6.7.1 Climatic Variation 

The influence of climatic conditions over changes in leachate quality and quantity should be 

considered while designing a landfill for disposal of MSW and proposing a treatment scheme for 

leachate. Rainfall acts as a medium of transportation for leaching and migration of contaminants 

from a landfill. It also provides the required moisture for methane production and 

phytorernediation activity. Normally, leachate is produced when the moisture content in the 
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landfill exceeds the field capacity. The quantity is found to be comparatively low during the dry 

season. When the rainfall begins, initially it takes some time to reach the field capacity, which 

once reached, leachate production increases. In hot and humid climates, leachate production is 
Jo- 

much higher than that experienced in hot arid regions. On the other hand, high rainfall leads to 

increased leachate production and reduced leachate strength due to dilution. The quality of 

leachate produced may be regarded as proportional to the volume of water percolating through the 

landfilled waste. Reduction in the quantity of water entering a landfill cell is therefore of great 

importance in reducing the rate of leachate generation (Tatsi and Zouboulis, 2002). Researchers 

have measured the temporal variation in leachate production to be 2-45 L/s which depends largely 

on the precipitation over the landfill (Martin et al., 1995). The influence of seasonal variation in 

the leachate quality and quantity varies from place to place and is also influenced by other factors. 

It is necessary to consider the hydrological factors and leachate quality data while proposing a 

treatment scheme to avoid problems of environmental deterioration caused by direct disposal. 

2.6.7.2 LwidJillAge 

Sampling and analysis of leachate are important for assessing changes in its quality over a period 

of time. The differentiation of landfill age can be made based on dominating degradation phase 

and the composition of the resultant leachate (Leikam and Stegrnann, 1999). The climatic 

variation of leachate quality and quantity depends on its age. The BOD5/COD ratio that depicts 

the biodegradability of the leachate has a decreasing trend with age from a readily biodegradable 

ratio of 0.5 to a higher fraction of poor degradability with a value of 0.1 or less. Table 2.9 

represents few of the analytical parameters of pollution in a young and stabilized landfill leachate. 

Table 2.9: Pollution parameters in young and old leachate 

Parameters Young Landfill Leachate Stabilized Landfill Leachate 
Mean Range Mean Range 

BOD5/COD 0.54 0.41 - 0.97 0.26 0.05 - 0.64 
pH 6.20 4.88 - 6.7 7.90 7.30 - 8.80 

SO 27Cl 0.73 0.08 - 3.4 0.06 0.02 - 0.15 
ORP(mV) -22.60 -53to-11 154.00 1 110-218 

VS/TS 0.48 0.21 to 0.66 0.28 0.22 - 0.37 
,)uurce: I aisi ana LOUOOUI1S, ZL/U' 

The fresh leachate (from a young landfill) possesses high proportion of organic material, which 

can be removed by phytoremediation processes. Owing to phytoremediation reactions, fresh 
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leachate is expected to produce an acidic p1-I and an unpleasant smell. The decrease in V SITS 

ratio from fresh to old leachate also suggests that stabilized leachate is less amenable to 

phytoremediation treatment as the landfill age increases. The redox potential and pH increases 

with the stabilization process. A color change from light yellow to dark brown or black is also 

observed due to iron oxidation from ferrous to ferric iron, resulting in an increase in turbidity. 

Figures 2.19 (a) and (b) show the variation of COD and NH4-N with the age of the landfills. There 

is a decreasing trend in emission of these two parameters as the landfill matures owing to the 

stabilization of the waste within. 
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Figure 2.19: Variation of (a) COD and (b) NI44-N with landfill age ('Source: Ehrig, 1983) 
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2.6.7.3 Composition of MSW 

The leachate quality is significantly affected by the composition of refuse. Organic material 

present in the waste mainly comprise of kitchen waste while the inorganic constituents consist of 

plastic, glass, metal, ash, silt etc. The leachate composition depends upon the ratio of organic and 

inorganic components present in the waste disposed in the landfill. It is estimated that 

approximately one-half of the municipal solid waste is typically composed of cellulose and 

hemicellulose (Barlaz et al., 1989), which are considered readily degradable in the environment. 

The organic content leached is as a result of hydrolysis and degradation of higher molecular 

weight organic compounds by the microorganisms present in the waste. 1-lowever, it has been 

shown that readily degradable refuse components can sometimes persist for surprisingly long 

periods in landfills owing to several environmental factors that limit the microbial growth (Suflita 

et al., 1992; Gurijala and Suflita, 1993). The composition of municipal solid waste in larger cities 

of China is different from the smaller cities. The organic components contribute about 31-36 % 

whereas inorganic components contribute to about 60% of the total solid waste. Comparison 

between different regions in China shows that there is more organic compound in South China 

than that in North China because the temperate region in the north uses coal as fuel and for 

domestic heating (Kylefors, 1997). 

2.6.7.4 Filling height 

The surface to volume ratio of the waste in landfill has an impact over the infiltration, heat 

transfer and gas exchange occurring within the landfill (Noble and Arnold, 1991). It is expected 

that an increase in landfill height may limit the affect of seasonal variation in the leachate 

composition and can preserve the heat from the microbial action to enhance further degradation. 

1-lowever, aerobic conditions can be hindered due to limitations in gas transfer. Another important 

consideration is the rate at which the height of the landfill is reached. Kylefors, (1997) suggested 

that an increase in height of 4 in per year would increase the 130D5  and COD concentrations to an 

extent in which the transition from acidogenic to methanogenic conditions would be delayed. 

2.6.7.5 Density 

Low-density waste has a larger volume of air infiltrating through the landfill that promotes 

aerobic degradation. This enhances decomposition of the easily degradable waste fractions and 

elevates temperature within the landfill, which in turn can improve the conversion of waste, thus 
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producing a better quality leachate. A prolonged aerobic phase can also lead to a drought 

condition within the landfill and reduce degradation rates. The reduction in degradation can also 

he attributed to the compaction achieved in the landfill. Pretreatment of the waste helps in 

compaction but the plastic content restricts the compaction to 400-500 kg/rn3  as cited by 

Rnaweera and Tränkler (2001) for Phittsanulok landfill in Thailand. Chang (1993) observed that 

simple shredding of MSW assisted in increasing the density from 420-8 10 kg/rn3. 

2.6.7.6 Bottom liners and top covers 

The bottom liners are selected to prevent seepage of leachate into the aquifers and water courses, 

whilst top covers aid in maintaining moisture within the fill as well as limit infiltration, thus 

slowing down the degradation process. 

2.6.8 Factors Affecting Leachate Characteristics 

Leachate quality is highly variable. The variation of leachate quality in MSW consignment 

landfill can be attributed to many interacting factors such as the composition and depth of MSW; 

decomposition and age of MSW; degree of compaction; landfill design and operation; liner (top 

and base) design and operation; MSW filling procedures; the availability of moisture content; 

available oxygen; rate of water movement (fluid addition) and temperature (Qasim and Chiang, 

1994). 

2.6.8.1 Decomposition of MSW 

It is well recognized that there are three general phases of decomposition of MSW deposited in 

landfill (McBean et al., 1995; Qasim and Chiang, 1994). The aerobic phase immediately after 

waste placement is dominated by aerobic bacteria present in the waste at placement. During this 

phase the amount of leachate reaching the base of the landfill (i.e. reaching the collection system) 

is limited since the waste has not yet reached field capacity and much of the water infiltrating the 

waste, is taken up by the waste, which serves to increase the water content of the waste. 

After oxygen has been depleted, facultative anaerobes tend to dominate the decomposition 

process (McBean et al., 1995; Qasim and Chiang, 1994). This phase that is marked by high 

concentrations of volatile fatty acids (VFA's) and high biochemical and chemical oxygen demand 

(BOD5  and COD). The third phase of decomposition occurs when anaerobic methanogenic 
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bacteria becomes dominant (McBean et al., 1995). The consumption of VFA's, produced during 

the acid anaerobic phase, increases the p1-I to between pH 7 and 8 (Farquhar, 1989). 

2.6.8.2 Age of MS W Deposited in Landfill 

Leachate quality is greatly influenced by the length of time which has elapsed since deposition of 

MSW in landfill. Variations in leachate quality with age should be expected throughout most of 

the landfill life because organic matter will continue to undergo stabilization (Qasim and Chiang, 

1994). The quantity of chemicals in the MSW is finite and, therefore, leachate quality reaches a 

peak after approximately two or three years followed by a gradual decline in ensuring years 

(McBean et al., 1995; Lu et al., 1985). Generally, leachate from new landfills will be high in 

BOD5  and COD and will then steadily decline, leaving off after about 10 years (Akyurek, 1995). 

All contaminants do not peak at the same time. Due to their initially biodegradable nature, organic 

compounds decrease more rapidly than inorganic with increasing age of the landfill (Chain and 

DeWalle, 1976). Inorganic are only removed as a result of washout by infiltrating rainwater 

(Qasim and Chiang, 1994). Organic compounds, however, decrease in concentration through 

decomposition as well as washout. 

2.6.8.3 Fluid Addition 

The rate of fluid addition (infiltration) is dependent on several factors including but not limited to: 

rate of precipitation; presence of landfill cover; types of materials used in landfill cover; fluid 

losses due to runoff evapotranspiration and storage (Qasim and Chiang, 1994). The rate of 

infiltration affects initial production of leachate, rate of leachate generated, and the rate of 

decomposition within the waste. Moreover, the rate of waste decomposition is partially dependent 

on the waste moisture content and infiltration rate (almisano and Barlaz, 1995; Qasim and 

Chiang, 1994). A study by Blakey et al. (1992) reported that increasing the rate of fluid addition 

(infiltrating of precipitation) within the experimental landfill cells, decreased the time to initial 

leachate production and increased the rate at which organic material was consumed within the 

waste. 

Moisture content is the most significant factor influencing waste stabilization and leachate quality 

(AI-Meshan et al., 2002). Moisture addition has been demonstrated repeatedly to have a 

stimulating effect on methanogenesis (Barlaz et al., 1989), although some researchers indicate 

that it is the movement of moisture through the waste as much as it is water addition that is 
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important (Klink and Ham, 1982). Moisture within the landfill serves as a reactant in the 

- hydrolysis reactions, transports nutrients and enzymes, dissolves metabolites, provides pH 

buffering, dilutes inhibitory compounds, exposes surface area to microbial attack, and controls 

microbial cell swelling (Noble and Arnold, 1991). Lu et al. (1985) stated that high moisture flow 

rates can flush soluble organics and microbial cells out of the landfill and in such cases microbial 

activity plays a lesser role in determining leachate quality. Also, high moisture application rates 

can remove the majority of waste contaminants early in the life of the landfill. Under low flow 

rate of water conditions, anaerobic microbial activity is the significant factor governing leachate 

organic strength (McBean et al., 1995). The quatity of moisture is important because it directly 

affects stabilization rates within the landfill. Sulfita et al. (1992) and Miller et al. (1994) both 

noted the important role of moisture in supporting methanogenic fermentation of MSW when 

examining samples removed from operating landfills. Relatively dry landfills (i. e. 20 to 40 

percent water) have very slow stabilization rates because there is only small quantity of moisture 

to support phytoremediation degradation. Recommended moisture content reported in the 

literature ranges from a minimum of 25 percent (wet basis) to optimum levels to 40 to 70 percent 

(Barlaz et al., 1989; Chen and Bowerman, 1974). 

2.6.8.4 Materials used in Landfill Cover 

Waste is landfilled over a period of time that may last as 20 years or more. Considering the 

decomposition processes with respect to time, it is expected that separate cells containing the 

same composition of deposited MSW will be at different stages of decomposition and the amount 

y of generating contaminated leachate is vary (Armstrong and Rowe, 1999). Moreover, the leachate 

generating rate from the deposited MSW also depends on the types of materials used as a daily 

top cover because of infiltrating of rainwater (Palmisano and Barlaz, 1995; Qasim and Chiang, 

1994)). 11am and Bookter (19982) studied the effect of placing of landfill cover after the 

deposition of waste. Two lysimeter cells (Cell 3 and Cell 4) were constructed for this portion of 

the study. Cell 3 had a soil cover over the waste lift, while Cell 4 was left uncovered. The initial 

lifl of waste generated a peak COD of about 30,000 mg/L, in both the Cell 3 and 4, after 

approximately 4 to 5 months of operation, which corresponded to the regular production of 

significant amounts of leachate. After leachate COD had remained steady for a significant period 

of time. In addition, 12 months after the waste placement, COD rise sharply in Cell 4 (to 

approximately 15,000 mg/L) but Cell 3 did not, which suggests that the soil cover in Cell 3 played 

a role in leachate attenuation. 
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2.6.8.5 Sulfate to Chloride Ratio and pH 

The value of p11 is greatly influenced by the ratio of sulfate and chloride concentration. A 

decrease in the sulfate to chloride concentration ratio due to a rapid decrease in sulfate 

concentration while the chloride concentration declines more slowly. The rapid decrease in the 

concentration of sulfate is a result of predominately anaerobic conditions in the landfill under 

which sulfate is reduced to suiphide (Chain and DeWalle, 1976). Unlike the sulfate concentration, 

pH increases with time, which reflects the decrease in concentration of the partially ionized free 

volatile fatty acids (VFA's) (Chain and DeWalle, 1976). 

2.7 Management of Leachate 

The collected leachate is managed by the process of (a) Recycling; (h) Evaporation; (c) Spray 

disposal; (d) Wetlands treatment and (e) Discharge to municipal wastewater collection systems. 

2.8 Collection Facilities of Leachate 

Leachate collection accomplished by a series of sloped terraces and a system of collection pipes. 

Pertbrated pipes are placed in each channel to convey the collected leachate to a central location 

to remove for treatment or reapplication. A typical view of leachate collection system is shown in 

Figure 2.20. The cross slope of terraces is usually 1 to 5 %, slope of the drainage channels is 0.5 
to 1 .0 %. The cross slope and flow length of the terraces determine the depth of leachate above 

the liner. The slope and maximum length of the drainage channel is selected based on the capacity 

of the drainage facilities. The detailed of the leachate collection pipe as shown in Figure 2.21. 

Ohl 

Figure 2.20: Leachate collection system with graded terrace 
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KA Figure 2.21: Detail of typical leachate collection pipe 

2.9 Treatment Facilities of Landfill Leachate 

Leachate treatment is dependent on the quality and quantity of the leachate input, discharge 

limits or removal efficiency requirements, quantity of residual products and their management, 

site location and economics. Generally, high organic and ammonia loads are the key factors in 

leachate treatment (Heavy, 2003). The feasibility of treating leachate to COD levels less than 

1.000 mg/L is uncertain, since at these values COD is primarily composed of humic and fulvic 

acids. The effect of these substances on aquatic life of receiving waters is dependent extensively 

on specific cases. While developing a treatment sequence for leachate to be discharged into a 

river, Robinson et al. (2002) reported that COD levels of about 500 mg/L comprising humic and 

fulvic acids did not adversely affect aquatic life. High ammonia and phosphorus deficiency in 

leachate hamper the efficiency of phytoremediation treatment. A general consensus among 

researchers is that high nitrogen levels are also hazardous to receiving waters and need to be 

removed prior to discharge. This is generally carried out through phytoremediation 

nitrification-denitrification processes for young leachate and through physico-chemical 

processes in the stabilized leachate. 

Leachate varies widely in quantity and in composition from one place to another (Kennedy Ct 

al., 1988). Such a variable nature along with other factors make the applicability of a treatment 
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method highly dependent on leachate characteristics and tolerance of the method against 

changes in leachate quality (Henry Ct al., 1982). The success of treatment depends also on the 

characteristics of the leachate and age of the landfill. Phytoremediation and physical/chemical 

treatment processes, land treatment systems and co-treatment with municipal wastewater can 

accomplish leachate treatment. Table 2.10 compares the performance of physical, chemical and 

phytoremediation treatment on different aged leachate. 

Several wastewater treatment processes have generally been used to treat leachate (Amokrane et 

al., 1997). The major phytoremediation treatment processes comprise aerobic and anaerobic 

while physical and chemical treatment processes comprise oxidation, coagulation-flocculation, 

chemical precipitation, activated carbon absorption and membrane processes. 

Table 2.10: Comparative performance of various treatment processes for leachate treatment 

Treatment Young Medium Old Metals VOC Nitrogen Priority Solids 
Process <5years 5-10 >12 Pollutants 

years years  

Physical  

Natural A A A A A A A A 
vaporation  

Floatation D D D B B D B A 
Air stripping D D D D A A B D 
Filtration D D D A D D D A 
Membrane A A A A B A A A 
processes 

Chemical  

Coagulation! C B C A D C D A 
precipitation  

Chemical C B B D D D A D 
Oxidation  

Ion exchange C B B A D B D A 
Carbon C B A D A D A D 
adsorption 

Phytoremediation______  

Aerobic A B C A A B B
_ 
 B 

suspended 
growth  

Aerobic fixed A B C A A B B B 
film  

Anaerobic A B C A A B B B 
suspended 
gtowth  

Anaerobic fixed A B C A A B B B 
film 

MIU!(. V astin ana Lnlang, iyyq; VUL- voiaiiie urganic Lompounds; A- (iood; B- Fair; C- poor; D—Not 
applicable; 
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Leachate can be treated by three main methods: physical, chemical and phytoremediation 

treatments shown in Figure 2.22. Treatment can be a combination of two or three of the above 

methods. Air-stripping, adsorption are major physical leachate treatment methods (Amokrane et 

al., 1997; Bohdziewicz et al., 2001; Morawe et al., 1995; Trebouet et al., 2001), while the other 

methods such as coagulation, flocculation, chemical precipitation, chemical and electrochemical 

oxidation methods are the common chemical methods used for the landfill leachate treatment 

(Arnokrane et al., 1997; Ahn et al., 2002; Chiang et al., 2001; Lin and Chang, 2000; Steensen, 

1997; Maruinen et al., 2002). This combination method is most popularly used to achieve 

excellent leachate treatment efficiency (Figure 2.20) (l-leyer and Stegmann, 2000). 
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Figure 2.22: Scheme of often used methods and combinations for leachate treatment (source: 
I-Ieyer and Stegmann, 2000) 

The selection of the best treatment methods is controlled by several factors such as( Heyer and 

Stegmann, 2000): (a) Leachate characteristics- organic and inorganic contents; (b) Hazardous 

nature-concentration of organic, inorganic and toxic metals; (c) Degree of treatment-leachate 
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characteristics, legal requirements, and discharge alternatives; (d) Treat—ability studies, available 

experimental data and applicable technology and (e) Cost - availability of funds. 

In this section, a review of the various treatments is mentioned in details. The leachate treatment 

processes have different effectiveness depending on the leachate from landfill of different ages. 

The phytorernediation treatment process has been found to be effective on leachate from young 

landfills (Loudidou and Zouboulis, 2000). Sometimes leacahate can be treated by traditional 

package treatment plants on site, but this kind of treatment is expensive to build and operate 

(Liehr et al., 2000). An effective type of treatment is the phytorernediation process, especially for 

young leachate which has mainly volatile fatty acids, but it is not effective on old leachate 

because in many cases high COD value was found in leachate after phytoremediation treatment 

(Trebouet et al., 2001). 

Fj 
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Table 2.11: Commonly used landfill leachate treatment processes 

Treatment Process Application Comment 

Phytoremediation Process  
Activated sludge Removal of organics from leachate Deforming additive may be necessary; separate clarifier needed 

Sequencing batch reactors Removal of organics 
Similar to activated sludge, but no separate clarifier needed; only applicable to 
relatively low flow rates 

Aerated stabilization basins Removal of organics Requires large land area 

Fixed film processes (trickling filters, 
rotating phytoremediation contactors) 

Removal of organics 
__________________________________ 

Commonly used on industrial effluents similar to leachates, but untested on actual 
landfill leachate 

Anaerobic lagoons and contactors Removal of organics 
Lower power requirements and sludge production than aerobic systems; required 
heating; greater potential for process instability; slower than aerobic systems 

N itrification/ denitrification Removal of nitrogen 
Nitrification/ denitrification can be accomplished simultaneously with the removal 
of organics 

Physical/Chemical 
Sedimentationlflotation Removal of suspended matter Of limited applicability alone; used in conjunction with other treatment processes 

Filtration Removal of suspended matter Useful only air polishing step 

Air stripping 
Removal of ammonia or volatile 

. 

organics 
May require air pollution control equipment 

Steam stripping Removal of volatile organics High energy' costs; condensate steam requires further treatment 

Adsorption Removal of organics Proven technology; variable costs depending on leachate 

Ion exchange Removal of dissolved inorganic Useful only as a polishing step 

Ultra filtration 
Removal of bacteria and high-
molecular-weight organics 

Subjected to fouling; of limited applicability to leachate 

Reverse osmosis Dilute solutions of inorganic Costly; extensive pretreatment necessary 

Neutralization pH control Of limited applicability to most leachates 

Precipitation Removal of metals and some anion Produces a sludge, possibly requiring disposal as a hazardous waste 

Oxidation 
Removal of organics; detoxification 
of some inorganic species 

Works best on dilute waste streams; use of chlorine can result in formation of 
chlorinated hydrocarbons 

Evaporation 
Where leachate discharge is not 
permissible 

Resulting sludge may be hazardous; can be costly except in arid regions 

Wet air oxidation Removal of organics Costly; works well on refractory organics 

Source: Tchobanoglous et al., 2002 
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2.9.1 Phytoremediation Treatment 

The most common practice for leachate treatment worldwide is phytorernediation treatment. 

Phytoremediation systems can be divided in anaerobic and aerobic treatment processes. Both can 

be realized by using different plant concepts. A combination of aerobic, anaerobic and anoxic 

processes is the main processes used for phytoremediation treatment (Im et al. 2001). 

Phytoremediation treatment of leachate usually results in low treatment efficiencies because of 

high COD, high amrnonium-N content and also presence of toxic compounds such as heavy 

metals (Fikrct et al., 2003). Most of organic materials in leachate from young landfill (<2yrs) is 

easily biodegradable by aerobic phytoremediation oxidation. However, some adjustment needs to 

be made to the p1-1 by adding nutrient to optimize the process. The most common aerobic 

phytoremediation treatment methods are (Renou et al., 2008): (a) Aerated lagoons; (b) Activated 

sludge plants; (c) Rotating phytoremediation contactors (rbc); (c) Trickling filter; (d) Sequential 

batch plant; (c) Co-treatment with sewage; (f) Parts of the landfill body used as a reactor and (g) 

Anaerobic filter. Some of the phytoremediation treatment options are described as 

diagrammatically in the Figures 2.24 to 2.27 as stated in Table 2.11. 
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Figure 2.23: Aerobic systems 
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Figure 2.26: Trickling Filters 
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Figure 2.27: Rotating phytoremediation contactors 

2.9.2 Physico-chemical Treatment 

Physio-chemical treatments exist for not only removing refractory substances from the leachate, 

but also it is counted as a refining pre-step which is required before phytoremediation treatment 

of leachate (Rautenbach and Mellis, 1994). These methods are like those used to reduce COD, 

decrease suspended solids, colloidals, particles, floating material, heavy metals, suspended soil 

and color (Tonni et al., 2005) by either, flotation, coagulation/flocculation, adsorption, chemical 

oxidation and air stripping. Physical/chemical treatments of landfill leachate are used in addition 

to the treatment line (pre-treatment or last purification) or to treat a specific pollutant (stripping 

for ammonia) (Renoua et al., 2008; Park et al., 2001). Sometimes a combination of physical, 

chemical and phytoremediation approaches is used for landfill leachate treatment, as it has been 

difficult to get efficiencies from the treatment using a single approach (Chiang et al., 2001; Ahn et 

al., 2002; Lin and Chang, 2000). On the other hand, within the chemical treatment methods which 

are used for the leachate treatment there are some main methods like coagulation, flocculation, 

chemical or electrochemical oxidation (Aim et al., 2002; Chiang et al., 2001; Bohdziewicz et al., 

2001; Marttinen et al., 2002; Trebouet et al., 2001). Before using phytoremediation treatment in 

order to improve COD removal, the Ozone pre-treatment should be used first (Kennedy and 

Lentz, 2000; Li and Zhao, 2001). Physical and chemical treatments of leachate were mainly done 

for removal of suspended matter volatile organics, high-molecular- weight organics, dissolved 
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inorganic and heavy metals. It was done by various process but the processes are costly. So the 

4s physical and chemical treatments of leachate are not economic for developing country like 

Bangladesh. Some of the physical and chemical treatments of leachate are described below. 

2.9.2.1 Precipitation 

Chemical precipitation of heavy metals in landfill leachate treatment involves the addition of 

chemicals to alter the physical state of dissolved and suspended solids and facilitate their removal 

by sedimentation. 

2.9.2.2 Adsorption 

Adsorption is a process in which the solid species is added to a solution containing other ions, 

called adsorbents are removed by adsorption onto the solid surface. In this system, solid state 

diffusion is the only mechanism by which a species can reach the interior of nonporous particles 

(Forstner et al., 1988). The use of Greek fly ash as a means of removal of heavy metal from 

wastewater has been examined. Nickel ion is selected as an example and removals of almost 

100% are observed. The removal of an anionic toxic pollutant from solution such as arsenic 

makes several difficulties. Mainly due to the fact of precipitation process is not possible by the 

simple regulation of the solution pH. The application of iron sulphide or oxide minerals such as 

pyrite or red mud, as arsenic adsorbents might be a cheap and effective method for the treatment 

of arsenic bearing process solutions. 

2.9.2.3 Coagulation and Flocculation 
Coagulation and flocculation process is usually used for treating fresh leachate and it is applied as 

a pretreatment before phytoremediation treatment. Furthermore, the use of combined coagulation 

and flocculation with other processes such as reverse osmosis (Ozturk et al., 2003), photo-

oxidation process and phytoremediation treatment (Kargi et al., 2003b; Hee-Chan et al. , 2001 

and Dae-Hee et al., 2002) have satisfactory results. Coagulation and flocculation is used to 

remove heavy metals and non-biodegradable organic compounds from landfill leachate (Tatsi et 

al., 2003; Kargi et al., 2003). Also, the coagulation and flocculation process can be used for the 

removal of non-biodegradable organic matters from hazardous landfill leachate. Coagulants have 

an opposite charge to those of suspended solids. The coagulants are used in the leachate in order 

to defuse the negative charges on dispersed solids which are not settled like color-producing 

organic substances and clay. When the charge is neutralized, the small particles which are 
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suspended stick together in order to increase the size of particles. Sometimes not all suspended 

particles are neutralized because the coagulant is not enough and needs more coagulant to he 

added (Ayoub ci. al., 2001). The next step after coagulation is flocculation which occurs in the 

moving particles that are not fixed into large flocs so that it can settle very fast. Coagulation 

further reduced suspended solids and neutralized pH. Coagulation and flocculation studies are 

carried out in usual jar test equipment. For more than 50 years, the jar test has been the typical 

technique used in wastewater and drinking water industry to improve the addition of coagulant 

and flocculants (Galvez et al., 2005). The coagulation process contains several stages but the three 

main stages are as follows (Ebeling et al., 2003):- 

Rapid Mixing step: coagulants are added to the flowing water and a high and fast intensity 

mixing is started. The main target is to get complete mixing of the coagulant with 

wastewater in order to increase the effectiveness of colloidal particles which are 

destabilized and then starts to coagulate (Nor Asikir and Agamuthu , 2007). 

Slow mixing step: the suspension of wastewater is slowly moved in order to enhance the 

coagulation of particles and to facilitate the growth of large floes. 

Settling step: mixing is completed and the floe starts to settle. 

The speed and duration of mixing are significant factors in both the first and second steps. The 

other important factor is the duration of settlement. To determine these significant factors, the 

hterature on landfill leachate coagulation-flocculation was reviewed, and it revealed that the 

speed and duration of the fast and slow mixing steps and the period of settlement step used in jar 

test experiments were not exactly the same in all the studies. During the fast mixing step, the 

velocity varied between 100 and 200 rpm and the period between 2 to 5 minutes in most eases, 

although duration of 30 minutes also has been reported (Galvez et al., 2005). Through the slow 

mixing step, the speed varied between 20 to 60 rpm and the period between 5 to 55 minutes, 

while, in most studies the duration ranged between 15 to 30 minutes (Galvez et al., 2005). In the 

settling step, the duration of time differed from 15 to 60 minutes, whereas in most studies the 

period was 60 minutes. Finally, the floes were shifted to a clarification basin. They settled at the 

bottom and were then removed, while the clarified effluent overflowed (Galvez et al., 2005). 

2.9.2.4 Chemical Precipitation 

Chemical precipitation process is used extensively as pre-treatment to reduce high concentration 

of' ammonium nitrogen (NI-I4 -N) in leachate. As well, the COD reduce of 79 to 95. Then, 
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ammonium concentration reduced from 5600 to 110 mg/L in 1 5 minutes by the same method. 

-- Altinbas et al., (2002), studied the behavior of magnesium ammonium phosphate (MAP) 

precipitation (precipitated ammonium ions as magnesium ammonium phosphate) after anaerobic 

process pre-treatment of domestic wastewater and landfill leachate mixture. They found the 

maximum ammonia reduction was 66 % at a p11 of 9.3. 

2.9.2.5 Adsorption using Activated Carbon 

The adsorption of pollutants using Activated Carbon either in columns or in powder form (Kargi 

et al., 2003, Kargi et al., 2004, Zamora et al., 2000) gives good reduction in COD levels than the 

chemical processes. The main disadvantage is the requirement for repeated renewal of columns or 

high utilization of powdered activated carbon (PAC). The color, inert COD and the 

Nonbiodegradable organics may be decreased to suitable levels for phytoremediation treatment 

landfill leachate. Rodriguez et al., (2004), studied PAC and many other resins to decrease the non-

biodegradable organic matter from landfill leachate. Research reveals that Activated Carbon 

offered the highest adsorption capacity which was about 85% COD decrease (Kargi et al., 2003a 

Kargi et al., 2004; 1-leavy et al., 2003). Almost 100 % elimination of both ammonia and BOD, and 

69% of COD were achieved. Finally, limestone has been confirmed successful in removing 

metals from wastewaters. Aziz et al., (2004), indicated that 90 % of Fe could be removed from 

semi-aerobic landfill leachate by limestone filter. 

2.9.2.6 Chemical Oxidation 

'y The chemical oxidation method is used for the treatment of effluents consisting refractory 

compounds like landfill leachate. Currently, more interest has been focused on advanced 

oxidation processes (AOP). Nearly all of them with the exception of simple ozonation (03), use a 

combination of strong oxidants, e.g. 1-1202, irradiation, e.g. ultrasound (US), ultraviolet (UV), or 

electron beam (EB), and some catalysts, e.g. transition metal ions or photocatalys. However, 

recent studies have confirmed that AOP is efficient for treating old or well - stabilized leachate in 

order to improve the biodegradability of refractory organic pollutants (Wang et al., 2003). On the 

other hand, this method (AOP) has some disadvantages such as using a lot of energy which is 

necessary for devices such as UV lamps, ozonizers andultrasounds (Lopez et al., 2004). Also, 

Renoua et al., (2008) confirmed that AOP, adapted to well-stabilized or old leachate, are applied 

to develop the biodegradability of recalcitrant organic pollutants and oxidize organic substances. 
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2.9.2.7 Air Stripping 

Recently, it has been found that the best method for removing a high concentration of NH4 -N in 

wastewater treatment technologies is air stripping. The leachate usually contains high levels of 

ammonium and nitrogen, and both of t11em can be eliminated by using the air stripping method 

(Marttinen et al., 2002). This method is efficient at a high p1-I because Marttinen et al. (2002) 

confirmed that about 89% ammonia was reduced at pH 1 1 within 24 h retention time. However, 

this method has a disadvantage which is emission of NH3  into air which can cause air pollution if 

ammonia cannot be properly absorbed with either H2SO4 or HCI (Zhou and Smith, 2001). 

2.10 Gas Emissions from MSW Landfill 

Landfill gas (LFG) (commonly termed "biogas" in some location) is one of the products 

generated as a consequence of the phytoremediation degradation of the organic fraction of the 

wastes placed in the landfill (Diaz et al., 1996; Popov, 2005). Landfill is the main source of 

emission of methane gas and that it is as much as 38% of the total anthropogenic source (Popov 

and Power 1999). A younger landfill emits lesser quantity of gas compared to an older one (Chan 

et al., 2002). LFG that are generated in a landfill are methane (55 %) and carbon dioxide (35 %) 

both of which are generated due to the disposal of organic waste into the landfills. These gases are 

released into the atmosphere (Fauziah and Agamuthu, 2003). 

2.10.1 Factors Affecting Production of LFG 

The rate and volume of landfill gas produced at a specific site depend on the characteristics of the 

waste (e.g., composition and age of the refuse) and a number of environmental factors (e.g., the 

presence of oxygen in the landfill, moisture content, and temperature). 

2.10.1.1 Composition of Deposited MSW 

The more organic waste present in a landfill, the more landfill gas is produced by bacteria] 

decomposition. Some types of organic waste contain nutrients, such as sodium, potassium, 

calcium, and magnesium, that help bacteria thrive. When these nutrients are present, landfill gas 

production increases. Alternatively, some wastes contain compounds that harm bacteria, causing 

less gas to be produced. 

61 1 P a 2 e 



2.10.1.2 Oxygen in the Landfill 

Only when oxygen is used up will bacteria begin to produce methane. The more oxygen present 

in a landfill, the longer aerobic bacteria can decompose waste in Phase I. If waste is loosely 

buried or frequently disturbed, more oxygen is available, so that oxygen-dependent bacteria live 

longer and produce carbon dioxide and water for longer periods (Miroslav Nastev et al., 2001). If 

the waste is highly compacted, however, methane production will begin earlier as the aerobic 

bacteria are replaced by methane-producing anaerobic bacteria in Phase III. Methane gas starts to 

be produced by the anaerobic bacteria only when the oxygen in the landfill is used up by the 

aerobic bacteria; therefore, any oxygen remaining in the landfill will slow methane production. 

Barometric highs will tend to introduce atmospheric oxygen into surface soils in shallow portions 

of a landfill, possibly altering bacterial activity. In this scenario, waste in Phase IV, for example, 

might briefly revert to Phase I until all the oxygen is used up again. 

2.10.1.3 Moisture Content 

The presence of a certain amount of water in a landfill increases gas production because moisture 

encourages bacterial growth and transports nutrients and bacteria to all areas within a landfill 

(Klink and Ham, 1982). A moisture content of 40% or higher, based on wet weight of waste, 

promotes maximum gas production (e.g., in a capped landfill). Waste compaction slows gas 

production because it increases the density of the landfill contents, decreasing the rate at which 

water can infiltrate the waste. The rate of gas production is higher if heavy rainfall and/or 

permeable landfill covers introduce additional water into a landfill. 

2.10.1.4 Temperature 

Warm temperatures increase bacterial activity, which in turn increases the rate of landfill gas 

production. Colder temperatures inhibit bacterial activity. Typically, bacterial activity drops off 

dramatically below 50°F. Weather changes have a far greater effect on gas production in shallow 

landfills. This is because the bacteria are not as insulated against temperature changes as 

compared to deep landfills where a thick layer of soil covers the waste. A capped landfill usually 

maintains a stable temperature, maximizing gas production. Bacterial activity releases heat, 

stabilizing the temperature of a landfill between 77°F and 113 °F, although temperatures up to 

158°F have been noted. Temperature increases also promote volatilization and chemical reactions. 
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2.1 0.1.5 Age of Refuse 

More recently buried waste will produce more gas than older waste. Landfills usually produce 
- 

appreciable amounts of gas within I to 3 years. Peak gas production usually occurs 5 to 7 years 

after wastes are dumped. Almost all gas is produced within 20 years after waste is dumped; 

however, small quantities of gas may continue to be emitted from a landfill for 50 or more years. 

A low-methane yield scenario, however, estimates that slowly decomposing waste will produce 

methane after 5 years and continue emitting gas over a 40-year period (Harmsen, 1983). Different 

portions of the landfill might be in different phases of the decomposition process at the same 

time, depending on when the waste was originally placed in each area. The amount of organic 

material in the waste is an important factor in how long gas production lasts. 

2.10.2 Duration of Phases of LFG ly 

LFG is a mixture of gases. It contains 45-60 % of methane by volume, with the rest being mainly 

carbon dioxide and a trace amount of nitrogen, hydrogen, ammonia, sulfur dioxide and carbon 

monoxide. When MSW are deposited in a landfill, the wastes undergo a number of simultaneous 

phytoremediation , physical and chemical processes to give out landfill gas and other compounds. 

These processes include decomposition in which MSW are decomposed by bacteria under aerobic 

and anaerobic conditions, and volatilization in which wastes in liquid or solid form are vaporized 

into gaseous form (Gea et al., 2004). The decomposition of MSW in a landfill can be divided into 

4 phases with different types of bacterial activities and various landfill gas compositions in each 

phase. Methane is produced in the third phase by methanogenic bacteria under anaerobic 

conditions (Figure 2.28). 

Phase I (Initial Adjustment) 

During the first phase of decomposition, aerobic bacteria—bacteria that live only in the presence 

of oxygen-consume oxygen while breaking down the long molecular chains of complex 

carbohydrates, proteins, and lipids that comprise organic waste. The primary byproduct of this 

process is carbon dioxide. Nitrogen content is high at the beginning of this phase, but declines as 

the landfill moves through the four phases. Phase I continues until available oxygen is depleted. 

Phase I decomposition can last for days or months, depending on how much oxygen is present 

73 
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when the waste is disposed of in the landfill. Oxygen levels will vary according to factors such as 

how loose or compressed the waste was when it was buried. 
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Figure 2.28: Phase of LFG generated from MSW in landfill 

Phase II (Transition Phase) 

Phase II decomposition starts after the oxygen in the landfill has been used up. Using an 

anaerobic process (a process that does not require oxygen), bacteria convert compounds created 

by aerobic bacteria into acetic, lactic, and formic acids and alcohols such as methanol and ethanol. 

The landfill becomes highly acidic. As the acids mix with the moisture present in the land-fill, 

they cause certain nutrients to dissolve, making nitrogen and phosphorus available to the 

increasingly diverse species of bacteria in the landfill. The gaseous byproducts of these processes 

are carbon dioxide and hydrogen. If the landfill is disturbed or if oxygen is somehow introduced 

into the landfill, microbial processes will return to Phase I. 

Phase III (Acid I'hase,) 

Phase III decomposition starts when certain kinds of anaerobic bacteria consume the organic acids 

produced in Phase II and form acetate, an organic acid. This process causes the landfill to become 

a more neutral environment in which methane-producing bacteria begin to establish themselves. 

Methane-and acid-producing bacteria have a symbiotic, or mutually beneficial, relationship. Acid- 
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producing bacteria create compounds for the methanogenic bacteria to consume. Methanogenic 

bacteria consume CO2  and acetate, too much of which would be toxic to acid-producing bacteria. 

Phase IV (Methane Fermentation Phase and Maturation Phase) 

Phase IV decomposition begins when both the composition and production rates of landfill gas 

remain relatively constant. Phase J\T  landfill gas usually contains approximately 45 to 60 % 

methane by volume, 40 to 60 % carbon dioxide, and 2 to 9 % other gases, such as sulfides. Gas is 

produced at a stable rate in Phase IV, typically for about 20 years; however, gas will continue to 

be emitted for 50 or more years after the waste is placed in the landfill. Gas production might last 

longer, for example, if greater amounts of organics are present in waste, such as at a landfill 

receiving higher than average amounts of domestic animal waste. 

ly 

2.10.3 Gas Production Rates 

Gas production rates of MSW vary with the composition and age of waste, waste volume, waste 

moisture content, and other factors. MSW landfill gas consists mainly of methane and carbon 

dioxide with lesser concentrations of nitrogen, oxygen, sulfides, ammonia and other constituents 

and trace concentrations of a variety of volatile organic compounds. Gas generation rates for 

MSW landfills can be estimated using simplified manual calculations (Tchobanoglous Ct al., 

1993; McBean et aL, 1995) or computer-based models such as the USEPA landfill air emissions 

estimation model (USEPA 1996). Estimates of Gas Production Rates as follows: 

• Rapid degradation conditions: 3 to 7 years (4 to 10 L/kg/yr) 

• Moderate degradation conditions: 10 to 20 years (1.5 t 3 L/kg/yr) 

• Slow degradation conditions: 20 to 40 years (0.7 to 1.5 L/kg/yr) 

2.10.4 Characteristics of LFG Generated from MSW in Landfill 

The LFG is separated in good and bad gas according to the gas analysis. The landfill-gas of 

various gas wells is mixed in the gas control station, in order to achieve methane content higher 

than 45 per cent methane (minimum concentration of methane in power stations is 40 per cent, 

optimum concentration between 50 and 55 per cent). Landfill-gases are disposed by a high 

temperature flare if the concentration of methane is between 25 and 40 percent (Burdekin, 2003). 

The typical Landfill Gas Components are tabulated in Table 2.12. 
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Table 2.12: Typical landfill gas components 

Component Percent by Characteristics 
Volume 

Methane 45-60 Methane is a naturally occurring gas. It is colorless and odorless. Landfills are the 
single largest source of U.S. man-made methane emissions 

Carbon dioxide 40-60 CO2  is found at small concentrations in atmosphere (0.03%). It's colorless, odorless 
and slightly acidic. 

Nitrogen 2-5 Nitrogen comprises approximately 79% of the atmosphere. It is odorless, tasteless, 
and colorless. 

Oxygen 0.1-1 Oxygen comprises approximately 21% of the atmosphere. It is odorless, tasteless, and 
colorless. 

Ammonia 0.1-1 Ammonia is a colorless gas with a pungent odor. 

NMOCS 0.0 1-0.6 NMOCs are organic compounds (i.e., compounds that contain carbon). (Methane is 

(non-methane organic compounds) an organic compound but is not considered an NMOC.) NMOCs may occur naturally 
or be formed by synthetic chemical processes. NMOCs most commonly found in 
landfills include acrylonitrile, benzene, 1,1-dichloroethane, 1,2-cis dichioroethylene, 
dichloromethane, carbonyl sulfide, ethyl-benzene, hexane, methyl ethyl ketone, 
tetrachioroethylene, toluene, trichioroethylene, vinyl chloride, and xylenes. 

Sulfides 0-1 Sulfides (e.g., hydrogen sulfide, dimethyl sulfide, mercaptans) are naturally occurring 
gases that give the landfill gas mixture its rotten-egg smell. Sulfides can cause 
unpleasant odors even at very low concentrations. 

Hydrogen 0-0.2 Hydrogen is an odorless, colorless gas. 

Carbon monoxide 0-0.2 Carbon monoxide is an odorless, colorless gas. 

Trace gases Less than 0.6  

Source: Tchobanoglous et al., 1993; EPA 1995 
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2.11 Evaluation of Contamination Potential of Solid Waste Landfill using LPI 

A number of incidcnces have been reported in the past, where leachate had contaminated the 

surrounding soil and polluted underlying ground water aquifer or nearby surface water (Chian and 

DeWalle, 1976; Kelley, 1976; Kumar et al., 2002; 2004; Alamgir et al., 2005). However, the 

principal concerns regarding leachate are related to the pollution potential of uncontrolled 

leachate migration into local surface water, groundwater or the sea (Lo 1996). A strong need has 

been felt to take appropriate remedial measures to avoid contamination of the underlying soils and 

groundwater aquifers from the leachate generated from the landfills (Leckic et al., 1979; Kouzeli-

Katsiri et al., 1999; Alanigir et al., 2006). The state regulatory authorities in most of the countries 

around the world have framed regulations to safe guard against the contamination of groundwater 

sources from the leachate generated from the soild waste landfill. I-Iowever, the remedial and 

preventive measures cannot be undertaken at all the existing closed and active landfill sites 

because of financial constraints. Remedial and preventive measures need to be taken up in a 

phased manner. Thus, a system needs to be developed to prioritize actions and to establish which 

landfills need immediate attention for remediation works. An index for easy comparison of 

leachate contamination potential of different landfills in a given geographical area would be a 

useful tool in this regard. 

Kumar and Alappat (2003) have developed a technique to quantify the leachate contamination 

potential of different landfills on a comparative scale in terms of leachate pollution index (LPI). 

LPI has many potential applications including ranking of landfill sites, resource allocation, trend 

analysis, enforcement of standards, scientific research and public information. Due to the 

simplicity and similarity of composition of MSW, the develoed tool of LPI was used in this 

study to evaluate the contamination potential of landfill lysirneter. 

Table 2.13: Professional fields of panelists for LPI formulation ('after Kumar and Alappat 2003) 

SL No. Professional status of the panelists No. of panelists 
 Regulatory authorities and scientists 15 
 Consulting engineers 06 
 Academicians 49 
 

______ 

Others including members of International Solid Waste 
Association (ISWA) 

10 

Total 80 
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2.11.1 Concept of Leachate Pollution Index 

In an effort to develop a system for comparing the leachate pollution potential of various 

landfill sites in a given geographical area, 80 panelists consists of academicians in 

environmental science and engineering; environmental regulatory authority officials and 

scientists; consulting engineers; and members of International Solid Waste Association 

(ISWA) conducting the necessary survey around the world as presented in Table 2.13. The 

survey was conducted using multiple questionnaires to formulate LPI based on Rand 

Corporation's Delphi Technique (Dalkey, 1968). 

Table 2.14: Significance and weights of the pollutant parameters (qiler Kuinar and Alappat 

2003) 

SI. No. Pollutant Significance Pollutant weight 
1 Total Chromium 4.057 0.064 
2 Lead 4.019 0.063 
3 COD 3.963 0.062 
4 Mercury 3.923 0.062 
5 BOD5  3.902 0.061 
6 Arsenic 3.885 0.061 
7 Cyanide 3.694 0.058 
8 Phenol Compound 3.627 0.057 
9 Zinc 3.585 0.056 
10 pH 3.509 0.055 
11 Total Kjeldahl Nitrogen 3.367 0.053 
12 Nickel 3.321 0.052 
13 Total Coliform Bacteria 3.289 0.052 
14 AmmoniaNitrogen 3.250 0.051 
15 Total Dissolved Solids 3.196 0.050 
16 c2pper 3.170 0.050 
17 Chlorides 3.078 0.049 
18 Total Iron 2.830 0.045 

TOTAL 63.165 1.000 

2.11.2 Pollutant Variables Selection 

From literature, fIfty (50) commonly reported leachate parameters were selected for their possible 

inclusion in the LJ'I. In questionnaire 1, the panelists were introduced to the possibility of 
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preparing a tool in the form of LPI. Moreover, the panelists were also asked to considerjifty 50 

leachate parameters for their possible inclusion in the proposed LJ'L Panelists were also requested 
to add any variables to the list of fIfty (50) parameters, which, they feel shall also be included in 
the LPJ. They were also asked to designate all the parameters as follows: (a) Do not include; (b) 

Or undecided and (c) Or include. Panelists were also requested to rate each parameter marked 

'include' according to the significance of its contribution to overall leachate pollution. The rating 

was to be done on a scale of '1 'to '5'. The value '1' was to be used for the parameter that has 

lowest relative significance to the leachate contamination, while, the value '5' was to be used for 

the parameter that has highest relative significance. Based on response from panelists to 

questionnaire 1, and subsequent questionnaire 2 which aimed at arriving at a better consensus, 
eighteen (18) leachate pollutants were selected. The eighteen (18) selected pollutants and the 
significance obtained for them are given in Table 2.14. 

Table 2.15: Weight factors of leachate parameters for sub-LPI ('after Kumar and Alappal, 2003) 

Index Parameters Weight 
factor 

LPlorganic  
(LPIor) 

Chemical oxygen demand (COD) 0.267 
Phytorerncdiation oxygen demand 
(BOD5)  

0.263 

Phenol compound 0.246 
Total coliform bacteria (TCB) 0.224 
Summation 1.000 

LPIinorganc  
(LPI1 ) 

pH 0.214 
Total kjeldahl nitrogen (TKN) 0.2060 
Ammonia nitrogen (NH4-N) 0.198 
Total dissolved solid (TDS) 0. 195 
Chloride (Cfl 0.187 
Summation 1.000 

LPlheavy mctal 

(LPI1 ) 

Total chromium (Cr) 0.125 
Lead (Pb) 0.123 
Mercury (Hg) 0.121 
Arsenic 0.119 
Cyanide 0.114 
Zinc (Zn) 0.11 
Nickel (Ni) 0.102 
Copper (Cu) 0.098 
Total iron (Fe) 0.088 
Summation 

I 1.000 
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2.11.3 Formulation of Sub-Pollution indices 

To make LPI is more informative and useful among the scientific community and fie'd 

professionals, the LPI may be subdivided into three sub-indices in terms of LPI in organic 

pollutant (LP1or), LPI in inorganic pollutant (LPI) and LPI in heavy metal (LPIh ) provided in 

Table 1. In the group of LPI,,,, organic compounds are normally composed of a combination of 

carbon, hydrogen and oxygen, with nitrogen in some cases. In this group, pollutants selected for 

sub-LPI are BOD5, COD, phenol compounds and TCB. The weight factors for the pollutants in 

LJ'Ior have been recalculated on a scale of 1 (Table 2.15). 

In contrary, chlorides, alkalinity, various forms of nitrogen, phosphorous, sulphur, pH, heavy 

metals, gases like hydrogen sulphide and methane, etc. constitute the inorganic component of 

leachate. The LPI inorganic component consists of Ci, pH, NH4-N, TKN and TDS. The weight 

factors for the pollutants in LPI have been recalculated on a scale of 1 as if LPI1,, is an absolute 

index. Moreover, many metals such as Cr, Pb, Zn, Ni, Cu, Fe and 1-Ig are important constituents of 

leachate produced from landfills and considered in LPI1fl)  group. Two non-metal pollutants, 

arsenic and cyanide have also been included in this sub-group. The weight factors for the 

pollutants have been recalculated on a scale of 1. The leachate pollutants can be divided in to the 

subgroups as (i) LPI organic (LPI,),), (ii) LPI inorganic (LPI1 ) and (iii) LPI heavy metals (LPI1.111) 

and also is evident in Figure 2.29. 

thbrie pH 
19 21.4%  

LPIn  
2' 1L4% thr,rnum 

Rrogen 1 m& 3d12  Ph   

1 51.  
Zno 

BOD 

2 3% 

. Figure 2.29: Three LPI subgroups and the pollutants in this subgroups with % weight factors 
(a/icr Kuinar and Alappat 2003) 

70 1 P a g e 



2.11.4 Development of Pollutant Variable Rating Curves 

In the third questionnaire, a selected group of panelists was requested to develop rating curves for 

all the eighteen (18) selected variables. This was done by providing graph sheets to the panelists. 

On the graph sheets, levels of leachate pollution (sub index score) from '0' to '100' were 

indicated on the ordinate of each graph, while, various level of concentrations of particular 

variable, up to the maximum limits reported in literature, were marked along the abscissa. The 

panelists were requested to draw a curve on each graph, which, in their judgment, represented the 

leachate pollution produced by the various concentrations of each pollutant variable. The panelists 

were requested to start the curves for each pollutant variable with a minimum value of '5' of 

leachate pollution even if there is no contamination from the pollutant to the overall leachate 

pollution. This was done to ensure that multiplicative aggregation function can be used at the later 

stage, if required, and the minimum value of '5' units of leachate pollution will ensure that the 

LPI value does not result in zero even if some of the pollutants do not show any pollution. 

Therefore, the theoretical range of LPI is from '0' to '100'. The responses received on the graph 

sheets have been used to produce a set of 'average curves', one for each pollutant variable 

(Robinson et at. 1985). The resulting curves are shown in Figure 2.30. As all the curves are 

obtained from the survey, they are implicit non-linear functions for which no mathematical 

equations can be given. In each figure, the bold line shows the arithmetic mean of all the 

panelists' curves, while, the x axis error bars indicate the 90% confidence limit. Approximately 

75% of the panelists' curves fall within this area. 

2.11.5 Variable Aggregation 

The weighted sum linear aggregation function was used to sum up the behavior of all the leachate 

pollutant variables. The various possible aggregation functions were evaluated by Kumar and 

Alappat (2003) to select the best possible aggregation function. The sensitivity analysis of the six 

short-listed aggregation function was performed to arrive at the best possible aggregation 

function. The LPI can be calculated using the Equation (2.1): 

LPI = (2.1) 
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Where, where LPI is weighted additive leachate pollution index; w1  = the weight for the i h  

pollutant variable; p1  = the sub-index value of the leachate pollutant variable, number of 

leachate pollutant parameters; n =18 and Y.  w1  =1. 

However, when the data for all the leachate pollutant variables included in LPI are not available, 

the LPI can be calculated using the data set of the available leachate pollutants by the Equation 

(2.2): 

ywipi 

LPI= =' 

w:  
I 
  

When, all the leachate parameters are unknown, m < 18 and w, <1. 

(2.2) 
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Chapter Three 

Materials and Methodology 

3.1 General 

In this study the volume and characteristics of leachate generated from municipal solid waste 

(MSW) deposited in lysimeter operated at varying landfill condition were monitored. One 

open dump lysimeter with two operating systems of leachate detection and collection system 

as well as two sanitary landfill lysimeter having two different cap liners were simulated. This 

research mainly focused on the performance of base liner in open dump lysimeter and cap 

liner in sanitary lysimeter. Moreover, the variation of leachate parameters with the increasing 

of elapsed period of MSW deposited in lysimeter operated at varying operational conditions 

as well as the tropical climatic variation also highlighted in this chapter. To reduce the 

pollutant concentration in leachate for meet the standard discharge condition, the 

performance of biological and chemical treatment were also investigated .In general, the 

methodology can be divided into major four tasks as such shown in Figure 3.1: 

1. Task I: Design, construction, monitoring and investigation of landfill lysimeter: 

This study has conducted to characterize clay sample used as compacted clay 

liners (CCLs) as well as MSW deposited in each lysimeter. 

After the design of a reference cell shown in Figure 3.2, the construction of 

landfill lysimeter was started in January 2008 and completed in July 2008. 

This study was also continuously monitored three lysimeters that had been 

operating since June 2008 to December 2010. These periods cover both the 

dry and rainy season provided in Figure 3.3. 

2. Task II: Investigate the performance of base and cap liner as well as the tropical 

climatic influence on leachate characteristics: 

This research was studied to measure the composition and flow rate of landfill 

gas (LFG) as well as quality and quantity of leachate. 

This study has also conducted to investigate the effect of rainfall on leachate 

characteristics (inorganic, organic and nitrogen compounds as well as metal 
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and heavy metal concentrations). This phenomena directly affected by 

lysimeter construction configuration i.e. 

3. Task III: Evaluate the contamination potential of landfill lysimeter: 

This study was investigated the contamination potential of landfill lysimeter 

using the quantifying index of leachate pollution index (LPI) and sub-pollution 

indices (sub-LPIs). 

This study was also conducted to estimate the errors involved in calculating 

the LPI due to the nonavailability of leachate data. 

4. Task IV: Investigate the performance of biological and chemical treatment 

techniques: 

The research was conducted to examine the efficiency and 

performance/consequences of different adopted biological and chemical 

treatment for removing of pollutant in leachate. 

This part mainly emphasis to reduce the pollutant load of lysimeter leachate to 

meet the standard discharge condition with respect to the concentration of 

contaminants in leachate and the values of LPI of the treated leachate. 

Table 3.1: Specifications, operational conditions of lysimeter used to simulate different 
landfill conditions 

lysimeter Operating condition Refuse 
placed (kg)  

Liner specification Simulation 

Open dump lysimeter 
with leachate detection 400 mm thick CCL as a 

A (A1 ) system barrier between detection present practice of 
Open dump lysimeter 2860 and collection system of open dumping 

with leachate collection lysimeter-A 
(A2)_system  

B Sanitary landfill 
2985 Cap liner-I (300 mm thick 

lysimeter with gas 
measurement and 

leachate recirculation 

 CCL) applicability of 
designed top 

C 2800 Cap liner-Il (900 mm 

system  thick natural top soil) cover  

3.2 Construction of Landfill Lysimeter 

The landfill lysimeter simulation was carried out in the geo-environmental research station at 

the backyard of Civil Engineering Building, KUET, Bangladesh. Refer to Figure 3.2, as the 

technical details for the construction of desired lysimeters. The catagory of lysimeter, 
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operational condition and the total weight of MSW deposited in each lysimeter were given in 

It Table 3.1. The landfill lysimeters were constructed using the brick wall of 250 mm thick 

having outer and inner diameter of approximately 1.98 m and 1 .48 rn, respectively, with a 

total height of 3.35 m, resting on a 250 mm thick of reinforced cement concrete (RCC) mat 

foundation at a depth of 760 mm below the existing ground surface. The landfill lysimeter 

was plastered both the inner and outer sides with two coatings of waterproofing agent to 

avoid leakages and corrosion due to acidic environment. Further, the sanitary landfill 

lysimeters (B and C) consisted of LFG collection system above the MSW and leachate 

recirculation system below the MSW in landfill lysimeter. At the bottom of each landfill 

lysimeter, a cement concrete layer of 125 mm thick was provided then the landfill lysimeters 

were filled with stone chips (diameter 5-20 mm) and coarse sand (diameter 0.05-0.40 mm) to 

the height of 15 cm each to ensure proper leachate drainage. At the base of each landfill 

lysimeter after placing the perforated leachate collection pipe, a geo-textile blanket having 

0.60 m wide and 1.65m length was placed to avoid rapid clogging by the sediments from 

landfill lysimeter. A leachate collection tank (3.68 xl.56 xl.64 rn) accommodating four 

separate leachate discharge pipes in the temporary collection and storage containers, were 

constructed using 250 mm thick brick wall. 
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Landfill lysimeter study 

Task I 
Design, construction, 

monitoring and 
investigation of landfill 

lysimeter 

Task II 
Investigate the performance 

of base, cap liner and 
tropical climatic influence 
on leachate characteristics 

Task III 
Evaluate the contamination 

potential of landfill lysimeter 

Task IV 
Investigate the performance 

of phytoremediation and 
chemical treatment 

techniques 

Characterize clay and 
MSW used in landfill 

lysimeter 

After designing of 
reference cell, 

construction was started 
in January 2008 and 

completed in July 2008 

Continuously monitored 
since June 2008 to April 

2012 

Measure the composition 
and flow rate of LFG, 
quality and quantity of 

generated leachate from 
landfill lysimeter 

Investigate the effect of 
rainfall on leachate 

characteristics (Inorganic, 
organic, metal and heavy 

metal concentration 

Investigate the 
contamination potential of 
landfill lysimeter using the 

quantifying index of leachate 
pollution index (LPI) and 

sub-pollution indices (sub- 
LIs) 

Estimate the possible enors 
involved in calculating the 

LPI due to the 
nonavailability of pollutant 

in leachate 

Characterize treated 
leachate, removal efficiency 

and investigate the 
performance/consequences 

of different 
phytoremediation and 

chemical treatment for the 
removal of pollutant in 

leachate 

Recommendation for appropriate design aspects and operational modes 

Figure 3.1: Flow chart of landfill lysimeter study at KUET campus 
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Figure 3.3: Period of construction of landfill lysimeter and monitoring 

3.3 Construction, Monitoring and Investigation of Landfill Lysimeter 

The construction, monitoring and the operation of landfill lysimeter is presented by a line diagram 

in Figure 3.3. Moreover, the flow chart of monitoring landfill lysimeter is provided in Figure 3.4. 

After design of reference cell, construction of three lysimeter was started in January 2008 and 

completed in July 2008. Following the construction of landfill lysimeter, the rate of leachate 
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generation and contamination potential of landfill leachate through LPI, settlement and LFG 

emission in terms of composition and flow rate have been monitored. The monitoring of quantity  

and flow rate of generated leachate was started in the 311  week of June 2008 and still continued. 

Moreover, the monitoring of daily rainfall data was started in the first period of rainy season 

(August 2008 October 2008). From the beginning to up the 15011  day of entire landfill lysimeter 

operation (July 2008 November 2008), the composition of LFG was measured, however, the 

monitoring of flow rate LFG was started after 50th  day to up the 150th  of landfill lysimeter 

operation (3 week of August 2008- November 2008). 
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Figure 3.4: Flow chart of monitoring landfill lysimeter 
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3.4 Sampling and Analysis 

The soil sample used as compacted clay liners (CCLs) was collected from pilot scale sanitary 

landfill (PSSL) situated at Rajbandh, Khulna, Bangladesh in the north side of Khulna-Satkhira 

I-Iighway and 8 Km far from the Khulna city center. In addition, the MSW deposited in landfill 

lysimeter was collected from Khulna city area, similar to that of deposited in PSSL. Before used 

all the civil construction materials and MSW were analyzed in the laboratory and hence discussed 

in the following articles. 

3.4.1 Analysis of Clay used as CCLs 

The performance of all the geo-environmental facilities such as landfill liners, covers, vertical 

barrier depends mainly on the basic characteristics of the soils (Daniel et al., 1995). It is therefore 

important to know the physical and mechanical properties of the soils as thoroughly as possible 

before assessing their physico-chemical or hydro-mechanical behavior. Based on these concepts, 

in laboratory through standard ASTM (2004) methods, some relevant physical and mechanical 

properties of clay used as CCLs were determined provided in Table 3.2 and hence discussed in the 

following sections. 

3.4.1. iSoil Moisture Content 

The moisture content of the collected soil sample was determined by using electric drying oven 

method in the laboratory and the testing standard is ASTM D2974. Soil sample was oven-dried ' 

for 24 hours at temperature 105°C. 

3.4.1.2 Soil pH 

Soil suspension with 1:1 (Soil: distilled water) was measured by pH meter in the laboratory. 

3.4.1.3 Soil Atterberg Limits 

The liquid limits and plastic limits as well as shrinkage limits of clay used as CCL were 

determined in the laboratory based on Atterberg limits test following the testing standard ASTM 

D43 18 and ASTM D427, respectively. 
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3.4.1.4 Soil Compactioii Properties 

The maximum dry density and optimum moisture content of the soil were determined in the 

laboratory by standard proctor test following the testing standard ASTM D558. The optimum 

moisture content and maximum dry density were found 18% and 16 kN/m3, respectively. 

3.4.1.5 Soil Hydraulic Properties 

The coefficient of permeability of clay used as CCL was determined based on variable head test 

method following the testing standard ASTM D2434. This test was carried out on the test 

specimen, prepared by trimming a block sample. The coefficient of hydraulic conductivity was 

found 1.90x10 7  cm/sec. 

Table 3.2: Measurement parameters of soil sample and analytical methods 

Soil parameters Unit Value Analytical method 
Moisture content % 22 ASTM D 2974 
pH 

- 6.7  

quid limit %  43 
ASTM D 4318 

22  
Plastic limit 

% 

Plasticity index % 21 -- 

Shrinkage limit % 16 ASTM D427 
Optimum moisture content % 18 

ASTM D558 Maximum dry density kN/rn3  16 
Coefficient of permeability cm/sec. 1.90x10 ASTM D 2434 
Sand: Silt: Clay % 10: 56.6:33.4 ASTM D 422 

3.4.1.6 Constituent of Soil Particles 

The percentages of constituted soil particle of clay used as CCL was determined based on grain 

size analysis following the testing standard ASTM D422. Based on the combined analysis of soil 

used as CCL through sieve and hydrometer, the percentages of soil constituents was found as 

sand, silt and clay of 10, 56.6 and 33.4%, respectively. 

3.4.1.7 Soil Mineralogical C'onzpositio,i 

The mineralogical compositions of clay used as CCL is presented in Table 3.3 as measured in the 

laboratory of the Department of Applied Geology, Karlsruhe University. Germany (Roehi 2007). 
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Table 3.3: Mineralogical compositions of clay used as CCL in lysimeter (Roehl 2007) 

Minerals (amount in weight-%) Sample (0-7m) Sample (13-23m) 
Non-clay minerals Quartz 19% 17% 

Feldspars <1% <1% 
Carbonates <1% <1% 

Non-swelling clay 
minerals 

Illite -50% I 
Kaolinite 10% 10% 
Chlorite <1% 1-2% 

Swelling clay minerals: Smectite 20% 19% 

3.4.2 Analysis of MSW Deposited in Lysimeter 

The degradation of the organic fraction from MSW in landfill produces a number of gases. The 

rate of gas production from MSW in landfill, especially Cl-I4  exhibits an upward trend as the 

moisture contend of MSW increases and also the production rate depend on the deposition period, 

density and composition of MSW in landfill (Daniel et al., 1995). This information is enabled to 

formulate about the generation, accumulation and finally the collection scheme of generated gas 

from MSW in landfill. To this attempt, the following parameters of MSW are needed to be 

determined. 

3.4.2.1 Physical composition 

The quality of leachate mainly depends on organic fraction (food and vegetable) and composition 

of MSW in landfill (Koener et al., 2007). The physical compositions of MSW sample were 

determined in the laboratory. Taken 3 Kg of MSW sample, then sorting all the composition 

mainly consisted of 93 (w/w) organic (food and vegetables), 3 (w/w) of plastic/polythene and 2 

(w/w) of leather/rubber. 1 (w/w) of animal bone and rubber/leather as well as 1 (w/w) of 

rope/straw and egg pill. The obtained result reveals that food and vegetable fraction was the 

predominant component and about 93 (w/w) because of the higher fraction of organic substances 

being in MSW collected from Khulna city area. 

3.4.2.2 Moisture Content and Organic content 

Moisture content plays an important role about the rate of decomposition of MSW and the rate of 

generation of leachate. The moisture content of MSW sample was measured in the laboratory by 

drying in the electric oven at 105°C for 24 hours. Moreover, for determining the organic content, 

MSW was incinerated in the muffle furnace at 550°C for 5 hours. The detailed procedure for 

measuring the moisture and organic content of MSW in lysimeter can be obtained in Austrian 

851 11  a o e 



Standard (S 2023). The moisture content of MSW was found of 65 % shown in Table 3.4 and 

these findings are agreed well with the moisture content values of 62- 66 % of MSW in Khulna 

city WastcSafc (2005). 

Table 3.4: Physical characteristics of MSW sample deposited in landfill lysimeter 

Physical characteristics Unit Value Analytical mcthod 
Moisture content % 65 Austrian Standard (S 2023) 
Organic content %  52 Austrian Standard (S 2023) 
pH 

-- 7.79 pH meter 
Volatile solids % 58 Austrian Standard (S 2023) 
Ash residue %  46 Austrian Standard (S 2023) 
Bulk density kg/mi 1000-1066  

3.4.2.3 Bullc Uizil Weight 

The unit weights were determined after the MSW deposited into each landfill lysimeter. The total 

weight of MSW deposited in landfill lysimeter A, B and C were 2860, 2985 and 2800 Kg, 

respectively, and total volume was 2.80 nY (diameter 1.48 m; height 1.6 m). Then, the unit 

weights of the deposited MSW were determined of 1021, 1066 and 1000 Kg/rn3  in lysimeter A, B 

and C, correspondingly provided in Table 3.4. 

3.4.2.4 Particle Size Distribution 

Before filling the landfill lysimeter with MSW, analysis of finer fraction was done. The 

constituents of particle size of MSW sample were determined with the use of a set of locally 

manufactured sieves of opening sizes are 400, 300, 200, 100, 76.2, 38.2, 19.1, 9.52, 4.76 and 2.38 

mm considered as standard size (Diaz et al., 1996). 1-lere, it is important to note that the percent 

finer of MSW was 100 % in 300 and 200 mm sieve openings, whereas the values were found as 

76.25, 63.72, 45.22 and 24.34 % for the opening of 100, 76.2, 38.2 and 19.1 mm, respectively, as 

well as gradually decreases for smaller sieve openings. The findings are agreed well with the 

percent finer of MSW in six major cities, especially in Khulna city, Bangladesh WasteSafc (2005). 

3.4.2.5 Chemical c'omposition of MSW 

The chemical composition of MSW was measured in the laboratory through the required standard 

- methods provided in Table 3.5. 
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Table 3.5: Chemical properties of MSW deposited in landfill lysimeter 

Chemical characteristics Unit Value 
Carbon, C %  25.63 
Nitrate, N % 1.84 
C/N ratio -- 15.39 
Potassium, K % 1.37 
Phosphorous,P % 0.41 

ivote. 'Yo 1 as 1'205—"/O px2 29 and U/  K as 1(20—% Kx1.20 

3.4.3 Leachate Characterization and Quality Analysis 

Leachate sample was collected from leachate collection chamber at KUET lysimeter for 

quantitative and qualitative analysis once in two weeks during dry season and more frequents or 

event basis during rainy season. Around 500-800 ml leachate sample was taken and kept in the or 

sampling bottle and placed in the refrigerator in the laboratory for measured and monitored the 

characteristics of lysimeter leachate after determining the total generation rate. The measuring 

parameters and analytical methods are shown in Table 3.6. 

Table 3.6: Measurement parameters of leachate and analytical methods 

Parameters Unit Analytical Equipment -*vith Reference Model 
p1-I 

-- p1-1  meter (HAd-I, Model No. Sens ion 156) 
Chloride mg/L Potentiometric titration method using silver nitrate solution 

TS rng/L Dried at 103-1050C in the laboratory 
1-lardness _g EDTA titrirnetric 
Alkalinity mg/L Titration 

EC mg/L Conductivity meter (HAd-!, Model No. Sens ion 5). 
COD mg/L Closed reflexive method as per the Standard Methods (APHA, 1998) 
BOD5  me/L Dilution Method (Titration) 
NH4-N mg/L Nesslerization standard method as per the Standard Method (APHA 1998) 
TKN mg/L Macro-kjeldahl method as per the Standard Method (APHA, 1998) 
Ca mg/L 

F lame atomic absorption spectrophotometer (VARIAN; AA/2400) 

mg/L  

K mg/L 
Na mg/L 
Mg 
Fe nig/L 

Spectrophotometer (MACH; DR12400) as per the Standard Method (APHA, 
1998) 

. 

Cd rng/L 
Ni rng/L 
Zn mg/L 

Cu rng/L 
Cr mg/L  
Mn  mg/L 
Pb mg/L 

__ ...., ... 
, '—ui€enuccti u.ygen uwnana, LUIJ5=Otocfle/flIca1 oxygen de,nand, tv!14- 

N-ainmonia nitrogen, TKN:ota1 kjelda/21 nitrogen, . Gacalciuni, K'potassium, Nasodiu,n, Mg=n1agnissiu,n, Fe=iron, 
Cd=cathniun,, Ni=Nickci. Zn = Zinc, Cu=copper, Crc/zro,niu,n, Mn "nanganese and Pblead. 

871 P a 



3.5 Analysis of Contamination potential of Landfill Lysimeter 

The formulation process and complete description on the development of leachate pollution index 

(LPI) has been discussed elsewhere (Kumar and Alappat 2003). The LPI represents the level of 

leachate contamination potential of a given solid waste landfill. It is a single number ranging from 

5 to 100 (like a grade) that expresses the overall leachate contamination potential of a landfill 

based on several leachate pollution parameters at a given time. 

3.5.1 Leachate Pollution Index 

In the present study, after reviewed and analyzed the weighted sum linear aggregation function 

was found the most suitable aggregation method for calculating LPI by using the Equation (3.1). 

LPI = twipi (3.1) 

Where, LPI is weighted additive leachate pollution index; v1  = the weight for the th  pollutant 

variable; pi = the sub-index value of the i th 
 leachate pollutant variable, number of leachate 

pollutant parameters; n =18 and Y.  w=1. 

However, when the data for all leachate pollutant variables included in LPI are not available, the 

, LPI can be calculated using the data set of the available leachate pollutants by the Equation (3.2): 

W, J), 
LPI = (3.2) 

Ill 

wI  

III 

When, all the leachate parameters are unknown, in < 18 and w, <1. 

3.5.2 Formulation of Sub-pollution Indices 

Three sub-pollution indices (sub-LPIs) in terms of LPI in organic pollutant (LPIor), LPI in  

inorganic pollutant (LPI1 ) and LPI in heavy metal (LPI111) as well as overall LPI had been 
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developed in this study. After measuring leachate parameters, the sub-LPIs were calculated using 

the Equation 3.3. For calculating sub-LPIs and overall LPI, the following steps were followed: 

The concentration of fifteen (15) leachate parameters for sub-LPI and overall LPI were 

measured in the laboratory at a regular interval of time up to the elapsed period 900 days. 

Then evaluating sub-index scores (p1) of all the pollutants included in sub-LPI and overall 

LPJ based on developed variable rating curves with respect to their concentration. 

The sub-pollution indices in terms of LPI, LPIi,, and LPlhm  were calculated using the 

weight factors based on the aggregation function from Equation (3.2). 

Finally, the aggregation of the three sub-LPIs gets the overall LPI. The three sub-LPI 

values are aggregated to calculate the overall LPI using following Equation (3.3). 

LPI= (0.175 LPIor±0 .25 7LPI1 +O. 391 LPI,im)/O. 823 (3.3) 'p 

It can be noted that Equation 3.3 has been derived based on the weight factors of pollutants 

included overall LPI and their contribution to each sub-LPI. 1-lowever, the component of organic, 

inorganic and heavy metal is 17.5, 25.7 and 3 9. 10 % for evaluating overall LPI and used to derive 

the Equation 3.3. 

3.6 Treatment of Lysimeter Leachate 

The concentration of contaminants in leachate was compared to the maximum discharge standard 

from some selected countries which were available in the literature. Result reveals most of the 

parameters exceed the permissible limit of maximum discharge standard indicates treatment was 

required for reducing the leachate concentration. Firstly, the leachate was treated in 

phytorernediation through aquatic reactors for removing pollutant load from leachate. The 

removal efficiency through the phytorernediation treatment process was not satisfactory. Then 

leachate was treated by coagulation process in various dosages and pH values. The treatment 

process were analyzed and hence discussed in the following articles. 

3.6.1 Phytoremediation Treatment of Leachate 

In the pilot scale treatment scheme, the adopted phytoremediation treatment through aquatic 

reactors by Duckweed (Leinna minor), Snail (Pila globasa), 1-lelencha (Enhydra fluctuans) and 

Topapana (Pistia .rtratiotes) was carried out as shown in Figure 3.5. This study mainly focused 
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on the ability of some of the natural phytoremediation treatment systems available in Bangladesh, 

k in removing nutrients in leachate and also dealed about the control system. The volume of the 

bucket that was used for phytoremediation treatment of leachate of 32 liter. During the treatment 

period, the bucket was placed in the laboratory in room temperature. For laboratory 

investigations, leachate samples at varying concentrated were prepared through the dilution of raw 

leachate with tap water. At such stage, the prepared 100 concentrations of icachate means 100 % 

of raw leachate was used and 50 concentration means 50 % of tap water was mixed with 50 % of 

raw leachate. Similarly 20 concentration of contaminants in leachate means 80 % of tap water was 

mixed with 20 % of raw leachate. In addition, the leachate samples subsequent to pre-treatment 

through different aquatic reactors were analyzed based on the elapsed period from the treatment, 

leachate concentration (conditioning system) and removal efficiency. 
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Figure 3.5: Different adopted phytoremediation treatment systems (a) Duckweed (Lemna minor), 

(b) Snail (Pila globasa), (c) Topapana (Pistia stratiotes) and (d) 1-lelencha (Enhydrajiuctuans) 
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3.6.2 Chemical Test of Leachate 

Coagulation-flocculation experiments were performed in a conventional Jar-test Apparatus 

equipped with six backers shown in Figure 3.6 using the chemical coagulant of ferric chloride 

(FeCl3) poly-aluminum chloride (PAC), ferrous sulphate (FeSO4) and aluminum sulphate 

(Al2(SO4)3). The experimental procedure consisted of three subsequent stages; the initial rapid 

mixing stage of 3 min at 100 rpm, the following slow mixing stage of 25 min at 40 rpm and the 

final settling step for 30 mm. The pH values of leachate samples were adjusted to the desired 

levels by addition of the appropriate amounts of 6N sodium hydroxide or 6N sulfuric acid. 

Figure 3.6: Conventional jar-test apparatus equipped with six backers 

After the settling period, the supernatant was withdrawn from the beaker and was checked by 

chemical analysis. The withdrawal of sample was accomplished from a point about 2cm below the 

liquid level in the beaker by a pipette. The adding of coagulant in leachate, adjusted of pH to the 

desired levels, mixing speed for Jar Test Apparatus in the laboratory were trailed based on the 

procedure followed by 1-Iamzeh et al. (2009) and Ebeling et al. (2003). The laboratory 
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investigation for chemical coagulation treatment of leachate was performed is represented in the 

flow diagram shown in Figure 3.7. 

Leachate sample Initial parameter 
collection k=~ 

Performed 
Jar Test 

Compared with Analysis of regression Determination of 
standard tools coefficient parameters 

Figure 3.7: Flow diagram of chemical coagulation treatment of icachate 

3.7 Analysis of Landfill Gas Emissions from MSW in Lysimeter 

For the determination of composition in percentages of LFG mainly in comprising of CO2, CH4, 

02, etc. generated from MSW deposited in sanitary lysimetcr-B and C, Infra-red gas analyzer 

borrowed from Bauhaus University Weirner, Germany was used shown in Figure 3.8. In addition, 

the production rate of LFG in rn3/minutes was measured by using the flow meter device (G2.5) 

purchased from Titas Gas Transmission and Distribution Company Limited, Bangladesh shown in 

Figure 3.9. 
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Figure 3.8: Infra-red gas analyzer 
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Figure 3.9: Flow meter device 
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Chapter Four 

Construction and Monitoring of Landfill Lysimeter 

4.1 Background 

The best appropriate ways of managing of municipal solid waste (MSW) generated from 

different sources are source reduction, reuse and recycling, but beyond this, the remaining 

MSW still have to be effectively managed with environmentally sound technologies 

(Alarngir et al., 2005). The key management tries of MSW are landfihling, composting, 

anaerobic digestion, combustion or incineration and gasification (Tchobanoglous et al., 

1993). There are two options for dumping of MSW, one is open dumping and another one is 

sanitary landfill (Rafizul et al., 2011  e). In South and Southeast Asia more than 90% of 

MSW is disposed in an open dumping landfill (Ashford et al., 2000). Considering this issue, 

it is necessary to develop an approach to design and operate the simple landfill, which are 

in-transition between the landfill in an open dumping and sanitary facilities (Visvanathan et 

al., 2002). To this endeavor, three landfill lysimeters test set-up were designed and hence 

constructed for performance analysis of pilot scale sanitary landfill (PSSL) situated at 

Rajbandh of Khulna city, Bangladesh. 

Sanitary landfill is one of the secure and safe facilities for the disposal of MSW. Lysimeter 

is a simulate form of sanitary landfill in the sense of control device. The word lysimeter is a 

combination of two Greek words "Lusis" means Solution and "Me/ron" means Measure 

and the original aim is to measure soil leaching as stated by Rafizul et al. (2009a). To this 

attempt, three lysimeters were designed and hence constructed at KUET campus, to 

investigate the performance of both the base and cap liners. Moreover, for protection of 

leaching, both the cap and base liners made from compacted clay liners (CCLs) were used in 

landfill lysimeter. The base liner in lysimcter-A in terms of thickness and materials 

characteristics was the same as the PSSL situated at Rajbandh of Khulna city. However, two 

different types of cap liners were constructed in the experimental study; one in lysimeter-B 

was exactly the same as PSSL, another one in lysimeter-C was a simple and economic 

version. The MSW deposited in landfill lysimeter was collected from Khulna city area 
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shown in Figure 4.1, similar to that of deposited in PSSL, moreover, the average 

composition of MSW and moderate compaction density were maintained during the 

deposition of MSW in lysimeter. The locally made compaction hammer used for compact of 

clay and the compactness of CCL was checked by the Supervisor of Prof. Alamgir, shown in 

Figure 4.2. The functionality of locally available civil engineering materials used for 

lysimeter construction will be judged through its proper characterization. Moreover, the 

emission of LFG and leachate from MSW in lysimeter depends on the characteristics of clay 

used as CCLs and the deposited MSW in landfill lysimeter. 

T'  
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Figure 4.1: Collection of MSW from Khulna city area 
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Figure 4.2: Check of compactness of CCL 
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The relative negative impacts of MSW, dumping in a landfill of open condition are common 

practices and well known all over the world. So, it is necessary to save the environment and 

make it friendly against the mismanagement of MSW. It can only be control and achieved 

through the dumping of MSW in sanitary landfill. The sanitary landfill is a well-suited 

method for managing of solid waste and to investigate the performance of sanitary landfill 

the behavioral patterns namely; leachate generation, LFG emissions etc are required 

(Visvanathan et al., 2002). The state regulatory authorities in most of the countries around the 

world have framed regulations to safe guard against the contamination of groundwater 

sources from the leachate generated from landfills. A system needs to be developed to 

prioritize actions, and to establish which landfills needs immediate attention for rernediation 

works. An index for easy comparison of leachate contamination potential of landfills would 

be a useful tool in this regard. To these endeavors, for evaluating contamination potential of 

landfill lysimeter, a quantifying tool known as leachate pollution index (LPJ) as well as sub-

pollution indices (sub-LPIs) were developed. The overall objectives of this study were 

formulated: (a) to examine the performance of base and cap liner in landfill lysimeter; (b) to 

evaluate the behavioral pattern of leachate and LFG emissions from MSW in lysimeter and 

(c) to evaluate the contaminate potential of landfill lysimeter through LPI. 

This chapter concentrates the design, construction and monitoring of simulated landfill 

lysimeter at KUET campus, Bangladesh. Both the open dump and sanitary conditions having 

a base liner and two different types of cap liner were simulated. After the design of a 

reference cell, the construction of landfill lysimeter was started in January 2008 and 

completed in July 2008. In all construction process locally available civil construction 

materials were used. The MSW of 2800 to 2985 Kg having the total volume of 2.80 m3  

(diameter 1.48 m; height 1.6 m) as well as moisture and organic content of 65, 52  

respectively, was deposited in each lysimeter by applying required compaction energy. In 

contrast, both the composition in terms of methane (Cl-I4), carbon dioxide (CO2) and oxygen 

(02) as well as the flow rate of landfill gas (LFG) generated from MSW deposited in 

sanitary lysimeter were measured. Result showed both the composition and flow rate varied 

significantly in relation to the variation of lysimeter operational condition. Moreover, sanitary 

landfill lysimeter-C showed higher composition of LFG in compared to sanitary lysimeter-B 

due to the providing of lower compaction of cap liner in sanitary lysimeter-C. It can be noted 

that in absence of CCLs and hence percolation of rainwater that facilitated rapid degradation 

of MSW in open dump lysimeter-A has resulted more settlement than that of sanitary 
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lysimeter-B and C. Moreover, in case of sanitary lysimeter-B and C, the leachate generation 

found lower than that of open dump lysimeter-A due to the providing of cap liner in sanitary 

lysimeter-B and C, played an important role to reduce the percolation of rainwater. 

I .98rn 

1.43m 

-L' 
Vegetation coverage 

0.6 m Cap Liner 

0.3 in Drainage layer 

0.2 m foundation layer 

Sand-stone) 
1.6 in Municipal Solid Waste 

0.251n thick Brick wall 

0.15 in Drainage Layer 

- Tin shade 

Geo-textfle (0.6mx1.65ri- ) 

0.05 in dia Galvanized pipe 

Leachate collection chamber 
3. 6SinxL56rnxL 64m 

0,125 m CCLaver 

0.25 in RCC Mat Foundation 

0.075 in Brick Flat Soling 

0.5 In Filling Sand 

Figure 4.3: Schematic diagram of reference cell for landfill lysimeter design 

4.2. Design and Construction of Landfill Lysimeter 

The design of reference cell and construction of landfill lysimeter at KUET campus can be 

explained in detailed in the following articles. 

4.2.1 Design of Reference Cell 

A reference cell was designed prior to the construction of three lysimeters at KUET campus. 

After designing the reference cell as a model, the designated lysimeter at varying operational 

condition with different configuration were selected. Figure 4.3 presents a schematic diagram 
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of landfill lysimeter showing all the design components in detailed. In reference cell, the 

deposited MSW mainly consisted of 93 (wlw) organic (food and vegetables), 3 (w!w) of 

plastic/polythene and 2 (w/w) of leather/rubber, 1 (w/w) of animal bone and rubber/leather as 

well as 1 (w/w) of rope/straw and egg pill. The organic content and moisture content of the 

deposited MSW were found 52 % and 65 %, respectively, and the total volume was 2.80 rn3  

(diameter 1.48 m; height 1.6 rn) with a manual compaction to achieve the unit weight of 

1,064 kg/rn3. At the bottom of reference cell, a cement concrete layer of 125 mm thick was 

provided then the lysirneters were filled with stone chips (diameter 5-20 mm) and coarse sand 

(diameter 0.05-0.40 mm) to the height of 15 cm of each to ensure uniform and uninterrupted 

drainage. The clay used as CCL having the percentages of constituents of sand, silt and clay 

of 10, 56.6 and 33.4 %, respectively, while, the value of optimum moisture content and 

.11 maximum dry density of 18% and 16 kN/rn3, respectively, and the coefficient of hydraulic 

conductivity of 1.90x10 7  cm/sec (Rafizul et al., 2009a). 

Table 4.1: Specifications, operational conditions of lysimeter used to simulate different 
landfill conditions 

lysiineier Operating condition Refuse 1 
viaced Liner specIcaiion Simulation 

Open dump lysimeter 
with leachate detection 400 mm thick CCL as a 

A (A1 ) system 
2860 barrier between leachate present practice 01 

Open dump lysimeter detection and collection open dumping 
with leachate collection system of lysimeter-A 

(A2)_system  

B Sanitary landfill Cap liner-I (300 mm thick 
lysimeter with gas 

collection and leachate 

2985 
 CCL) applicability 

of designed top 
cover C 2800 Cap liner-lI (900 mm thick 

recirculation system  natural top soil) 

4.2.2 Construction of Landfill Lysimeter 

The landfill lysimeter test facilities were set-up in the geo-environmentai research station at 

the backyard of Civil Engineering Building, KUET, Bangladesh shown in Figure 4.4. Refer 

to Figure 4.3, as the technical detailed for the construction of three lysimeters. Lysimeter was 

used to simulate the different landfill concept, operational condition and the total weight of 

MSW was deposited in each lysimeter as presented in Table 4.1. The three landfill lysimeter 

were constructed using  the brick wall of 250 mm thick having outer and inner diameter of 
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approximately 1.98 m and 1.48 m, respectively, with a total height of 3.35 m, resting on a 

250 mm thick of reinforced cement concrete (RCC) mat foundation at a depth of 760 mm 

below the existing ground surface. A pictorial view of reinforcement used for the 

construction of RCC mat as shown in Figure 4.5. The landfill lysimeter was plastered both 

the inner and outer sides with two coatings of waterproofing agent to avoid leakages and 

corrosion due to acidic environment. Further, the sanitary landfill lysimeters (B and C) 

consisted of LFG collection system above the MSW and leachate recirculation system below 

the MS\V in landfill lysimeter. Although the recirculation system was provided in sanitary 

lysimeter-B and C. but the leachate/water was not recirculated in the lysimeter due to some 

difficulties. 

At the bottom of each landfill lysimeter, a cement concrete layer of 125 mm thick was 

provided then the landfill lysimeters were filled with stone chips (diameter 5-20 mm) and 

coarse sand (diameter 0.05-0.40 mm) to the height of 15 cm each to ensure proper leachate 

drainage. At the base of each landfill lysimeter after placing the perforated leachate collection 

pipe, a geo-textile blanket having 0.60 m wide and 1 .65m length was placed to avoid rapid 

clogging by the sediments from landfill lysimeter. A leachate collection tank (3.68 xl.56 

xl .64 m) accommodating four separate leachate discharge pipes in the temporary collection 

and storage containers, were constructed using 250 mm thick brick wall shown in Figure 4.6. 

Brief descriptions of the constructed landfill lysimeter having three different conditions were 

given in followings. 
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Figure 4.4: Pictorial view of lysimeter at KUET campus 
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4.2.2.1 Landfill Lysimeter-A (Open Dump) 

The type and volume of MSW deposited in open dump lysimeter-A was exactly the same as 

deposited in the reference cell. In open dump lysimeter-A, a CCL of 400 mm thick was 

placed as the base liner and a layer of compost of 150 mm thick was used as the top cover to 

simulate the behaviour of present practice of open dumping in Bangladesh as depicted in 

Figure 4.7. In this lysimeter the MSW was not covered by a top cover system to pervert the 

movement of air, water and generated LFG. Moreover, the thickness of the deposited MSW 

in lysimeter-A was such that it is expected the atmospheric air can move in the entire MSW 

deposited in this cell with negligible inference. Due to the mentioned practical situations, 

lysimeter-A, represented the aerobic condition (open dump) comparing the counterparts i.e 

anaerobic (sanitary landfill) Iysimcter-B and lysimeter-C. 
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Figure 4.7: Schematic diagram of open dump lysimeter-A 
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Figure 4.8: Schematic diagram of sanitary landfill lysimeter-B 

4.2.2.2 Sanitary Landfill Lysiineter-B (Cap liner I) 

In sanitary landfill lysimeter-B as detailed in Figure 4.8, the characteristics and volume of the 

deposited MSW was similar to that of the open dump lysimcter-A. However, it was differed 

with open dump lysimeter-A, by a top cover similar to that of PSSL situated at Rajbandh in 

Khulna, without having a base liner, because this cell aimed to examine the applicability of 

the designed top cover. The top cover consisted of stone chips (diameter 5-20 mm) and 

coarse sand (diameter 0.05-0.40 mm) layer each of 100 mm thickness, then a 300 mm thick 

CCL was provided. On the CCL, there were 150 mm thick coarse sand (diameter 0.05-0.40 

mm) and 150 mm thick stone chips (diameter 5-20 mm), which was followed by 600 mm 

thick top soil. In sanitary landfill lysimeter-B, 38 mm diameter of gas collection and 25 mm 

diameter of leachate recirculation pipe were installed. During the installation of these pipes 
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and penetration through the top cover, special arrangements i.e. disc shaped rubber gasket 

having 3mm thickness and 300 mm diameter was used for the protection of any possible 

leakage between the pipe and surrounding soil media as illustrates in Figure 4.9. 

Figure 4.9: Gas collection and leachate recirculation system in lysimeter-B and C 

4.2.2.3 Sanitwy Landfill Lysiineter-C (Cap liner II) 

In sanitary landfill lysimeter-C, there was also no base liner and the provided top cover was 

different than that of the sanitary landfill lysimeter-B. In this case no CCL was used; 

however, 900 mm thick natural top soil was used instead of 300 mm CCL and 600 mm thick 

top soil as depicted in Figure 4.10. Moreover, the drainage and gas collection layers were 

remained same as the sanitary landfill lysimeter-B. In sanitary landfill lysimeter-C, 38 mm 

diameter of LFG collection and 25 mm diameter of leachate recirculation pipe was set-up, 

similar to that of sanitary landfill lysimeter-B. Designated compaction of the CCL in the 

lysimeter means the degree of compaction which was provided in the PSSL. To achieve the 
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designated compaction at the CCL of lysimeter, locally manufactured hammer similar to that 

A, used in the PSSL was employed. 

Figure 4.10: Schematic diagram of landfill lysimeter-C 

4.2.3 Characteristics of MSW Deposited in Landfill Lysimeter 

The quality of generated contaminants leachate and the emissions of LFG from solid waste 

landfill depends on the type of MSW, degradation of organic fraction from MSW, degree of 

compaction, depth of fill and the age of MSW in landfill (Alamgir et al., 2006). In addition, 

the rate of leachate generation and LFG from solid waste landfill depends mainly on the 

precipitation and the type of top cover. This is only achieved to formulate the information 

about the composition, organic content and constituents of particle size of solid waste in 
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landfill (Rafizul et al., 2009c). To this attempt, the following parameters of the deposited 

MSW in landfill lysimeter were determined. 

4.2.3.1 Physical Properties 

The quality of leachate mainly depends on organic fraction (food and vegetable) and 

composition of MSW in landfill (Koener et al., 2007). The physical properties of MSW were 

determined in the laboratory shown in Table 4.2. Taken 3 Kg of MSW, then sorting all the 

composition mainly consisted of 93 (w/w) organic (food and vegetables), 3 (w/w) of 

plastic/polythene and 2 (w/w) of leather/rubber, I (w/w) of animal bone and rubber/leather as 

well as I (w/w) of rope/straw and egg pill. The obtained result reveals that food and 

vegetable fraction was the predominant component and about 93 (w/w) because of the higher 

fraction of organic substances being in MSW collected from Khulna city area. 

Table 4.2: Parameters of MSW sample deposited in landfill lysimeter 

Waste characteristics Value 
Fraction of Food/Vegetable waste (w/w) 93 
Moisture content, w (%) 65 
Organic content, OC (%) 52 
Unit weight (kg/m3) 1000-1066 

4.2.3.2 Moisture and Organic content 

Moisture content plays an important role about the rate of decomposition of MSW and the 

rate of generation of leachate. The moisture content of MSW was measured in the laboratory 

by drying in the electric oven at 105°C for 24 hours. Moreover, for determining the organic 

content MSW was incinerated in the muffle furnace at 550°C for 5 hr. The detailed procedure 

for measuring the moisture and organic content of MSW samples in lysimeter can be 

obtained in Austrian Standard (S 2023). The moisture content of MSW was found of 65 % 

and these findings were agreed well with the moisture content values of 62- 66 % of MSW in 

Khulna city (WasteSafe, 2005). 

4.2.3.3 Particle Size Distribution 

Before filling the landfill lysimeter with MSW, analysis of finer fraction was done and is 

shown in Table 4.3 and also in Figure 4.11. The constituents of particle size of MSW were 

determined with the use of a set of locally manufactured sieves of opening sizes are 400, 300, 
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200, 100, 76.2, 38.2, 19.1, 9.52, 4.76 and 2.38 mm considered as standard size (I)iaz et al. 

14, 1996). Here, it is important to note that the percent finer of MSW was 100 % in 300 and 200 

mm sieve openings, whereas the values were found as 76.25, 63.72, 45.22 and 24.34 % for 

the opening of 100, 76.2, 38.2 and 19.1 mm, respectively, as well as gradually decreases for 

smaller sieve openings. The findings were agreed well with the percent finer of MSW in six 

major cities, especially in Khulna city (WasteSafe, 2005). 

Table 4.3: Sieve analysis of MSW sample deposited in landfill lysimeter 

Finer fraction %,.) 
300-200 mm I 100 mm 76.2 mm 1 38.2mm 19.1 mm 

100 (%) 76.25 (%) 63.72 (%) 45.22 (%) 1 24.34 (%) 
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Figure 4.11: Particle size distribution of MSW sample deposited in lysimeter 

4.2.3.4 Unit Weight 

The unit weights were determined after the MSW deposited into each landfill lysimeter. The 

total weight of MSW deposited in landfill lysimeter A, B and C were 2860, 2985 and 2800 

Kg, respectively, and total volume was 2.80 m3  (diameter 1.48 m; height 1.6 m). Then, the 

unit weights of the deposited MSW were determined of 1021, 1066 and 1000 Kg/rn3  in 

lysirneter A, B and C, correspondingly provided in Table 4.2. 
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Table 4.4: Mineralogical compositions of clay sample used as CCL in landfill lysimeter 
(Roehl, 2007) 

Minerals (amount in weight-%) Sample (0-7 in) Sample (13-23 in) 

Non-clay minerals Quartz 19% 17% 
Feldspars <1% <1% 
Carbonates <1% <1% 

Non-swclling clay 
minerals 

Illite -50% 
Kaolinite -10% —10% 
Chlorite <1% 1-2% 

Swelling clay minerals: Smectite 20% 19% 

4.2.4 Characteristics of Clay Used as Liner in Landfill Lysimeter 

The performance of all the geo-environmental facilities such as landfill liners, covers, vertical 

barrier depends mainly on the basic characteristics of the soils (Daniel et al., 1995). It is 

therefore important to know the physical and mechanical properties of the soils as thoroughly 

as possible before assessing their physico-chemical or hydro-mechanical behavior (Rafizul et 

al., 2011a). Moreover, Daniel (1995) a researcher stated that using clay as the CLL in solid 

waste landfill the following fundamental criteria to be satisfied such as coefficient of 

permeability (k1x10 7  cm/s), plasticity index (P1<7), water content (w %)>plastic limit (PL 

%) as well as at least 30 % fines and 15 % clay. In the laboratory through standard ASTM 

(2004) methods, some physical and mechanical properties of clay used as CCL were 

determined. Based on the evaluated results, the average value of moisture content, plastic 

limit, liquid limit, plasticity index, and shrinkage limit were found as 22, 22, 43, 21 and 16 

%, respectively. In addition, the percentages of soil constituents were found as sand, silt and 

clay of 10, 56.6 and 33.4 %, respectively, while, the value of optimum moisture content and 

maximum dry density of 18 % and 16 kN/m3, respectively, and the coefficient of hydraulic 

conductivity of I .90x I 0 cm/sec. The mineralogical compositions of clay used as CCL is 

presented in Table 4.4 as measured in the laboratory of the Department of Applied Geology, 

Karisruhe University, Germany (Rochl, 2007). 

4.3 Monitoring of Landfill Lysimeter 

After the completion of lysimeter construction, it was continuously monitored for measuring 

leachate quantity and concentration, settlement of deposited MSW in lysimeter, LFG flow 

rate and composition. The monitoring phase is discussed in the following articles. 
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4.3.1 Tropical Condition during Study Period 

The construction, monitoring and the operation of landfill lysimeter is presented by a line 

diagram in Figure 4.12. After design of reference cell, construction of three lysimeter was 

started in January 2008 and completed in July 2008. Following the construction of landfill 

lysimeter, the rate of Icachate generation and contamination potential of lysimeter through 

LPI, settlement and LFG emission in terms of composition and flow rate have been 

monitored. 

Jan-OS July-OS Aug-OS Oct-OS Jul-09 Sep-09 Juic-lo Aug-10 Dec-10 

Days V 120 390 450 720 so 900 

Figure 4.12: Period of construction of landfill lysimeter and monitoring 

The monitoring of quantity and flow rate of generated icachate was started in the 3 week of 

June 2008 and still continued. Moreover, the monitoring of daily rainfall data was started in 

the first period of rainy season (August 2008 
- October 2008). From the beginning to up the 

ffi 
15O day of entire landfill lysimeter operation (July 2008 November 2008), the composition 

of LFG was measured, however, the monitoring of flow rate LFG was started after 50 day to 

up the 150 of landfill lysimeter operation (3 week of August 2008— November 2008). 

4.3. 2 Settlement of MSW in Landfill Lysimeter 

Figure 4.13 summarizes the settlement rate of MSW deposited in landfill lysimeter during the 

experimental period. The Figure 4.13 depicts that after 50 day of entire lysimeter operation, 

the settlement amount was 3.5, 2.1 and 2.5 % (% of waste thickness), for lysimeter-A, B and 

C, respectively. Moreover, after 50t  day, starting the l rainy season to up the 135111  of 

operation, the settlement was increased rapidly and ranging from 3.5 to 19.0, 2.1 to 6.7 and 

2.5 to 10.2 % in relation to the increasing of elapsed period from waste deposition, in landfill 
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lysimeter-A, B and C, respectively. It can be noted that sanitary landfill lysimeter-B, with 

more compaction density of an extra CCL showed lower settlement than open dump 

lysimeter-A and sanitary lysimeter-C. Moreover, the lower compaction used as 900 mm 

natural topsoil in sanitary landfill lysimeter-C against lysimeter-B has resulted more primary 

settlement than that of landfill lysimeter-B. This indicated the importance of the operational 

mode of landfill and the stability of the landfill cells. A study conducted by Trankler et al. 

(2005) and Visvanathan et al. (2002) observed the settlement rate in lysimeter during the 

experimental study period. It noted that a cell, with highest compaction density had, the 

lowest settlement, indicating the importance of pre-treatment of MSW prior to landfilling. 

Whereas, lower compaction in another cell has resulted in more primary settlement. So, it can 

be concluded that settlement pattern in this study were in agreement with the statement given 

by Trankler et al. (2005) and Visvanathan et al. (2002). 

Figure 4.13: Variation of settlement of MSW in entire landfill lysimeter operation 

In addition, in absence of compaction effort or CCL and hence due to percolation of 

rainwater that facilitated rapid degradation of MSW in open dump lysimeter-A has resulted in 
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the more settlement and remained stable until the completion of this study than that of 

sanitary landfill lysimeter-B and C. However, El-Fadel et al. (1998) stated that rate 
of 

settlement of MSW in landfill depends primarily on the composition of refuse, moisture 

content response for biodegradation of MSW in landfill, percolation of rainwater in refuse 

and the operational practices of landfill. So, the observed maximum settlement in open dump 

lysimeter-A, are agreed well with the statement given by Visvanathan et al. (2002) and El-

Fade! et al. (1998). 

Here, it is interesting to note that after 390111  day, starting the 211(1  rainy season to 425w  day of 

operation, the settlement observed in the range of 29.0 to 39.0, 16.0 to 25.0 and 16.5 to 27.0 

%, for landfill lysimeter-A, B and C, respectively. Moreover, the settlement during 2 nd rainy 

season found higher than the 1St 
 rainy season and the settlement was steady increased during 

the dry season. In addition, at the 775th 
 day of operation, the ultimate settlement was 

observed of 47.9, 32.4 and 33.8 %, for landfill lysimeter-A, B and C, respectively. Based on 

results, it can be concluded that the settlement for open dump lysimeter-A found higher than 

that of sanitary landfill lysimeter-B and C. A study conducted by Trankler et al. (2005) and 

Visvanathan CL al. (2007) and observed that the settlement of open cell is more than that of 

closed cell, because the compaction density of the waste in closed cell is higher than that of 

open cell. So, finally, it can be concluded the findings in this study was agreed well with the 

statement given by Trankler et al. (2005) and Visvanathan et al. (2007). 

4.3.3 Quantification of Leachate in Landfill Lysinieter 

A study conducted by Alamgir et al. (2006) reported that leachate is formed from solid waste 

landfill when the refuse moisture content exceeds its field capacity (rainfall, initial moisture 

content, etc) and those that affect leachate or moisture distribution within the landfill. While 

increased moisture content is the major contribution to leachate formation, it is also 

commonly associated with enhancing biodegradation processes in landfills. Moreover, it is 

not environmentally acceptable a solid waste landfill cover which infiltrating the rainwater 

and hence contaminate the surrounding soil and ground water (Rafizul et al., 2011  b). The 

leachate production varies in a wide range but is not directly related to the total amount of 

precipitation. Moreover, the high evaporation capacity throughout the dry season has to be 

carefully assessed (Alamgir Ct al., 2006). 
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Figure 4.14: Cumulative rainfall and leachate generation in entire landfill lysimeter 
operating system 

The cumulative amount of rainfall and generated leachate from the leachate detection (A1) 

and collection (A2) system of open dump lysimeter-A as well as the collection systems of 

sanitary landfill lysimeter-B and C is evident in Figure 4.14, for the period of July 2008 to 

August 2010. During the first rainy season (July to August 2008), highest amount of leachate 

was generated from the collection system (A2) of open dump lysimeter-A. Here, it can be 

noted that after 135 day of lysimeter operation, cumulative leachate generation rate was 

recorded 315, 224 and 265 liter for the collection system (A2) of open dump lysimeter-A as 

well as collection system of sanitary lysimeter-B and C, respectively. It also implied the 

cumulative leachate generation rate from collection system (A2) of open dump lysimeter-A 

was about 41.0 and 19.0 % more than that of the collection system of sanitary landfill 

lysimeter-B and C, respectively. Moreover, the leachate generation was found as lower in the 

detection system (Al) than the other system. 1-lere, it can be established that the variation of 

leachate generation in case of detection and collection system of open dump lysimeter-A may 

be occurred due to the provid ing of 400 mm thick CCL as a barrier between the detection 
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and collection system of open dump lysimeter-A. As the collection sysytcm (A2) of 

lysirneter-i-\. was provided just below the MSW deposited in open dump lysimeter-A and the 

followed detection sysytem (A1 ) was seperated with the 400 mm thick CCL and this 

operational mode may be considered for the variation of leachate quantity between these two 

systems. Moreover, the variation of leachate quantity for the collection system of lysimeter-A 

and B may be occurred due to the simulation behaviour of open dumping and providing the 

base liner in open dump lysimeter-A as well as sanitary landfill and providii:g the cap liner in 

sanitary landfill lysimeter-B. In contrast, the quantity of leachate in case of collection system 

of sanitary landfill lysimeter-B and C may be occurred due to the difference of landfill 

lysimeter-B and C in terms of thickness and compaction conditions of cap liner. 

Here it can be noted that sanitary landfill lysimeter-B and C showed lower leachate 

generation than that of open dump lysimeter-A, although the amount of rainfall was same. 

That was occurred because of the providing of cap liner in sanitary landfill lysimeter-B and 

C, played an important role to reduce the percolating of rainwater in sanitary landfill 

lysimeter-B and C. Same lysimeter investigational concern was demonstrated by Visvanathan 

et al. (2002), where the top cover soil design selection played an important role. It was 

observed for open cell, without a CCL, rain water was percolated rapidly into the lysimeter 

and hence produces relatively higher quantity of leachate, whereas, due to the providing a 

CLL having high compaction density expected to produce relatively low leachate, especially 

during the dry season. Moreover, a study conducted by Alarngir et al. (2006) and stated that 

leachate generation from MSW landfill was influenced by the prcolating of rainwater. It was 

also reported that water holding capacity (field capacity) decreases in relation to the 

increasing of age of MSW in landfill. The result was further supported from Ehrig (1983). 

However, considering about 65 % of moisture content and 52 % of organic waste 

composition in MSW sample deposited in lysimeter, the amount of leachate generation was 

strongly related to rainfall and cover system (Rafizul et al., 2011  c). During the second rainy 

season (July to September 2009), higher amount of leachate again generated at the lysimeter 

operational about 455 day from the collection system (A2) of open dump lysimeter-A and it 

was about 51.0 and 22.0 % more than that of sanitary landfill lysimeter-B and lysimeter-C, 

respectively. 1-lowever, it was observed that after 450 day of entire lysimeter operation, the 

leachate generation was also increased steady than the successively rainy season. 
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4.3.4 Assessment of Lysimeter Leachate 

The leachate samples were collected at a regular interval of time from leachate collection 

chamber at KUET lysimeter and then analyzed in the laboratory. In the laboratory, p1-1 was 

determined by p'-1  meter (HAd-I, Model No. Sens ion 156) and conductivity by conductivity 

meter (1-JACH, Model No. Sens ion 5). Chloride was determined by potentiornetric titration 

method using silver nitrate solution, Total solid (TS) dried at 103-1050C, Alkalinity by 

titration method and Hardness by EDTA titrimetric method as per the Standard Methods 

(API-IA, 1998). COD by closed reflexive method, Ammonia nitrogen (NH4-N) by 

nesselerization standard method and total kjeldahl nitrogen (TKN) by macro-kjeldahl method 

as per the Standard Methods (APHA, 1998) were determined in the laboratory. Sulfate 

(S04 2) by Sulfa Ver 4 method and nitrate (NO3 -N) by Cadmium reduction method using 

spectrophotometer (I-IAC1-1, DR12500) were determined. The concentration of Calcium (Ca), 

Potassium (K), Sodium (Na), Magnesium (Mg) and Iron (Fe) were measured by using flame 

atomic absorption spectrophotometer (VARIAN, AA12400), Heavy metals viz., Cadmium 

(Cd), Chromium (Cr), Copper (Cu), Lead (Pb), Nickel (Ni), Zinc (Zn) and Manganese (Mn) 

were analyzed using spectrophotometer (1-JACH, DR12400) Standard Methods (API-IA, 

1998). After measured all the relevant parameters then it was analyzed in relation to the 

variation of elapsed period of MSW deposited in lysimeter at varying operational landfill 

condition as well as tropical seasonal variation in the concern section. Moreover, the 

contamination potential of landfill lysimeter was evaluated by using a quantifying tool knows 

as leachate pollution index (LPI). 

4.3.5 Composition of LFG in Sanitary Lysimeter-B and C 

The composition of LFG emissions from MSW in sanitary landfill lysimeter-B was measured 

using the Infra-red gas analyzer. The Table 4.5 and Figure 4.15 illustrated the composition of 

LFG over a certain period of decomposition of organic fraction of MSW placed in sanitary 

landfill lysimeter-B. This figure depicted that the value of CH4  changes in the range of 45.7 

to 59.0 %, from the deposition period of 3 to 60 days and then reduced 58.3 to 21.8 % from 

the deposition period of 60 to 150 days. In addition, the value of CO2  varies from 25.7 to 36.0 

% from the deposition period of 3 to 60 days and then reduced 33.3 to 15.0 % from the 
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deposition period of 60 to 150 days. The value of 02 varies in the range of 0 to 16.3 % from 

the deposition period of 3 to 150 days. 

Table 4.5: Composition of LFG emissions from MSW in sanitary landfill lysimeter-B 

Elapsed period from 
waste deposition 

(days) 

Gas composition (%) 

Methane (CH4) Carbon dioxide 
(CO2) Oxygen (02) 

3 45.7 25.7 0 
10 49.8 25.9 3.6 
20 51.8 32.1 5.8 
30 53.9 33.8 5.9 
40 55.2 34.8 6.1 
60 59.1 35.9 6.4 
75 56.1 33.1 9.2 
90 52.6 32.5 13.6 
100 50.9 3 2. 31 14.3 
140 30.2 23.4 14.1 
150 21.8 
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Figure 4.15: Composition of LFG in sanitary landfill landfill lysimeter-B 
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In contrast, the variation of composition of LFG with the variation of deposition period of 

sanitary landfill lysimeter-C is shown in Table 4.6 and also in Figure 4.16. This figure .5. 

revealed that the values of Cl-I4  vary in the range of 52.2 to 60.3 %, from the deposition 

period of 3 to 30 days and then reduced 57.2 to 31.8 % from the deposition period of 40 to 

150 days. However, the values of CO2  vary from 28.6 to 33.8 % from the deposition period of 

3 to 40 days and then reduced 31.2 to 17.1 % from the deposition period of 50 to 150 days. 

The values of 02 change in the range of 1.4 to 19.3 % from the deposition period of 3 to 150 

days. Based on the observed results, it can be depicted that sanitary landfill lysimeter-13 

showed higher composition of LFG than that of sanitary landfill lysimeter-C. From the 

Figures 4.15 and 4.16 it can be recognized that there was a clear increasing tends of LFG 

composition as a liner variation with the increase of elapsed period up to a certain stage and 

then decreased. Typically, the composition of LFG ranges of 40 to 60 % of CR1, 40 to 50 % 

of CO2  and 1 % of 02 (Tchobanoglous and Vigil, 1993). The findings of this study are in 

agreed well with the postulation given by Tchobanoglous and Vigil (1993) for the same 

cases. 

Table 4.6: Composition of LFG emissions from MSW in sanitary landfill lysimeter-C 

Elapsed period from waste 
deposition (days) 

Gas Composition (%) 
Methane 

(CH4) 
Carbon dioxide 

(CO2)  

Oxygen (02) 

3 52.2 28.6 1.4 
6 53.1 29.2 3.2 
10 54.6 29.7 3.4 
14 55.1 30.3 3.6 
20 56.8 32.1 3.8 
30 60.3 32.6 3.9 
40 57.2 33.8 4 
50 56.2 31.2 4.5 
60 56.5 32.1 5.4 
65 57.2 33.1 7.2 
75 56.1 32.1 9.2 

90 55.6 31.3 13.6 

100 51.9 30.1 14.3 
125 50.2 29.2 13.3 
135 43.1 25.1 14 
140 40.2 23.4 14.1 

145 36.1 22.6 13.4 
150 31.8 17.1 9.3 
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Figure 4.16: Composition of LFG in sanitary landfill lysimeter-C 

4.3.6 Production Rate of LFG in Sanitary Landfill Lysimeter-B 

The rate of LFG production over a certain elapsed period from the decomposition of organic 

fraction of MSW placed in sanitary landfill lysimeter-B was measured depicted in Table 4.7 

and also in Figure 4.17. The Figure 4.17 depicted the ranges of LFG production vary from 

¶ 114.2 to 504 L/day from the deposition period of 52 to 70 days and then reduced to 454.8 to 

201.6 L/day from the deposition period from 80 to 150 days. From the figure it can be 

perceived that there was a definite increasing trend of LFG production up to the elapsed 

deposition period of 70 days and then decreased. The rate of decomposition of MSW, as 

measured by LFG production, reached a peak within the first two years and then slowly 

tapers off, up to the period of more than 25 years (Tchobanoglous and Vigil, 1993). The 

production rate of LFG was found rapidly (5 years or less- some highly biodegradation 

wastes within days of being placed in landfill) and slowly (5 to 50 years) for the 

decomposition of organic fraction of MSW in landfill. Tchobanoglous et al (1993) suggested 

that the rate of LFG production reaches to the peak at 1 and 5 years for rapidly and slowly 

decomposable material in MSW, respectively. This statement proved that rate of LFG 

production is increased up to a certain elapsed period of waste placed in a landfill and then 

decreased, which agrees well with the findings of this study. Moreover, the time difference, 

115 1 1 3  a g c 

70 

ME 



Tchobanoglous et al. (1993) are referring to real scale landfills and this study is on pilot 

scale landfills as well as the amount of wastes are considerably different are directed affected 

th6 results of this study and reported by Tchobanoglous et al. (1993). 

Table 4.7: Gas production rate from MSW in sanitary landfill lysimetcr-B 

Elapsed period from 
waste deposition 

(days)  

Gas production rate 
(m3/minutes) 

Gas production rate 
(L/days) 

52 7.93E-05 114.2 
59 9.59E-05 138.1 
62 1.84E-04 264.4 
68 2.38E-04 342.0 
70 3.50E-04 504.0 
80 3.16E-04 454.8 
93 2.75E-04 396.0 
94 2.61E-04 375.9 
97 2.37E-04 341.6 
98 2.23E-04 320.7 
99 2.02E-04 291.4 
100 1.96E-04 282.1 
101 2.00E-04 288.0 
111 1.80E-04 259.2 
120 1.60E-04 230.4 
130 1.70E-04 244.8 
140 1.50E-04 216.0 
150 1.40E-04 201.6 
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Figure 4.17: Production rate of LFG in sanitary landfill lysimeter-B 
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4.4 Summary of the Findings 

Li 

The ftmctionality of locally available construction materials used for solid waste landfill was 

judged in this study through the proper investigation and evaluation of generated LFG and 

leachate in three lysimeters from similar nature of MSW. The study revealed rapid leachate 

production was occurred in an open dump lysimeter-A than that of the other two sanitary 

landfill lysimeter-B and C which indicated the importance of providing the barrier layer of 

CCL and the cover materials selection in landfill design. It can be noted that sanitary landfill 

lysimeter-C showed higher composition of LFG in compared to the sanitary lysimeter-B due 

to the providing of lower compaction of cap liner in sanitary landfill lysimeter-C. In absence 

of CCL and hence percolation of rainwater in an open dump lysimeter-A showed higher rate 

of leachate generation and settlement than that of sanitary landfill lysimeter-B and C. It can 

be noted that sanitary landfill lysimeter-B with an extra CCL showed lower settlement than 

that of sanitary landfill lysimeter-C and indicated the importance of providing of the 

compaction density as well as the cap and base liners in solid waste landfill. Here it can be 

concluded that to minimize the volume of leachate with high pollutant concentration and then 

contaminant the surrounding ground and underlying ground water, sanitary landfill with 

CCL was the best option for MSW disposal. 
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Chapter Five 

Characterization and Seasonal Variation of Lysimeter Leacliate 

5.1 Background 

The term 'landfill' can be treated as synonymous to 'sanitary landfill' of municipal solid 

waste (MSW), only if the latter is designed on the principle of waste containment and is 

characterized by the presence of a liner and leachate collection system to prevent ground 

water contamination (Visvanathan et al., 2002). Most of the landfill in developing countries 

does not have any liners at the base or proper top covers, which results in the potential 

problems of ground water/surface water contamination due to the leachate generated from 

solid waste landfill (Horing et al., 1999; McBean et al., 1995). Chemically contaminated 

leachate is one of the byproducts in landfill degradation reactions (Alamgir et al., 2006). One 

of the severe problems associated with the open dumping of MSW is percolation of leachate 

into the surrounding environment, subsequent contamination of the land and water bodies 

(Walker, 1969; Chian and DeWalle, 1976; Kelly, 1976; Masters, 1998 and Kurnar et al., 

2002). El-Fadel et al. (2002) reported that composition of landfill leachate can exhibit 

considerable spatial and temporal variations depending upon the site, management practices, 

refuse characteristics (i.e. composition and age), and internal landfill processes (hydrolysis, 

adsorption, spceiation, dissolution, ion exchange, re-dox reactions, precipitation etc.). The 

variation of leachate quality in MSW landfill can be attributed to many interacting factors 

such as the composition and depth of MSW; decomposition and age of MSW; degree of 

compaction; landfill design and operation; liner (top and base) design and operation; MSW 

filling procedures; the availability of moisture content; available oxygen; rate of water 

movement (fluid addition) and temperature (Qasirn and Chiang, 1994). Therefore, it is 

difficult to generalize the chemical composition of leachate that posses at a particular time of 

sampling. In addition, lcaehate quality may vary from time to time and site to site due to the 

variables such as waste composition, temperature, moisture content, climatic changes etc. 

(Alkalay et al., 1998). 

This study aimed to characterize the leachate and to investigate the tropical climatic 

influence on leachate characteristics of lysimeter studies under different seasonal 
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variations at KUET campus, Bangladesh. Three different situations of landfill were 

considered here as well as both the open dump lysimeter-A having a base liner and sanitary 

lysimeter-B and C at two different types of cap liner were simulated. The leachate 

characteristics, leachate generation and climatic influence parameter had been continually 

monitored since June 2008 to December 2010. These periods cover both the dry and rainy 

season. The leachate generation had followed the rainfall pattern. The open dump lysimeter-

A without top cover showed higher leachate generation than that of sanitary lysimeter-B and 

C. Moreover, the open dump lysimeter-A showed lower concentration of TKN and NH4-N as 

well as TKN load, while both the concentration and load of COD higher in compared with 

sanitary lysimeter-B and C. In addition, sanitary lysimeter-B, not only depicted lower 

leachate generation, but also produced reasonable lower concentration and load of COD in 

compared with open dump lysimeter-A. Result revealed that lysimeter operational mode had 

direct effect on leachate quality. Finally, it can be concluded that the knowledge of leachate 

quality will be useful in planning and providing remedial measures of proper liner system in 

sanitary landfill design and leachate treatment. 

5.2 Analytical Methods for the Assessment of Leachate 

The leachate samples were collected at a regular interval of time from leachate collection 

chamber at KUET lysimeter and then analyzed in the laboratory. In the laboratory, pH was 

determined by p1-I meter (HACH, Model No. Sens ion 156) and Electric Conductivity by 

conductivity meter (HACH, Model No. Sens ion 5). Chloride was determined by 

potentiometric titration method using silver nitrate solution, Total solid (TS) dried at 103-

1050C, Alkalinity by titration method and I-Iardness by EDTA titrimetric method as per the 

Standard Methods (APHA, 1998). COD by closed reflexive method, Ammonia nitrogen 

(NH4-N) by nesselerization standard method and total kjeldahl nitrogen (TKN) by macro-

kjeldahl method as per the Standard Methods (APHA, 1998) were determined in the 

laboratory. Sulfate (SO4 ) by Sulfa Ver 4 method and nitrate (NO3 -N) by Cadmium reduction 

method using spectrophotometer (HACH, DR'2500) were determined. The concentration of 

Calcium (Ca), Potassium (K), Sodium (Na), Magnesium (Mg) and Iron (Fe) were measured 

by using flame atomic absorption spectrophotometer (VARIAN, AA/2400). 1-Icavy metals 

viz., Cadmium (Cd), Chromium (Cr), Copper (Cu), Lead (Pb), Nickel (Ni), Zinc (Zn) and 

Manganese (Mn) were analyzed using spectrophotometer (HACH, DR/2400) Standard 

Methods (APHA, 1998). 
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I'araineter I A1  
Inorganic, organic and nitroge 
p1-I 5.98-8.17 (6.77) 
Chloride 970-3097 (2238; 
TS 280-10400 (6026 
TDS 210-9930 (5720; 
TSS 70-1080 (306) 
Hardness 129.8-3241(2083 
Alkalinity 400-5550 (1100; 
EC 5.3-17.7 (7.30) 
Sulfate - 

COD 160-20800 (2498 
TKN 195-1 120 (594.5 
NI-14-N 187-705 (428.50 
Nitrate - 

Metal concentrations 
Ca 254-790 (414.63 
K 856-1967 (1429.9 
Na 1268-2425 (2052.c 
Mg 147-590(381.17 
Fe 1.8-70(19.53) 
Heavy metal concentrations 
Cd 0.04-0.265 (0.104) 
Ni 0.04-0.075 (0.054) 
Zn 0.25-1.27 (0.757) 
Cu 0.04-0.98 (0.437) 
Cr 0.0 1-0.07 (0.045) 
Mn 0.80-6.0 (3.922) 
Pb 0.12-0.32 (0.205) 

I 

I 
I 

On Table 5.1: Measured concentration of parameters in leachate of landfill lysimeter 

ing condition of landfill lysimeter 
A2 B 

and 
6.14-8.02 (7.25) 6.40-8.6 1 (7.42) 

1155-3572 (2395) 510-1870 (1086) 
50 19-36690(13244 2920-14770(10919 
140-358 10 (125071 1800-29980(9786) 

17-1380 (736) 90-2540(1133) 
1000-10000 (2371; 1210-14000 (2962; 
980-10000 (2930) 1000-8770 (4805) 

3.1-24.7 (9.38) 5.2-16.5 (7.70) 
100-1180 (607.50) 110- 1110 (543) 
800-60000 (8425) 320-60000 (5654) 
251-1430 (785.61) 480-2187 (1307.07 
127.9-901(547.57; 190-997 (653.26) 

6-22 (14.43) 2-24 (12.2) 

218- 664 (388.99) 1 153-578 (355.78) 140-664 (406.53) 
1102-2589 (2067.79) 1009-1764 (1447.45) 567-1957 (1247.28) 
1252-2370 (2046.57) 1256-2764 (2214.91) 1012-2409 (1657.34 
127-564 (349.85) 228-606 (412.57) 156-594 (359.44) 

3.4-83 (24.22) 3.6-91 (27.94) 1.4-72 (6.30) 

0.04-0.168 (0.078) 0.04-0.178 (0.073) 0.04-0.105 (0.058 
0.04-0.055 (0.045) 0.045-0.09 (0.066) 0.04-0.07 (0.050) 
0.15-0.97 (0.537) 0.10-0.55 (0.312) 0.10-0.576 (0.212 
0.04-0.97 (0.344) 0.04-0.76 (0.196) 0.04-0.60 (0.177) 
0.01-0.056 (0.038) 0.023-0.03 (0.060) 0.01-0.025 (0.044 
2.5-21.2 (7.422) 0.50-19.3 (6.833) 0.80-8.0 (4.283) 

0.179-0.40 (0.271) 0.25-0.78 (0.448) 0.10-0.476 (0.292 

C 

6.30-8.3 8 (7.48) 
110-1810(1181) 

500-27280 (14047) 
420-26000 (13132) 

47-2340 (915) 
1096-10000 (2449) 
900-9435 (4642) 
3.7-21.7(11.26) 

300-60000 (11137 
312-1860 (1014.31 
187-965.7 (598.34 

Notation TS=total solid, TDS=total dissolve solid, TSS=toial suspended solid, EC=Eleciric 
conductivity, COD =chemical oxygen demand, TKN=total kjeldahl nitrogen, NH4-N=ammonia 
nitrogen, Ca=calcium, K=potassiuin, Na=sodiuin, Mg=magnissiuin, Fe=iron, Cd=cad,niuin, 
Ni=Nickel, Zn=Zinc, Cu=copper, Cr=chroiniuin, Mn =manganese and Pb 1ead. 

All values in ing/L, except pH and conductivity (inS/cni). Range is given for the minimum and 
lnaximu,n values, while the value of parenthesis indicates the mean values of the maximum numbers 
of leachate samples were forty one. 
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5.3 Characterization of Lysimeter Leachate 

The variation of inorganic compounds (pH, chloride, TS, TDS, TSS, Hardness, Alkalinity, 

EC and Sulfate), organic compounds (COD) and nitrogen compound (TKN, NH4-N and 

Nitrate), metal concentration (Ca, K, Na, Mg and Fe) as well as heavy metal concentration 

(Cd, Cr, Cu, Pb, Ni, Zn and Mn) in relation to the variation of elapsed period of MSW 

deposited in lysimeter at varying operational landfill condition as well as tropical seasonal 

variation were analyzed and hence discussed in the following articles. 

5.3.1 Inorganic, Organic and Nitrogen Compounds in Leachate 

In the laboratory, inorganic compounds (pH, chloride, TS, TDS, TSS, Hardness, Alkalinity, 

Electric Conductivity and Sulfate), organic compounds (COD) and nitrogen compound 

(TKN, NH4-N and Nitrate) of leachate were monitored and measured as presented in Table 

5.1. 1-lowever, the variation of inorganic and organic compounds in relation to the increasing 

of elapsed period, changes of climatic condition as well as the open and sanitary lysimeter 

operational condition were highlighted and hence discussed in followings. 

5.3.1.1 pH in Leachate 

The pH in leachate is considered to be the most significant parameter affecting leachate 

concentration in MSW landfill (Bilgili et at., 2007). Metal dissolution is enhanced at low p1-I 

which is one of the characteristics of young landfill leachate. MSW contains soil and organic 

matter that have significant sorptive capacity especially at high pH (Kjeldsen et al., 2002; 

Bozkurt et al., 1999). The pH curves in case of detection (A l ) and collection (A2) system of 

open dump lysimeter-A as well as the collection system of sanitary lysimeter-B and C is 

evident in Figure 5.1. The Figure 5.1 depicted that pH was ranging from 6.33 to 7.75 and 

7.38 to 8.61 for the collection system (A2) of open dump lysimeter-A and sanitary lysimeter-

B, respectively, in the first 100 day of entire lysimeter operation. After 100 day, p1-1 began to 

increase and it was reached to 8 for the collection system (A2) of open dump lysimeter-A, 

while, it was dropped to 6.4 for the collection system of sanitary lysimeter-B. It can be noted 

that after 100 day of operation, p1-I for the collection system of sanitary lysimeter-C found 

comparatively higher than that of other operating system of lysimeter. Moreover, after 160 

day of entire lysimeter operation, pH for the detection system (Al) of open dump lysimeter-A 

found lower than the collection system-A2  of lysimeter-A. Here, it can be established that the 
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variation of pH in case of detection and collection system of open dump lysimeter-A may be 

occurred due to the providing of 400 mm thick CCL as a barrier between the detection and 

collection system of lysimeter-A. As the collection sysytern (A2) of open dump lysimeter-A 

was provided just below the MSW deposited in lysimeter-A and the followed detection 

sysytem (A1 ) was seperated with the 400 mm thick CCL and this operational mode may be 

considered for the variation of pH between these two systems. 
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Figure 5.1: The change of pH in leachate of open and sanitary lysimeter 

Moreover, the variation of p1-I for the collection system of lysimeter-A and B may be 

occurred due to the simulation behaviour of open dumping and providing the base liner in 

open dump lysimeter-A as well as sanitary landfill and providing the cap liner in lysirneter-B. 

In contrast, pH for the collection system of sanitary lysirneter-B and C may be occurred due 

to the difference of landfill lysimetcr-B and C in terms of thickness and compaction 

conditions of cap liner. The consumption of volatile fatty acids (VFA's) in MSW, produced 

during the acid anaerobic phase, increases pH in between 7 and 8 (Farquhar, 1989). So, the 

increase of p1-I for the collection system of open dump lysimeter-A are agreed well with the 

postulation stated by Farquhar (1989). After that, no considerable changes were observed of 

pH in leachate and it was measured between 6 and 8. 
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Figure 5.2: Comparison of predicted pT-I in the present study with the other researcher 

These results are in accordance with the data stated by Cossu et al. (2003); Ishigaki et al. 

(2003) and Nakasaki et al. (1993). However, to depict the validity of the findings in this study 

then also compared with those results in case of open lysimeter (OL) and closed lysimeter 

(CL) postulated by Trankler et al. (2005) and Visvanathan et al. (2007) shown in Figure 5.2. 

The Figure 5.2 reveals that pT-I for the collection system of sanitary lysimeter-B was higher 

than that of the collection system of open dump lysimeter-A and it was continued as well as 

similar trend was also observed for the same cases of lysimeter studied by Trankler et al. 

(2005) and Visvanathan et al. (2007). 

5.3.1.2 Glzioride 

Chloride in leachate is considered to be a very conservative anion that is only attenuated 

during dilution. Ehrig (1983) suggested that there is no observable difference of chloride 

between acidogenic and methanogenic phases of solid waste landfill. The changes of Cl- in 

relation to the increasing of elapsed period from MS\V deposited in entire lysimeter are 

evident in Figure 5.3. It is important to note that for the detection (Al) and collection (A2) 
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system of open dump lysimeter-A as well as the collection system of sanitary lysimeter-B 

and C, Cl-  varied from 970 to 3037, 1155 to 3572, 510 to 1870 and 110 to 1810 rng11L, 

respectively. At the beginning to up the 100 day of operation, Cl-  dropped and ranging from 

3037 to 970, 3572 to 1155, 1350 to 550 and 760 to 130 mg/L, for the detection and collection 

system of open dump lysimeter-A, as well as the collection system of sanitary lysimeter-B 

and C, respectively. 

lysimeter-A (detection system-Al ) lysimeter-A (collection system-A2) 

collection system of Iysimctcr-13 collection system of Ivsimeter-C I 

 

Figure 5.3: The change of Cl-  of open and sanitary lysimeter 

It can be perceived that Cl-  decreases up to 100 day of entire lysimeter operation (Figure 5.3) 

due to comparatively the higher rate of leachate production during this operational period 

because the concentration of chloride may be diluted. Result revealed that after 100 day of 

entire lysimeter operation, Cl-  began to rise rapidly and it reached of 2507.5, 2607.5, 1190 

and 1370 mg/L, for the detection and collection system of open dump lysimeter-A as well as 

the collection system of sanitary lysiineter-B and C, respectively. After this rapid increase, no 

considerable changes were observed for all the cases and it was continued. Here, it can be 

noted that chloride release from MSW in open dump lysimeter-A (both the detection and 

collection system) found higher than from MSW in both the sanitary lysimeter- B and C 

(Figure 5.3). Chu Ct al. (1994) reported that chloride increases with the increasing of age of 

waste in landfill. It was noticed that p1-I (Figure 5.1) and Cl-  began to increase simultaneously 

in all the cases of lysimeter operation and it was continued. This situation also followed by 
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Manning and Robinson (1999) and stated that as a result of the increase of pH in leachate, the 

dissolution of chloride increases and thus the chloride in leachate also increases. 

5.3.1.3 Relation of Solid Particles 

The variation of solid particles in terms of total solid (TS), total dissolved solid (TDS) and 

total suspended solid (TSS) in leachate in relation to the increasing of elapsed period for the 

collection system of open dump lysimeter-A and sanitary lysimeter-B shown in Figure 5.4. 

This figure revealed the concentration of TS decreses rapidly from 36,690 to 16,360 mg/L up 

to the 74 day, in case of open dump lysimeter-A, while, decreses rapidly from 30,739 to 

5,960 mg/L by 110 day for sanitary lysimeter-B. Here, it is interesting to note that after day 

about 75, the concentration of TS also began to decrease and it dropped to 860 mg/L for open 

dump lysimeter-A, while, 3800 for sanitary lysimeter-B. Yuen et al. (2001) reported that TS 

concentration is expected to decrease as the leachate moves from acidogenic to methanogenic 

but the dissolved solids concentrations do not change in large quantities as total solid. 
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Figure 5.4: Variation of TS, TDS and TSS*10' with waste age in the collection system of (a) open 
dump lysimeter-A and (b) sanitary lysimeter-B 

Based on the Figure 5.4, it was also observed that in case of open dump lysimeter-A, the 

concentration of TS has changed significantly in the range of 860 to 36,690 mg/L and for 

sanitary lysimeter-B of 3800 to 30,739 mg/L. The Figure 5.4 depicts that the concentration of 

TS in case of open dump lysimeter-A was found as (36,690 mg/L) higher than that of sanitary 

lysimeter-B (30,739 mg/L). A study by Kouzeli-Katsiri et al. (1999) reported that leachate 

samples from MSW landfill has high TS indicating the abundant presence of loose materials 

that easily get dissolved with the percolating water. But, with the increase in age of deposited 
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waste, the availability of loose materials has reduccd considerably due to the compaction of 

waste. The solids joining the leachate at the later stage are the products of chemical and 

biological degradation of waste (Rafizul et al., 2009a). The concentration of TS in leachate 

depends not only on elapsed period from the waste deposition but also the types, applicability 

and compactness of base and cap liner (Mollekopf et al., 2002; Diaz et al., 1996). Due to the 

influence of the above factors, the magnitudes of TS in open dump lysimetcr-A, was higher 

than that of sanitary lysirneter-B, although the trend was similar. Moreover, this variation 

may be occurred due to the simulation behaviour of open dumping and providing the base 

liner in lysimcter-A as well as sanitary landfill and providing the cap liner in lysimeter-B. 

5.3.1.4 Relation of Hardness, Alkalinity, chloride and COD concentration 

The variation of total Hardness, Alkalinity and COD concentration in leachate in relation to 

the increasing of elapsed period from waste deposition in open dump lysimeter-A is shown in 

Figure 5.5. 1-lere, it can be noted that at the initial stage of open dump lysimeter-A, Hardness 

as CaCO3  (10, 000 mg/L), Alkalinity as CaCO3  (10,000 mg/L) and COD concentration 

(60,000 mg/L) was found the highest concentration. Christensen et al. (2001) stated that Ca 

concentration has a tendency of complex formation with HCO3-, dissolved organic 

compounds and dissolution reactions involving calcite (CaCO3). It also observed that thus the 

dissolution process is closely linked to the dissolved carbonate compounds and as a result of 

the rapidly dissolution process, leachate generated from MSW deposited in landfill that has 

high Alkalinity values (-10,000 mg/L as CaCO3). However, after day 50, the values dropped 

rapidly from 10000 to 2222, 10000 to 3100 and 60000 to 2240 mg/L, for Hardness, 

Alkalinity and COD, respectively for the dilution of deposited MSW for percolating of 

rainfall into the lysiineter. It can be concluded that Hardness, Alkalinity and COD seems to 

be proportional to one another in a scatter manner (i. e. when COD decreases Hardness and 

Alkalinity also decreases and it was continued (Figure 5.5). The reason for the decrease in 

COD level may be the quick degradation of the solid wastes in the lab scale MSW in 

anaerobic reactor (Sponza and Agdag, 2004; Rafizul et al., 2009a). It is difficult to generalize 

the concentration of a particular parameter (i. e. pH, COD, Hardness, Alkalinity, etc) in 

leachate at a specific time, and in most of the cases, concentration increases during a 

relatively short initial phase then, decrease with time (Rowe, 1995; Ham and Bookter, 1982). 

PI 
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Figure 5.5: Variation of hardness, alkalinity and COD in open dump lysimeter-A 

5.3.1.5 COD Concentration 

The variation of COD in relation to the increasing of elapsed period is evident in Figure 5.7. 

The concentration of COD decreases rapidly with the range of 60, 000 to 7640 
, 60,000 to 

3640 and 60, 000 to 7960 mg/L, up to the elapsed period 48 day, for collection system of 

open dump lysimeter-A as well as sanitary lysimeter-B and C, respectively. Here, it is 

interesting to note that COD decreases sharply from 50 to 100 day for entire lysirneter 

operation due to comparatively the higher rate of leachate production for the dilution of 

deposited MSW for percolating of rainfall into the lysimeter. Moreover, the LFG 

concentrations from sanitary lysimeter-B was measured shown in Figure 5.8. Result revealed 

that methane concentration decreases sharply from 60 to 150 day due to the higher rate of 

leachate production for the dilution of deposited MSW for percolating of rainfall into the 

lysimeter. After day 100, COD also decreases steadily and it was continued. Moreover, due to 

their initially biodegradable nature, organic compound decreases more rapidly than that of 

inorganic compound with increasing the age of landfill (Chain and DeWalle, 1976). A 

decrease of COD occurs over the elapsed period of landfill and it can be attributed to a 

combination of reduction in organic contaminants and the increased biodegradation of 

organic compounds (Krug and Ham, 1995). A constant decrease in COD is also expected as 
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degradation of organic matter continues (Ebrig, 1989). It can be noted that initially higher 

concentration of COD (60,000 mg/L) and after day 100, the steady decreasing trend are also 

supported by Chain and DeWalle (1976); Krug and Ham (1995) and Ehrig (1989). 
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Figure 5.6: Production rate of LFG in sanitary landfill lysimeter-B 

-4 

Figure 3.7: CUD concentration in leachate of open and sanitary landfill lysimeter 

Figure 5.7 revealed COD found higher for open dump lysimeter-A than that of sanitary 

lysimeter-B and it continued until the completion of this study. A study conducted by I-Jam 
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and Bookter (1982) and observed the effect of placing of landfill cover after the deposition of 

waste in lysimeter. Two lysimeter cells (Cell 3 and Cell 4) were constructed and cell 3 had a 

soil cover over the waste lift, while Cell 4 was left uncovered. The initial lift of waste 

generated a peak COD of about 30,000 mg/L, in both the Cell 3 and 4, after approximately 4 

to 5 months of operation, which corresponded to the regular production of significant 

amounts of leachate. After this operational period, COD had remained steady for a significant 

period of time. In addition, 12 months after the waste placement, COD rise sharply in Cell 4 

(to approximately 15,000 mg/L) but Cell 3 did not, which suggests that the soil cover in Cell 

3 played a role in leachate attenuation. The findings in case of present study were found as 

similar to that of stated by Ham and Bookter (1982). 

5.3.1.6 Variation of COD Concentration with Landfill Gas 

The highest concentration of methane gas occurs after 50 day of sanitary lysimeter-B 

operation shown in Figure 5.6 and the COD concentration decrease rapidly up to the 95 day 

(Figure 5.7). Robinson (2000) stated that rapid decrease in COD concentration after certain 

period in leachate demonstrates the effectiveness of the methanogenic micro-organisms in the 

removal of the residual organic compounds. Here, it is demonstrated that biological activity 

may occur in sanitary lysimeter-B and it is revealed by the rapid production of LFG up to 70 

day of operation (Figure 5.6). Due to the above mentioned biological situations in sanitary 

lysimeter-B, COD concentration decrease rapidly up to the 95 day (Figure 5.7). However, the 

rapid increase of methane concentration at the initial stage suggests that a significant portion 

of the leachate was organic and that biodegradation contributes to produce the high level of 

COD concentration (Robinson, 1989). As the methane gas production rate increases, carbon 

dioxide, hydrogen, VFA, chloride and organic loading decreases (Murphy et al., 1995). 

Moreover, based on Figure 5.7, it can be concluded that at the initial stage i.e. after 3 day of 

sanitary lysimeter-B, methane concentration found comparatively higher (45.7%) which 

leaded the higher concentration of COD at the initial stage of lysimeter operation at varying 

landfill condition. 

129 1 P a g C 



L 

-$-Methane, CH4(%) -A-Carbon  dioxide, CO2 (%) 

0xygen, 02 (%) 
70 

60 

50 

30 
AAUZ 

20 

10 

o r,-- 
0 20 40 60 80 100 120 140 160 180 200 

Days after filling 

Figure 5.8: Biogas concentrations in sanitary landfill lysimeter-B 

The drop in biogas concentrations after the 60 day of sanitary lysimeter-B operation and it 

was continued (Figure 5.8) indicated a decrease in biological activity. However, Figure 5.7 

depicted that COD levels remain steady at approximately 900 mg/L, this indicated that a 

significant proportion of degradable organics were still present in leachate of sanitary 

lysimeter-B. The COD concentration, did not further reach high levels after the onset of 

methanogenesis as in other investigations (Novella et al., 2001; Robinson et al., 2005). 

Furthermore, there was a negligible acidic inhibition evident in the early stages of the 

degradation process, as was found in other studies (Cossu et al., 2003). This may be 

attributed in the present study due to the large proportion of slowly degradable material 

present in the lysimeter. 

5.3.1.7 Relation of COD C'oncentration, Chloride and pH 

The COD, chloride and pH profile in leachate of sanitary lysimeter-B is provided in Figure 

5.9. The experimental data showed considerable scatter because it was the characteristics of 

landfill contaminated leachate data (Rowe, 1995; Ham and Bookter, 1982). Moreover, the 

conversion of VFA's increases the pH within the solid waste cell. The methane fermentation 

occurs; subsequently the pH level rises in the range of 7 to 8 (Murphy et al., 1995). Here, it 

can be noted that COD and chloride concentration seems to be the proportional to one 

another (i. e. when COD decreases chloride also decreases) (Figure 5.9). This trend was 
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correlated to the change of pH in leachate with the elapsed period, especially during 50 day 

when the pH at peak about 8.31 and the concentration of COD and chloride was dropped to 

3840 and 570 mg/L, respectively (Figure 5.9). At this time, the leachate characteristic was 

found as similar to that expected in leachate of older solid waste landfill (Farquhar, 1989 and 

Mollekopfet al., 2002). 
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Figure 5.9: Evaluation of COD, chloride*10' and pH in leachate of sanitary 
lysimeter-B 

The decrease in COD and chloride concentration, and rise in pH in 50 day, suggested that 

leachate from lysimeter being collected, treated and disposal. Here, it is interesting to note 

that the decreasing of COD and chloride may be due to the biological activity in sanitary 

lysimeter-B and it was revealed by the rapid production of LFG up to 70 day of operation 

(Figure 5.13). Moreover, the experimental result reveals that COD concentration varies but 

not in manner that can be easily correlated with chloride concentration. For example, at the 

operational day of 20 and 50 days, the values of pH, COD and Cl- were found 7.44, 28800 

mg/L and 1510 mg/L as well as 8.31, 3840 mg/L and 570 mg/L, respectively. Among three 

parameters (COD , chloride and pH), both the COD and chloride concentrations were found 

as high but pH was low in 20 day after waste deposition, however, in 50 day, pH was found 

at peak while COD and chloride concentrations were found as low. 
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Figure 5.10: Comparison of predicted COD in the present with the other researcher 

1-lowever, to depict the validity of the findings in this study then also compared with those 

results in case of open lysimeter (OL) and closed lysimeter (CL) postulated by Trankler et at. 

(2005) and Visvanathan et al. (2007) shown in Figure 5.10. The Figure 5.10 reveals that the 

in case of open dump lysimeter-A, the concentration of COD was higher than that of sanitary 

- lysimeter-B and it was continued and similar trend was also studied by Trankler et al. (2005) 

and Visvanathan et al. (2007). 

5.3.1.8 Relation ofpH and Conductivity 

The variation of pH and electric conductivity (EC) profile over the elapsed period for the 

collection system of open dump lysimeter-A is provided in Figure 5.11. The Figure 5.11 

revealed that p1-I was ranging from 6.6 to 6.8 in the first 100 day of open dump lysimeter-A 

operation. After day 100, pH began to increase and it reached to 8. Qasim and Chiang (1994) 

suggested that increase in p1-I of leachate with time as a result of the decrease in the 

concentration of VFA. Moreover, the increase in pH is due to onset of methanogenic activity 

-41 
as a result increase in methane gas production and decrease in hydrogen, carbon dioxide and 

VFA (Kim, 2005). Murphy et al. (1995) reported that p1-I in leachate <7.0, was in the acidic 

side of p1-I scale, but after in the scale of >7.0, waste leachate had alkaline pH. Here, it is 

132 111  a e 



interesting to note that based on the observed results up to the elapsed period of 100 day for 

the collection system of open dump lysimeter-A, the leachate was in the acidic side of pH, 14( 
afterwards, waste leachate had alkaline pH. 
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Figure 5.11 reveals that EC decreases with the increase of elapsed period for the collection 

system of open dump lysimeter-A. The values of EC varied from 3.1 and 24.7ms/cm. At day * 

40, the collection system of open dump lysimeter-A showed the highest EC (24.7ms/cm) and 

lowest pH of 6.54 and it was clear that pH decreases, while, EC increases in relation to the 

increasing of elapsed period. The maximum value of EC was found 24.7 ms/cm in 40 day and 

then started to decrease and at 566 day the minimum value 3.1 ms/cm was recorded. This was 

also supported by Rich Ct al. (2008) and advocated that metals tend to form hydroxides or 

undergo sulfidation in the anaerobic phase and the majority of these compounds are not 

readily soluble. The salts content in leachate is harmony to the EC values and it reflects its 

total concentration of ionic solutes and is a measure of the solution's ability to convey an 

electric current. 
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5.3.1.9 Nitrogen in Leachate 

10 The variation in leachate nitrogenous compounds in terms of TKN and N114-N of entire 

lysimeter operation is provided in Figures 5.12 and 5.13, respectively. The TKN is the sum of 

organic nitrogen (Organic-N) and NH4-N (APHA, 1998). The NH4-N is representative of 

inorganic matter. The landfill lysimeter leachate contained low concentration of organic 

nitrogen and very high concentration of NH4-N (60-90 % of TKN (Johansen et al., 1976; 

Lema et al., 1988). Nitrogen which has potential to pollute wat er and soil is another 

major constituent in the leachate. Figure 5.12 showed that TKN in leachate varied from 1430 

to 251, 2187 to 480 and 1860 to 312 mg/L, for the collection system of open dump lysimeter-

A as well as the sanitary lysimeter-B and C, respectively. Here, the higher value of TKN was 

recorded for sanitary lysimeter-B against the other counterparts i.e. sanitary lysimeter-C and 

open dump lysimeter-A. The open dump lysimeter-A produced low TKN concentrations by 

reason of dilution of pollutant due to its top cover design enhance rainfall percolation and 

similar trend was also observed by Tubtimthai (2003). In case of sanitary lysimeter-C, TKN 

increases upto 1 860mg/L by the 90' day and then started to decrease whereas for the 

collection system of open dump lysimeter-A and sanitary lysimeter-B, TKN decrease and 

then remain almost constant throughout the experiment (Figure 5.12). 
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Figure 5.12: Variation of TKN in leachate of open and sanitary landfill lysimeter 
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Moreover, the NH4-N reduced from the initial values and ranging from 901.3 to 127.9, 997 

to 190 and 965.7 to 187 mg/L for the collection system of open dump lysimeter-A as well as 

sanitary lysimeter-B and C, respectively, and maintained throughout the study period shown 

in Figure 5.13. Here, the higher NH4-N was recorded for sanitary lysimeter-B and C than that 

of open dump lysimeter-A. It is known that acetate utilizing methanogens are more sensitive 

than hydrogen utilizers, particularly at high NH4-N concentrations (Calli et al., 2005). 
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Figure 5.13: Variation of NH4-N in leachate of open and sanitary lysimeter 

Van Velsen (1979) has reported that acclimation to high concentration of NH4-N was 

possible in anaerobic reactors. According to Speece (1996) and Jokela et al. (2002) such a 

decrease of NH4-N could be attributed to the ammonium bicarbonate Alkalinity, which in 

turn maintains a pH close to neutral in the anaerobic solid waste bioreactors. At the end of the 

study period, both the nitrogenous compounds reached a minimum level of TKN (251, 480 
and 312 mg/L) as well as NH4-N (127.9, 190 and187 mg/L) during the 900th  day for the 

collection system of open dump lysimeter-A as well as sanitary lysimeter-B and C, 

respectively. 1-lowever, the maximum concentrations of TKN (1430, 2187 and 1860 mg/L) 

and NI-I4-N (901.3, 997 and 965.7 mg/L) were recorded within the 90th  day of lysimeter 

operation of collection system of open dump lysimeter-A as well as sanitary lysimeter-B and 

C, respectively. Chu et al. (1994) too have reported that the NH4-N of landfill leachate ranged 
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between 500 and 1500 mg/L after a period of 3-8 years and will remain at this level at least 

for the next 50 years. According to Kulikowska et al. (2008) ammonium represents the major 

proportion of total nitrogen. In comparison to soluble organics, the release of soluble nitrogen 

from waste into leachate continues over longer period. As a result the concentration of NH4-

N decreases with the increase in age of the landfill which is due to hydrolysis and 

fermentation of nitrogenous fractions of biodegradable refuses substances (Abbas et al. 

2009). Nitrification is a process of nitrogen compound oxidation (effectively, loss of 

electrons from the nitrogen atom to the oxygen atoms): 

2 NH4  + 3 02 -* 2 NO2  + 2 H20 + 4 H (Nitrosomonas) 
2 NO2  + 102 -* 2 NO3  (Nitrobacter, Nitrospina) 
NH3  +02  -* NO2  + 3H + 2e 
NO2  + 1-120 - NO3  + 2H + 2e 

Moreover, NH4-N, the great majority of TKN (Lema et al., 1988), did not decreasing trend in 

concentration with time. The ammonia concentration released from waste by the 

decomposition of proteins and there is no mechanism for its degradation under 

Methanogenenic condition. So, only leaching can decrease the NH4-N concentration 

(Kjeldsen et al., 2002). 

5.3.1.10 Relation of Sulfate-chloride Ratio and pH 

The Figure 5.14 represents the relationship of S04 2/Ci and pH in leachate with the 

increasing of elapsed period from MSW deposited in open dump lysimeter-A and sanitary 

lysimeter-B. 1-lere, it can be noteed that the value of S04 2/C1 decreases with the increase of 

elapsed period for sanitary lysimeter-B, while, it increases up to the 801h  day of lysimeter 

operation and then decreases and continues for the collection system of open dump 

lysimeter-A. However, the predicted value of S04 2/CI found higher for sanitary lysimeter-B 

than that of open dump lysimeter-A. Based on Figure 5.14, it can be concluded that for both 

the lysimeters, p1-I increases with increasing the S04 2ICl in leachate. The value of pT-I is 

greatly influenced by the S04 2/C1 (Bilgili et al., 2007). A decrease in the S04 2/C1 due to 

rapid decreases in sulfates, while, the chloride declines more slowly. Here, it is interesting to 

note that for sanitary lysimeter-B, the reduction of S04 2/Cl is only a biological process and 

the reduction of S04 2  has a higher energy benefit for organism than methane production. 

There the S04 2  degradation is the first phase before intensive methane production (Chain and 

DeWalle, 1976). The biological process may be occurred in sanitary lysimeter-B and it is 

1361 P age 



---SO4/CI pH
1 

1.2 - 9 

* 
8.5 

::  7.5 

A, 
" 7 

::  6.5 

o, 

b 
Days aftcr filling 

revealed by the rapid production of LFG up to 70 day of lysimeter operation shown in Figure 

5.13. Moreover, the rapid decreases of sulfate are a result of predominately anaerobic 

condition in solid waste landfill under which sulfate is reduced to sulfide (Chain and 

DeWalle, 1976). Sulfide then precipitates with various metals. Unlike decrease of sulfate, pH 

increases with time, which reflects the decrease in concentration of the partially ionized free 

volatile fatty acids (VFA's) (Chain and DeWalle, 1976). 

'.JA 4l1 CLLAiL yli VV1L1 mv-owa,,mir,  Lim uldliNIZU piiou Hi t,) open uump 
lysimeter-A and (b) sanitary lysimeter-B 
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Table 5.2 Concentrations of metal and heavy metal in leachate of landfill lysimeter and leachate data from literature 

Parameters 
(mg/L) 

Jensen 
et al. 

(1999) 

Kjeldsen 
et al. 

(2001) 

Kalyuzhnyi 
et al. 

(2004) 

Sinan et al. 
(2006) 

WasteSafe 
(2010) 

Diaz et al. 
(1996) 

Results in the resent study  

Al  A2  B C 

Metal concentrations  

Ca - - - 120-980 - 5-4080 254-790 218- 664 153-578 140-664 

K - - 
- 1600-5000 - 2.8-3770 856-1967 1102-2589 1009-1764 567-1957 

Na - - - 800-5100 - 0-7700 1268-2425 1252-2370 1256-2764 1012-2409 

Mg -- - - 
- 0.06-1400 147-590 127-564 228-606 156-594 

Fe - - 4.08-170.4 40-100 - 0.2- 5500 1.8-70 3.4-83 3.6-91 1.4-72 

Heavy metal concentrations  

Cd 0.0002-0.0036 0.0068 0.0008-0.024 0.04-3.0 0.006-0.009 - 0.04-0.265 0.04-0.168 0.04-0.178 0.04-0.105 

Ni 0.028-0.084 0.13 - 0.1-4.8 0.03-0.1 1 - 0.04-0.075 0.04-0.055 0.045-0.09 0.04-0.07 

Zn 0.085-5.31 0.67 0.86-28.8 0.1-21 0.04-0.75 0-1000 0.25-1.27 0.15-0.97 0.10-0.55 0.10-0.576 

Cu 0.002-0.0034 0.07 0.04-0.24 0.1-3.3 0.04-1.1 0-9.9 0.04-0.98 0.04-0.97 0.04-0.76 0.04-0.60 

Cr 0-0.019 0.076 - 0.01-7.8 0.027-0.038 - 0.01-0.07 0.01-0.056 0.023-0.03 0.01-0.025 

Mn - - - 
- 0.4-3.9 16.5-15000 0.80-6.0 2.5-21.2 0.50-19.3 0.80-8.0 

Pb  0-0.016 0.07 0.038-0.1 0.01-0.11 0.03-0.086 - 0.12-0.32 0.179-0.40 0.25-0.78 0.10-0.476 

Notation: Ca=Calciuin; KPotassiuni; Na=Sodiuin; Mg=Magnesiurn; Fe=Iron; CdCadmiu,n; NiNicke1; Zn=Zinc; Cu=Copper; Cr=Chroiniurn; 
Mn =11anganese and Pb =Lead All values in mg/L. Range is given for the minimum and maximum values, while the value ofparenthesis indicates the mean 
values. 
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5.3.2 Metal and Heavy Metal Concentrations 

Landfill leachate might contain heavy metals in considerable concentrations among many 

other constituents (Andreottola et al., 1990; Reinhart et al., 1998). Heavy metals may 

constitute an environmental problem, if the leachate migrates into surface water or 

groundwater, or a treatment issue where the leachate is collected and treated prior to 

discharge (Christensen et al., 2001; Bozkurt et al., 1999; Martensson et al., 1999). The metal 

concentrations in leachate of calcium (Ca), potassium (K), sodium (Na), magnesium (Mg) 

and iron (Fe) as well as heavy metal concentration viz., cadmium (Cd), chromium (Cr), 

copper (Cu), lead (Pb), nickel (Ni), zinc (Zn) and manganese (Mn) were measured in the 

laboratory provided in Table 5.2. According to a statistical evaluation by Kylefors and 

Lagerkvist (1997), the concentrations of metal are expected to reduce as the leachate changes 

from acidogenic to methanogenic, concurrent with a decrease in redox potential and an 

increase in pH. The rate of Fe oxidation at pH level below 6.0 is increased by the presence of 

certain inorganic catalysts of the action of micro-organisms. The Fe concentration also 

imparts a test to water, which is detectable at very low concentration (Flayhammar et al., 

1999; Revans et al., 1999; Kjeldsen et al., 2002). Heavy metal leachability from the fresh 

waste is mainly depending on complexation and sorption within the lysimeter. 

Based on evaluated results, it can be depicted that metal concentrations which were 

comparatively found higher in leachate of open dump lysimeter were Ca and K, however, the 

heavy metal concentrations of Cd, Cu, Zn and Mn, and those apparently lower were metals of 

Na, Mg and Fe as well as heavy metals of Cr, Pb and Ni. To these attempts, although there 

has a large number of studies in literature, the following are considered of Jensen et al. 

(1999); Kjeldsen et al. (2001); Kalyuzlmyi et al. (2004); annual report of WasteSafe (2010); 

Sinan et al. (2006) and Diaz et al. (1996). 

5.3.2.1 Calcium concentration 

Calcium and Magnesium concentrations are the two important ions in the evaluation of 

buffering capacity of leachate during the waste degradation in landfill (Karthikeyan et al., 

2004). The Ca concentration has a tendency of complex formation with HCO3 and dissolved 

organic compounds and dissolution reactions involving calcite (CaCO3) and may be siderite 

(FeCO3) (Christensen et al., 2001). Thus, the dissolution process is closely linked to the 

dissolved carbonate compounds. 
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The variation of Ca concentration in leachate in relation to the increasing of elapsed period 

from MSW deposition in open dump lysimeter-A and sanitary lysimeter-B and C is evident in 

Figure 5.15. The Figure 5.15 revealed that the Ca ranging from 253.5 to 790 mg/L, 218 to 

664 mg/L, 153 to 578 mg/L and 140 to 664.4 mg/L, for leachate detection (A1 ) and collection 

system (A2) of open dump lysimeter-A and sanitary lysimeter-B and C, respectively. Here, it 

is interesting to note that the highest concentration of Ca was measured in leachate detection 

(A1 ) system of open dump lysimeter-A with 790 mg/L, whereas, the lowest of 140 mg/L for 

sanitary lysimeter-B. It may be established that the variation of Ca regarding to entire 

lysimeter operation systems may be occurred due to the providing of 400 mm thick CCL as a 

barrier between leachate detection (A1 ) and collection system (A2) of open dump lysimeter-

A, simulation behaviour of open dumping and base liner as well as sanitary landfill and cap 

liner of open dump lysimeter-A and anopen dump lysimeter-B as well as the difference of 

sanitary lysimeter-B and C in terms of thickness and compaction conditions of cap liner. 
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Figure 5.15: The changes of Ca concentration in leachate of landfill lysimeter 

On the other side, Ca concentration decreases rapidly below 400 mg/L after day 300 in both 

the cases of leachate detection (A1 ) and collection system (A2) of open dump lysimeter-A, 

while, it markedly decreases around 200 mg/L after day 650, for both the cases of sanitary 

lysimeter-B and C. Christensen et al. (2001) reported that as a result of the rapidly dissolution 

process, leachate generated from MSW deposited in landfill that has high Alkalinity values 

(—'10,000 mg/L as CaCO3) and the Ca concentration was decreased. However, the slow 

increase of pH and the slowly generation of the dissolution process due to the sanitary 
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condition, cause a slow decrease in Ca concentration. Moreover, a study conducted by Sinan 

et al. (2006) reported that in case of both the open dump rectors (Al  and A2), the Ca 

concentration was decreased below 100 mg/L after day 100 of operation and markedly slow 

decrease was observed for both the sanitary reactors AN, and AN2, with 100 mg/L after 600 

days of landfihling in reactors. 

So, here, it is to a great extent to state that the findings in this study were in agreement with 

the postulation given by Christensen et al. (2001) and Sinan et al. (2006), because the 

Alkalinity was found as round (-10,000 mg/L as CaCO3), markedly increasing trend of pH 

occurred at the operating day 100 as well as resemblance to present lysimeter practices with 

the simulated by Sinan et al. (2006), for both the leachate detection (A l) collection system 

(A2) of open dump lysimeter-A and providentially, in this case, the Ca concentration was 

decreased markedly. Finally, it can be concluded that the Ca concentration in terms of 

minimum and maximum with respect to entire landfill lysimeter operation systems as shown 

in Table 5.2, the maximum value exists within the range given by Sinan et al. (2006) and also 

Diaz et al. (1996), however, the minimum concentration exceeds the minimum limit as they 

were stated. 

5.3.2.2 Potassiu,n and Sodium concentrations 

The concentration of potassium is immobilized in the easily degradable organic matter, but it 

becomes soluble due to the decomposition processes within the MSW landfill (Burton et al., 

2001). Potassium ion has the least complex forming ability and gets associated to the other 

ions that can be leached at first from the MSW bed (Brady and Weil, 1999). 

The Figure 5.16 showed the variation of K concentration in relation to the increasing of 

elapsed period in case of leachate detection (Al ) and collection system (A2) of open dump 

lysimeter-A and sanitary lysimeter-B and C. The Figure 5.16 depicted that concentration of K 

ranging from 856 to 1967 mg/L, 1102 to 2589 mg/L, 1009 to 1764 mg/L and 567 to 1957 

mg/L, for leachate detection (Al ) and collection system (A2) of open dump lysimeter-A and 

sanitary lysimeter-B and C, respectively. At the beginning of open dump lysimeter operation, 

K concentration was determined as 1651 and 1816 mg/L and after 50 day, it was dropped 

markedly to 856 and 1577 mg/L, and at 500 day, it reached as maximum values of 1370 and 

2590 mg/L, for leachate detection (Al) and collection system (A2) of open dump lysimeter-A, 

respectively. However, at the beginning of the sanitary lysimeter operation, K concentration 
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was measured as 1606 and 1510 mg/L for anopen dump lysimeter-B and C, respectively. 

There was no considerable change of K concentration for both the leachate detection (A1) and 

collection system (A2) of open dump lysimeter-A after 600 day of operation. 
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Figure 5.16: The changes of K concentration in leachate of landfill lysimeter 

1-lere, it is interesting to note that the highest concentration of K was measured in the leachate 

collection (A2) system with 2589.0 mg/L, whereas, the lowest of 567.2 mg/L in sanitary 

lysimeter-C. Here, it can be established that the variation of K concentration may be 

occurred regarding to entire lysimeter operation system due to the providing of 400 mm thick 

CCL as a barrier between leachate detection (A1) and collection system (A2) of open dump 

k lysimeter-A, simulation behaviour of open dumping and base liner as well as sanitary landfill 

and cap liner in case of open dump lysimeter-A and anopen dump lysimeter-B as well as the 

difference of sanitary lysimeter-B and C in terms of thickness and compaction conditions of 

cap liner. 

The variation of Na concentration in relation to the increasing of elapsed period in case of 

leachate detection (A1) and collection system (A2) of open dump lysimeter-A and sanitary 

lysimeter-B and C is evident in Figure 5.17. Based on Figure 5.17 it can be depicted that Na 

concentration ranging from 1268 to 2424 mg/L, 1252 to 2370 mg/L, 1256 to 2764 mg/L and 

1012 to 2409 mg/L, for leachate detection (A1) and collection system (A2) of open dump 

lysimeter-A and sanitary lysimeter-B and C, respectively. 1-lere, it is important to note that the 

highest concentration of Na was measured in case of anopen dump lysimeter-B with 2764 
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mg/L, whereas, the lowest of 1012 mg/L in sanitary lysimeter-C and the concentration of K 

was differed regarding to entire lysimeter operation systems. 'VI 
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Figure 5.17: The changes of Na concentration in leachate of landfill lysimeter 

Here, it is interesting to note that the trend for both the concentrations of K and Na were 

found as almost similar. A study conducted by Bilgili et at. (2006) stated that the Na and K 

concentrations of leachate were in the same trend with chloride Cl-concentration. This 

situation was confirmed by Kimmel and Braids (1980) and also Sinan et al. (2006) who 

showed a linear relationship between Na and Cl-concentrations in water samples obtained 

from a leachate plume at different distances from a landfill. So, it can be concluded that the 

findings in terms of Cl-, K and Na concentrations in the present study were agreed well with 

the postulation given by Kimmel and Braids (1980) and Sinan et al. (2006). The results of K 

and Na in terms of minimum and maximum concentrations with respect to entire lysimeter 

operation systems are in agreement with the results obtained by Sinan et al. (2006) and also 

Diaz et al. (1996). In contrast, the minimum concentrations of both the K and Na exceed the 

minimum limit stated by Diaz et al. (1996). 

5.3.2.3 Magnesium concentration 

The Figure 5.18 reveals the variation of Mg concentration in relation to the increasing of 

elapsed period in case of leachate detection (Al) and collection system (A2) of open dump 

lysimeter-A and sanitary lysimeter-B and C. The Figure 5.18 depicts that Mg concentration 

ranging from 147 to 590 mg/L, 127 to 564 mg/L, 228 to 606 mg/L and 156 to 594 mg/L, for 

leachate detection (Al) and collection system (A2) of open dump lysimeter-A and sanitary 
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lysimeter-B and C, respectively. At the beginning of the open dump lysimeter operation, Mg 

concentration was determined as 456 and 406 mg/L and at 120 day operation, it reached as 

maximum values of 590 and 541 mg/L for leachate detection (A1 ) and collection system (A2) 

of open dump lysimeter-A, respectively. However, at the beginning of the sanitary lysimeter 

operation, Mg concentration in leachate was measured as 606 and 416 mg/L for sanitary 

lysimeter-B and C, respectively. Here it can be concluded that the concentration of Mg was 

decreased markedly until the end of this study, there was no considerable change in both the 

leachate detection (A1) and collection system (A2) of open dump lysimeter-A after 650 day of 

operation. 
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Figure 5.18: The changes of Mg concentration in leachate of landfill lysimeter 

Here, it is important to note that the highest concentration of Mg was measured in sanitary 

lysimeter-B with 606 mg/L, whereas, the lowest of 127 mg/L was in the collection system 

open dump lysimeter-A. Here, it can be established that the variation of K concentration may 

be occurred with regarding to entire landfill lysimeter operation system due to the providing 

of 400 mm thick CCL as a barrier between leachate detection (A1) and collection system (A2) 

of open dump lysimeter-A, simulation behaviour of open dumping and base liner as well as 

sanitary landfill and cap liner in case of open dump lysimeter-A and sanitary lysimeter-B as 

well as the difference of sanitary lysimeter-B and C in terms of thickness and compaction 

conditions of cap liner. 
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5.3.2.4 Iron Concentration 

The concentration of Fe varied from 1.8 to 70 mg/L, 3.4 to 83 mg/L, 3.6 to 91 mg/L and 1.4 

to 72 mg/L in relation to the increasing of elapsed period from MSW deposition, for leachate 

detection (A1 ) and collection system (A2) of open dump lysimeter-A and sanitary lysimeter-B 

and C, respectively, is evident in Figure 5.19. Here, it may be noted that the highest 

concentration of Fe was measured in the sanitary lysimeter-B with 91 mg/L, whereas, the 

lowest of 1.40 mg/L for sanitary lysimeter-C. Here, it may be established that the variation of 

Fe concentrations regarding to entire lysimeter operation systems may be occurred due to the 

providing of 400 mm thick CCL as a barrier between leachate detection (A1 ) and collection 

system (A2) of open dump lysimeter-A, simulation behaviour of open dumping and base liner 

as well as sanitary landfill and cap liner of open dump lysimeter-A and sanitary lysimeter-B 

as well as the difference of sanitary lysimeter-B and C in terms of thickness and compaction 

conditions of cap liner. 
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—*lysimeter-A (detection system-Al) 
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Figure 5.19: The changes of Fe concentration in leachate of landfill lysimeter 

From the beginning to 100 days of landfill lysimeter operation, Fe concentrations were 

dropped drastically in the range of 70 to 21 mg/L, 83 to 30 mg/L, 91 to 31 mg/L and 72 to 1.2 

mg/L, for leachate detection (A1) and collection system (A2) of open dump lysimeter-A and 

sanitary lysimeter-B and C, respectively. After day of 100, the Fe concentration also began 

descending steadily and reached the values of 1.8 mg/L, 3.4 mg/L, 3.6 mg/L and 1.4 mg/L 

until the end of this study, for leachate detection (Ai) and collection system (A2) of open 

dump lysimeter-A and sanitary lysimeter-B and C, respectively. 
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However, a study conducted by Sinan et al. (2006) reported that the Fe concentrations were 

decreased rapidly from 100 to 40 and 50 mg/L after 30 days for open dump reactors Al  and 

A2, respectively, while it was decreased to 50 and 60 mg/L in sanitary landfill reactors of 

AN, and AN2  after day 250, respectively. Subsequently, here it may be concluded that the 

almost similar trend was observed and also agreed well for both the cases of aerobic and 

anaerobic reactors stated by Sinan et al. (2006). The results of Fe in terms of minimum and 

maximum concentrations with respect to entire lysimeter operation systems are in agreement 

with the results obtained by Kalyuzhnyi et al. (2004) and Diaz et al. (1996). In contrast, the 

minimum concentrations of Fe exceed the minimum limit stated by Diaz et al. (1996). 

5.3.2.5 Cadmium and Copper Concentrations 

Cd concentration was measured in the range of 0.04 to 0.265, 0.04 to 0.168, 0.04 to 0.178 and 

0.04 to 0.105, while, Cu ranging from 0.04 to 0.98, 0.04 to 0.97, 0.04 to 0.76 and 0.04 to 0.60 

in relation to the changing of elapsed period from waste deposition, for leachate detection 

(A l), leachate collection system (A2) of open dump lysimeter-A and sanitary lysimeter-B and 

C, respectively are evident in Figure 5.20. At the beginning of open dump lysimeter 

operation, the Cd concentration was found 0.265 and 0.168 mg/L, and after 120 day, it 

decreased markedly 0.078 and 0.097 mg/L, for leachate detection (Al), leachate collection 

system (A2), respectively. From the day of 660 to until the end of this study, there was no 

significance change for both the cases of open dump lysimeter. 

- Moreover, at the beginning of open dump lysimeter operation, the Cu concentration was 

found 0.04 and 0.04 mg/L, and after 100 day operation, it was increased rapidly up the day of 

operation 500, 0.98 and 0.97 mg/L, for the leachate detection (A l), leachate collection system 

(A2), respectively. From the day of 630 and 775 to until the end of this trial, it was decreased 

rapidly for both the cases of open dump lysimeter system. In the other side, both the Cd and 

Cu concentrations in case of sanitary lysimeter-B and C were found the almost similar trend 

of open dump lysimeter operation, although the values of Cd and Cu in case of open dump 

lysimeter operation were found as higher than the case of sanitary lysimeter operation. 

Finally, it can be concluded that the findings in the present study in case of Cd and Cu 

concentration exceed the lower limit reported by Jensen et al. (1999); Kjeldsen et al. (2001); 

Kalyuzhnyi et al. (2004); Sinan et al. (2006); WasteSafe 2010 and Diaz et al. (1996). 
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Figure 5.20: The changes of Cd and Cu concentrations in leachate of lysimeter 

5.3.2.6 Nickel and Zinc concentrations 

The Figure 5.21 illustrates the variation of Ni and Zn concentration in relation to the 

increasing of elapsed period for both the operation of open dump and sanitary lysimeter. The 

Ni concentration ranging from 0.04 to 0.075, 0.04 to 0.055, 0.04 to 0.09 and 0.04 to 0.07, 

while, Zn ranging from 0.25 to 1.267, 0.15 to 0.97, 0.10 to 0.55 and 0.10 to 0.576, in relation 

to the changing of elapsed period, for leachate detection (A1 ), leachate collection system (A2) 

of open dump lysimeter-A and sanitary lysimeter-B and C, respectively. From the beginning 

of sanitary lysimeter operation to up the day of 520, the Ni concentration was increased 

markedly and reached to the values of 0.09 and 0.07 mg/L, and after 520 day operation, it 

was dropped, for landfill lysimeter-B and C, respectively. Moreover, from the beginning of 
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Figure 5.21: The changes of Ni and Zn concentrations in leachate of landfill lysimeter 
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sanitary lysimeter operation to up the day of 380, the Zn concentration increased rapidly with 

0.55 and 0.576 mglL, for lysimeter-B and C, respectively. 

In the other side, both the Ni and Zn concentrations in case of sanitary lysimeter-B and C 

were found .as almost similar to the trend of open dump lysimeter operation, although the 

values of Ni and Zn in case of sanitary lysimeter operation were found as higher than that of 

open dump lysimeter operation. However, a study conducted by Sinan et al. (2006) reported 

that the Ni and Zn were found as higher for sanitary landfill reactors than that of open dump 

reactors. So, it can be concluded that findings in terms of Ni and Zn in the present study were 

agreed well with the statement stated by Sinan et al. (2006). 
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Figure 5.22: The changes of Cr and Mn concentrations in leachate of landfill lysimeter 

5.3.2.7 Chromium and Manganese Concentrations 

The variation of Cr and Mn concentrations with in relation to the increasing of elapsed period 

are shown in Figure 5.22. At the beginning of open dump lysimeter operation, Cr 

concentration found 0.065 and 0.06 mg/L, for leachate detection (A1) and leachate collection 

system (A2), respectively. At the day of 120, Cr concentration decreased as 0.02 and 0.02 

mg/L for both the cases, and after 120 day to end of this study, the leachate detection system 

shows the higher than the leachate collection system. Here, it can also be noted that the Cr 

concentration for sanitary lysimeter operation were found as higher than that of open dump 

lysimeter system, however, the concentration of Cr was found as higher in case of sanitary 

lysimeter-B, with 0.09 mg/L. Moreover, a study conducted by Sinan et al. (2006) reported 

that the concentration of Cr was found as higher in case of sanitary reactors than that of open 

dump reactors. 
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In addition, the Mn concentration ranging from 0.80 to 6.0, 2.5 to 21.2, 0.50 to 19.3 and 0.80 

to 8.0 mg/L, in relation to the changing of elapsed period, for the leachate detection (A1), 

leachate collection system (A2) of open dump lysimeter-A and sanitary lysimeter-B and C, 

respectively. However, the highest concentration of Mn was found for the collection system 

of open dump lysimeter-A with 21.2 mg/L and both the open dump and sanitary lysimeter 

operation showing almost the same concentration of Mn. 
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Figure 5.23: The changes of Pb concentration in leachate of landfill lysimeter 

5.3.2.8 Lead Concentration 

The Figure 5.23 illustrates the variation of Pb concentration in relation to the increasing of 

elapsed period for both the operation of open dump and sanitary lysimeter. The Pb 

concentration ranging of 0.12 to 0.32, 0.12 to 0.397, 0.25 to 0.78 and 0.10 to 0.476 mg/L, in 

relation to the changing of elapsed period, for the leachate detection (A1), leachate collection 

system (A2) of open dump lysimeter-A and sanitary lysimeter-B and C, respectively. Here, it 

is interesting to note that the highest concentration of Pb was measured in sanitary lysimeter-

B with 0.78 mg/L, whereas, the lowest of 0.12 mg/L in both the cases of leachate detection 

system of open dump lysimeter-A and the sanitary andfihl lysimeter-C and the concentration 

of Pb was differed regarding to entire landfill lysimeter operation system. 

Here, it can be established that the variation of Pb concentration may be occurred regarding 

to entire landfill lysimeter operation system due to the providing of 400 mm thick CCL as a 

barrier between leachate detection (A1 ) and collection system (A2) of open dump lysimeter- 
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A, simulation behaviour of open dumping and base liner as well as sanitary landfill and cap 

liner in case of open dump lysimeter-A and sanitary lysimeter-B as well as the difference of 

sanitary lysimeter-B and C in terms of thickness and compaction conditions of cap liner. 

5.3.3 Influence of Tropical Seasonal Variations on Landfill Lysimeter Operation 

To investigate the variation of leachate quality in terms of pl-I,  chloride, TS, EC, COD and 

TKN (concentration and load) in relation to the changes of tropical condition, periodic 

monitoring of leachate quality was carried out in the laboratory. However, the entire 

lysimeter observation consisted of dry and wet climatic condition as well as the age of MSW 

in lysimeter and it reveals that lysimeter operational mode played a significant role for the 

variation of leachate quality and hence discussed in followings. Ir 

5.3.3.1 Variation of Leach ate Generation 

In a MSW landfill the leachate generation is not constant flow depending on the initial 

moisture content, composition of solid waste, and the influence of climate: rainfall, 

evaporation, in which the landfill is situated. In humid climate, the potential for leachate 

generation high as a result of the difference between net water input and water stored will 

available form more leachate (Blight, 1996). Moreover, it is not environmentally acceptable a 

solid waste landfill cover which percolating the rainwater and hence contaminate the 

surrounding soil and ground water. The leachate production varies in a wide range but is not 

directly related to the total amount of precipitation. Moreover, the high evaporation capacity 

throughout the dry season has to be carefully assessed (Alamgir et al., 2006). 

The amount of rainfall and cumulative leachate generation from the detection (A l) and 

collection (A2) system of open dump lysimeter-A as well as the collection system of sanitary 

lysimeter-B and C was recorded and provided in Figure 5.24, for the period of July 2008 to 

August 2010. During the first rainy season (July to August 2008), highest amount of leachate 

was generated from the collection system (A2) of open dump lysimeter-A. Here, it can be 

noted that after 135 day of lysimeter operation, cumulative leachate generation rate was 

recorded 315, 224 and 265 liter for the collection system (A2) of open dump lysimeter-A as 

well as collection system of sanitary lysimeter-B and C, respectively. It also implied the 

cumulative leachate generation rate from collection system (A2) of open dump lysimeter-A 

was about 41.0 and 19.0 % more than that of the collection system of sanitary lysimeter-B 
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and C, respectively. Moreover, the leachate generation was found as lower in the detection 

system (Ai) than the other system. Here, it can be established that the variation of leachate 

generation in case of detection and collection system of open dump lysimeter-A may be 

occurred due to the providing of 400 mm thick CCL as a barrier between the detection and 

collection system of lysimeter-A. As the collection sysytem (A2) of lysimeter-A was provided 

just below the MSW deposited in lysimeter-A and the followd detection sysytem (A1 ) was 

seperated with the 400mm thick CCL and this operational mode may be considered for the 

variation of leachate quantity between these two systems. Moreover, the variation of leachate 

quantity for the collection system of lysimeter-A and B may be occurred due to the 

simulation behaviour of open dumping and providing the base liner in lysimeter-A as well as 

sanitary landfill and providing the cap liner in lysimeter-B. In contrast, the quantity of 

leachate in case of collection system of sanitary lysimeter-B and C may be occurred due to 

the difference of lysimeter-B and C in terms of thickness and compaction conditions of cap 

liner. 

1st Rainy Dry season 2nd Rainy Dry season 3rd Rainy 
season season season 

—. 

. ---I_____ 
--J 

1200 

1000 

800 
V 

600 

400 

0 200 

0 

200 

400 

600 

I-. 

800 

1000 

1200 
C C C C C C C C C C C C C C C C C C C C C C C C C C V 00 N C cn 1,0 C\ N kn 00 — - N C m C\ N 'I 00 N C N N cn rn c, 1-  v- v' v r \O '0 N N N cc 

Days after filling) 

"fr" lysimeter-A (detection system-Al) * lysimeter-A (cellection system-A2) 
collection system of lysimeter-B I" collection system oflysinieter-C 
Rainfall 
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Here it can be noted that in sanitary lysimeter-B and C, the leachate generation found lower 

than that of open dump lysimeter-A, although the amount of rainfall was same because the 

provided cap liner in sanitary lysimeter-B and C, played an important role to reduce the 

percolating of rainwater in sanitary lysimeter-B and C and similar trend was followed by 

Visvanathan et al. (2002). It was advocated that for open cell, without a CCL, rain water was 

percolated rapidly into the lysimeter and hence produces relatively higher quantity of 

leachate, whereas, due to the providing a CCL having high compaction density expected to 

produce relatively low leachate, especially during the dry season. The result was further 

supported from Ehrig (1983). 1-lowever, considering about 65 % of the moisture content and 

52 % of organic waste composition in the deposited MSW in lysimeter, the amount of 

leachate generation was found to be strongly related to rainfall and cover system (Rafizul et 

al. 2009b). During the second rainy season (July to September 2009), high amount of - 

leachate was again generated at the lysimeter operational about 455 day from the collection 

system (A2) of open dump lysimeter-A and it was about 51.0 and 22.0 % more than that 

of sanitary lysimeter-B and lysimeter-C, respectively. However, it was observed that after 

450 day of entire lysimeter operation, the leachate generation was also increased steady than 

the successively rainy season. 

5.3.3.2 Variation ofpH 

The variation of pH in leachate against the changes of climatic condition regarding to the 

entire lysimeter operation is evident in Figure 5.25. The p1-I in leachate varied widely within 

the range of 6.17 to 8.17, 6.14 to 8.0, 6.4 to 8.61 and 6.3 to 8.73 in relation to the increasing 

of elapsed period for the detection (A l) and collection (A2) system of open dump lysimeter-

A as well as the collection system of sanitary lysimeter-B and C, respectively. Figure 5.25 

depicted that for the operated system Al  and A2  of open dump lysimeter-A as well as sanitary 

lysimeter-C, the leachate was acidic (pH below 7.0) at the initial stage during the dry season 

and it was remained stable until 20 day of operating period. It was shifted to alkaline (pH 

above 7.0) for the entire lysimeter within the operating period of 50 day during the dry 

season. Moreover, after 50 day during the rainy season, due to the percolating of rain water 

into the open dump lysimeter-A and sanitary lysimeter-C for their looser conditions of cap 

liner as well as the higher rate of leachate production (Figure 5.24) than that of sanitary 

lysimeter-B, p1-I was shifted to acidic (pH below 7.0). 1-lere, it is considering that the rainfall 

in this site is acidic and this change may indicate the decomposition of organic fraction of 

MSW deposited in lysimeter. -The researchers Trankler et al. (2005) and Visvanathan et al. 
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season, while, p1-I of A2  system of open dump lysimeter-A and sanitary lysimeter-B, was 

also reached in alkaline and remained stable. 

Very low pH (-6.14) was recorded at 95 day of A2  system of open dump lysimeter-A during 

the rainy season, indicating that open dump lysimeter-A is in active acid forming phase. In 

open dump lysimeter-A, initially leachate pH was acidic indicating the accumulation of VFA 

in the early stage of bioreactor operations. Chian and Dewalle (1976) have reported that p1-I 

in leachate increases with time due to the decrease in the concentration of VFA in the system. 

The increase in p1-I suggests that a steady state has been reached between acid-producing and 

consuming processes within the reactors. 

On the other side, leachate of sanitary lysimeter-B was alkaline initially (--7.38). A drop in 

pH was observed after 50 day, followed by also a decrease until 310 day for entire lysimeter 

operating system. Although the MSW in sanitary lysimeter-B, produced leachate of alkaline 

nature, after rainfall and at 290 day of operation, neutral activity occurs reducing the pH 

equal to 7.0, then, stimulated acidogenic activity reducing the p1-I below 7.0. The near neutral 

pH of leachate is also reasonably consistent with the literature (Tatsi et al., 2002) which 

suggested that pH is naturally buffered. Chian and DeWalle (1976) reported that pH of 

leachate increased with time due to decrease of concentration of the partially ionized free 

VFA. The increase in pH suggested that a steady state has been reached between acid-

producing processes (e.g., cellulose and lignin degradation) and acid consuming processes 

(e.g., methane formation) at the landfill (Chu et al., 1994). 

5.3.3.3 Variation of Chloride Concentration 

In the present study, at the beginning of lysimeter operation to the starting of rainy season, 

the chloride was ranging of 3,572 to 1,850, 1,350 to 570 and 760 to 145 mg/L, for open 

dump lysimeter-A and sanitary lysimeter-B and C, respectively, as shown in Figure 5.26. 

However, after 50 day of lysimeter operation, during the rainy season, the chloride rapidly 

increases and ranging from 1,850 to 2,600, 570 to 1,150 and 145 to 1,700 mg/L, for open 

dump lysimeter-A and sanitary lysimeter-B and C, respectively. After 135 day of lysimeter 

operation, starting of the dry season, the chloride was found as lower than that of rainy 

season. A study conducted by Yuen et al. (2001 ) and reported that during monsoon season, 

rainwater percolated through the refuse beds and solubilized the constituents, producing a 
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larger volume of dilute leachate, while during the dry summer months, the concentration of 

certain pollutants (ammonia, sodium, potassium and chloride) were lower. 
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Figure 5.26: Temporal variation of chloride in leachate of open and sanitary landfill 
lysimeter 

5.3.3.4 Variation of Total Solid 

The temporal variation of total solid (TS) in relation to the increasing of elapsed period for 

the collection system of open dump lysimeter-A as well as sanitary lysimeter-B and C shown 

in Figure 5.27. The Figure 5.27 reveals that TS was initially high, but it decreases during the 

rainy season. Moreover, starting to ending of rainy season (50 to 135 days), the concentration 

of TS dropped within the range of 16,870 to 13,510, 12,920 to 7,120 and 15,290 to 10,400 

mg/L, for the collection system of open dump lysimeter-A as well as sanitary lysimeter-B 

and C, respectively. A study conducted by Kouzeli-Katsiri et al. (1999) and reported that 

leachate from MSW landfill having high TS indicating the abundant presence of loose 

materials that easily get dissolved with the percolating of water. But, with the increase in age 

of deposited waste, the availability of loose materials has reduced considerably due to the 

compaction of waste in landfill. 
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Moreover, Qasim and Chiang (1994) stated that the concentration of TS was only removed as 

a result of washout by infiltrating rainwater. However, the TS was found as higher in open 

dum lysimeter-A than that of sanitary lysimeter-B and C. A study conducted by Yuen et al. 

(2001) reported that the TS in open dump of aerobic reactors were higher than sanitary 

landfill of anaerobic reactors. So, the finding in case of present study was agreed well with 

the statement given by Kouzeli-Katsiri et al. (1999); Qasim and Chiang (1994) and Yuen et 

al. (200 1).The concentration of TS in leachate depends not only on elapsed period from the 

waste deposition but also the types, applicability and compactness of base and cap liner 

(Rafizul et al., 2009a). Due to the influence of the above factors, the magnitudes of TS in 

case of open dump lysimeter-A, was higher than that of sanitary lysimeter-B, although the 

trend was similar. However, this variation may be occurred due to the variation between this 

two lysimeter interms of aerobic and anaerobic, base liner and cap liner performance. 
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The experimentai result reveals that the variation of TS in leachate throughout the rainy 

seasons was not as much of as obvious. Most of this variation is due to intensive rainfalls in 
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alternation with some dry periods even during rainy season. According to an observations by 

Qasim and Chiang (1994), the dry season causes a standstill of decomposition due to lack of 

moisture and with begin of the rainy season biological activity restart. If it is intended to 

maintain steady state conditions for a landfill to accelerate the degradation that such kind of 

landfill pattern is for sure detrimental and less efficient. Moreover, the producing of solid 

particles in tremendous dry season is as similar to rainy season. Here, it can be concluded that 

considering the above factors, the producing rate of TS in dry season was found as almost 

same as preceding rainy season. 

5.3.3.5 Variation of COD Concentration 

Figure 5.28 shows the temporal variation of COD concentration in leachate in relation to the 

increasing of elapsed period for the collection system of entire lysimeter. The COD found 

initially about 60,000 mg/L for both the open dump and sanitary lysimeter , but it was dropped 

steady with the range of 60, 000 to 10,240, 60,000 to 3,840 and 60,000 to 35,550 mglL until the 

end of dry season for open dump lysimeter-A as well as sanitary lysimeter-B and C, 

respectively. The Figure 5.28 depicts that at the beginning of rainy season, i. e. after 50 day of 

operation, COD dropped rapidly and remained stable until the end of rainy season. A study 

conducted by Chain and DeWalle (1976) and stated that due to the initially biodegradable 

nature as well as washout of MSW due to rainfall, COD decreases with increasing the age of 

landfill. Moreover, the COD was seemed to be diluted due to the rainfall events and then 

decreases (Trankler et al., 2005; Monteiro et al., 2002). Variations in leachate quality with age 

- should be expected throughout most of the landfill life because organic matter will continue 

to undergo stabilization (Qasim and Chiang, 1994). Here, it can be noted that comparatively 

COD decreases during rainy season for sanitary lysimeter-B due to the higher rate of leachate 

production (Figure 5.28) and the biological activity for rapid production of LFG up to 70 day 

of operation (Figure 5.8). 

El-Fadel et al. (2002) stated that the COD found higher during summer and gets diluted 

during monsoon. This may be due to the enhanced leaching of pollutants from the wastes 

dumped at the top layer during the initial precipitation followed by the dilution effects of 

rainfall. It can be noted that COD for both the cases of open dump lysimeter-A and sanitary 

lysimeter-C, were found higher until the completion of study period, because the infiltration 

rate of rainfall in open dump lysimeter-A and sanitary lysimeter-C was comparatively higher 

than that of sanitary lysimeter-B due to the simplicity and looser conditions which implied 
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more dilution of MSW deposited in lysimeter. Moreover, a study by Chiemchaisri and 

Srisukphun (2003) suggested that the COD in leachate was significantly influenced by water 

infiltration through the waste layer. A study conducted by Aluko et al. (2003) reported that 

higher concentration of COD in leachate in wet season rather than during dry season. 
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5.3.3.6 Variation of Conductivity 

The Figure 5.29 shows the temporal variation of electric conductivity (EC) in leachate for the 

collection system of open dump and sanitary lysimeter. Based on Figure 5.29, it can be 

concluded that EC was ranging from 10.4 to 25.8, 5.3 to 19.3 and 8.9 to 21.2 mS/cm in 

relation to the increasing of operational period for open dump lysimeter-A as well as sanitary 

lysimeter-B and C, respectively. It can be observed that the highest EC was found for open 

dump lysimeter-A, with 25.8 mS/cm, whereas, the lowest of sanitary lysimeter-B with 5.3 

mS/cm. However, this situation was also observed by Trankler et al. (2005) and Visvanathan 

et al. (2007) and reported that for two cells in sense of open lysimeter (OL) and closed 

lysimeter (CL), the EC was initially low , but it was increased at the beginning of the rainy 

season. However, the EC in the open cell was higher than that of closed cell. 
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On the other hand, in the present study, starting to ending of rainy season (50 to 135 days), 

EC dropped rapidly within the range of 24.7 to 12.7, 8.9 to 6.9 and 19.1 to 10.7 mSlcm, for 

open dump lysimeter-A as well as sanitary lysimeter-B and C, respectively, then after 135 

day during dry season, it increases rapidly for all the cases of lysimeter operating system. 

Moreover, a study conducted by Qasim and Chiang (1994) and reported that inorganic 

compounds (i.e. solids, conductivity etc.) of leachate in MSW landfill are only removed as a 

result of washout by percolating of rainwater. However, a study conducted by Yuen et al. 

(2001) and reported that the highest EC was recorded at the beginning stage of monsoon 

period in leachate from deposited MSW in lysimeter. It also advocated that it may be mainly 

due to the percolation and flushing effect of rain water that washed out all the inorganic 

compounds from the MSW in landfill. Moreover, the seasons are affecting the EC values 

especially during rainy season it is fluctuated as a result of the dilution. The EC values got 

drastically reduced due to dilution towards the end of monsoon period and it was found to be 

the higher at the dry season and similar trend was followed by Qasim and Chiang (1994) and 

Yuen et al. (2001). 
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5.3.3.7 Carbon and Nitrogen Load in Landfill Lysimeter 

The cumulative load of COD and TKN for the collection system of open dump lysimeter-A 

as well as sanitary lysimeter-B and C was calculated from the COD and TKN concentration 

and leachate generation. Figures 5.30 and 5.31, the distribution of cumulative COD and TKN 

load, respectively, shown a clear seasonal pattern characterized by low load in dry season and 

high load in rainy season. Result revealed that, at the 50 day to up the 135 day of lysimeter 

operation, during the rainy season, the COD load increases rapidly with the ranging from 

147 to 3202, 4.7 to 1035 and 11 to 1291 mg/ kg solid waste in relation to the increasing of 

elapsed period from waste deposition, for the collection system of lysimeter-A, B and C, 

respectively. But, after 135 day of lysimeter operation, during the dry season, the COD load 

was stable because few leachate flows was produced and similar trend Was followed by 

Trankler et al. (2005) and Visvanathan et al. (2007) and advocated that COD load of open 

cell was higher than those of closed cell. However, the loading gradually increases during the 

rainy season, but did not change during the dry season due to low degradation and leachate 

generation. 
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Figure 5.30: The cumulative COD load of open and sanitary landfill lysimeter 
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In contrast, during rainy season, the cumulative COD of three landfill lysimeter has risen 

sharply. The open dump lysimeter-A showed the highest COD load owing to the high 

moisture content (65 %) in deposited MSW and due to the percolating of rainfall and it 

stimulated the activity of microorganism. Although, the COD concentration of open dump 

lysimeter-A found considerable lower but the top cover design of open dump promoted 

rainfall percolation to the landfill; so, it achieved the higher COD load compared with 

sanitary lysimeter-B and C. Here, it can be noted that COD load was found higher for open 

dump lysimeter-A than that of sanitary lysimeter-B and similar trend was also observed by 

Ham and Bookter (1982) and advocated that cumulative COD load for open rectors was 

higher than that of closed reactors. 
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Figure 5.31: The cumulative TKN load of open and sanitary landfill lysimeter 

Figure 5.31 illustrates the cumulative load of TKN for the collection system of open dump 

lysimeter-A as well as sanitary lysimeter-B and C was calculated from the TKN 

concentration and leachate generation. Result revealed that during the rainy season (50-135 

day of lysimeter operation), TKN load increases rapidly with the ranging from 0.50 to 146, 1 

to 155 and ito 161 mg/ kg solid waste in relation to the increasing of elapsed period from 
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waste deposition, for the collection system of lysimeter-A, B and C, respectively. The 

cumulative TKN of landfill lysimeter leachate has somewhat increased from initial until end 

of dry season. During rainy season, the cumulative TKN of three landfill lysimeter has 

quickly increased from initial until end of rainy season. Although the leachate generations for 

open dump lysimeter-A is comparatively higher than that of sanitary lysimeter-B and C, but 

due to the lower TKN concentration, the cumulative TKN load of open dump lysimeter-A 

was lower compared with other counterparts i.e. sanitary lysimeter-B and C. 

5.4 Summary of the Findings 

The field level landfill simulation with various top cover design and operational condition of 

lysimeter greatly influences the leachate quality. Moreover, the open dump lysimeter showed 
IT 

lower concentration of TKN and NH4-N as well as TKN load, while both the concentration 

and load of COD higher in compared to sanitary lysimeter. It can be noted that chloride 

increased, while pH, COD concentration, EC and TS in leachate regarding to entire lysimeter 

operational system decreased during the rainy season. The COD was found initially the 

highest in concentration, but rapidly decreased with the rainfall events. Based on evaluated 

results, it can be depicted that metal concentrations which were comparatively higher in 

leachate of open dump lysimeter were Ca and K, however, the heavy metal concentrations of 

Cd, Cu, Zn and Mn, and those apparently lower were metals of Na, Mg and Fe as well as 

heavy metals of Cr, Pb and Ni. The seasonal variation of leachate generation pattern indicated 

that the highest degradation of MSW occurred during the rainy season and lowest occurred 

during the dry season due to lack of moisture in lysimeter. Hence, there is a need for change 

in operational conditions during the dry season to enhance the biodegradation of MSW by re-

circulation of leachate stored during the monsoon period. Result reveals that low leaching 

actions during dry season resulted in a smaller volume but high-strength leachate quality. The 

knowledge of leachate quality will be useful in planning and providing remedial measures of 

proper liner system in sanitary landfill design and leachate treatment. Here it can be 

concluded that to minimize the volume of leachate with high pollutant concentration and then 

contaminant the surrounding ground and underlying ground water, sanitary landfill with 

standard design configuration was the best option for MSW disposal. 

163jPage 



Chapter Six 

Contamination Potential of Landfill Lysimeter 

6.1 Background 

Leachate generated from a solid waste landfill may enter the underlying groundwater or the 

adjoining surface water bodies and can seriously degrade the water quality (Chian and 

DeWalle, 1976; Lo, 1996; Masters, 1998). In an effort to quantify the leachate pollution 

potential of the landfill sites, an index known as the leachate pollution index (LPI) was 

developed using Delphi tecimique (Kumar and Allapat, 2003a). The formulation of an 

environmental index involves four basic steps: (1) selection of variables; (2) derivation of 

weights; (3) formulation of their subindice equation and (4) aggregation of the subindices 

(Kumar and Allapat, 2005c). In the present study, firstly various possible aggregation 

methods were reviewed and applied in an effort to select the most appropriate one for 

calculating LPI. Secondly, the LPI was calculated using the proposed equation by Kumar and 

Alappat (2004) for overall LPI and sub-pollution indices (sub-LPJs). Thirdly, the possible 

errors for calculating LPI due to non-availability of leachate parameters were also analyzed. 

The aggregation function is one of the most important steps in calculating any pollution 

potential. If aggregation function is ambiguous, the result will raise an unnecessary alarm, 

indicating a comparatively less polluted environmental situation as mere contaminated. 

Similarly, if the aggregation function is eclipsed a false sense of security may be created, 

indicating a highly polluted environmental situation as less polluted. Result reveals that the 

weighted linear sum aggregation method is the best possible aggregation function for 

calculating LPI. In this study, finally the weighted linear sum aggregation function was used 

for evaluating the LPI. 

6.2 Selecting Suitable Aggregation Function for LPI 

01- To select the most appropriate aggregation for LPI, various possible aggregation functions 

were applied in this study. For the present study, the leachate characteristics of lysimeter at 
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KUET campus have been considered. The selecting criteria for the most possible appropriate 

aggregation function were analyzed and hence discussed in the following articles. 

6.2.1 Concept of Leachate Pollution Index 

In an effort to develop a system for comparing the leachate pollution potential of various 

landfill sites in a given geographical area, 80 panelists consists of academicians in 

environmental science and engineering; environmental regulatory authority officials and 

scientists; consulting engineers; and members of International Solid Waste Association 

(IS WA) conducting the necessary survey around the world as presented in Table 6.1. The 

survey was conducted using multiple questionnaires to formulate LPI based on Rand 
If 

Corporation's Delphi Teclmique (Dalkey 1968). 

Table 6.1: Professional fields of panelists for LPI formulation (after Kumar and Alappat 

2003a) 

SL No. Professional status of the panelists No. of panelists 
 Regulatory authorities and scientists 15 
 Consulting engineers 06 
 Academicians 49 
 Others including members of International Solid Waste 

Association_(ISWA)  

10 

Total 80 

6.2.2 Pollutant Variables Selection 

Panelists were requested to rate each parameter marked 'include' according to the 

significance of its contribution to overall leachate pollution. The rating was to be done on a 

scale of '1' to '5'. The value '1' was to be used for the parameter that has lowest relative 

significance to the leachate contamination, while, the value '5' was to be used for the 

parameter that has highest relative significance. The 18 leachate pollution parameters selected 

for inclusion in the LPI, based on the survey of panelists, were chromium (Cr), lead (Pb), 

chemical oxygen demand (COD), mercury (Hg), 5 day biochemical oxygen demand (BOD5), 

arsenic (As), cyanide (CN), phenolic compounds, zinc (Zn), pH, total Kjeldahl nitrogen 

(TKN), nickel (Ni), total eoliform bacteria (TCB), ammonical nitrogen (NH4), total dissolved 
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- solids (TDS), copper (Cu), chlorides (C1), and total iron (Fe) (Kumar and Alappat 2003a). 

The weights for these parameters were calculated based on the significance levels given by 

the panelists for these parameters on a scale of 1 to 5 and are shown in Table 6.2. 

Table 6.2: Significance and weights of the pollutant parameters (after Kumar and Alappat 

2003a) 

Si. No. Pollutant Significance Pollutant 
weight, w1  

* Concentration of 
lysimeter leachate, 

ci 
1 Total Chromium 4.057 0.064 1.75 
2 Lead 4.019 0.063 0.68 
3 COD 3.963 0.062 8425 
4 Mercury 3.923 0.062 0.4 
5 BOD5  3.902 0.061 1398 
6 Arsenic 3.885 0.061 0.01 
7 Cyanide 3.694 0.058 1.3 
8 Phenol Compound 3.627 0.057 4 
9 Zinc 3.585 0.056 1.3 
10 p1-I 3.509 0.055 7.3 
11 Total Kjeldahl Nitrogen 3.367 0.053 3000 
12 Nickel 3.321 0.052 0.23 
13 Total Coliform Bacteria 3.289 0.052 8000 
14 AmmoniaNitrogen 3.250 0.051 1300 
15 Total Dissolved Solids 3.196 0.050 12540 
16 Copper 3.170 0.050 0.98 
17 Chlorides 3.078 0.049 3597 
18 Total Iron 2.830 0.045 82 

TOTAL 63.165 1.000  

we vuiues 01 ieacnate parameters measured in the laboratory in the present study 

6.2.3 Development of Pollutant Variable Rating Curves 

A selected group of panelists were asked to draw curves for the pollutant variables included 

in LPI with respect to leachate pollution ranging from 5 (best) to 100 (worst). Levels of 

leachate pollution from 0 to 100 were indicated on the ordinate of each graph, while various 

levels of concentration of particular variable, up to maximum limits reported in literature, 

were indicated on abscissa. The curves drawn by the panelists were averaged to obtain 

"average subindex" curves for each parameter shown in Fig. 6.1. In this study, the sub-index 
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6.2.4 Aggregation Function 

Aggregation has been defined as "the process of adding variables or units with similar 

properties to come up with a single number that represents the approximate overall value of 

its individual component." Aggregation function consists of the following three forms: 

Additive form (summation function), in which individual variables are added 

together; 

Multiplicative form (multiplication function) in which a product is formed of some or 

all of the variables and 

Maximum or minimum operator form, in which just the maximum or the minimum 

subindex value of the variable directly accepted. 
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6.2.5 Selecting of Suitable Aggregation Function 

To select the most appropriate aggregation for LPI, the various possible aggregation 

functions are applied to landfill lysimeter leachate characteristics at KUET campus. For the 

present study, the leachate characteristics of lysirneter at KUET campus have been 

considered. The LPI values for the treated leachate of India have also been calculated using 

all the aggregation functions to demonstrate the behavior of various aggregation functions. 

The concentrations of the various leachate pollutant variables were shown in Table 6.2, 

Column 4. The different aggregation functions were used for selecting suitable aggregation 

function of unweighted additive form (LPIua), weighted linear additive form (LPI,,,), root sum 

power additive form (LPI2), root sum power additive form (r=4) (LPI4), root sum power 

additive form (r=l 0) (LPI  10), weighted root sum power additive form (r=4) (LPI 4), weighted 

root sum power additive form (r=lO) (LPI.10), root mean square additive form (LPI,,,,), 
weighted root sum square aggregation function (LPI,,,,), maximum operator function (LPI), 

ambiguity and eclipsity free aggregation function (LPI2.5), weighted ambiguity and eclipsity 

free aggregation function (LPI25), multiplicative aggregation function (LPI,"') and 

unweighted multiplicative aggregation function (LPI,,,,,). The calculation of LPI based on 

these aggregation methods provided in Table C.1 in the Appendix-C. The LPI values for the 

treated leachate were also calculated using all these aggregation functions. In fact, the data set 

considered is not for the treated leachate of any municipal landfill site, but it is for the 

maximum permissible discharge limits for the various pollutant variables according to Indian 

regulations (Government of India, 2000), assuming these to be the characteristics of the 

treated leachate. The LPI for treated leachate using all the aggregation functions were 

computed and shown in Table C.2 in the Appendix-C. 
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Figure 6.2: LPI values of raw leachate from lysimeter and treated leachate 

The LPI values for the landfill lysimeter at KUET campus, calculated using all the 

aggregation methods stated earlier. The values of LPI of landfill lysimeter by using these 

aggregation functions provided in Figure 6.2. The LPI values of the treated leachate are also 

plotted in Figure 6.2. The LPI values calculated using various aggregation methods indicate 

that root sum power, 4th root power, 1 0th 
 root power and the calculated LPI values exceed the 

maximum reported individual pollutant subindex value. All these values also exceed the 

theoretical range of LPI, i.e., 5-100. However, the 10th 
 root power aggregation function 

results in the least ambiguous results, followed by the root, the ambiguity and eclipsity 

free (25t1 
 root), and the root sum square aggregation functions. The maximum operator 

aggregation function does not show ambiguity of results, but it cannot be used for calculating 

LPI values, as its results cannot be used to compare the fine gradations of leachate pollution. 

The results of the two multiplicative aggregation functions, the weighted multiplicative 

aggregation function and the unweighted multiplicative aggregation function, indicate high 

eclipsing of the data. The values are very low as compared to the other additive form 

aggregation functions. The unweighted additive form and root mean square additive form '1 

aggregation functions suffer from the drawback that the weight of the variables are not 
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considered, and all the variables are assumed to be of the same weight. Though the weighted 

linear sum aggregation function also suffers from the eclipsity problem, the eclipsfty 

produced is small, as the number of the variables included in the aggregation function is 

large. The eclipsity problem is associated with this aggregation function when the 

dichotomous State of the index is to be reported, which is not the case here. The weighted 

sum aggregation, weighted root mean square, weighted 2•5th root, weighted 0h  root, weighted 
10th 

root, and weighted multiplicative aggregation functions, however, fulfill other criteria, 

such as weights of all the pollutant the variables being considered, and are easy to ascertain. 

The sensitivity of these six aggregation function to the changes of the individual pollutants is 

further conducted to select the best possible aggregation function. 

The sensitivity analysis of the six aggregation functions, which takes into consideration the 

weights attached to the pollutants, with respect to change in concentration of two pollutants is 

performed independently. The six aggregations selected for sensitivity analysis are: 

Weighted sum additive aggregation function, LPIwa 

Wighted root sum square aggregation function, LPIwr 

Weighted 2.5throot (ambiguity and eclipsity free) aggregation function, LPIw2.5 

Weighted 4th 
 root sum aggregation function, LPIw4 

Weighted 10th  root sum aggregation function, LPIwl0 

Weighted multiplicative aggregation function, LPIwm 
4' 

The two pollutants selected were Cr, which was the most significant variable and thus has the 

highest "weight" value, and Fe which was least significant pollutant with the lowest "weight" 

value. It will be hypothetical to assume that all the leachate pollutant variables included in 

LPI for a particular landfill will take on the highest possible subindex value of 100. 

Therefore, it is felt more practical to study the sensitivity analysis on actual landfill leachate 

data. For performing the sensitivity analysis, the subindex value of Cr is varied from 5 to 100 

in the same data set of landfill lysimeter at KUET campus, and the LPI values using these six 

aggregation functions were calculated. The variations in the LPI values of this six 

aggregation functions with respect to the change in the subindex value of Cr as shown in 

Figure 6.3. The variations of the LPI values for all six aggregation functions with respect to 

the change in the subindex value of Fe from 5 to 100 for the same data set are shown in 
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Figure 6.4. The calculated percentage variation of the LPI values over the minimum value for 

the subindex variation of Cr and Fe are shown in Table 6.3. 
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Figure 6.3: Sensitivity of weighted additive, weighted square root, 
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Table 6.3: Sensitivity analysis results of selected aggregation functions for change in 
subindex values of chromium and total iron from 5 to 100 

No. Aggregation function Changes in LPI (%) for 
Cr Fe 

1 Weighted sum additive aggregation function, LPIwa 18.89 13.31 
2 Weighted multiplicative aggregation function, LPIwm 21.18 14.48 
3 Wigted root sum square aggregation function, LPIwr 13.76 0.09 
4 

_____ 

Weighted 25th  root (ambiguity and eclipsity free) 
aggation function, LPIw2.5  

11.99 8.63 

5 Weighted 4th  root sum aggregation function, LPJw4 8.73 6.35 
6 Weighted 10t1  root sum aggregation function, LPIw10 4.42 3.25 

From Table 6.3, it can be concluded that weighted multiplicative aggregation function is the 

4 most sensitive one in comparison to other aggregation functions, showing change in LPI 

values of 21.18 and 14.48 % for Cr and Fe, respectively. The next most sensitive aggregation 

function is the weighted linear sum aggregation function, which shows 18.89 and 13.31% 

variation in LPI for the two pollutants, followed by the weighted root square, weighted 0'  

root, and weighted 10th root aggregation function. The weighted 10th  root aggregation 

function is least sensitive to the subindex changes of chromium and total iron. 

Further, the behavior of LPI 10, LPI4, LPI 25, and LPI, values with respect to the changes 

in subindex values of Cr and Fe, shown in Figures 6.3 and 6.4, clearly indicates that these 

aggregation function are least sensitive to changes in the subindex values, particularly for the 
40 lower values of the subindex. The LPIw1 0 value remains almost constant for a change in the 

subindex value of Cr from 5 to 70, while the LPIw4 value remains almost constant for a 

change in the subindex value of Cr from 5 to 60. Similarly, the LPIw2.5 and LPIwr are also 

insensitive for the changes in the subindex value of chromium from 5 to 40.The behavior of 

these aggregation functions with respect to the changes in the subindex values of Fe is 

similar. Therefore, these aggregation functions may not be useful when the fine gradation in 

leachate pollution of different landfill sites spread over a given area is to be compared. 

Though the sensitivity analysis shows that the variation of LPIwm values for the change in 

subindex values of Cr and Fe was the highest, it suffers from the drawback that the function 

was nonlinear. Figure 6.3 and 6.4 indicate that the LPIwm values hardly change when the 

subindex values of Cr and Fe vary from 50 to 100, but the changes in LPIwm values is more 
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rapid when the subindex value changes from 5 to 50. Thus the LPIwm curve does not p 

represent the change in subindex values as effectively as LPIwa. Moreover, the weighted 

multiplication aggregation function shows far higher eclipsity as compared to the weighted 

sum linear aggregation function and thus may not be the most appropriate aggregation 

function for calculating LPI. The variation in LPIwa values is comparatively sensitive and 

linear to changes in the subindex value of Cr and Fe throughout their range. 

Finally, it can be concluded that weighted sum linear aggregation method was the most 

suitable aggregation function for estimating the values of LPI. In this study for evaluating the 

contamination potential of lysimeter, weighted sum linear aggregation was used. 

6.3 Evaluation of Contamination potential of Landfill Lysimeter using LPI 

In this chapter, the concept of LPI was described in brief and stepwise procedure to calculate 

the LPI using the actual concentrations of leachate generated from MSW deposited in 

landfill lysimeter. However, the stepwise detailed of formulation of LPI is presented and 

hence discussed in the following articles. 

6.3.1 Variable Aggregation 

The weighted sum linear aggregation function was used to sum up the behavior of all the 44 
leachate pollutant variables. The varIous possible aggregation functions were established 

stated in the earlier for selecting the best possible aggregation function. The sensitivity 

analysis of the six short-listed aggregation function was performed to arrive at the best 

possible aggregation function. Moreover, a study conducted by Kumar and Alappat (2004) 

and also proved weighted sum linear aggregation function was found to be the most suitable 

one for the calculation of LPI. So, for calculating LPI, following Equation 6.1 is used: 

LPI = IWA (6.1) 

Where, where LPI is weighted additive leachate pollution index; w1  = the weight for the ith 

pollutant variable; p1  = the sub-index value of the i thleachate pollutant variable, number of 

leachate pollutant parameters; n = 18 and Y wi  =1. 
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1-lowever, when the data for all the leachate pollutant variables are not vailable, P1 can be 

calculated using the data set of the available leachate pollutants by the Equation 6.2: 

"I 

WI pI  
LPI = (6.2) 

In 
In WI 

vi  <1 1=1 

When, all the leachate parameters are unknown , m < 18 and 1=1 

6.3.2 Laboratory Investigations 

Leachate samples were collected at a regular interval of times from leachate collection 

chamber accomplished of four distinct collecting system such as detection (A1 ) and collection 

(A2) system of open dump lysimeter-A as well as collection system of sanitary lysimeter-B 

and C. In the laboratory, pH was determined by pH meter (HACH, Model No. Sens ion 156), 

chloride by potentiometric titration method using silver nitrate solution, BOD5  by BUD meter 

(HACH, I-IQ-40d), TCB by filter rnenbrane system, Arsenic using sulfamic acid and zinc 

powder as well as COD by closed reflexive method as per the standard methods (APUA, 

1998). Total dissolved solid (TDS) dried at 103-105°C, ammonia nitrogen (NH4-N) by 

nesselerization standard method and total kjeldahl nitrogen (TKN) by macro-kjeldahl method 

as per the standard methods (APHA, 1998) were determined in the laboratory. The 

concentration of Fe, Cu, Zn, Cr, Ni and Pb were analyzed using spectrophotometer (HACH; 

DR/2400) in accordance with the standard method (APHA, 1998). After measuring 

laboratory parameters, the LPI was calculated using the Equations 6.1 and 6.2 stated earlier. 

6.3.3 Significance and Assessment of Parameters Involved in LPI 

The leachate parameters involved in LPI for the detection (A1) and collection (A2) system of 

open dump lysimeter-A as well as the collection system of sanitary lysimeter-B and C are 

presented in Table 6.4. The ranges were given for the minimum and maximum values, while 

the value of parenthesis indicates the mean values. Moreover, the significance, assessment 

and comparison of the evaluated leachate parameters involved in LPI were analyzed and 

discussed in followings. 
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Table 6.4: Concentration of relevant leachate parameters for evaluating LPI p 
Parameter  Operating condition of landfill lysimeter  

A1  A2  B C 
pH 5.98-8.17 (6.77) 6.14-8.02 (7.25) 6.40-8.61 (7.42) 6.30-8.38 (7.48) 
Chloride 970-3097 (2238) 1155-3572 (2395) 510-1870 (1086) 110-1810(118)) 
TDS 210-9930 (5720) 140-35810 (12507) 1800-29980(9786) 420-26000 (13132) 
TKN 195-1120(594.52) 251-1430(785.61) 480-2187(1307.07) 312-1860(1014.31) 
NH4-N 187-705 (428.50) 127.9-901.3 (547.57) 190-997 (653.26) 187-965.7 (598.34) 
BUD5  83-6750 (2310.43) 143-20420 (5176.5) 437-12358 (3308.7) 490-16733 (4428.3) 
COD 160-20800 (2498) 800-60000 (8425) 320-60000 (5654) 300-60000 (11137) 
TCB 98-6540 (2468.70) 145-8398 (3101.33) 152-8200 (3065.52) 85-8230 (2895.89) 
Fe 1.8-70 (19.5) 3.4-82.6 (24.2) 3.6-91 (27.9) 1.4-72 (6.3) 
As 0.01-0.02 (0.01) 0.01-0.05 (0.03) 0.01-0.03 (0.01) 0.01-0.02 (0.01) 
Zn 0.25-1.267 (0.76) 0.15-0.97 (0.54) 0.10-0.55 (0.31) 0.10-0.576 (0.2) 
Cu 0.04-0.98 (0.44) 0.04-0.97 (0.34) 0.04-0.76 (0.20) 0.04-0.60 (0.18) 
Cr 0.01-0.07 (0.05) 0.01-0.056 (0.04) 0.023-0.03 (0.06) 0.01-0.025 (0.04) 
Pb 0.12-0.32 (0.20) 0.179-0.397 (0.3) 0.25-0.78 (0.44) 0.10-0.476 (0.3) 
Ni 0.04-0.075 (0.05) 0.04-0.055 (0.05) 0.045-0.09 (0.07) 0.04-0.07 (0.05) 

Note: 7DS=total dissolve solid, TKjV=total kjeldahl nitrogen, NH.1-N=ammonia nitrogen, BOD5 = biological oxygen 
demand, COD=cl?emical oxygen de,nand, TCB= total cohJ'om bacteria, Fe=iron, As=arsenic, Zn=zinc, Cu=copper, 
Pb=lead and iVi=nickel. All values in nig/L, except p1-I and TCI3 (('cJ'u/IOOml)). Range is given for the Pninzmum and 
maxim urn values, while the value ofparenthesis indicates the mean values. 

6.3.3.1 pH 

The p1-I in leachate is considered to be the most significant parameter affecting leachate 

concentration in MSW landfill (Bilgili et al., 2007). Qasim and Chiang (1994) suggested that 

increase of pH in leachate with time as a result of the decrease in the concentration of volatile 

fatty acids (VFA). Moreover, the increase in pH is due to onset of methanogenic activity as a 

result increase in methane gas production and decrease in hydrogen, carbon dioxide and VFA 

(Kim, 2005). Murphy et al. (1995) reported that pH in leachate <7.0, was in the acidic side of 

p1-I scale, but after in the scale of >7.0, waste leachate had alkaline pH. Moreover, a study 

conducted by Christensen et al. (2001) and observed that leachate is generally found to have 

pH between 4.5 and 9. Initial low pH is due to high concentration of VFAs (Bohdziewiez et 

al., 2008). Stabilized leachate shows fairly constant pH with little variations and it may range 

between 7.5 and 9. Kulikowska and Klimiuk (2008) and Tatsi et al. (2002) reported similar 

range of pH from old landfill sites, that is, 7.46-8.6 1 and 7.3-8.8, respectively. 

The values of pH in leachate from lysimeter at varying operational condition were provided 

in Table 6.4. Result reveals that p1-I was ranging from 6.33 to 7.75 and 7.38 to 8.61 for the 

collection system (A2) of open dump lysimeter-A and sanitary lysimeter-B, respectively, in 
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the first 100 day of entire lysimeter operation. After 100 day, pH began to increase and it was 

reached to 8 for the collection system (A2) of open dump lysimeter-A. A study conducted by 

Abbas et al. (2009) and advocated that pH of young leachate is less than 6.5, while old 

landfill leachate has pH higher than 7.5. Moreover, consumption of volatile fatty acids 

(VFA's) in MSW, produced during the acid anaerobic phase, increases pH in between 7 and 

8 Farquhar (1989). So, the range and increase of pH for the collection system of open dump 

lysimeter-A were agreed well with the postulation stated by Abbas et al. (2009) as well as 

Farquhar (1989). After that, no considerable changes were observed of pH in leachate and it 

was measured between 6 and 8. These results were also in accordance with the data stated by 

Cossu et al. (2003); Ishigaki et al. (2003) and Nakasaki et al. (1993). However, to depict the 

validity of the findings in this study then also compared with those results in case of open 

lysimeter (OL) and closed lysimeter (CL) postulated by Trankler et al. (2005) and 

Visvanathan et al. (2007). The values of pH for the collection system of sanitary lysimeter-B 

was higher than that of the collection sYstem of onen cliimn 1vimfpr t  xxine 

continued as well as similar trend was also observed for the same cases of lysimeter studied 

by Trankler et al. (2005) and Visvanathan et al. (2007). 

6.3.3.2 Chlorides 

Chloride in leachate is considered to be a very conservative anion that is only attenuated 

during dilution. Ehrig (1983) suggested that there is no observable difference of chloride 

between acidogenic and methanogenic phases of solid waste landfill. According to Deng and 

Englehardt (2007), the concentration of chlorides may range between 200 to 3000 mglL for a 

1-2 year old landfill and the concentration decreases to 100 to 400 for a landfill greater than 

5-10 years old. The values of chloride in leachate from lysimeter at varying operational 

condition were provided in Table 6.4. Result reveals that collection system of lysimeter-A 

had the highest concentration of chloride than that of other lysimeter operational condition. 

Chu et al. (1994) reported that chloride concentration increases with the increasing age of 

waste fill. Its release is not controlled by factors such as pH (Komilis et al., 1999; Rafizul et 

al., 2009). 

It can be noteed that pH and Cl-  concentrations began to increase simultaneously in all the 

cases of sanitary lysimeter operation. This situation can be explained by the findings of 
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Manning and Robinson (1999). As a result of the increase in pH, the dissolution of chloride 

increases and thus the chloride concentration in the leachate increases. The values of pH and 

Cl- concentrations increase at the same operation days of 100, and the findings are agreed 

well with the statement stated by Manning and Robinson (1999). Bowman et al. (2002) found 

chlorides as high as 8000 mg/L in Newington landfill leachate in Sydney. Because chlorides 

are usually not attenuated by soil and are extremely mobile under all conditions, they have a 

special significance as the tracer element of leachate plume linking the groundwater (Kumar 

and Alappat, 2005b). 

6.3.3.3 TDS 

TDS comprises mainly of inorganic salts and dissolved organics. TDS is one of the 

parameters taken into consideration for licensing discharge of landfill leachate in many 

countries such as the Koshy et al. (2008). The amount of TDS reflects the extent of 

mineralization and a higher TDS concentration can change the physical and chemical 

characteristics of the receiving water. The increase in salinity due to increase in TDS 

concentration also increases toxicity by changing the ionic composition of water. The values 

of TDS in leachate from lysimeter at varying operational condition were provided in Table 

6.4. Based on observed results it can be depicted that the highest values of TDS of 9930, 

33801, 29980 and 26000 mg/L were recorded for the detection and collection system of open 

dump lysimeter-A as well as the collection system of sanitary lysimeter-B and C and then it 

was dropped with the increasing of elapsed period. A study conducted by Yuen et al. (2001) 

and reported that TS concentration is expected to decrease as the leachate moves from 

acidogenic to methanogenic but the TDS concentrations do not change in large quantities as 

total solid. So, the decreasing trend of TDS in this study were agreed well with the statement 

given by Yuen et al. (2001). The solids joining with leachate at the later stage are the 

products of chemical and biological degradation. The concentration of TDS in leachate 

depends not only on elapsed period from the waste deposition but also the types, applicability 

and compactness of base and cap liner (Mollekopf et al., 2002; Diaz et al., 1996). 

6.3.3.4 Nitrogen 

The TKN is the sum of organic nitrogen (Organic-N) and NH4-N (APHA 1998). The NH4-N 

is representative of inorganic matter (Rafizul et al., 2012). The landfill lysimeter leachate 
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contains low concentration of organic nitrogen and very high concentration of NH4-N (60-90 

% of TKN (Johansen and Carison, 1976; Lema et al., 1988). Moreover, according to 

Kulikowska and Klimiuk (2008) ammonium represents the major proportion of total nitrogen. 

Moreover, NI-I4-N, the great majority of TKN (Lema et al., 1988), did not decreasing trend in 

concentration with time. The ammonia concentration released from waste by the 

decomposition of proteins and there is no mechanism for its degradation under 

Methanogenenic condition. So, only leaching can decrease the NH4-N concentration 

(Kjeldsen et al., 2002). 

In contrary, the concentration of TKN and NH4-N in leachate from lysimeter at varying 

operational condition were provided in 'fable 6.4. Result reveals that both the concentration 

of TKN and NH4-N in leachate of lysimeter at varying operational condition was decreased 

in relation to the increase of elapsed period of MSW deposition in lysimeter. A study 

conducted by Abbas et al. (2009) and reported that in comparison to soluble organics, the 

release of soluble nitrogen from waste into leachate continues over longer period. As a result 

the concentration of NH4-N decreases with the increase in age of the landfill which is due to 

hydrolysis and fermentation of nitrogenous fractions of biodegradable refuses substances. So, 

the findings are agreed well with the postulation given by Abbas et al. (2009). 

According to Speece (1996) and Jokela et al. (2002) such a decrease of NH4-N could be 

1' attributed to the ammonium bicarbonate alkalinity, which in turn maintains a pH close to 

neutral in the anaerobic solid waste bioreactors. Moreover, the higher values of TKN and 

NH4-N were recorded for the collection system of sanitary lysimeter-B against the other 

counterparts i.e. sanitary lysimeter-C and open dump lysimeter-A (Table 6.4). The open 

dump lysimeter-A produces low TKN concentrations by reason of dilution of pollutant due to 

its top cover design enhance rainfall percolation and similar trend was also observed by 

Tubtimthai (2003). These findings were also supported by Van Velsen (1979) and he has 

reported that acclimation to high concentration of NH4-N was possible in sanitary (anaerobic) 

reactors. 1-lowever, the maximum concentrations of TKN (1120, 1430, 2187 and 1860 mglL) 

and NH4-N (705, 901.3, 997 and 965.7 mglL) were recorded within the 90t1  day of lysimeter 

operation of detection and collection system of open dump lysimeter-A as well as the 

collection system of sanitary lysimeter-B and C, respectively. Chu et al. (1994) too have 
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reported that the NH4-N of landfill leachate ranged between 500 and 1500mg/L after a period 

of 3-8 years and will remain at this level at least for the next 50 years. 

6.3.3.5 BOD5  and COD 

Jones et al. (2006) reported that in the initial acidogenic biodegradation stage, the leachate is 

characterized by high BOD5  and COD. Young landfill leachate is characterized by high 

BOD5  (4000-13,000 mg/L) and COD (30,000-60,000 mg/L) (Foo et al., 2009). According to 

Tatsi et al. (2002), young leachate may have BOD5  as high as 81,000 mg/L. A much higher 

value of COD (70,900 mg/L) is reported in leachate obtained from the Thessaloniki Greater 

Area (Greece) by Tatsi et al. (2002). A decrease in BOD5  and COD is often reported with the 

increase in age of the landfill. For stabilized leachates, COD generally ranges between 5000-

20,000 mg/L (Li et al., 2002). The BOD5/COD ratio provides a good estimate of the state of 

the leachate and this ration for young leachate is generally between 0.4-0.5 (Kurniawan et al., 

2006). During the methanogenic phase, the organic strength of the leachate is reduced by 

methanogenic bacteria such as methanogenic archaea and the VFAs also declines which 

results in a ratio of BOD5/COD less than 0.1 (Kurniawan et al., 2006; Rivas et al., 2004). 

In contrary, the concentration of BOD5  and COD in leachate from lysimeter at varying 

operational condition were provided in Table 6.4. The concentrations of BOD5  and COD 

were initially about 20000 mg/L and 60000 mg/L, respectively, for the collection system of 

open dump lysimeter-A and it were dropped with the increase of elapsed period. Similay trend 

were also observed for other operational condition of landfill lysimeter-B (BOD5  (12000 mg/L) 

and COD (60000 mg/L)) and C (BOD5  (17000 mg/L)and COD (60000mg/L). This high 

readings indicate that there are organic materials in the open dump lysimeter-A which are 

highly biodegradable (Mizanur et al., 1999). It was further supported by Chian and DeWalle 

(1976) and advocated that due to the initially biodegradable nature, organic compound 

decreases more rapidly than that of inorganic compound with increasing the age of landfill. A 

young landfill generates a leachate which has high BOD5  and COD, but this strength 

decreases rapidly after a short period of time (i.e. around one year). For example, the 

concentration of BOD5  and COD in the leachate at the age of 6 and 9 months is 10,000-

20,000 mg/L and 20,000-40,000 mg/L, respectively while, the concentration of BOD5  and 

COD in the leachate at the age of one and 1.5 years is 1,560-1,800 mg/L and 5370-7040 
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mg/L, respectively (Agamuthu, 2001; Curi et al., 1999). Moreover, the variation in leachate 

quality with age should be expected throughout most of the landfill life because organic 

matter will continue to undergo stabilization (Qasim and Chiang, 1994). A decrease of COD 

occurs over elapsed period of landfill and it can be attributed to a combination of reduction in 

organic contaminants and the increased biodegradation of organic compounds (Krug and 

Ham, 1995). A constant decrease in COD is also expected as degradation of organic matter 

continues (Ehrig, 1989). 

6.3.3.6 Heavy Metals 

The leachate from MSW landfills are highly contaminated and have higher concentration of 

organic and inorganic pollutants as well as toxic substances of metals (Kettunen et al., 1998). 

The main processes for the low metal concentrations in leachate are sorption and 

precipitation. The solubility of metals with sulfides and carbonates is low and sulfide 

precipitation is often cited as an explanation for low concentrations of heavy metal in 

leachate (Bozkurt et al., 1999). In general, the concentration of heavy metals in landfill 

leachate is fairly low (Christensen et al., 2001). The concentration of heavy metal viz Fe, As, 

Zn, Cu, Cr, Pb and Ni in leachate from lysimeter at varying operational condition were 

provided in Table 6.4. Result reveals that initially the concentration of heavy metal was high, 

but, it was started to decrease with the increasing of elapsed period. 

1' Heavy metal in landfill lysimeter is generally higher at earlier stages because of higher metal 

solubility as a result of low pH caused by production of organic acids Kulikowska and 

Klimiuk (2008). As a result of decreased p1-I at later stages, a decrease in metal solubility 

occurs resulting in rapid decrease in concentration of heavy metals except lead because lead 

is known to produce very heavy complex with humic acids (Harmsen, 1983). A lower 

concentration of Ni (0.13mg/L), Zn (0.61 mg/L), Cu (0.07mg/L), Pb (0.07 mg/L), and Cr 

(0.08 mg/L) were found in 106 Danish landfills by Christensen et al. (2001) and Kjeldsen and 

Christophersen (2001). The high dissolved organic carbon (DOC) in leachate renders the 

metals nontoxic because only the free metals are known to exhibit toxicity (Vigneault et al., 

2005; Koukal et al., 2003). However, the solubility and mobility of metals may increase in 

the presence of natural and synthetic complexing ligands such as EDTA and humic 

substances (Jones et al., 2006). Further, colloids have great affinity for heavy metals and a 
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significant but highly variable fraction of heavy metals is associated with colloidal matter 

(Christensen et al., 2001; Jensen and Christensen, 1999). According to Baun and Christensen 

(2004), less than 30%, typically less than 10% of the total metal concentration is present in 

free metal ion forms and the rest is present in colloidal or organic complexes. Jensen and 

Christensen (1999) found that 10-60% of Ni, 30-100% Cu and 0-95% Zn were constituted 

in colloidal fractions. 

6.3.4 Interpretation of Parameters Involved in LPI 

The leachate characteristics as well as the individual and overall LPI obtained for elapsed 

period of 14-900 day from MSW deposited in landfill lysimeter at different operational 3 
condition of leachate detection (Al ) and collection (A2) system of open dump lysimeter-A as 

well as the collection system of sanitary lysimeter-B and C were evaluated. Calculation of 

LPI of some elapsed period was provided in Table C. 4-28 and also in Figure C.1 in the 

Appendix-C. Since the data for all the parameters required for LPI was not accessible, the 

LPI has been calculated on the basis of the available data. Results for 7 days provided in 

Table 6.5 depicts that concentration of Cr, BOD5, As, Zn, TKN, Ni, TCB, TDS, Cu, chloride 

and Fe was higher for the collection system of lysimeter-A, while the collection system of 

sanitary lysimeter-B contains higher Pb, pH and NH4-N. A significant difference between the 

individual and overall pollution ratings for both the collection system of open dump 

lysimeter-A and sanitary lysimeter-B was observed due to the distinct difference to their 

leachate concentrations. Here, it can be noted that concentration of leachate parameters 

involved in LPI for the detection (Al) and collection (A2) system of open dump lysimeter-A, 

differs and it implies the significance difference of individual and cumulative pollution 

ratings between these two lysimeter operating system. Moreover, the concentrations of As, Ni 

and Cu were fairly similar for both the collection system of sanitary lysimeter-B and C. 

Although these two lysimeter exhibited notable differences for Cr, BOD5, Zn, TDS, chloride 

and Fe, but the influence of individual and cumulative polluting rating is insignificant. 

The concentrations of Cr, COD, BOD5, As, Zinc, TKN, Ni, TDS, Cu and chloride in leachate 

for the collection system of open dump lysimeter-A were higher than that of the collection 

system of sanitary lysimeter-C which resulted in significantly higher cumulative pollution 
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rating. However, comparatively the higher Cr, BOD5, As, Zn, TKN, Ni, TCB, TDS, Cu, 

chloride and Fe significantly influenced the cumulative pollution ratings of collection (A2) 

system of open dump lysimeter-A. Result reveals that difference of Cr, As, Zn, pH, Ni, Cu 

and Fe concentration was found to be significant but, their individual pollutant rating was 

insignificant for entire lysimeter operating system. As the individual pollution ratings of 

COD, TKN, NH4-N, TDS and chloride were found to be lower for the detection (A1 ) system 

of open dump lysimeter-A, the cumulative pollution rating of lysimeter-A was consequently 

lower. It can also be concluded that Cr, COD, BOD5, TKN, TDS and Fe for the collection 

(A2) system of sanitary lysimeter-A in case of 7 days elapsed period was more than 2.76, 

2.65, 1.38, 2.16, 3.61 and 1.76 times higher than detection (A1) system of lysimeter-A, and 

consequently the cumulative pollution rating for collection system was 1 .35 times higher than 

detection system of lysimeter-A. 1-lere, it can be noted that all the concentration except Zn, 

Cu and chloride in case of the detection (A1) system of open dump lysimeter-A were found to 

be the lowest than that of the collection system of lysimeter-A, B and C and had the lowest 

individual and cumulative pollution rating as well as consequently the lower LPI (Table 6.5). 

In contrary, reveals that concentration of leachate for 120 days elapsed period (Table C.lo) in 

case of the collection (A2) system of open dump lysimeter-A was found to be the highest and 

it implies the highest overall LPI than that of other operating system. All the concentrations 

in leachate except Cr, Zn, Ni, N17I4-N, Cu and Fe in case of the detection (A1 ) system of open 

dump lysimeter-A has the lowest and it implies the lower individual, cumulative and overall 

LPI than that of other lysimeter operating system. It is important to note that Cr, Pb, Zn, pH, 

Cu and Fe differs significantly with each of lysimeter operating system, however, the 

difference of their individual pollutant rating was negligible. The Fe is varied widely to each 

other, but, their individual pollutant rating difference was fairly insignificant (Table C. 10). 

In contrast, the Table 6.10 reveals that concentration of leachate, individual and cumulative 

pollutant rating as well as the overall LPI was fairly same for the operating condition of 

landfill lysimeter. Here, it is important to note that concentration of pollutant parameter in 

leachate decreases with the increase of days after filling of MSW in lysimeter. Moreover, 

Table 6.10 depicts that leachate concentration at elapsed period 900 days was comparatively 

lower and which implies the lower LPI than the previous elapsed period. 
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Table 6.5 Calculation of LPI at 7 day after filling of MSW in landfill lysimeter 

Pollutant 

variable 

Variable 

weight, w1  

Pollutant_concentration,_c1  Individual pollutantrating, pi  Overall pollutant rating Wj 

A1 A2 B C Al A2 B C Al A2 B C 

Chromium 0.064 0.076 0.21 0.17 0.09 5 5 5 5 0.32 0.32 0.32 
- 

0.32 

Lead 0.063 0.41 0.55 0.92 0.65 7 7 9 8 0.441 0.441. 0.567 0.504 

COD 0.062 22650 60000 60000 56490 84 94 94 93 5.208 5.828 5.828 5.766 

Mercury  - - - - - - - - - - - - 

BOD5 0.061 2080 2860 2790 2286 41 46 45 42 2.501 2.806 2.745 2.562 

Arsenic 0.061 0.01 0.04 0.03 0.02 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide - - - - - - - - - - - - - 

Phenol - - - - - - - - - - - - - 

Zinc 0.056 1.4 1.5 0.98 0.65 5.5 5 5 5 0.308 0.28 0.28 0.28 

pH 0.055 6.87 7.87 7.92 7.38 6 5 5 6 0.33 0.275 0.275 0.33 

TKN 0.053 1010 2180 1430 1340 33 78 50 45 1.749 4.134 2.65 2.385 

Nickel 0.052 0.1 0.19 0.13 0.12 5 5 5 5 0.26 0.26 0.26 0.26 

TCB 0.052 6540 8280 8200 8230 85 1  89 90 90 4.42 4.628 4.68 4.68 

NH4-N 0.051 705 897 997 920 77 95 99 97 3.927 4.845 5.049 4.947 

TDS 0.05 9876 35670 29120 26580 21 83 69 63 1.05 4.15 3.45 3.15 

Copper 0.05 1.3 1.6 1.1 1.2 7 7 7 7 0.35 0.35 0.35 0.35 

Chlorides 0.049 3037.00 3572.00 1350.00 760.00 23 31 12 8 1.127 1.519 0.588 0.392 

Total Iron 0.045 25.9 45.7 43.5 38.7 5.5 6 6 1 6 1  0.2475 0.27 0.27 0.27 

Summation 0.824 
+22.54 30.41 27.62 26.50 

Derived LPI  ______ ______ ______ ______ 
-..- - , 

7.36 
ti- 

36.91 33.52 32.16 

Note: CQD=chemical oxygen demand, BOD5= biologicaloxygen demand, TKN=tolal kjeldahl nitrogen, Ni/rlvammonia nitrogen, I = iorai COUjUFI vuc.i'su 

solid. All concentrations are in mg/L, except pH and total colfor,n bacteria unit (cfullOO,nl) and NA = Leachate concentration not available. 
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Table 6.6 Overall LPI in landfill lysimeter at varying operational condition 

Days after 0 7erating condition of landfill lysirneler 
filling A l  A2  B C 

7 27.36 36.91 33.52 32.16 
14 26.48 36.13 34.04 32.37 
21 26.31 35.72 33.96 30.71 
30 28.78 32.13 32.12 32.85 
40 25.29 30.30 29.20 29.19 
50 17.26 31.23 32.99 31.22 
60 19.70 30.75 27.87 30.06 
70 25.05 30.61 28.75 29.25 
90 21.69 28.55 24.63 30.07 
120 17.03 29.02 24.36 26.08 
140 24.23 30.22 28.18 28.54 
160 22.40 27.34 24.00 24.47 
190 24.67 29.72 28.17 28.30 
220 24.23 29.27 28.05 28.36 
245 18.33 25.70 22.31 24.83 
280 24.04 28.71 26.78 27.60 
300 17.89 24.07 22.61 25.41 
320 23.29 28.40 26.60 27.48 
380 16.80 23.20 20.39 24.52 
390 14.74 20.63 17.75 18.79 
400 14.69 20.53 17.43 18.54 
415 14.15 20.53 17.31 18.17 
500 15.41 22.25 22.64 22.61 
520 14.81 22.02 18.72 21.00 
545 17.19 24.10 21.30 18.54 
580 17.25 20.59 18.51 19.99 
610 14.33 20.73 19.22 20.36 
630 18.47 19.48 19.61 17.87 
660 13.86 20.06 17.48 19.48 
715 17.18 18.24 18.18 14.54 
750 16.72 17.64 17.15 12.94 
800 13.36 17.39 14.66 16.32 
850 16.37 15.27 16.03 12.61 
900 14.52 13.82 13.79 12.07 

Mean 19.53 25.33 23.48 23.74 
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6.3.5 Derived Leachate Pollution Index 

The predicted values of LPI in relation to the variation of lysimeter operating system such as 

detection (A1 ) and collection (A2) system of open dump lysimeter-A as well as the collection 

system of sanitary lysimeter-B and C, at the elapsed period 7- 900 days after filling of MSW 

in lysimeter is provided in Table 6.6 and also in Figures 6.5 to 6.8. Figure depicted that 

derived LPI deduces from 27.36-14.52 , 36.91-13.82, 33.52-13.79 and 32.16-12.07, for the 

detection (A1 ) and collection (A2) system of open dump lysimeter-A as well as the collection 

system of sanitary lysimeter-B and C, at the elapsed period 7- 900 day after filling of MSW 

in lysimeter, correspondingly. At the elapsed period 7, collection (A2) system of open dump 

lysimeter-A showed higher LPI (36.91) than the other counterparts that means detection (A1) 

system of open dump lysimeter-A as well as the collection system of sanitary lysimeter-B and 

C (Figure 6.6). The highest LPI for the collection system of open dump lysimeter-A further 

indicates that MSW deposited in open dump lysimeter-A has not yet stabilized. This is also 

evident from the high BOD5  and COD values. The standard concentration for the disposal of 

treated leachate to inland surface water as per the Management and Handling Rules (The 

Gazette of Government of India 2000) should not exceed 2.0, 0.1, 250, 0.01, 30, 0.20, 0.20, 

1.0, 5.0, 5.5-9.0, 100, 3.0, 50.0, 2100, 3.0 and 1000 mg/L for Cr, Pb, COD, Hg, BOD5, As, 

CN, Phenol, Zn, pH, TKN, Ni, NH3-N, TDS, Cu and Cl, respectively and their 

corresponding overall LPI of 7.38. Moreover, the concentration of all the parameters of 

leachate in lysimeter-A, B and C, except Cr, Ni, Cu, pH and Zn exceed the permissible limits 

of treated leachate discharging into inland surface water (Table 6.2, Column 5). Here, it can 

be concluded that comparison of leachate characteristics with the standards set for the 

disposal of treated leachate verifies the fact that leachate generated from landfill lysimeter is 

highly contaminated and will have to be treated before discharge (so that the LPI comes 

below 7.38). 
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Figure 6.5: Overall LPI in detection system of open dump lysimeter-A 

Figure 6.6: Overall LPI in collection system of open dump lysimeter-A 
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Figure 6.8: Overall LPI in collection system of sanitary lysimeter-C 
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Result revealed that leachate generated from entire landfill lysimeter is highly contaminated 

and LPI for all the operational condition of landfill lysimeter exceed the LPI (7.38) of treated 

leachate. The high LPI demands that leachate generated from the landfill lysimeter should be 

treated. Here, it is important to note that the decreasing of all the concentration of pollutant in 

leachate involved in LPI against the elapsed period implied the decreasing pattern of LPI at 

varying elapsed period for entire lysimeter operating system. The lowest LPI (13.36) at 

elapsed period 800 day, for the detection (A1) system of open dump lysimeter-A indicates the 

relatively lower contamination potential. However, the individual contaminants shall meet the 

state discharge standards before discharge of leachate into any surface water body. Moreover, 

it can be depicted that comparatively the lowest LPI for the landfill lysimeter sites are 

attributable to low concentrations of heavy metals in the leachate. Landfill age also plays an 

important role in the leachate characteristics and hence, influences the LPI value (Lo, 1996). 
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Figure 6.9: Variation of LPI with elapsed period of landfill lysimeter at varying operational 
condition 
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The decreasing trend of LPI at different operational condition of landfill lysimeter in relation 

to the increasing of days after filling of MSW is evident in Figure 6.9. It depicts that 

collection (A2) system of open dump lysimeter-A had the highest LPI, while, lowest for the 

detection (A1 ) system of lysimeter-A until the completion of this study and provided in 

Figure 6.9. Moreover, collection system of open dump lysimeter-A shows the highest 

individual and cumulative pollution rating and consequently the higher overall LPI because 

of the higher concentration of parameters in leachate (Figure 6.9). A researcher Truett (1975) 

advocated LPI is a planning index, specifically for decision-making, as one used by United 

States Environmental Protection Agency (USEPA) for planning MSW treatment project. 
3 

Moreover, Figure 6.9 also depicted that collection (A2) system of lysimeter-A had the 

highest LPI because of the highest concentration of pollutant parameters in leachate which 

implied the highest individual and cumulative pollution rating and consequently the highest 

values of overall LPI. Here, it can be established that the variation of concentration of 

pollutant parameter in leachate in case of detection and collection system of open dump 

lysimeter-A may be occurred due to the providing of 400 mm thick CCL as a barrier 

between the detection and collection system of lysimeter-A. As the collection sysytem (A2) of 

open dump lysimeter-A was provided just below the MSW deposited in lysimeter-A and the 

followed detection sysytem (A1 ) was seperated with the 400 mm thick CCL and this 

operational mode may be considered for the variation of p1-I between these two systems. So, 

it can be concluded that these dintinct variation of concentration of pollutant parameter in 

leachate finally implies the varied LPI between these two system. 

In contrary, the collection (A2) system of open dump lysimeter-A showed higher LPI and it 

continued untill the completion of this study against the counterpart i,e. the collection system 

of sanitary lysimeter-B and C provided in Figure 6.9. It is important to note that the 

decreasing of LPI with the inceases of elapded period happens due to the reduction of 

concentration of pollutant parameters involved in LPI. Moreover, Qasim and Chiang (1994) 

stated that variation of concentration of pollutant in MSW landfill leachate can be attributed 

to many interacting factors such as the composition and depth of MSW; decomposition and 
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age of MSW; degree of compaction; landfill design and operation; liner (top and base) design 

and operation; MSW filling procedures; the availability of moisture content; available 

oxygen; rate of water movement (fluid addition) and temperature. However, it can be 

established that the variation of leachate concentration for the collection system of lysimeter-

A and B may be occurred due to the simulation behavior of open dumping and providing the 

base liner in open dump lysimeter-A as well as sanitary landfill and providing the cap liner in 

lysimeter-B. In contrast, the variation of leachate concentration for the collection system of 

sanitary lysimeter-B and C may be occurred due to the difference of landfill lysimeter-B and 

C in terms of thickness and compaction conditions of cap liner. So, it can be concluded that 

these dintinct variation of concentration of pollutant parameter in leachate finally implies the 

varied individual, cumulative pollutant rating and the overall LPI. 

Table 6.7 Weight factors of leachate parameters based on sub-LPJ (after Kurnar and Alappat, 

2004) 

Index Parameters Weight factor 

LPI 
LPI Or) 

Chemical oxygen demand (COD) 0.267 
Biological oxygen demand (BOD5) 0.263 
Phenol compound 0.246 
Total coliform bacteria (TCB) 0.224 
Summation 1.000 

LPIinorgaiic  
(LPI1 ) 

pH 0.214 
Total kjeldahl nitrogen (TKN) 0.2060 
Ammonia nitrogen (NH4-N) 0.198 
Total dissolved solid (TDS) 0.195 
Chloride (Cr) 0.187 
Summation 1.000 

LPlheavy  incial 
(LPIiim) 

Total chromium (Cr) 0.125 
Lead (Pb) 0.123 
Mercury (Hg) 0.121 
Arsenic 0.119 
Cyanide 0.114 
Zinc (Zn) 0.11 
Nickel (Ni) 0.102 
Copper (Cu) 0.098 
Total iron (Fe) 0.088 
Summation 1.000 
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6.4 Formulation of Sub-Pollution Indices 

The principal concern of this article is to formulate the sub-pollution indices (sub-LPIs) and 

evaluate the individual and overall leachate pollutant index (LPI) of landfill lysimeter at 

KUET campus, Bangladesh. To these endeavors, leachate samples from collection chamber 

of landfill lysimeter were sampling and the relevant parameters required for evaluating sub-

LPIs and overall LPI were measured and monitored in the laboratory. Three sub-LPIs in 

terms of LPI in organic pollutant (LPIor), LPI in inorganic pollutant (LPI1 ) and LPI in heavy 

metal (LPIhm) as well as overall LPI had been developed. After measuring the laboratory 

parameters, the sub-LPI was calculated using the Equation 3. For calculating sub-pollution indices 

(sub-LPI) and overall LPI, the following steps were followed: 

The concentration of fifteen (15) leachate parameters were measured at a regular 

interval of time up to the elapsed period 900 days. Moreover, the concentration of 

leachate at elapsed period 7 days is provided in Table 6.8, column 4. Moreover, the 

sub-LPI for all the study period was stated in the Tables C. 29-47 in the Appendix-C. 

Then evaluating sub-index scores (pi) of all the pollutants based on variables rating 

curves with respect to their concentration (Table 6.8, column 5). 

The sub-pollution indices in terms of LPIor, LPI1  and LPIhm  were calculated using the 

weight factors given in Table 6.7 based on the aggregation function from Equation 

(6.2) (Table 6.8, column 6). The calculated values of LPIor, LPlin and LPIhm  for 

entire lysimeter operational period provided in in the Appendix-C. 

Finally, the aggregation of the three sub-LPIs gets the overall LPI. The three sub-LPI 

values are aggregated to calculate the overall LPI using following Equation (6.3) 

provided in in the Appendix-C 

LPI= (0. 175LP10,.+0.257LPJ,,,+0.39 ILPI1,,,)/O.823 (6.3) 

It can be noted that Equation 3 has been derived based on the weight factors of pollutants 

included overall LPI and their contribution to each sub-LPI. However, the component of 

organic, inorganic and heavy metal is 17.5, 25.7 and 3 9. 10 % for evaluating overall LPI and 

used to derive the Equation 6.3. 
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Table 6.8 illustrates the calculation of sub-LPI and overall LPI for a particular elapsed period 

of 7 days of leachate sampling. The detection (Ai) and collection (A2) system of open dump 

lysimeter-A as well as the collection system of sanitary lysimeter-B and C had the highest 

component of organic fraction against the other counter fraction i.e. inorganic and heavy 

metal fraction (Table 6.7). Consequently, all the lysimeter operating system shows the 

highest LPI, than that of LPI1  and LPI,,,, provided in Figure 6.10. Moreover, Table 6.8 

reveals that organic fraction for A2  system of lysimeter-A was highest and consequently the 

highest LPIor  than the other operating system provided in Figure 6.11. 

+LPIor LPIin *LPIhm 
90.00 

80.00 
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Figure 6.10: Sub-pollution indices of landfill lysimeter 

Table 6.8 shows that values of BOD5, TKN, TCB, TDS, chloride, Cr, As, Zn, Ni, Cu and Fe 

was highest and consequently the highest individual and overall LPI for collection (A2) 

system of lysimeter-A. A significant difference between individual and cumulative pollution 

ratings for both the collection system of open dump lysimeter-A and sanitary lysimeter-C was 

observed due to the distinct difference in their concentrations (Table 6.8). 
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Table 6.8 Characteristics of leachate, sub-LPI and overall LPI lysimeter at period 7 day 

- 

Index(1)_ 
Parameter 

(2) 
Weight 

factor, w1 (3) 
Pollutant_concentration,_c1 () Individual pollutant rating, p (5) Overall pollutant rating, wp1  (6) 

A1  A2  B C j A, A2 ] B C A, A2  B C 

COD 0.267 22650 60000 60000 56490 84 94j 94 93 22.43 ] 25.10 25.10 24.83 

BOD5  0.263 2080 2860 2790 2286 41 46 45 42 10.78 12.10 11.84 11.05 

Phenol - - - - - - - - - - - LPI,,. 
TCB 0.224 6540 8280 8200 8230 85 89 90 90 19.04 1 19.94 20.16 20.16 

Total 0.754  52.25 57.13 57.09 56.04 
LPI  69.30 75.77 75.72 74.32 

p1-I 0.214 6.87 7.87 7.92 7.38 6.0 5.0 5.0 6.0 1.28 1.07 1.07 1.28 

TKN 0.206 1010 2180 1430 1340 33 78 50 45 6.80 16.07 10.30 9.27 

NH4-N 0.198 705 897 997 920 77 95 99 97 15.25 18.81 19.60 19.21 
LPI- 

TDS 0.195 9876 35670 29120 26580 21 83 69 63 4.10 16.19 13.46 12.29 

Cl-  0.187 3037 3572 1350 760 23 31 12 8 4.30 5.80 2.24 1.50 

Total 1.000  31.72 57.93 46.67 43.54 

LFI  31.72 57:93 46.67 43.54 

Cr 0.125 0.08 0.21 0.17 0.09 5.0 5.0 5.0 5.0 0.63 0.63 0.63 0.63 

Pb 0.123 0.41 0.55 0.92 0.65 7.0 7.0 9.0 8.0 0.86 0.86 1.11 0.98 

1-Ig - - - - - - -- - - - - - 

As 0.119 0.01 0.04 0.03 0.02 5.0 5.0 5.0 5.0 0.60 0.60 0.60 0.60 

Cn - - - - - - - - - - - - - LPI hm Zn 0.11 1.40 1.50 0.98 0.65 5.5 5.0 5.0 5.0 0.61 0.55 0.55 0.55 
Ni 0.102 0.10 0.19 0.13 0.12 5.0 5.0 5.0 5.0 0.51 0.51 0.51 0.51 

Cu 0.098 1.30 1.60 1.10 1.20 7.0 7.0 7.0 7.0 0.69 0.69 0.69 0.69 

Fe 0.088 25.90 45.70 43.50 38.70 5.5 6.0 6.0 6.0 0.48 0.53 0.53 0.53 

Total 0.765  4.37 4.36 4.60 4 

LPI  5.71 5.69 6.01 5.85 

LPI (0.175LPIor+0.257LPIj fl+0.391LPIhppJ/0.823 27.35 36.91 33.53 32.18 
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All the concentrations except Cl, Zn and Cu were lower for the Al  system of lysimeter-A 

than that of collection system of lysimeter-A, B and C and has lowest individual and 

cumulative pollution rating and consequently lower LPI shown in Figure 6.12. Here, it can be 

established that variation of leachate concentration for A1  and A2 system may be occurred 

due to the providing of 400 mm thick CCL as a barrier between the detection and collection 

system of lysimeter-A. As the A2  system of lysimeter-A was provided just below the MSW 

deposited in lysimeter-A and the followed A1  was separated with the 400 mm thick CCL and 

this operational mode may be considered for the variation of leachate concentration. 

Moreover, the variation for the collection system of lysimeter-A and B may be occurred due 

to the simulation behaviour of open dumping and providing the base liner in open dump 

lysimeter-A as well as sanitary landfill and providing the cap liner in lysimeter-B. In 

contrary, the variation of leachate concentration (Table 6.8) for collection system of sanitary 

lysimeter-B and C may be occurred due to difference of lysimeter-B and C in terms of 

thickness and compaction conditions of cap liner. 

The LPI of A2  system of lysimeter-A is slightly higher than the collection system of lysimeter-C but 

both these lysimeters have higher LPI than the collection system of lysiineter-B (Figure 6.13). This 

can be ascribed to the lower individual pollution ratings of A1  system of lysimeter-A due to the 

relatively lower concentrations of all the pollutants except Cl', Zn and Cu. Here, it of interested to 
note that LPI has decreased in relation to the increasing of elapsed period provided in Figure 6.12. 

The overall LPI was higher for A2  system of lysimeter-A because of the higher concentration of 

pollutant has the highest individual and cumulative pollution rating and consequently the higher LPI 

than the other operational system. Here, it is important to note that standards for the disposal of 

treated leachate to water as per the Management and Handling Rules (The Gazette of India 2000) 

should not exceed 2.0, 0.1, 250, 0.01, 30, 0.20, 0.20, 1.0, 5.0, 5.5-9.0, 100, 3.0, 50.0, 2100, 3.0 

and 1000 for Cr, Pb, COD, Hg, BOD5, As, Cn, Phenol, Zn, pH, TKN, Ni, NH3-N, TDS, Cu and Cl 

concentration and their corresponding overall LPI of 7.38. The comparison of leachate characteristics 

with the standards for the disposal of treated leachate verifies the fact that the leachate generated from 

A2  system of lysimeter-A is highly contaminated and LPI for entire lysimeter operating system exceed 

the LPI of treated leachate of 7.38. The high LPI demands that leachate generated from landfill 

lysimeter should be treated. 
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Figure 6.11: LPI in organic pollutant of open dump and sanitary lysimeter 
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Figure 6.13: LPI in heavy metal of open dump and sanitary lysimeter 
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Figure 6.14: LPI in inorganic pollutant of open dump and sanitary lysimeter 
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Moreover, it can be depicted that the comparatively lower LPIh , for entire lysimeter operating system 

(Figure 6.10) are attributable to low concentrations of heavy metals in leachate (Table 6.13). 

Moreover, due to the lower concentration of heavy metal for the A1  system of lysimeter-A, 

consequently shows the lowest LPI11  provided in Figure 6.13. In contrary, comparatively the higher 

inorganic compound than heavy metal implies the highest LPIin  than that of LP1iim  (Table 6.13). 

Moreover, comparatively the higher inorganic compound implies the highest Ulin  for the A2  system 

of lysimeter-A shown in Figure 6.14. 

6.5 Comparison of Derived LPI of Landfill Lysimeter with Published Results 

The comparison of mean LPI values of lysimeter at four distinct operational condition of 

detection (A1 ) and collection (A2) system of open dump lysimeter-A as well as the collection 

system of sanitary lysimeter-B and C with the published results available in the literature for 

the same cases is provided in Figure 6.15. In the present study the evaluated mean LPI values 

were found 19.53, 25.33, 23.48 and 23.74 for the detection (A1) and collection (A2) system of 

open dump lysimeter-A as well as the collection system of sanitary lysimeter-B and C, 

respectively. Moreover, a study conducted by Umar et al. (2010) for calculating LPI on four 

selected solid waste disposal sites in Malaysia named Pulau Burung landfills (PI3LS) 

(sanitary landfill level III through leachate recirculation and controlled tipping), Ampang 

Jajar Landfill Site (AJLS) (semiaerobic closed landfill having no base liner), Kuala Sepetang 

Landfill Site (KSLS) (improved anaerobic landfill, natural marine clay and local soil are used 

as cover material for dumped waste with leachate collection pond) and Kulirn Landfill Site 

(KLS). The derived LPI was found 23.45, 16.44, 21.77 and 19.50 for PBLS, AJLS, KSLS 

and KLS disposal sites, respectively. On the other hand, Kumar and Alappat (2003b) selected 

Okhla Sanitary landfill (OSL), New Delhi (no base liner or leachate collection and treatment 

systems) solid waste disposal site as a case study for calculating LPI and it was found 42.18. 

In addition, a study conducted by Kumar and Alappat (2005a) and selected four landfill 

named Ma Tso Lung (MTL) and Nagu Chi Wan (NCW) closed landfill sites as well as Pillar 

Point (PP) and Shuen Wan (SW) active landfill sites in Hong Kong for calculating LPI and it 

was found 45.01, 15.97, 36.48 and 39.04, respectively. Figure 6.15 depicts that the collection 

(A2) system of open dump lysimeter-A showed higher LPI value than that of other lysimeter 
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operational condition. Flere, it can be concluded that among the selected disposal sites, four 

landfill of OSL, MLT, PP and SW having more LPI due to their operational configuration 

than that of present lysimeter studies. Because the present study is a pilot scale laboratory 

experiment. 
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Figure 6.15: Comparison of the leachate contamination potential of Landfill lysimeter 
with the other researchers 

6.6 Errors Involved in the Estimation of LPI Due to Nonavailability of Parameter 

LPI is an environmental index and it is based on the concentration of 18 pollutants of the 

leachate and their corresponding significance. That means, for calculating the LPI of a 

landfill, concentration of these 18 parameters are to be known. However, sometimes the data 

for all the 18 pollutants included in the LPI may not be available to calculate the LPI. In this 

study, the possible errors involved in calculating the LPI due to the nonavailability of data 

- were analyzed and described. To assess the errors involved in calculating LPI due to 

nonavailability of leachate data, a case study is taken up. Leachate samples from landfill 
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lysimeter at KUET campus, Bangladesh were collected and analyzed in the laboratory and 

the concentration of pollutant parameters in leachate is provided in Table 6.9, to evaluate the 

error involved in calculation of LPI due to nonavailability of data. Based on this study, it can 

be concluded that the errors may be high if the data for the pollutants having significantly 

high or low concentration are not available. However, LPI can be reported with a marginal 

error if the concentrations of the nonavailable pollutants are not completely biased. 

Table 6.9 Concentration of pollutant parameters in leachate of landfill lysimeter 

SL (1)  Leachate pollutant (2) Concentration*(3) Sub-index value (p) (4)  

Total chromium (Cr) 1.75 6.5 
2 Lead (Pb) 0.68 9 
3 Chemical oxygen demand (COD) 8425 70 
4 Mercury (Hg) 0.4 59 
5 Biochemical oxygen demand 

(BOD5)  
1398 35 

6 Arsenic (As) 0.01 5.5 
7 Cyanide (Cn) 1.3 10 
8 Phenol compounds 4 8.5 
9 Zinc (Zn) 1.3 5 
10 pH 7.3 6 
11 Total kjeldhal nitrogen (TKN) 3000 98 
12 Nickel (Ni) 0.23 8 
13 Total colifom bacteria (TCB) 8000 92 
14 Ammonia nitrogen (NH4-N) 1300 100 
15 Total dissolved solid (TDS) 12540 28 
16 Copper (Cu) 0.98 7 
17 Chlorides (Cl-) 3597 30 
18 Total Iron (Fe) 82 9.5 

Ah vut ues in mg1j, except pi-i and total colijorin unit (ciu/lOOm!). * Average of 4 samples were taken between 
1st September to 1st Nove,nver 2011. 

To estimate the possible errors involved in calculating LPI, due to the nonavai lability of leachate data, 

two approaches have been made as (1) Ignoring pollutant data based on weight factor and (2) Ignoring 

pollutant data based on sub-index value. The sub-index values of all the parameters in leachate based 

on their concentrations were evaluated reported in Table 6.9. The subindexes have been derived from 

the subindex curves for all the parameters reported by Kumar and Alappat (2003a). LPI based on 

these sub-index values has been calculated using Equation (6.1) and provided in the fifth column, 

Table 6.10. The LPI calculated based on these 18 parameters is considered to be the true LPI value. 

rM 

If 
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6.6.1 Errors Introduced by Ignoring Pollutant Data Based on Weight Factor 

In this approach, two options were discussed. In the first option, the data of the pollutants having low 

weight factors was ignored and in the second option, the data of the pollutants with high weight 

factors were assumed to be not available. 

6.6.1.1 Removing Pollutants with Low Weight Factors 

In the first step, the concentration of the total iron, the parameter having lowest weight, is 

presumed to be unknown. Hence, by deleting the subindex value of total iron, the LPI value is 

derived by using Eq. (6.2). The derived LPI value is reported in the sixth column, Table 6.10. 

In the next step, the concentration of chlorides, the parameter having second lowest weight, is also 

presumed to be unknown in addition to the concentration of total iron. Again using Eq. (6.2), the 

LPI of the data set with 16 parameters is calculated and reported in the seventh column, Table 

6.10. 

In a similar fashion, it is presumed that the copper, total dissolved solids, ammonia nitrogen, total 

coliform bacteria, nickel, total kjeldhal nitrogen, pH, and zinc are also not known one by one in 

addition to the earlier unknown concentrations of parameters. The derived LPI considering 

concentration of 15, 14, 13, 12, 11, 10, 9, 8, 7, 6, 5 and 4 parameters are calculated and reported 

in columns 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 of Table 6.9, respectively. 

The percentage error introduced calculating LPI with respect to the LPI when data are available 

for all 18 leachate pollutants, is also reported in the last row of respective columns of Table 6.10. 

The variation in LPI values with respect to the number of parameters considered in calculating 

LPI is provided in Figure 6.16. It also gives the percentage error introduced in calculating LPI 

values with respect to the number of parameters considered. 
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Table 6.10 Estimating errors involved in calculating LPI values due to nonavailability of data (Parameters with low weight factors ignored) 

Pollutant 

Pollu 
tant 

. 

weg 
ht,w, 

Pollutant 
concentr 
atton,C1  

Subinde 
x value, 

Pi 

LPI with selected parameters (wp)  

18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 

Cr 0.064 1.75 6.5 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 

Pb 0.063 0.68 9 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 

COD 0.062 8425 70 4.34 4.34 4.34 4.34 4.34 4.34 4.34 4.34 4.34 4.34 4.34 4.34 434 4.34 4.34 

l-lg 0.062 0.4 59 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 

BOD5  0.061 1398 35 2.135 2.135 2.135 2.135 2.135 1 2.135 2.135 2.135 2.135 2.135 2.135 2.135 2.135 2.135 - 

As 0.061 0.01 5.5 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 - - 

Cn 0.058 1.3 10 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 - - - 

Phcnol 0.057 4 8.5 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 - - - 

Zn 0.056 1.3 5 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 - - - - - 

p11 0.055 7.3 6 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 - - - - - 

TKN 0.053 3000 98 5.194 5.194 5.194 5.194 5.194 5.194 5.194 5.194 - - - - - - 

Ni 0.052 0.23 8 0.416 0.416 0.416 0.416 0.416 0.416 0.416 - - - - - - - 

TCB 0.052 8000 92 4.784 4.784 4.784 4.784 4.784 4.784 - - - - - - - - 

NH4.N 0.051 1300 100 5.1 5.1 5.1 5.1 5.1 - - - - - - - - - 

TDS 0.05 12540 28 1.4 1.4 1.4 1.4 - - - - - - - - - 

Cu 0.05 0.98 7 0.35 0.35 0.35 -- - - - - - - - - - - 

Chloride 0.048 3597 30 1.44 1.44 -- -- - - - - - - - - - - 

Iron 0.045 82 9.5 0.4275 -- -- -- - - - - - - - - - - 

Summation 1.000  32.238 31.810 30.370 30.020 28.620 23.520 18.736 18.320 13.126 12.796 12.516 12.032L 11.452 11.116 8.981 

Total weight  1.000 0.955 0.907 0.857 0.807 0.756 0.704 0.652 0.599 0.544 0.488 0.431 0.373 0.312 0.251 

Derived LPI  32.238 33.309 33.484 35.029 35.465 31.111 26.614 28.098 21.913 23.522 25.648 27.915 30.701 35.628 35.78 

- 
Percentcrror  0.000 3.323 3.867 8.660 10.011 3.494 17.445 12.840 32.026 27.035 20.442 13.407 4.766 10.518 10.99 

203 J P a g e 

F- 



+  

35 

LPI value 4— Percent error 

40

30 

35 
I 

25 — - 
I 

0 
I 30 o .20 I 

> 'ii 

15 2 
25 

I 

10 

20 

0  St______ __________ ____ ____ 
-____ ____--- 15 

4 6 8 10 12 14 16 18 

No. of parapeters considered 

Figure 6.16 Variation of LPI and percent error when low weight 
parameters are ignored 

6.6.1.2 Removing Pollutants with High Weight Factors 

A similar procedure was followed here starting with the parameter having the highest weight factor. 

The results considering this fashion provided in Table C. 52 in the Appendix-C. 

In the first step, the concentration of the chromium, which has the highest weight factor, is 

presumed to be unknown. The LPI value, ignoring the subindex value of chromium, is calculated 

and reported in column 6, Table C.52. 

Then, step by step it is presumed that the concentrations of the pollutants lead, COD, mercury, 

BOD5, arsenic, cyanide, phenol, zinc, and pH are not known in addition to the earlier presumed 

unknown parameters. The LPI values so calculated are reported in Table C.52. 

The percentage error in calculating LPI values, with respect to the LPI value when data for all 18 

parameter are considered, is also reported in the last row of respective columns of Table C.52. 

Figure 6.17 shows the variation in LPI values with respect to the number of pollutants considered 

in calculating LPI. It also gives the percentage error introduced in calculating LPI values with 

respect to the number of parameters considered. 
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6.6.2 Errors Introduced by Ignoring Pollutant Data Based on Sub-indexYalue 

In this approach, three scenarios were considered as reveals: 

Firstly, it was presumed that data for one parameter having the highest sub-index value 

are not available and then calculate LPI. Next it is presumed that the data for two sub-

indices having the highest sub-index values are not available and so on for three, four, 

fifth to eight parameters. From Table 6.9, column 4, it was observed that the pollutants 

having the highest sub-index values are NH4-N, TKN, TCB, COD, Hg, BUD5  chloride 

and TDS with sub-index values of 100, 98, 92, 70, 59, 35, 30 and 28 respectively. To start 

with, it is presumed that data for NH4-N are not available. Based on this assumption, the 

LPI value was calculated using Eq. (6.2), and reported in column 6, Table C.53 in the 

Appendix. In the next step it is presumed that data for TKN are also not available in 

addition to NH4-N. The LPI value based on this assumption is calculated using Eq. (6.2) 

and reported in column 7, Table C.53. Similarly, it is presumed that data for three and 

then four pollutants are not available, and the corresponding LPI values are calculated and 

reported in columns 8 and 9 of Table C.53. Moreover, in the similar fashion, it is 

presumed that data for fifth to eight pollutants are not available, and the corresponding 

LPI values are calculated and reported in columns 10 to 13 in Table C.53. The 

percentage error introduced in calculating these fourteen LPI was also calculated and 

reported in the last row of respective columns in Table C.53 and shown in Figure 6.18. 

Then it is presumed that the data for one parameter having the least sub-index value are 

unknown and then LPI calculated. Subsequently it is presumed that, data for two, three, 

four and eight parameters having the lowest sub-index values are not available. From 

column 4 of Table 6.8, it is observed that the parameters having the lowest sub-index 

values are Zn, As, pH, Cr, Cu, Ni, phenolic compound and Pb with sub-index values of 5, 

5.5, 6, 6.5, 7, 8, 8.5 and 9 respectively. The above procedure is repeated for calculating 

LPI values. The percentage error introduced in calculating LPI for each presumption is 

also calculated and reported in respective columns of Table C.54 in the Appendix and the 

results are shown in Figure 6.19. 
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3. After that it is presume that the data for two parameters, having the highest and lowest 

sub-index value are unknown simultaneously. The parameter having the highest sub-

index value is NH4-N and the one having the lowest sub-index value is Zn. The LPI for 

this is calculated and reported in co1umn4, Table 6.9. Subsequently it is presume that data 

for four parameters: two parameters with highest sub-index values (NH4-N and TKN) and 

two parameters with lowest sub-index values (Zn and As) are not available. The LPI for 

this presumption is calculated and reported in column 7, Table C.55. Moreover, it is 

presume that data for six parameters: three parameters with highest sub index values 

(NH4-N, TKN and COD) and three parameters with lowest sub-index values (Zn, As and 

pH) are not available. The LPI for this presumption is calculated and reported in column 

8, Table 6.19. Subsequently, it is presume that data for eight parameters: four parameters 

with highest and four with lowest sub index values are not available. The LPI for this 

presumption is calculated and reported in column 9, Table C.55. The percent error 

introduced in calculating LPI values is reported in the last row of respective colunms in 

Table C.55 in the Appendix and the results are shown in Figure 6.20. 

rigwu o.z' variation or LI-'i ana percent error when parameters with lowest 
sub-index values ignored 
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Figure 6.20 Variation in LPI due to nonavailability of data parameters 
with highest and lowest sub-index values ignored simultaneously 

It can be depicted that the error introduced in calculating LPI is 3.32%, when concentration 

of one parameter, i.e., total iron (jollutant with lowest weight factor) is not considered 

(Figure 6.16). It also depicts that error increases to 3.87% when concentration of two 

parameters, total iron and chlorides, is unknown. Then the error also increases to 8.66% when 

data for three parameters, total iron, chlorides, and copper, is not known. The error 

introduced in LPI is the highest, i.e., 32.03%, when data of eight parameters is not 

considered. After this, the error decreases with the increase in the number of missing 

parameters. The error is just 4.77% when only six parameters are considered (that is when 

data for twelve parameters are not considered). 

Similarly from Figure 6.17, it is observed that the error is 5.46%, when data for one 

parameter that is chromium (pollutant with highest weight factor) is not considered in 

calculating LPI. The error increases to 11.06% when data for two pollutants, chromium and 

lead, are ignored in calculating LPI. The error is highest, i.e., 47.84%, when data for the ten 

pollutants are ignored. But the percent error dips to 24.06% when eleven parameters are not 

considered in calculating the LPI value. This leads to the conclusion that the error involved in 

calculating LPI does not vary with the number of parameters considered and the variation is 

erratic. The erratic behavior in the error introduced in the LPI is due to the fact that the 

KId 
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parameters ignored while calculating LPI had significantly different subindex values with yr 

respect to the overall LPI of landfill lysimeter. 

6.6.3 Errors Introduced by Ignoring Pollutant Data Based on Subindex Value 

The error introduced is highest, i.e., 76.85%, when data for the eight parameters having the 

highest subindex values are not considered (Figure 6.18) and it was found 71.64 % when 

data for the seven parameters having the highest subindex values are not considered. 

However, it may reduce to 24.03% and 11.30 when data for the two and one parameters 

having the highest subindex values, respectively are not considered. Moreover, the errors 

introduced due to nonconsideration of data of one parameters having the lowest subindex 

values are 5.01 % and it rises gradually to 66.31 % (Figure 6.19) when data for the eight 

parameters are not considered. 

Here, it is important to note that derived LPI are lower than the true LPI value in the case 

when pollutants with high sub-index values are ignored. On the contrary, the derived LPI are 

higher than the true LPI when data for the pollutants with low sub-index values are ignored. 

Hence, the results obtained by ignoring data for the pollutants with high subindex values 

produce falsified results, leading to a false sense of security, indicating a relatively more 

polluted environment as less polluted. But in the case when data for the pollutants with low 

subindex values are ignored, distended results are obtained and the results will raise an 

unnecessary alarm by indicating a comparatively less polluted environmental situation to be 

more contaminated. Based on this discussion, it is possible to conclude that the errors 

involved in LPI values are high and dangerous when the data for the pollutants having high 

subindex values are not available as compared to the scenario when data for the parameters 

having low subindex values are not available. The error involved in LPI values is low when 

data for the pollutants having highest and lowest subindex values are not considered 

simultaneously. 
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6.7 Summary of the Findings 

Aggregation function is one of the most important steps in calculating any pollution potential. 

Result revealed that weighted linear sum aggregation function was the best possible 

aggregation function for calculating LPI. LPI is a good tool and it provides an evocative 

method of evaluating the contamination potential of different solid waste disposal sites. The 

LPI can be a useful tool to monitor the leachate trends over the lifetime of landfill site, and 

thus can help to take necessary decisions as deem fit. Result reveals that among four 

lysimeter operating system, collection system of open dump lysimeter had the highest LPI 

value, while detection system had the lowest LPI. The component of organic fraction in 

leachate for entire lysimeter operating system showed higher against the other counter 

fraction i.e. inorganic and heavy metal fraction and consequently showed the higher LPI', 

than that of LPI1  and LP111111. Result reveals that maximum error (32.03 %) was introduced in 

calculating LPI when the data for the eight low weight parameters were not considered, but 

the error was as low as 3.32 % when data for one parameter were not considered. Similarly 

the error involved in calculating LPI was maximum (47.84 %) when data for ten high weight 

parameters were ignored, but the error involved was low (2.95 %) when data for three high 

weight factors were ignored. Finally, it can be concluded that comparison of leachate 

characteristics with the standards set for the disposal of treated leachate verifies the fact that 

leachate generated from lysimeter was highly contaminated and LPI exceed the LPI of treated 

leachate and proper treatment to be ensured before discharging the leachate. To these 

attempts, then the leachate samples were treated in the laboratory by using biological reactors 

and chemical coagulant to remove the concentration in leachate to meet the standard 

discharge conditions. 
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Chapter Seven 

Treatment Techniques of Lysimeter Leachate 

7.1 Background 

This chapter illustrates the leachate treatment options that can be effectively adopted for safe 

discharge of leachate into the natural streams. Leachate treatment is an integral part of the 

sustainable solid waste management practices (Kargi and Pamukoglu, 2003; Jannatul, 2013). 

However, the design, construction and operation of leachate treatment facilities have not been 

standardized due to uncertainties in leachate characteristics and quantity (Alkalay et al., 

1998). The characteristics of the landfill leachate can usually be represented by the basic 

parameters COD, BOD5, the ratio BOD5/COD, pH, TSS, NH4-N, TKN and heavy metals 

(Davis and Cornwell, 1998). The concentration of lysimeter leachate were treated in the 

laboratory through the required stanadarsd methods. Then, the concentration were compared 

to the maximum dischage standard from some selected countries which were available in the 

literature provided in Table 7.1. Table 7.1 reveals most of the parameters exceed the 

permisiable limit of maximum dischage standard. Then it is required to treate for reducing the 

leachate concentration before discharging into natural streams. Leachate samples having the 

ratio of BOD5  and COD is less than 0.30, should be treated by chemical treatment process; 

0.3 0-0.60 by conbined process of phytoremediation and chemical treatment process; greater 

than 0.60 which indicates for removing leachate concentration, it shound be treated by 

phytoremediation process (Mahmud et al., 2012). 

To investigate the performance of different treatment systems, leachate samples from Landfill 

Lysimeter at KUET campus were collected and relevant parameters were measured and 

monitor in the laboratory provided in Table 7.1. Firstly, the leachate was treated in 

phytoremediation through aquatic reactors by Duckweed (Lemna minor), Snail (Pila 

globasa), Helencha (Enhydra fluctuans) and Topapana (Pistia stratiotes) for removing 

pollutant load from leachate. However, through the phytoremediation trtaement process, the 

removal efficiency was not satisfactory. Then leachate was treated by coagulation process 

4 using chemical of Ferrie Chloride (FeC13), Poly aluminum Chloride (PAC), Ferrous Sulphate 

(FeSO4) and Aluminum Sulphate (Al2(SO4)3) in various dosages and pH values. At the initial 
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stage, optimum dosage of coagulants for removal of pollutant in leachate was determined and 

these optimum dosage was further used for treating leachate at varying pH values from 4-9. 

Table 7.1: Comparison of lysimeter raw leachate concentration, maximum discharge standard 

for landfill and regulatory standards for standards set by DoE on ECR, 97 for Effluent 

(Wastewater) as well as industrial wastewater as specified in the Environmental Quality 

(Sewage and Industrial Effluents) Regulation, 1979; EQA, 1974) 

as 

Standard set by DoE 
(Bang1adcsh° 

0) 
0 

(I) 

- 

Ce 
r.S 

D - 

Cr 0.5 1 1 2.0 0.5 0.1 0.2 1.0 -- 

Pb 0.1 1 0.1 0.1 0.5 0.1 0.01 0.5 0.67 
COD 200 400 400 250 200 200 50 100 3040 
Hg 0.01 0.01 0.01 0.01 0.01 0.02 0.005 0.05 -- 

BOD5  50 250 100 30 20 800 20 50 2754 
As 0.2 0.05 0.2 0.2 -- -- 0.05 0.1 -- 

CN 0.1 2 0.2 0.2 -- -- 0.05 0.1 -- 

Phenol 1 5 1 1.0 -- -- 0.001 1.0 -- 

Zinc 5 10 10 5.0 2.0 0.6 1.0 1.0 1.38 
pH 6-9 6-9 6-9 5.5-9.0 5.5-8.5 5-7.5 6.0-9.0 5.5-9.0 9.33 

TKN 100 100 100 100 70 100 -- -- -- 

Ni 1 2 1 3.0 1.0 0.6 0.2 1.0 0.09 
NH4-N 50 75 75 50 30 5.0 -- -- -- 

TDS 2100 2100 2100 2100 600 500 -- -- 5580 
Cu 0.5 3 3 3.0 0.5 1.0 0.2 1.0 0.98 
Cl-  600 600 600 1000 800 850 1.0 2.0 650 
Fe 2 2 2 -- -- -- -- 

-- 27.70 
Alkalinity -- -- -- -- -- -- -- 

-- 1600 
Hardness -- -- -- -- -- -- -- 

-- 926 
Ca -- -- -- -- -- -- -- 

-- 247 
Na -- -- -- -- -- -- -- 

-- 2435 
,-vcta Ut '-F saiitpies LtUCXI1 oeiveen rrom F August tO 30 September 2009. 

Note. 'Jannatul Ferdaus 2013 (Standards Set by DoE on ECR, 97 for Effluent (Wastewater, inland surface 
waler); 2Kumar and Alappat 2003a; 3Meier et aL, 2002 and 4Environmental Protection Department (EPD) 
(Maximum discharge standard for landfill leachate from selected countries) and 5Standard A: Upstream of 
water supply intake and 5Standard B.- Downstream of waler supply intake (Regulatory Standards for industrial 
wastewater as specfIed in the Environmental Quality ('Sewage and Industrial Effluents) Regulation, 1979; EQA, 
1974) 
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7.2 Phytoremediation Treatment of Lysimeter Leachate 

Table 7.1 shows the leachate characteristics resulting from four samplings at two weeks 

interval for about 2 months from August to 301h 
September 2009. In the laboratory, 

leachate samples at varying concentrated were prepared through the dilution of raw leachate 

with tap water. At such stage, the prepared 100 concentrations of leachate means 100% of 

raw leachate was used and 50 concentration means 50 % of tap water was mixed with 50 % 

of raw leachate. Similarly 20 concentration of contaminants in leachate means 80 % of tap 

water was mixed with 20 % of raw leachate. Lachate samples subsequent to prc-treatment 

through different aquatic reactors were analyzed based on the elapsed period from the 

treatment, leachate concentration (conditioning system) and removal efficiency. In the 

laboratory, leachate samples were analyzed for pH by pH meter (1-JACH, Model No. Sens ion 

156), Alkalinity by titration method, Hrdness by EDTA titrimetric method as well as COD by 

closed reflexive method as per the Standard Methods (APHA, 1998). The Ca Na, K and Mg 

ions were determined using flame atomic absorption spectrophotometer (VARIAN; 

AA!2400). 1-leavy metals viz., Cu, Cr, Cd, Ni, Pb, Mn, Fe and Zn were analyzed using 

speetrophotometer (HACH; DR12400) as per the Standard Methods (API-IA, 1998). 

7.2.1 Effect on Leachate Concentration 

In the laboratory, leachate samples at varying concentrated of 100, 50 and 20 were prepared 

through the dilution of raw leachate with tap water as well as the effect and the consequences 

of different phytoremediation treatment were analyzed and hence discussed in followings. 

Table 7.2: pH in 100 concentration of contaminants in leachate at varying elapsed period 

Elapsed period from 
treatment (weeks) 

Concentration in control and treated leachate 
Control Topapana Helencha Duckweed Snail 

0 9.33  

7 9.24 9.22 8.97 9.1 8.27 
14 9.20 9.12 8.93 9.06 8.33 
21 9.23 9.1 8.9 8.93 8.43 
28 9.22 9.11 8.85 8.88 8.31 
35 9.28 9.07 8.79 8.72 8.28 
42 9.18 9.0 8.45 8.59 8.2 
49 8.92 8.69 8.37 8.7 8.27 
56 8.85 8.51 8.28 8.69 8 
63 8.72 8.42 8 8.45 7.87 
70 8.44 8.14 7.87 8 7.65 
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7.2.1.1 Inorganic and Organic compounds 

The concentrations of inorganic and organic compounds in terms of pH, Cl-, Alkalinity, Ir 

Hardness, TDS and COD in leachate in relation to the increasing to elapsed period after 

treating with aquatic reactors were investigated and hence discussed in followings. 

The values of pH in leachate is considered to be the most significant parameter affecting 

leachate concentration in MSW landfill (Bilgili et al., 2007). Metal dissolution is enhanced at 

low pH which is one of the characteristics of young landfill leachate. MSW contains soil and 

organic matter that have significant sorptive capacity especially at high pH (Kjeldsen et al., 

2002; Bozkurt et al., 1999). The values of pH in leachate after treated phytoremediation ly at 

varying elapsed period provided in Table 7.2 and also in Figure 7. 1. 

6 Control - Topapana £ Helencha Duckweed I Snail

9.5 

 

8.5 

7.5 

01020 30 40 50 60 70 80 

Elapsed period from treatment (days) 

Figure 7.1: Variation of pH against different treatment on leachate of 100 
concentration 

The Figure 7.1 illustrates the variation of pH with the increase of elapsed period from the 

treatment; to investigate the consequence of the different phytoremediation treatment 

systems by topapana, helencha, duckweed and snail. Based on Table 7.2 and Figure 7.1, it 

can be noted that pH decreases with the increases of elapsed period from the treatment for all 
AL 

the treatment systems until the completion of this study. The Figure 7.1 also depicts that all 

the treatment systems provides the lower values of pH against of control system and the 
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removal efficiency was found as positive for all the cases. Moreover, the removal efficiency 

of snail was higher than that of other treatment systems. However, the variation of pH at 

different phytoremediation treatment system for 100, 50 and 20 concentration of 

contaminants in leachate at elapsed period 21 days provided in Figure 7.2. Here, it important 

to note that pollutant load (pH) decreases with the decreasing of leachate concentration. 

From Figure 7.2 it observed that pH fall down with the decreases of concentration of raw 

leachate by applying conditioning system. Moreover, the trend of 100 concentration of 

contaminants in leachate sample having more values of pH than that of other two 

concentrated leachate samples. Diaz (1996) stated that preparation of leachate samples or 

prerequisite, such as dilution becomes effective to enhance the further treatment to some 

extent. It is evident from that more dilution condition of leachate, more enhance to the 

treatment capability for phytoremediation components and having low pH concentrations. 

However, Diaz (1996) also postulated that p1-I is the logarithmic hydrogen concentration of 

any liquid. Generally pH depends on temperature, amount of hydrogen ion etc. and it 

increases with the increase of hydrogen ion and the liquid becomes acidic. 

 

9.5 

9 

8.5 

8 

7.5 

7 

6.5 

6 

5.5 

5 

100 concentration —U-50 concentration *-20 concentration 

* 

 

Control Duckweed Snail Topapana Helencha 

Figure 7.2: Comparison of pH among different treatment system after 21 days 

A decrease of COD occurs over the elapsed period of landfill and it can be attributed to a 

combination of reduction in organic contaminants and the increased biodegradation of 

organic compounds (Krug and I-lam, 1995). A constant decrease in COD is also expected as 

degradation of organic matter continues (Ehrig, 1989). The values of COD in 100 

215 1 P a g e 



cc cc itra ion of ContamInantS in icachate varies in relation to the increasing of elapsed 

period from the treatment systems by topapana, helencha, duckweed and snail untill the end 

of this study provided in Figure 7.3. This figure reveals that decreased with the increase of 

elapsed period and showing almost similar decreasing trend for all the treatment systems. In 

addition, the concentration of COD in case of control system was found as higher than that of 

the subjected treatment systems. It can be noted that all the treatment systems showing 

positive and very efficient performance for the removal of COD concentration. 

• Control • Topapana--—HeIencha—L—Duckweed 
- Snal 

3500 

1 

g 2500  
4-a 

2000 
0 

0 
0  1500 

8 1000 

500 

0 10 20 30 40 50 60 70 80 

- 

Elapsed period from treatment (days) 

Figure 7.3: Variation of COD against of different treatment on leachate of 100 il 

concentration 

Here, it important to note that COD decreases with the decreasing of leachate concentration. 

Result shows that COD fall down with the decreases of concentration of raw leachate by 

applying conditioning system. The trend of 100 concentration of contaminants in leachate 

sample having more COD than that of other two concentrated leachate samples. COD is the 

measure of oxygen consumed during the oxidation of the oxidizable organic matter by a 

strong oxidizing agent. The determinations of COD are of great importance where BOD 

values cannot be determined accurately due to the presence of toxins and unfavorable 

conditions for growth of microorganism. The COD test remains a very important parameter 

in management and design of treatment plants because of its rapidity in determination. 
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• Control Topapana A Helencha 

260 
—A-- Duckweed Snail 

240 
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180 

• 160 
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Elapsed period from treatment (days) 

Figure 7.4: Variation of Ca against of different treatment on leachate of 100 
concentration 

7.2.1.2 Metals Concentration 

The concentrations of metals in terms of Ca, Na, K, Mg, Cu, Zn, Pb and Ni in leachate in 

relation to the increasing to elapsed period after treating phytoremediation ly were 

investigated in this study. The decreasing trend of Ca in leachate of 100 concentration in 

relation to the increasing of elapsed period after treating leachate phytoremediation ly with 

locally available aquitic reactors of topapana, helencha, duckweed and snail provided in 

Figure 7.4. The Ca and Mg are two important ions in the evaluation of buffering capacity of 

leachate during the waste degradation in landfill (Karthikeyan et al., 2004). The Ca 

concentration has a tendency of complex formation with HCO3  and dissolved organic 

compounds and dissolution reactions involving calcite (CaCO3) and may be siderite (FeCO3) 

(Christensen et al. 2001). Thus, the dissolution process is closely linked to the dissolved 

carbonate compounds. Here, it is interesting to note that adopted phytoremediation treatment 

system deduced the values of Ca against the control system (without treatment) at varying 

elapsed period (Figure 7.4). Figure 7.4 reveals that Ca drops from 181-117, 212-147, 189-

125.5 and 198.3-122 mg/L from the elapsed period 7-70 days, for topapana, helencha, 

duckweed and snail, respectively. For aparticular elapsed period say 49 days, Ca reduces at 
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138, 166, 143.7 and 143 mg/L againist the initial quality of leachate for topapana, helencha, 

duckweed and snail, respectively. So, it can be concluded that topapara is more effective to 

remove Ca from leachate. 

[

4 Control - Topapana A Helencha 
--A— 

- Duckweed ' Snail 
1.1 

0.9 

0.6 

0.5 

0 10 20 30 40 50 60 70 80 

Elapsed period from treatment (days) 

Figure 7.5: Variation of Cu against of different treatment on leachate of 100 
concentration 

The variation of heavy metal of Cu in control sysyem and leachate of 100 concentration 

against of elapsed period after treating with topapana, helencha, duckweed and snail provided 

in Figure 7.5. The main processes for the low metal concentrations in leachate are sorption 

and precipitation. Solid wastes contain soils and organic matter, which have a significant 

sorptive capacity, especially at neutral to high pH prevailing in methonegenic leachate 

(Bozkurt et al., 1999). However, the solubility of the metals with sulfides and carbonates is 

low and sulfide precipitation is often cited as an explanation for low concentrations of heavy 

metal in leachate. Sulfides and carbonates are capable of forming precipitates with heavy 

metals of Cd, Ni, Zn, Cu and Pb. In general, sulfide precipitation is expected to dominate 

heavy metal attenuation as compared to complexation agents (Bozkurt et al., 1999). Result 

reveals that Cu drops from 0.94-0.66, 0.96-0.78, 84-0.62 and 0.90-0.65 mg/L from the 

elapsed period 7-70 days, for topapana, helencha, duckweed and snail, respectively. For 

aparticular elapsed period say 21 days, the values of Cu reduces at 0.92, 0.93, 0.77 and 0.87 
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mg/L againist the initial quality of leachate for topapana, helencha, duckweed and snail, 

respectively, it can be concluded that duckweed was more effective to remove Cu in leachate. 

7.2.2 Removal Efficiency of Pollutant in Leachate 

The percentage of removal of different phytoremediation treatment systems based on the 

elapsed period from the treatment was analyzed and hence discussed in the following 

sections. 

7.2.2.1 Inorganic and Organic Compounds 

The removal efficiency of inorganic and organic compounds in terms of pH, Cl-, alkalinity, 

hardness, TDS and COD in leachate in relation to the increasing to elapsed period after 

treating with aquatic reactors were investigated and hence discussed in followings. 

L
-  Topopana 1 He1encha Duckweed 

20 

18 

16 

14 

12 

10 

80 

Elapsed period from the treatment (days) 

Figure 7.6: Percentage reduction of pH in leachate of 100 concentration at varying 
elapsed period 

The removal efficiency of pH ranging from 13-18% for different adopted phytoremediation 

treatment after the elapsed period of 70 days from the treatment for 100 concentration of 

contaminants in leachate illustrates in Figure 7.6. The Figure 7.6 depicts that at 70 days of 

treatment, effective removal were achieved for topapana, helencha, duckweed and snail of 13, 

16, 14 and 1.8%, respectively. Based on the findings it can be concluded that snail shows the 
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highest performance of pH removal, which was obtained as 18 %. I-Iere, it can be noted that 

some of the treatment systems was very effective to remove some particular parameter like 

snail was more effective for the removal of pH in leachate. Experimental result reveals that 

for leachate of 100 concentration, the percent removal of pH ranging from 1-11, 2-11, 2-10, 

2-11, 3-11,4-12, 7-11, 9-14, 10-16 and 13-18 % at the elapsed period 7, 14, 21, 28, 35, 42, 49, 

56, 63 and 70 days for topapana, helencha, duckweed and snail, respectively. Here, it can be 

concluded that removal efficiency of p1-i increases with the increasing of elapsed period from 

the treatment shown in Figure 7.7. Figure 7.7 reveals that snail shows the highest removal of 

pH, while topopana having the lowest removal efficiency until the completion of this study. 

20 

18 

16  

14  

12 

lo 

Topopana Helencha Duckweed Snail 

Biological treatment system 

Figure 7.7: Reduction of pH in leachate of 100 concentration after 70 days from 
treatment 

7.2.2.2 Metals Concentration 

The percent removal of metals in terms of Ca, Na, K, Mg, Cu, Zn, Pb and Ni in leachate in 

relation to the increasing to elapsed period after treating phytoremediation ly was investigated 

in this study. The increasing trend of percent removal of Ca with the increasing of elapsed 

period provided in Figures 7.8. Figure 7.8 reveals that topopana was achieved to remove Ca 

at the highest of 53 % while, helencha having the lowest of 40 % at the elapsed period of 70 

days. In contrary, the removal efficiency for topopana of Ca at varying concentration were 

performed and it reveals that topopana achieved the highest reduction of Ca when the 

concentration of contaminants in leachate is 100, while it was the lowest when concentration 

of contaminants in leachate is 20. 
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Figure 7.8: Percentage reduction of Ca in leachate of 100 concenlration 
after 70 days from treatment 

The percent reduction of Zn in leachate of 50 concentration with topopan, helencha, 

duckweed and snail at the elapsed period of 28 days is provided in Figure 7.9 Figure 7.9 

reveals that duckweed was achieved to remove Zn at the highest of 56 % while, topopana 

having the lowest of 35% at the elapsed period of 28 days. Moreover, the removLl efficiency 

of Zn was ranging from 35.0 to 56.0% for the different adopted phytoremediatioi treatment 

after the elapsed period of 28 days from the treatment for 50 concentration of con aminants in 

leachate 
60 

'p 
0" 

N 
0 

-cz 30 
0 

Topopana Helencha Duckweed Snail 

Biological treatment system 

Figure 7.9: Percentage reduction of Zn in leachate of 50 
concentration after 28 days from treatment 

221111 a g c 



-9—Topopana —t'—Heiencha -*—Duckweed M Snail 1 
50 

45 

40 

- 35 

- 30 
0 

25 
 

E 20

15 

10 

5 

0 
0 10 20 30 40 50 60 70 80 

Elapsed period from the treatment (days) 

Figure 7.10: Percentage reduction of Pb in leachate of 100 
concentration at varying elapsed period 

In contrary, the increasing trend ot removal etticlency ot l'b in leachate ot I UU concentration 

with the in:reasing of elapsed period from the treatment shown in Figure 7.10. Figure 7.10 

reveals thai topopana shows the highest removal of Pb, while helencha having the lowest 

removal efficiency until the completion of this study. The corresponding Figures for removal 

efficiency f parameters explained in this section as well as other parameters were provided 

in the Appendix-D. 

The phytor mediation treatment systems were more effective when the concentration was 

low and nc single treatment system showing commonly the better performance for all the 

pollutant ir. leachate. In addition to meet the standard discharges condition; the lysimeter 

leachate was further sampling from the leachate collection chamber and tested in the 

laboratory shown in Table 7.3. Furthermore, after tested in the laboratory, for removing 

leachate concentration then treated through the chemical process and discussed in following 

articles. 

7.3 Chemkal Coagulation Treatment of Lysimeter Leachate 

Coagulatio: i-flocculation experiments were performed in a conventional Jar-test apparatus 

equipped with six backers using Ferric Chloride (FeCl3), Poly aluminum Chloride (PAC), 

Ferrous Sulphate (FeSO4) and Aluminum Sulphate (Al2(SO4)3). For the jar-test experiment, 

leachate samples were removed from the cold room and were conditioned for about 1 hour 

under ambient temperature. Sample container was thoroughly shaken for re-suspension of 
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settled solids. 500 mL of raw leachate was transferred into the 1-litre beakers with the height 

Iff of 15 cm and internal diameter of 10 cm. Leachate samples were subjected to jar- est after p1-i 

adjustment and pre-selected chemical coagulant addition. The experimenta procedure 

consisted of three subsequent stages; initial rapid mixing stage of 3 min at 110 rpr 1, following 

slow mixing stage of 25 min at 40 rpm and final settling step for 30 mm. 

The pH of leachate was adjusted to the desired levels by addition of the appropri te amounts 

of 6N sodium hydroxide or 6N sulfuric acid. After the settling period, the supc rnatant was 

withdrawn from the beaker and was checked by chemical analysis. The withdraw. 11 of sample 

was accomplished from a point about 2 cm below the liquid level in the beaker by a pipette. 

A study established by Ebeling et al. (2003) stated that the combined of :oagulation-

flocculation studies are carried out in usual jar test equipment. The mixing of coagulant in 

leachate, adjusted of pH to the desired levels, mixing speed of Jar-test appa atus in the 

laboratory were trailed based on the procedure followed by Ebeling et al. (2003). 

Table 7.3: Characteristics of raw leachate from landfill lysimeter 

Characteristics unit Range Mean 
Inorganic and organic compound  

pH 
-- 6.14-8.0 7.31 

- 
Turbidity NTU 55-201 106 

- 
Leachate colour Pt-Co 1450-2340 2190 

- 
Total kjeldahl nitrogen (TKN) mg/L 145-689 402 
Ammonia nitrogen (NH4-N) mg/L 12 1-604.6 389.5 

- 
Chloride mg/L 1150-3580 2395 
Total suspended solid (TSS) mg/L 18-1390 750 

- 
Hardness mg/L 1000-10000 2372 

- 
Alkalinity mg/L 980-10000 2930 

- 
Chemical oxygen demand (COD) mg/L 160-800 510 

- 
Phytoremediation oxygen demand (BOD5) mg/L 122-679 487 

- 
Conductivity mS/cm 3.10-24.70 9.38 

Metal concentrations 
Calcium (Ca) mg/L 153-256 214 

- 
Potassium (K) rng/L 856-1764 1444 

- 
Sodium(Na) mg/L 1012-2212 1489 

- 
Magnesium (Mg) mg/L 127-540 227 

- 
Iron (Fe) mg/L 1.80-82.6 25.0 

Heavy metal concentrations 
Cadmium (Cd) mg/L 0.04-0.105 0.043 

- 
Nickel (Ni) mg/L 0.045-0.09 0.058 

- 
Zinc(Zn) mg/L 0.10-1.27 0.595 

- 
Copper(Cu) mg/L 0.04-0.97 0.213 

- 
Chromium (Cr) mg/L 0.0 1-0.08 0.06 

- 
Manganese (Mn) mg/L 0.80-8.50 4.40 

- 
Lead (Pb) mg/L 0.12-0.476 0.235 

Average of 4 samples taken between 1 July and 30' August2010 

223 1 P a g e 



7.3.1 Chemical Coagulant at Varying Concentration 

Experiment; were conducted using FeC13, PAC, FeSO4  and Al2(SO4)3  at optimum dosage 

for the removal of inorganic compounds of turbidity, colour, COD, TSS, BOD5  and NH4-N 

as well as metal concentrations of Ca, K, Na and Mg and heavy metal of Cu, Zn, Cd, Ni and 

Pb. The rati D of BOD5/COD (0.95) shows a readily biodegradability of the organic content in 

MSW of landfill lysimeter. The TKN is the sum of organic nitrogen (Organic-N) and NH4-N 

(APHA, 19)8). The NH4-N is representative of inorganic matter. It can be noted that FeCl3  

was achievd for optimum reduction of pollutant in leachate at optimum dosage of 3000 

mg/L, whil PAC, FeSO4  and Al2(SO4)3  of 4000, 3000 and 2000 mg/L, respectively. 

7.3.1.1 Tre 'Ement with FeC13  at Different Concentration - 

After treating leachate with FeC13  at varying dosages, the concentration of inorganic 

compounds, metal and heavy metal was recorded and shown in Table 7.4. The concentration 

of of pollut mt in treated leachate by using PAC, FeSO4  and Al2(SO4)3  at different dosages as 

well as at v arying pH vales was recorded in the Appendix-D. However, percentage reduction 

of pollutant in relation to the increasing of FeC13  dosages was studied and presented in Figure 

7.17. Figun 7.17 reveals that increasing trend of reduction in relation to the increasing of 

FeC13  dosages continued approached the optimum dosage after which the reduction rate was 

started to r€ duce gradually. The similar trend was also observed by 1-lamidi Ct al. (2007). 

Figure 7.11 revealed that reduction of TSS was 81% using FeC13  at optimum dosage of 

3000mg/L. However, a study conducted by Jayabala (2005) and observed that FeC13  was able 
to achieve 9 7% removal of TSS when wastewater was treated with 3000mg/L. In this study, 

the reductkn of turbidity was 95%, while for colour COD, BOD5  and NH4-N were found 86, 

41 and 75 %, respectively. The minimum removal of turbidity, BOD5  and NH4-N were 

28 and 56 % at a dosage of 0.50g/mL while for colour 76 % for both the dosages of 0.50 

g/mL and '.50 glmL. Hamidi Ct al. (2007) observed that removal of colour, turbidity and SS 

(at 200 rng L of FeC13) is 66 %, 57% and 72%, respectively. Moreover, maximum reduction 

of Ca, K and Na using FeC13  was 100%, while Mg was reduced by 80% as shown in Figure 

7.17. The reduction of Cu, Zn, Cd, Ni and Pb was also observed (Figure 7.11). Figure 7.11 

reveals thai efficiency of removal enhanced approached optimum dosage after which it rate 

was started to reduce gradually. Results showed that maximum reduction of Cu, Cd, Ni and 

Pb was 10C%, while Zn was reduced by 93 % (Figure 7.11). 
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Table 7.4: Results of concentration dosage for treating leachate using Fe13  

Parameter 

EQA 
A 

EQA 
B 

Ra 

leac hate 

Concentration (mglL) of treated leachate at varyin€ chemical dosage 
(500mL)  

1.5 2 3 4 4.5 
Turbidity  106 52.3 7.58 5.29 6.83 7.82 20.6 21.5 

Colour  2190 520.0 456.0 297.0 355.0 420.0 401.0 520.0 
COD  510 345.0 272.0 255.0 268.0 282.0 310.0 380.0 
BOD5   487 350 312 286 298 301 

- 

313 335 
NH4-N  402 176 126 101 154 163 

- 

165 160 
TSS  750 190.0 170.0 140.0 310.0 410.0 

- 

420.0 
- 

520.0 
Ca  214 103.0 12.0 0.0 10.0 14.0 28.0 35.0 
K  1444 469.0 367.0 0.0 256.0 356.0 

- 

567.0 798.0 
Na  1489 986.0 567.0 0.0 235.0 543.0 

- 

976.0 987.0 
Mg  226.58 165.0 89.0 45.0 56.0 76.0 

- 

98.0 156.0 
Cu 0.2 1.0 0.213 0.128 0.09 0.0 0.07 0.092 

- 

0.112 0.097 
Zn 1.0 1.0 0.595 0,265 0.30 0.04 0.20 0.267 

- 

0.223 0.437 
Cd 0.01 0.02 0.043 0.023 0.0013 0.0 0.012 0.027 

- 

0.029 0.034 
Ni  0.058 0.026 0.03 0.0 0.004 0.027 

- 

0.022 0.044 
Pb 0.01 0.5 0.235 0.126 0.11 0.0 0.12 0.127 1 -  0.122 0.147 

$ Turbidity U Colour A COD U B(D5 
R- NH4-N * TSS I Ca K 
- Na S Mg ICu A Zn 
U Cd U Ni S Pb 

I 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

Ferric chloride dose (g/500inL) 

Figure 7.11: Reduction of inorganic, organic, metal and heavy metal concen :rations in 
leachate using FeCl3  dose 
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7.3.1.2 Trea 'men! with PAC at Djfferent 2oncentration 

The efficiency of PAC for the removing of inorganic and organic compounds, metal and 

heavy metal concentrations in leachate is shown in Figure 7.12. The experimental results 

reveal that r duction of turbidity by PAC at optimum dosage of 4000mg/L was 89 %, while, 

for colour, COD, BOD5, NH4-N and TSS it was found 86, 41, 39, 69 and 79 %, respectively 

(Figure 7.12). Moreover, the reduction of Ca using PAC was 93 %, while, for K, Na, and Mg 

it was 83, 8 1 and 86 %, respectively (Figure 7.12). The efficiency in removing Zn was 85%, 

while for Cii, Cd, Ni and Pb it was 77, 72, 78 and 53 %, respectively (Figure7.12). 
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Figure 7.12: Reduction of inorganic, organic, metal and heavy metal 
concentrations in leachate using PAC dose 

7.3.1.3 Treztment with FeSO4  at Djfferent Concentration 

The efficiency of using PeSO4  at varying dosages in removing of inorganic and organic 

compound as well as metal and heavy metal concentration in leachate is shown in Figure 

7.13. Basel on Figure 7.13, it was found the turbidity reduced by 93 %, while for colour, 

COD, BU115, NH4-N and TSS it was found 87, 32, 38, 67 and 79 %, respectively. In contrast, 
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the efficiency in removing metal concentration of Ca, K, Na and Mg was found 92, 83, 82 

and 83 %, respectively and heavy metals of Cu, Zn, Cd, Ni and Pb was 83, 82, 74, 60 and 94 

%, correspondingly (Figure 7.13). 

t Turbidity • Colour --'-- COD 
--— BOD5 --*--NH4 N TSS 
"Ca K - "Na 

• Mg • Cu A Zn 

I 

0 0.5 1 1.5 2 2.5 3 3.5 4 4 .5 5 

Ferrous sulphate dose (g/500mL) 

Figure 7.13: Reduction of inorganic, organic, metal and heavy metal con entrations 
in leachate using FeSO4  dose 

7.3.1.4 Treatment with Al2(SO43  at Djfferent coizcentration 

The reduction of turbidity using Al2(SO4)3  was 92 %, while for leachate colou:, COD and 

TSS was 88, 40 and 79 %, respectively at optimum dosage of 2000 mg/L as shoun in Figure 

7.14. Figure 7.14 gives a good view on the effect of the increased addition of Al2(SO4)3  at the 

optimum dosage of 2000 mg/L, for the removal of metals concentrations of Ca, K, Na and 

Mg as well as the heavy metals of Cu, Zn, Cd, Ni and Pb in leachate and the cur'e increased 

towards the optimum and then it decreased. The reduction of Ca, K, Na and 1 Mg using 
Al2(SO4)3  was reduced by 94, 85, 84 and 89 %, correspondingly. However, th maximum 

efficiency in removing the Cu using Al2(SO4)3  was 84 %, while for Zn, Cd, Ni and Pb was 

found 83, 77, 57 and 74 %, respectively at optimum dosage of 2000 mg/L (Figure 7.14). 
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Here, it of interested to note that COD was reduced 30-50 % only using the all chemical 

coagulants stated earlier. As seen from results using FeC13, PAC, FeSO4  and Al2(SO4)3  the 

percentage reduction of all the pollutant parameters was increased up to an optimum dosage 

and beyond which decreased slowly. Similar findings are in agreed well with those obtained 

by Tatsi et z 1. (2003). This result is mainly due to the fact that the optimum dosage produced 

floes a go0 I structure and consistency, but in the lower dosage than the optimum dosage 

produced fhcs small and the influence on settling velocity of sludge. In the higher dosage 

than optimum dosage, in addition to small size of floes, restability of floe can be happened 

(Mahmud ci al., 2012). 
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Aluminum sulphate dose (g/500mL) 

Figure '.14: Reduction of inorganic, organic, metal and heavy metal concentrations in 
leachatc using Al2(S 04)3  dose 

7.3.2 Regression Coefficient for Optimum Coagulant Dosage 

To depict the accuracy of mixing amount of coagulation dosages for removing of pollutant in 

leachate m iy be represented by the regression coefficient (R2) (Imran et al., 2011). In this 

study, the iegression coefficient was analyzed to investigate the accuracy and efficiency of 

removing pollutant and hence evident in Figures 7.15-7.16. Figure 7.15 shows the effect of 
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concentration of FeCl3  on the removal of colour and cadmium. The curve increased up to the 

optimum coagulant dosage (OpCD) and then it was decreased. Here, by separati:ig the curve 

into two lines (Figures 7.15 a & b), regression analysis was performed to investigate the 

correlation of concentration of FeC13  on the removal of pollutant. It was showed hat they are 

linearly significant and R2  were ranged between 0.943 to 0.812 and 0.792 to 0.9C 1 for colour 

and Cd, respectively. For example the regression coefficient for removing coloir was R2  = 

0.943 approached the optimum dosage (Figure 7.15a), and R2  = 0.812 after tie optimum 

dosage (Figure 7.15b). However, the curve (Figure 7.15) was then split into two parts for 

analysis of Cd shown in Figures 7.15a & b. The regression coefficient for removing of Cd 

was 0.792 approached the optimum dosage (Figure 7.15a), and after the optirium dosage 

R2=0.901 (Figure 7.15b). 

Figure 7.16 shows the effect of PAC on the removal of turbidity and K and it w is separated 

into two lines (Figures 7.16 a & b) as well as they are linearly significant and R2  here ranged 

between 0.957 to 0.979 and 0.832 to 0.932, for turbidity and K, respectively. For example the 

regression coefficient for removing turbidity and K was R 2 = 0.957 and 0.832 approached the 

optimum dosage (Figure 7.16a), and R2  = 0.979 and 0.932 after the optimum do.age (Figure 

7. 16b), respectively. The regression analysis of the other parameters was provided in the 

Appendix-D. 
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7.4 Effect of pH on the Optimum Coagulant Dosage 

The range of pH was examined from 4 to 9 using FeCl3, PAC, PeSO4  and Al2(SO.)3  is shown 

in Figures 17-20, while the original pH value of raw leachate was 7.31. From Fi;ures 17-20, 

efficiency of coagulation-flocculation was obtained in the pH of 6.5 to 7.5 for all the 

coagulant (approximately near the original pH) and the optimum pH was 7.0. However, in 

order to evaluate the effect of pH on the reduction of inorganic compound, metal and heavy 

metal, experiments were conducted by different chemical coagulants at varying )H of 4 to 9 

and hence discussed in followings. 

Table 7.5: Results of treatment at varying pH with optimum concentration using FeCl3  

Parameters 
EQA 

A 
EQA 

B Untreat d e 
leachate 

Treated of leachate with various p1-I at optimum concentration  of 
FeC13  

pFI4 p1-15 pH6 pH7 pH8 pH9 
Turbidity  106 28.72 21.54 11.42 6.36 8.48 13.6 
Colour  2190 540.0 358.40 306.60 262.80 306.0 350.40 
COD  510 301.0 285.0 264.0 255.0 268.0 295.0 
BOD5   487 357 317 309 295 300 310 
NH4-N  402 178 149 143 134 137 141 
TSS  750 200.0 180.0 165.0 157.50 172.50 187.50 
Ca  214.10 34.0 28.0 12.0 9.0 12.0 14.0 
K  1444.20 364.0 256.0 245.0 201.0 236.0 268.0 

Na  1488.70 317.0 259.0 227.0 201.0 256.0 236.0 
Mg  226.58 83.0 48.0 44.0 32.0 90.0 96.0 
Cu 0.2 1.0 0.213 0.40 0.40 0.40 0.30 0.50 1 0.50 
Zn 1.0 1.0 0.595 0.160 0.115 0.105 0.100 0.120 1 0.127 
Cd 0.01 0.02 0.040 0.021 0.012 0.011 0.0 0.002 [ 0.015 
Ni  0.060 0.031 0.022 0.011 0.0 0.012 0.015 
Pb 0.01 0.5 1 0.24 0.120 0.100 0.021 1 0.0 0.022 0.017 

7.4.1 Effect of pH on Coagulation with FeCl3  and PAC 

The effect of pH on the reduction of inorganic compound as well as metal and 1eavy metal, 

maintaining the concentration of FeCl3  at optimum coagulant dosage of 3' )00mg/L is 

presented in Table 7.5 and also in Figure 7.17. The Figure 7.17 reveals tha: maximum 

removal of pollutant using FeC13  at optimum dosage of 3000mg/L at pH 7, whil, minimum 

removal was found for most of the pollutants at pH 4. At pH 7, FeC13  was effective in 

removing turbidity, colour, COD, BOD5, NH4-N and TSS by 94, 88, 39, 67, 5D and 79%, 

respectively, while, minimum reduction of 73% for turbidity, 75% for colour, 41% for COD 

and 73% for TSS at pH 4. In contrast, Figure 7.17 reveals that the maximum reduction of Ca, 

k 
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K, Na and Mg was found 96, 86, 86 and 86 % as well as Cd, Ni and Pb was 100 % except for 

Cu and Zn, it was 81 and 83 %, respectively. Moreover, the minimum reduction was found 

81, 73, 51, 47, 49 % for Cu, Zn, Cd, Ni and Pb at p1-1 4. According to Jayabala (2005) 

treatment of leachate to remove As and Cd with FeCl3  at optimum concentration (40mg/L) 

achieved 99 8 % reduction of As and 94 % of Cd at pH 6. 
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Figure 7 17: Reduction of inorganic, organic, metal and heavy metal concentrations at 
varying pH using FeC13  at optimum coagulation dosage 

In contrar), the reduction of inorganic compounds as well as metal and heavy metal 

concentrati)n in leachate using PAC at Optimum dosage of 4000 mg/L is shown in Figure 

7.18. Here, it is interesting to note that the removal efficiency was increased in relation to the 

increasing of p1-I up to the optimum pH at 7, and then it was decreased. Based on Figure 7.18, 

it can be c )ncluded that maximum removal efficiency of turbidity with of 91%, while, the 

minimum N ias found for COD with 45 %. Based on Figure 7.18, it can be seen that maximum 

reduction c f metal occurred for Ca of 94 %, while minimum was found for Na of 84 %. 

Moreover, he reduction for PAC at pH 7 for Cu, Zn, Cd, Ni and Pb was 85, 82, 93, 86 and 96 

%, respectively. The minimum reduction of heavy metals occurred at pH 4 and it was 75 % 

for Cu, 55 I/o  for Zn, 72 % for Cd, 53 % for Ni and 53 % for Pb. 
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Figure 7.18: Reduction of inorganic, organic, metal and heavy metal concern rations at 
varying pH using PAC at optimum coagulation dosage 
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Figure 7.19: Reduction of inorganic, organic, metal and heavy metal concentrations 
at varying pH using PeSO4  at optimum coagulation dosage 
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7.4.2 Effect of pH on Coagulation with FeSO4  and Al2(SO4)3  

The maximum reduction was occurred using FeSO4  at optimum pH 7 for colour was 95 % 

while minin.um  was found for COD of 37 % (Figure 7.19). However, for Ca, K, Na and Mg 

was reduced by 95, 88, 88 and 95 %, correspondingly, as well as 82, 82, 93, 84 and 95 % was 

found for C, Zn, Cd, Ni and Pb, respectively (Figure 7.19). The reduction of pollutants in 

leachate usi ig the optimum dosage of 2000 mg/L, for Al2(SO4)3  is evident in Figure 7.20. 

Here, it is ir.teresting to note that the removal efficiency was increased with in relation to the 

increasing c f pH vales up to the optimum values of pH 7, and then it was decreased. The 

similar tren(l was observed by Steensen (1997) using Al2(SO4)3  at pH 7. Here, it can be noted 

that minimum was found for COD with 39 % for alum at pH 7 (Figure 7.20) while, maximum 

was found cf calcium with the values of 94 % (Figure 7.20). 
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figure 7.20: Reduction of inorganic, organic, metal and heavy metal 
concentrations at varying pH using Al2(SO4)3  at optimum coagulation dosage 

7.5 Results of Leachate Treatment through Optimum Coagulation Dosage 

The optimum results were achieved using different coagulants of FeCl3, PAC, FeSO4  and 

Al2(SO4)3  it optimum dosage of 3000, 4000, 3000 and 2000 mg/L, respectively, at optimum 
1' 

pH 7 and mixing speed 110 rpm for the removal of pollutants in leachate are evident in Table 
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7.6 and also in Figure 7.21. At optimum dosage with varying pH, four chemica t coagulants 

show varying percentage reduction in concentration of parameters. FeCl3  was able to achieve 

complete removal of Ca, K, Na, Cu, Cd, Ni and Pb at optimum dosage , while at optimum pH 

it was able to achieve complete removal of Cd, Ni and Pb. Results showed tF at optimum 

reduction of turbidity was found 95, 89 and 93 %; 93, 85 and 82 % for the reduction of Zn, 

for FeCl3, PAC and FeSO4  at optimum dosage , respectively. The removal efficiei icy for most 

of the pollutants, FeCI3  was more effective than the other coagulants at optimum pH 7. 

Table 7.6: Comparative reduction of pollutant using coagulant at optimum condition 

Remova1efficy()_ 
- - 

bl) (ID 
. 

C') 

ci) I-. 

-- 

(1) 

0 
o 00 Z co 0 ( - CIS I— (ID 0 

FeC13 3000rng/L 95 86 50 81 41 75 100 100 100 80 100 93 100 mo W0 
pH7 94 88 50 79 39 67 96 86 86 86 81 83 100 100 100 

PAC 4000mg/L 89 86 41 79 39 69 93 83 82 86 77 85 72 78 53 
pH 7 91 88 45 80 38 64 94 84 84 91 85 82 86 96 

FeSO4 3000mg/L 93 87 32 79 38 67 92 83 82 83 83 82 "4 60 96 
pH 7 92 95 37 79 36 62 95 88 88 95 82 82 3 84 95 

Al2(SO4)3  2000mg/L 92 88 40 79 37 66 94 85 84 89 84 83 "7 57 74 
89 41 81 35 63 95 85 85 92 86 85 c)3 86 94 

•Turbidity w Color •COD •TSS BOOS IN NH4-N N Ca m K mNa •Mg is Cu Zn m Cd Ni Pb 

I 

"1 

FcCI3 Pi\C FcSO4 i\I2( 04)3 

Chemical coagulants 

Hgure 7.21: Results of leachate treatment with various coagulants at optimum 
coagulation dosage 
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Results indicate that leachate treatment with FeCl3  at optimum dosage of 3000 mg/L at pH 7 

with mixing. speed 110 rpm was able to reduce Cd, Ni and Pb by 100%, to 0 mg/L which is 

below the Environmental Quality requirements (Sewage and Industrial Effluent) as well as 

the maximum discharging standard for landfill leachate from selected countries (USA, 

Germany, hong Kong and Malaysia) (Figure 7.22a). Moreover, treatment with FeC13  at 

optimum dosage of 3000 mg/L at pH 7 with mixing speed 110 rpm was only able to reduce 

COD by 50 %, to 255mgIL, which is still above Environmental Quality requirements 

(Sewage and Industrial Effluent), Bangladesh standards for discharging treated leachate into 

Inland surface water and maximum discharging standard for landfill leachate from selected 

countries (I JSA, Germany, France, Hong Kong, South Korea and Malaysia) (Figure 7.22b). 
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Figure 7.22a: Compared the efficiency of FeC13  removal 
of Cd, Ni and Pb with standard tools 
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In contrast, PAC at 4000 mg/L, pH7 and mixing speed 110 rpm has an ability to remove the 

Zn (Figure 7.23a) by 82 %, to 0.11 mg/L, Ni (Figure 7.23b) by 86, to 0.008 m/L which is 

below the environmental quality requirements as well as maximum discharging standard for 

leachate from selected countries (USA, Germany, Hong Kong and Malaysia). TF e finding of 

this study using FeCl3  and PAC for the removal of heavy metals is quite similar to the finding 

observed by Jayabala (2005) and stated that FeCl3  at 40 mg/L and pH 6 was able 10 reduce As 

and Cd to 0.0015 mg/L which is below the EQA requirements, moreover, using PAC at 4 

mg/L was able to reduce As to 0.409 mg/L at pH 8, which was still above EQA requirements. 
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Experimental results showed that FeCl3  was the effective chemical compared to PAC, FeSO4  

and Al2(SO because this chemical was able to give more reduction. Result reveals that 

maximum rduction using FeCl3  at optimum dosage of 3000 mg/L of Ca, K, Na, Cu, Cd, Ni 

and Pb was 100 %, while for Mg and Zn was 80 and 93 %, correspondingly. The reduction 

using PAC it optimum dosage of 4000 mg/L for Ca, K, Na, Mg, Zn, Cu, Cd, Ni and Pb was 

93, 83, 82, :6, 85, 77, 72, 78 and 53 %, respectively. Moreover, using the PeSO4  at optimum 

dosage of 3000 mg/L, the efficiency for removing of turbidity was 93 %, while for colour, 

COD and T SS it was found 87, 32 and 79 %, respectively, as well as the metal concentrations 

of Ca, K, Na and Mg was found 92, 83, 82 and 83 % and heavy metal of Cu, Zn, Cd, Ni and 

Pb was 83, 82, 74, 60 and 94 %, correspondingly. In contrary, the reduction using Al2(SO4)3  

at optimum dosage of 2000 mg/L for Ca, K, Na, Mg, Zn, Cu, Cd, Ni and Pb was 94, 85, 84, 

89, 84, 83, 77, 57 and 74 %, respectively. Experimental results showed that FeCl3  was the 

effective c1 emical compared to PAC, PeSO4  and Al2(SO4)3  because it was able to give more 

reduction o pollutant. 

Here it can be noted that to reduce the pollutant potential in lysimeter leachate by using FeCl3  

at optimum condition, the leachate samples collected from four distinct operational 

conditions such as detection (A1), collection (A2) system of open dump lysimeter-A, 

collection ;ystem of sanitary lysimeter-B and C were tested in the laboratory and the 

concentrati rn of treated leachate shown in Table 7.7. 

IT 
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Table 7.7: Comparison of treated lysimeter leachate concentration, maximum discharge 

standard for landfill and regulatory standards for standards set by DoE on I CR, 97 for 

Effluent (Wastewater) as well as industrial wastewater as specified in the Environmental 

Quality (Sewage and Industrial Effluents) Regulation, 1979; EQA, 1974) 

Standard set by DoE Concentration o 'treated leachate 
(Bangladesh)W q of lys meter  

E 

01) 

° 
0o0 
'-1) I- cod 01 i - Q 00 - 

U 
- 

o < 

Cr 0.5 1 1 2.0 0.5 0.1 0.2 1.0 1 0.045 0.04 0.08 0.07 
Pb 0.1 1 0.1 0.1 0.5 0.1 0.01 0.5 1 0 0 0 0 

COD 200 400 400 250 200 200 50 100 55 85 60 57 
Hg 0.01 0.01 0.01 0.01 0.01 0,02 0.005 0.05  

BOD5  50 250 100 30 20 800 20 50 85 102 88 80 
As 1 0.2 0.05 0.2 0.2  0.05 0.1 0.01 0.04 0.03 0.02 
CN 0.1 2 0.2 0.2  0.05 0.1  

Phenol 1 5 1 1.0  0.001 1.0  

Zinc 5 10 10 5.0 2.0 0.6 1.0 1.0 1.13 0.92 0.55 0.576 

pI1 6-9 6-9 6-9 55-9,0 5.5- 
6.0-9.0 

5.5- 
6.1 6.27 6.45 6.21 8.5 9.0 

TKN 100 100 100 100 70 100  95 180 112 51 
Ni 1 2 1 3.0 1.0 0.6 0.2 1.0 0 0 0 0 

NH.1-N 1 50 75 75 50 30 5.0 
_________ ______ ______ 

 

TCB  27 45 25 33 
TDS 2100 2100 2100 2100 600 500  980 1100 1002 780 
Cu 0.5 3 3 3.0 1 0.5 1 1.0 1 0.2 1.0 0.04 0.04 0.04 0.04 
Cr 600 600 600 1000 800 850 1.0 2.0 540 900 1 602 511 
Fe 2 2 2  5.1 3.2 1 3.3 2.1 

1'ruuus ujj pwnaaras oet vy vot on I.LK, Ylfor J..JJtuent (Wastewaler, nIandsu, face 
water); 2Kumar and Alappat 2003a; 3Meier et al., 2002 and 4Environmenial Protection Depc rinent (EPD) 
(Maximum discharge standard for landfill leachatefron selected countries) and 
5Siandard A: Upstream of water supply intake and 5Standard B: Downstream of water supply intake 
(Regulatory Standards for industrial wastewaler as specfIed in the Environmental Quality (Sewage and 
Industrial Effluents,) Regulation, 1979; EQA, 1974) 
All units are in mg/L, except pH and TCB. 

7.6 Comparison of LPI of Treated Leachate with Maximum Discharge Stand irds 

The accepted limit for the disposal of leachate into water bodies and their corresonding LPI 

as per the standards set by DoE (Bangladesh) on ECR, 97 for Effluent (Wastewater) reported 

by (Jannatul, 2013), the management and handling rules (The Gazette of Government of 

India 2000), in Germany reported by Meier et al. (2002) as well as in Hong Kong stated by 

Environmental Protection Department, EPD (2005) provided in Table 7.8. Result reveals that 

concentration of all the parameters of leachate in lysimeter-A, B and C, exceed the 

permissible limits of treated leachate. Here, it can be concluded that comparison of leachate 

characteristics with the standards set for the disposal of treated leachate verifies :he fact that 
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leachate generated from lysimeter is highly contaminated and will have to be treated before 

discharging into the natural streams. To these attempts, for reducing pollutant potential in 

lysimeter le ichate by using FeCl3  at optimum condition, the leachate samples collected from 

four distinc: operational conditions such as detection (Al), collection (A2) system of open 

dump lysin ieter-A, collection system of sanitary lysimeter-B and C were tested in the 

laboratory 2nd the concentration of treated leachate shown in Table 7.8. Then the LPI of the 

treated lysi;neter leachate as well as all the maximum discharge standards were evaluated 

provided in the Table D. 17 in the Appendix-D. Here, it is interesting to note that the derived 

LPI of treated leachate of landfill lysimeter was found within the limit of maximum leachate 

discharge s andards (Figure 7.24). Finally, it can be concluded that generated leachate from 

lysimeter at KUET campus may be discharge without further treatment into the natural 

streams. 
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Table 7.8: Treated leachate concentration of landfill lysimeter and maximum leachate discharge standards 

Serial Leachate  Leachate disposal standards, c1   Treated leachate concentration of landfill lysimeter 
No. pollutant Bangladesh India Germany Hong Kong A1  A2  B C 
1 Chromium 0.5 2 0.5 0.1 0.045 0.04 0.08 0.07 
2 Lead 0.1 0.1 0.5 0.1 0 0 0 0 
3 COD 200 250 200 200 55 85 60 57 
4 Mercury 0.01 0.01 0.01 0.02 No standard No standard No standard No standard 
5 BOD5  50 30 20 800 85 102 88 80 
6 Arsenic 0.2 0.2 No standard No standard 0.01 0.04 0.03 0.02 
7 Cyanide 0.1 0.2 No standard No standard No standard No standard No standard No standard 
8 Phenol 1 1 No standard No standard No standard No standard No standard No standard 
9 Zinc 5 5 2 0.6 1.126 0.92 0.55 0.576 
10 pH 6-9 5.5-9.0 5.5-8.5 5-7.5 6.1 6.27 6.45 6.21 
11 TKN 100 100 70 100 95 180 112 51 
12 Nickel 1 3 1 0.6 0 0 0 0 
13 TCB No standard No standard No standard No standard No standard No standard No standard No standard 
14 NH4-N 50 50 30 5 27 45 25 33 
15 TDS 2100 2100 600 500 980 1100 1002 780 
16 Copper 0.5 3 0.5 1 0.04 0.04 0.04 0.04 
17 Chlorides 600 1000 800 850 540 900 602 511 
18 Total Iron 2 No standard No standard No standard 5.1 3.2 3.3 2.1 
Corresponding LPJ 5.77 7.38 5.80 7.38 5.32 5.69 5.32 5.24 

All units are in mg/L, except p11 
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7.7 Summary of the Findings 

The phytoremediation treatment systems using aquatic reactors were more effective when the 

concentration was low and no single treatment system showing commonly the better 

performance for all the pollutant in leachate. Moreover, through the phytoremediation 

treatment process the removal efficiency was not satisfactory with respect to the permisible 

limit of leachate discharge standards. In addition to meet the standard discharges condition 

then the leachate was treated through the chemical coagulation process by using FeCl3, PAC, 

FeSO4  and Al2(SO4)3  in various dosages and pH. Result revealed that FeCl3  more effective for 

removing pollutant. In the laboratory, leachate was further treated by using FeCl3  at optimum 

dosage and the concentration and consequently the values of LPI of treated leachate were 

found within the limit of maximum discharge standards. It can be concluded that leachate 

generated from lysimeter may be discharge after required level of chemical treatment into the 

natural streams to maintain the limit of maximum discharge standards.. 

'V 

I 
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Chapter Eight 

Conclusions and Recommendations 

8.1 Conclusions 

Based on the observed results, the following conclusions have been drawn: 

The rapid leachate production in an open dump lysimeter-A than that of the other 

two sanitary lysimeter-B and C indicated the importance of the barrier layer of CCL 

and the cover materials selection in landfill design. 

The field level landfill simulation with various top cover designs and operational 

condition of lysimeter greatly influences the leachate quality. 

The sanitary lysimeter-B with an extra CCL showed the lowest settlement than that 

of sanitary lysimeter-C and indjcated the importance of the compaction density as 

well as the cap and base liners in solid waste landfill. 

During rainy season, COD load in leachate increased rapidly in relation to the 

increasing of elapsed period of MSW deposition for the collection system of 

lysimeter-A, B and C, while, during dry season, it was stable because of the 

decrease of leachate production. 

Both the composition in terms of CH4, CO2  and 02 as well as the flow rate of LFG 

generated from MSW in landfill lysimeter varied significantly in relation to the 

variation of lysimeter operational condition. 

Sanitary lysimeter-C showed higher composition of LFG in compare to the lysimeter-

B due to the providing of lower compaction of cap liner in sanitary lysimeter-C. 

In absence of CCL and hence percolation of rainwater facilitated rapid degradation of 

MSW in open dump lysimeter-A and resulted in the higher settlement than that of 

sanitary lysimeter-B and C. 

In case of sanitary lysimeter-B and C, the leachate generation lower than that of open 

dump lysimeter-A due to the providing of cap liner in sanitary lysimeter-B and C, 

played an important role to reduce the percolation of rainwater. 

Chloride increased, while pH, TS, EC and COD concentration decreased in leachate 

regarding to entire lysimeter operational system during the rainy season. The COD 

was initially high concentration, but rapidly decreased with the rainfall events. 
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The open dump lysimeter-A had lower TKN, NH4-N and TKN load, while both the 

COD concentration and load was higher compared with sanitary lysimeter-B and C. 

Sanitary lysimeter-B, not only had the lowest leachate generation, but also produced 

reasonable low COD concentration and load compared with open dump lysimeter-A. 

Metal concentrations of Ca and K as well as heavy metal concentrations of Cd, Cu, 

Zn and Mn was comparatively higher, while, metal concentrations of Mg and Fe as 

well as heavy metals of Cr, Pb and Ni lower in leachate of open dump lysimeter. 

The knowledge of leachate quality will be useful in planning and providing remedial 

measures of proper liner system in sanitary landfill design and leachate treatment. 

Result showed that the component of organic fraction in leachate for entire lysimeter 

operating system higher against the other counter fraction i.e. inorganic and heavy 

metal fraction and consequently showed the higher LPI,, than that of LPI1, and LPJh 1. 

Result reveals that among four lysimeter operating system, collection system of open 

dump lysimeter-A had the highest sub-LPIs and overall LPI, while, detection system 

of open dump lysimeter-A lowest. 

LPI can be used as a tool to assess the leachate pollution potential from landfill 

lysimeter particularly at places where there is a high risk of leachate migration and 

pollution of groundwater. 

The possible errors involved in calculating LPI due to the nonavailability of data were 

analyzed. Result revealed that errors in the estimating of LPI may be high if the data 

for the pollutants having significantly high or low concentration are not available. 

The comparison of the leachate characteristics with the standards set for the disposal 

of treated leachate verified the fact that the leachate generated from lysimeter was 

highly contaminated and the LPI exceed the LPI value of treated leachate and proper 

treatment will have to be ensured before discharging the lysimeter leachate. 

The phytoremediation treatment systems were more effective when the concentration 

was low and no single treatment system showing commonly the better performance 

for all the pollutant in leachate. 

Results showed that maximum reduction using FeCI3  at OpCD of 3000mg/mL of Ca, 

K, Na, Cu, Cd, Ni and Pb was 100%, while for Mg and Zn was 80 and 93%, 

correspondingly. 

The reduction using PAC at OpCD of 4000mg/L for Ca, K, Na, Mg, Zn, Cu, Cd, Ni 

and Pb was 93, 83, 82, 86, 85, 77, 72, 78 and 53%, respectively. 
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Moreover, using the PeSO4  at OpCD of 3000rng/L, the efficiency for removing of 

turbidity was 93%, while for colour, COD and TSS it was found 87, 32 and 79%, 

respectively, as well as the metal concentrations of Ca, K, Na and Mg was found 92, 

83, 82 and 83% and heavy metal of Cu, Zn, Cd, Ni and Pb in leachate was 83, 82, 74, 

60 and 94%, correspondingly. 

In contrary, the reduction using Al2(SO4)3  at OpCD of 2000mg/L for Ca, K, Na, Mg, 

Zn, Cu, Cd, Ni and Pb was 94, 85, 84, 89, 84, 83, 77, 57 and 74 %, respectively. 

Experimental results showed that FeCl3  was the effective chemical compared to PAC, 

FeSO4  and Al2(SO4)3  because this chemical was able to give more reduction of 

pollutant in leachate. 

Using FeCl3  at optimum dosage, the concentration of contaminants in leachate and 

consequently the vales of LPI of treated leachate of landfill lysimeter was found 

within the limit of maximum leachate discharge standards. Finally, it can be 

concluded that leachate generated from lysimeter may be discharge after required 

level of chemical treatment into the natural streams to maintain the limit of maximum 

discharge standards. 

8.2 Recommendations 

Based on the result of landfill lysimeter studies the following recommendations could be further 

implied for future studies. 

Experimental study on leachate storage during rainy season and recirculation during 

dry season for the evaluation of better leachate management technique and 

biodegradation of MSW. 

Study on pretreatment, natural/passive aeration and leachate circulation combination 

under the tropical influence for improved degradation and sustainable landfilling. 

Determination of long term effect of methane oxidation in top covers soil and changes 

in its properties. 

Effective methane oxidation properties in combination with leachate recirculation 

system. Leachate recirculation would provide enough moisture and nutrients for the 

microorganisms and thus increase the biodegradation of MSW. 

•1 

245 1 P a g e 



kM 

-VI 



References 

Abanades, S., Flarnant, G. and Gauthier, D. (2001). Modeling of heavy metal vaporization from 

a mineral matrix, J. of Hazardous Materials , 88 (1): 75-94. 

Abbas, A. A., Jingsong, G., Ping, L. Z., Ya, P. Y., and Al- Rekabi, W. S. (2009). Review on 

Landfill Leachate Treatments. Journal of Applied Sciences Research, vol. 5, no. 5, pp.  534- 

545. 

Afshin, et al. (2009). Composting Plant Leachate Treatment by Coagulation-Flocculation 

Process, American-Eurasian J. Agric. and Env. Sci., 5 (5): 638-643. 

Agamuthu, P. (2001). Principle and Management with Malaysian Case Studies. University of 

Malaya Press. Kuala Lumpur press. pp  395. 

Aim, D. H., Yun-Chul, C. and Won-Seok, C. (2002). Use of Coagulation and Zeolite to Enhance 

the Phytoremediation treatment Efficiency of High Ammonia Leachate, J. of 

Environmental Science and Health. A: Toxic/Hazardous Substances & Environmental 

Engineering 37(2): 163-173. 

Akyurek, M. (1995). Trends in Landfill Leachate Characteristics, Presented at the 18' 

International Madison Waste Conference, Department of Engineering Professional 

Development, Madison. 

Alam, R., Chowdhury, M.A.I., Hasan, G.M.J., Karanjit, B. and Shrestha, L.R. (2008). 

Generation, storage, collection and transportation of municipal solid waste - A case study 

in the city of Kathmandu, capital of Nepal, J. of Waste Management , 28 (6): 1088-1097. 

Aiamgir, M., Ahsan, A., McDonald, C.P. and Upreti, B.N. and Rafizul, I. M. (2005). Present 

Status of Municipal Solid Wastes Management in Bangladesh. Waste-The Social Context, 

Edmonton, Alberta, Canada, 2005, pp. 16:1-10. 

Alamgir, M., Mohiuddin, K. M., Ahsan, A. and Roehi, K. E. (2006). Characterizaion of 

Leachate from MSW Disposal Sites in Bangladesh. Proc. of the ORBIT 2006, International 

Conference: Biological Waste Management from Local to Global, 13-15 September, 2006, 

Weirner, Germany, Vol. 3, pp.1025-1029. 

Alkalay, U., Guerrero, L., Lema, J.M., Mendez, R. and Chamy, R. (1998). Review: 

Anaerobic Treatment of Municipal Sanitary Landfill Leachates: the problem of refractory 

and toxic components, Worldi of Microbiology and Biotechnology, Vol.14, pp.309-320. 

1 

246 1 P a g e 



AL-Meshan, M.A. and Farahat, M. (2002). Management of municipal solid waste in the state 

of Kuwait, International Conference on the Management of Hazardous and Non-

Hazardous Waste, Muscat, Sultanate of Oman 16-18 December, 2002. 

Altinbas, M., Yangin, C. and Ozturk I. (2002). Struvite precipitation from anaerobically 

treated municipal and landfill wastewaters, Water Sci. Technol. 46 (9): 271-278. 

Aluko, 0.0., Sridhar, M.K.C. and Oluwande, P.A. (2003). Characterization of Leachates 

from a MSW Landfill Site in Ibadan, Nigeria, J. Environ. Health Res.,Vol.2(1), pp32-

37. 

Al-Yaqout, F. A. and Hamoda, M. F., (2003). Evaluation of landfill leachate in arid climate - 

A case study', Environ. mt. 29 (5): 593-600. 

Ammonia, Water Research, Vol. 32, pp.5-12. 

Amokrane, A., Comel, C. and Vernon, J. (1997). Landfill Leachates Pre-treatment by 

Coagulation-Flocculation, Water Research, 31(11) :2775-2782. 

Andreottola, G., Canavas, P., Cossu, R. (1990). Overview on Landfill Leachate Quality, CISA, 

Environmental Sanitary Engineering Centre, 1990, Technical note no 3. 

APHA (1998). Standard Methods for Examination of Water and Wastewater, 19th  edition, 

Prepared and published Jointly by American Public Health Association (APHA), 

American Water Works Association (AWWA) and Water Environment Federation 

Publication (WEFP), Washington DC. 

Armstrong, M. D. and Rowe, R.K. (1999). Effects of landfill Operations on the Quality of 

Municipal Solid Waste. Proceedings Sardinia 99, Seventh International Waste 

Management and Landfill Symposium, 4-9 October, Vol.11, pp.81-88, Margherita Di 

Pula, Cagliari, Italy. 

Ashford, S.A., Visvanathan, C., Husain, N. and Chamsurin, C., (2000). Design and 

Construction of Engineered Solid Waste Landfill in Thailand. Waste Manag. & 

Research, 18: 462-470. 

ASTM D420- D4914, (2004). Annual Book of Standards, Soil and rock (1). Volumes 04.08 

and 04.09, section 4. 

Austrian Standard S 2023. Analytical Methods and Quality Control for Waste Compost, 

Composting technical standards committee 199 and also standard groups S 3 and US 2. 

Ayoub, G.M., Semerjian, L., Acra A., El-Fadel, M. and Koopman, B., (2001). Heavy metal 

removal by coagulation with seawater liquid bittern, J. Environ. Eng. 127 (3):196-202. 

247 1 P a g e 



Aziz, H. A., Alias, S., Adlan, M. N., Faridah Asaari, A. H., and Zahari, M. S., (2007). Colour 

removal from landfill leachate coagulation and flocculation processes Bioresource 

Technology, 98: 218 —220. 

Aziz, I-l.A., Yusoff, M.S., Adlan, M.N., Adnan, N.J-I., and Alias, S. (2004). Physico-chemical 

removal of iron from semi - aerobic landfill leachate by limestone filter, Solid waste 

management, volume 24 (4):3 53-358. 

Barlaz, M.A., Ham, R.K. and Schaefer, D. M. (1989). Mass balance analysis of decomposed 

refuse in laboratory scale lysimeter, Journal of Environmental Engineering, ASCE 115: 

1088-1102. 

Bashir, M.J. K. Aziz, H.A. Yuso., M. S. and Adlan, M.N. (2010). Application of response 

surfacemethodology (RSM) for optimization of ammoniacal nitrogen removal from semi- 

aerobic landfill leachate using ion exchange resin. Desalination, vol.254, no. 1-3, pp. 

154-16 1. 

Baun, A., Ledin, A., Reitzel, L.A., Bjerg, P.L. and Christensen, T.H., (2004). Xenobiotic 

organic compounds in leachates from ten Danish MSW landfills 
- chemical analysis and 

toxicity tests, J. ofWaterRes. 38(18): 3845-3858. 

Baun, A., Reitzel, L.A, Ledin, A., Christensen, T.H. and. Bjerg, P.L, (2003). Natural 

attenuation of xenobiotic organic compounds in a landfill leachate plume (Vejen, 

Denmark), J. Contam. Hydrol. 65 (3-4): 269-291. 

Baun, D. L. and Christensen, T. H. (2004). Speciation of Heavy Metals in Landfill Leachate. 

A review, Waste Management and Research, vol. 22, no. 1, pp.  3-23. 

Bilgili, M. S., Demir, A., Ince, M. and Ozkaya, B. (2007). Metal Concentrations to Simulated 

Aerobic and Anaerobic Pilot Scale Landfill Reactors, Journal of Hazardous Materials 

145 (2007), ScienceDirect, ELSEVIER, 186-194. 

Bilgili, M.S. Demir, A. and zkaya, B. 0. (2007). Influence of Leachate Recirculation on 

Aerobic and Anaerobic Decomposition of Solid Wastes, .J. Hazard. Mater. 143, 177-

183. 

Blakey, N.C., Cossu, R., Mans, P.J. and Mosey, F.E. (1992). Anaerobic Lagoons and UASB 

Reactors: Laboratory Experiments. Landfill of Waste: Leachate. Ed. Christensen, 

Cossu, and Stegmann. Elsevier Science Publishers Ltd. England: ISBN:1-85-166733-4: 

245-263. 

Blight, G.E. (1996). Report: Standard for Landfills in Developing Countries. Waste 

Management & Research, 14: 399-4 14. 

248 1 P a g e 



Bodelius, L. and Rydberg, A., (2000). MSW Management in China. Journal of Waste 

Management, Spril, 27-2 8. 

Bohdziewicz, J. and Kwarciak, A. (2008). The Application of Hybrid System UASB 

Reactor-RO in Landfill Leachate Treatment. Desalination, vol. 222, no. 1-3, pp. 128-

134. 

Bohdziewicz, J., Bodzek, M., and Gorska, J. (2001). Application of pressure-driven 

membrane techniques to phytoremediation treatment of landfill leachate. J.Process 

Biochemistry 36(7):641-646. 

Bowman, M. S., Clune, T. S., and Sutton, B. G. (2002). Sustainable management of landfill 

leachate by irrigation. Water, Air, and Soil Pollution, vol. 134, no. 1-4, pp.  81-96. 

Bozkurt, S., Moreno, L. and Neretnieks, I. (1999). Long Term Fate of Organics in Waste 

Deposits and its Effect on Metal Release, Sci. Total Environ. 228 (2) 135-152. IV 
Brady, N.C. and Weil, R.R.(1999). The nature and property of soils, 12th  ed., Prentice-hall, 

London. 

Bulent, I., Azni, I., Atsushi, T. and Shin-ichi, S. (2004). Development of a database of 

landfills and dump sites in Asian countries, J. of Material Cycles and Waste 

Management in Asia, 6 (2): 97-103. 

Burdekin, 0. (2003). An investigation into the continuous monitoring of landfill gas and the 

commercial viability of the Intelysis landfill gas monitor, Manchester University. 

Burnley, S. J., (2007). A review of municipal solid waste composition in the United 

Kingdom, J. of Waste Management 27 (10): 1274-1285. 

Burton, S.A.Q. and Watson Craik, I. A. (1998). Ammonia and Nitrogen fluxes in landfill sites: 

applicability to sustainable landfilling, Waste Manag. and Research, Vol. 16, pp.  41-53. 

Calli, B., Mertoglu, B., Inanc, B., and Yenigun, 0. (2005). Effects of high free ammonia 

concentrations on the performance of anaerobic bioreactors", Process Biochemistry, Vol. 

40, pp. 1285-1292. 

Cara, J. S. and Cossu, R. (1974). Chemical Treatments of Leachates from Sanitary 

Landfihling, Academic press Ltd. London, UK. 

Chan, G.Y.S, Chu L.M. and. Wong M.H, (2002). Effects of leachate recirculation on biogas 

production from landfill co-disposal of municipal solid waste, sewage sludge and marine 

sediment, Environ. Pollution 118 (3): 393-399. 

Chan, S. P. (1993). Estimation of Solid waste Generation Rates and Composition In Kuala 

Lumpur, Malaysia. Masters Thesis, AlL, Thailand. No. EV-93-33. 

249 1 P a g e 



Chen, K.Y. and Bowerman, F.R. (1974). Mechanisms of Leachate Formation in Sanitary 

Landfills, in Recycling and Disposal of Solid Wastes: Industrial, Agricultural, Domestic, 

T.F. Yen, Ed.; Ann Arbor Science Pub., Ann Arbor 1974. 

Chian, E.S.K. and DeWalle, F.B. (1976). Sanitary Landfill Leachates and Their Treatment, J. 

Environ. Engg. Div. ASCE, Vol.102, pp.4  11-431. 

Chiang, L., Chang, J. and Chung, C. (2001). Electrochemical oxidation combined with 

physical-chemical pretreatment processes for the treatment of refractory landfill leachate. 

Environmental Engineering Science 18(6): 369-378. 

Chiemchaisri, C. and Srisukphun, T. (2003). Performance of Soil and Compost Mixture in 

Leachate Purification at Intermediate Cover Layer of Tropical Landfill, IWA Conf on 

Env. Biotechnology, Advancement on Water and Wastewarer Applications in Tropics, 

Malaysia. 

Chiras, D.D., (2001). Environmental Science, Creating a sustainable Future, Sixth Edition, 

Jones and Baratlett Publishers, USA: 561-580. 730 pp. 

Chomsurin, C., 1997. Evaluation of Gas Migration and Methane Oxidation in Domestic 

Solid Waste Landfill. Thesis No.EV-97-12. Asian Institute of Teehnn1cv 

Phatumthani, Thailand. 

Christensen, T. H., and Kjeldsen, P., (1989). Basic Biochemical Processes in Landfills, in: 

[Eds] Christensen, T. H., and Cossu, R., Stegmann, R., Sanitary Landfihling: Process, 

Technology and Environmental Impact, Academic Press London UK: 29-49. 

Christensen, T. 1-I., Kjeldsen, P., Bjerg, P. L. (2001). Biogeochemistry of landfill leachate 

plumes". Applied Geochemistry, vol. 16, no. 7-8, pp.  659-718. 

Christensen, T.H., Kjeldsen, P., Bjerg, P.L., Jensen, D.L., Christensen, J.B., Baun, A., 

Albrechtsen, H. and Heron, G., (2001). Biogeochemistry of landfill leachate plumes, 

Applied Geochemistry 16 (7-8): 659-718. 

Chu, L.M., Cheung, K.C. and Wong, M.H. (1994). Variations in the Chemical Properties of 

Landfill Leachate. Journal of Environmental management, Vol. 18, No. 1, pp.  105-

117. 

Cossu, R. and Rossetti, R. D. (2003). The PAF Model: An Integrated Approach for Landfill 

Sustainability". Waste Manage. 23, 37-44. 

Cronan, C.S. (1978). A soil column tension lysimeter that minimizes experimental edge 

-1 
effects. Soil Sci. 125. 

250 1 P a g e 



Curi, K., and Sezer, U., (1999). Treat ability study of leachate generated from a landfill in 

Turkey. Paper at: Eleventh International Confrence on Solid waste Technology and 

management, Philadelphia, USA. 

Dae-Hee A., Yun-Chul C., Won-Seok C., (2002). Use of Coagulant and Zeolite to enhance 

the phytoremediation treatment efficiency of hihe ammonia. J. Env. science I-IeaIth A 

37:163-173. 

Dalkey, N.C. (1968) DELPHI. The Rand Corporation. 

Daniel, D. E. and Koerner, R. M. (1995). Waste Containment Facilities, Guidance for 

Construction Quality Assurance and Quality Control of Liner and Cover System, ASCE 

press, New York, N.Y, pp.13, 25-27. 

Davis, M.L and Cornwell, D.A., (1998). Introduction to Environmental Engineering.' Third 

Edition. New York, McFraw-Hill International, ISBN 0-07-115237-4. 
Ir 

Davis, M.L. and Cornwell, D.A. (1998). Introduction to Environmental Engineering: Third 

Edition. New York, McFraw-Hill International, ISBN 0-07-115237-4. 

Debra, R. Reinhart, and Manoj, B., (2000). MSW Landfill Leachate Collection Systems for 

the New Millenium, Chopra University of Central Florida, Department of Civil and 

Environmental Engineering, State University System of Florida. 

Deng, Y. and Englehardt, J. D. (2007). Electrochemical oxidation for landfill leachate 

treatment. Waste Management, vol. 27, no. 3, pp.  380-388. 

Deng, Y. and Englehardt, J.D. (2006): "Treatment of landfill leachate by the Fenton 

process," Water Research, vol. 40, no. 20, pp.  683-3694, 2006. 

Diaz, L.F., Eggerth, L.L and Golueke, C.G. (1996). Solid Waste Management for 

Economically Developing Country, The world Bank, Washington DC, U.S.A, 1996, 

pp.31  8-327. 

Diaz, L.F., Eggerth, L.L and Golueke, C.G. 1996. Solid Waste Management for 

Economically Developing Country, The world Bank, Washington DC, U.S.A. 

Diego, P. (2003). Landfill Leachate Treatment in Constructed Wetlands: Removal of High 

Nitrogen Loads, available from (20/2/2008, 12:12 pm) http://www.ufz.de/datalLandfill  

2101. 

Doerry, U .R. (1984). Bibliographic Thema: Lysimeter. Landwirtschaftliche Versuchsstation 

der BASF Limburgerhof. 

251 P a g e 



Dugas, W.A., Meyer, W.S., Bans, H.D. and Fleetwood, R.J. (1990). Effects of soil types on 

soybean crop water use in weighing lysimeters. II. root growth, soil water extraction and 

water-table conditions. Irrig. Sci. 11. 

Ebeling JM, Sibrell PL, Orden SR, Summerfelt ST (2003). Evaluation of Chemical 

Coagulation-Flocculation Aids for Removal of Suspended Solids and Phosphorus from 

Intensive Recalculating Aquaculture Effluent Discharge. Aquacul. Eng., 29 (1-2): 23-42. 

Ehrig H. J., (1983). Quality and Quantity of Sanitary Landfill Leachate. Waste Manag. and 

Research,1, 53-68. 

Ehrig, H.J. (1989). Leachate quality in Sanitary LandJulling: Process, Technology, and Envi. 

Impact, T.H. Christensen, R. Cossu, and R. Stegman,Eds.; Academic Press, New York. 

El-Fadel, M. (1998). Leachate Recirculation Effects On Settlement and Biodegradation Rates 

in MSW Landfills. Journal Of Environmental Technology, Vol.20, April 21, pp.121-133. 

El-Fadel, M., Bou-Zeid, E., Chahine, W. and Alayli, B.. (2002). Temporal Variation of 

Leachate Quality from Pre-sorted and Baled MSW with High Organic and Moisture 

content, WasteMgt., Vol.22, pp.269-282. 

Enayetullah, I. and Sinha, A. M. (2000). Decentralized Compopsing- Through Public-Private-

Community Partnership: Experience of Waste Concern. 1"  Ed., Waste Concern, 

Bangladesh. 

Environmenatl Protection Department (EPD), (2005). Hong Kong Special Adminstrative 

Region (HKSAR), Technical Memorandium for Effluent Discharged into Drainage and 

Sewage system, Inland and Coastal Water, Available from www.leistlation.gov.hk. ahn 

W.y., Kang M.S., Yim S.K., Choi K.H., 2002, Advanced Leachate Treatment Using an 

Integrated Membrane Process, Desalination 149(1-3):109 -114. 

EPA. (1993). U.S. Environmental Protection Agency. Solid waste disposal facility criteria—

technical manual. EPA 530-R-93-017. 

Farquhar, G. J. (1989). Leachate: Production and Characterization, Can. J. Civil Engg.,V 

16,No.3, pp.317-325. 

Fassett, J.B., Leonards, G.A. and Repetto, P.C. (1994). Geotechnical properties of MSW and 

their use in landfill design. Waste Tech '94, Landfill Technology, Charleston, South 

Carolina. 

Fauziah, S.H., and Agamuthu, P., (2003). Municipal solid waste management: a comparative 

study in selected landfill in selangor. In proceeding of Environmental 2003: 

252 1 P a g e 



Environmental management and sustainable development for better future growth. 434 - 

437. 

Fikret, K., and Pamukoglu, Y. (2003). Aerobic phytoremediation treatment of pre-treated 

landfill leachate by fed-batch operation, Enzyme and Microbial Technology 33 (5): 588-

595. 

Flayhammar, P. and Hakansson, K. (1999). The Mobilization of Heavy Metals in Partly 

Stabilized MSW During Oxidation, Proc. of 7111  mt. WM and Landfill Symp. Cagliari, 

Italy. 

Foo, K. Y. and Hameed, B. H. (2009). An overview of landfill leachate treatment via 

activated carbon adsorption process, Journal of Hazardous Materials, vol. 171, no. 1-3, 

pp. 54-60. 

Forstner, U., Kersten, M., and Wienberg, R. (1988). The Landfill: Reactor and Final Storage 

Swiss Workshop on Land Disposal of Solid Wastes Gerzensee, March 14-17, 1988. 

Editor: Peter Baccini, Lecture Notes in Earth Sciences, vol. 20, p.39-81.  Available in 

http://adsabs.harvard.edu/abs/1989LNES...20...39F  

Galvez, A., Zamorano, M., Ramos, A., and Hontoria, E., (2005). Coagulation-Flocculation 

pre-treatment of partially stabilized leachate from a sanitary landfill site at Aihendin 

(granda, Southern Spain, J. Environmental of Science Health, 40: 1741- 1751. 

Gea, M.T., Barrena, R., Artola, A. and Sanchez, A., (2004). Monitoring the phytoremediation 

activity of the composting process: oxygen uptake rate (OUR), respirometric index (RI), 

and respiratory quotient, Biotechnol. Bioeng. 88 (4): 520-527. 

Gendibien, A., Pauwels, M., Constant, M., Ledrut-Damanet, M. J., Willumsen, H. C., 

Butson, J., Fabry, R., Ferrero, G.L. and Nyns, E. J. (1992). Landfill Gas from 

Environment to Energy, office for official publications of the European community, 

Luxemburg. 

Gidarakos, E., Havas, G. and Ntzainilis, P. (2006). Municipal solid waste composition 

determination supporting the integrated solid waste management system in the island of 

Crete, J. of Waste Management, 26 (6):668-679. 

Government of India (ed.) (2000). Municipal Solid Wastes (Management and Handling) 

Rules. The gazette of India, Ministry of Env. and Forests, Gov. of India, Delhi, India. 

Grover, V.K., Grover, V.1., Guha, B.K., William., H., and Stuart, G. (2000). Solid Waste 

Management, Oxford & IBH Publishing Co. Pvt. Ltd, India and A. A. Balkema, The 

Netherlands, 103-112(246). 

253 1 P a g e 



Gurijala, K.R. and Suflita, J.A. (1993). Environmental factors influencing methanogenesis 

from refuse in landfill samples, Environmental Science and Technology, 27: 1176-1181. 

Halim, A.A. Aziz, H.A. Johari, M.A.M. Ariffin, K.S. and Adlan, M.N. (2010). Ammoniacal 

nitrogen and COD removal from semi-aerobic landfill leachate using a composite 

adsorbent: fixed bed column adsorption performance. Journal of HazardousMaterials, 

vol. 175, no. 1-3, pp.  960-964. 

Ham, R. K. and Bookter, T. J. (1982). Decomposition of Solid Waste in Test Lysimeters, 

ASCEJ. Env. Eng., Vol. 108, No. EE6. 

Hamidi Abdul Aziz , Sauna Alias, Mohd. Nordin Adlan, Faridah, A.H. Asaari, Mohd. 

Shahrir Zahari, (2007). Colour removal from landfill leachate by coagulation and 

flocculation processes, J. of Bioresource Technology 98: 218-220. 

Hamzeh et al. (2009). Combination of Coagulation-Flocculation and Ozonation Processes 

for Treatment of Partially Stabilized Landfill Leachate of Tehran, World Applied 

Sciences Journal 5 (Special Issue for Environment):ISSN 1818-49520 IDOSI 

Publications, 2009. 

Harmsen J. (1983). Identflcation of organic compounds in leachate from a waste tip"., 

Water Research, vol. 17, no. 6, pp.  699-705. 

Heavy, M. (2003). Low-cost treatment landfill leachate using peat. Waste manag. 23(5): 447-

454. 

Hee-Chan, Y., Soon-Ham, C., and Seok-Oh, K., (2001). Modification of coagulation and 

fenton oxidation processes for cost effective leachate treatment, J. Env. science health, 

A36: 39-48. 

Henry, J. G., Prasad, D., Sidhwa, R. and I-Iilgerdenaar, M. (1982). Treatment of Landfill 

Leachate by Anaerobic Filter, Water Pollution Research Journal, Canada, 17: 45-56. 

Heyer, K.U., and Stegman, R., (2000). Landfill System, Sanitary Landfill of Solid Wastes 

Long - Term Problems with Leachate. In: Environment Process Ill-Solid Waste and 

Waste Gas Treatment, Preparation of Drinking Water, 167-190. 

1-bring, K., Kruempelbeck, I. and Ehrig H. J. (1999). Long Term Emission Behaviour of 

Mechanical-Biological Pretreated MSW. Conf. Proc. SARDINIA 99, 7th mt. Landfill 

Symp., Cagliari, Italy. 

Howell, T.A., Schneider, A.D., and Jensen, M. E. (1991). History of lysimeter design and use 

for evapotranspiration measurements. In: Lysimeters for evapo transpiration and 

environmental measurements. Edited by Allen T.G., Howell T. A., Pruitt W.O., Walter I. 

254 1 P a g e 



A. & Jensen M. E. Proceedings of the International Symposium on Lysimetry. ASCE, 

New York, USA. 

http://www.wastekeysheets.net/ (January 2009) 

I-Turner, M. and Lechner. P., (2001). Design of a Landfill Cover Layer to Enhance Methane 

Oxidation: results of a two years field investigation. Proceedings Sardinia 2001, 

International Waste Management and Landfill Symposium, Pula, Cagliari, Italy. 541-

550. 

Irn, J., Woo, H., Choi, M., Han, K. and Kim, C. (2001). Simultaneous organic and nitrogen 

removal from municipal landfill leachate using an anaerobic—aerobic system. J. of Water 

Res. 35 (10):2403-2410. 

Imran, R., Rafizul, I. M. and Alamgir, M. (2011). Pollutants Removal from Leachate In 

Sanitary Landfill Lysimeter using Chemical Coagulations, 2'International Conference 
Ir 

on Solid Waste Management, Technical, Environment and Socio-Economical Contexts, 

February 9-10, 2009, WasteSafe 2011, Dept. of CE, KUET, Khulna, Bangladesh,pp.20 1- 

203. 

Ishigaki,W., Sugano, A., Nakanishi, M., Tadeta, M. and Fujita, I. M. (2003). Application of 

Bioventing to Waste Landfill for Improving Waste Settlement and Leachate Quality-A 

Lab-Scale Model Study. J. Solid Waste Technol. Manage. 29 (4) (2003) 230-238. 

Islam, M. R., Alamgir, M., Bidlingmaier, W., Stepnienwski, W. and Rafizul, I.M. (2011). 

Field Performance of Compacted Clay Liner used in a Pilot Scale Sanitary Landfill in 

Bangladesh, Proceedings of the mt. Conference on SWM Technical, Environmental and 

Socio-economical Contexts-WasteSafe 2009, Khulna, Bangladesh, pp.431-440. 

Islam, M. R., Alamgir, M., Bidlingmaier, W., Stepnienwski, W., Rafizul. I. M. I.,Kraft, E 

and Haedrich, G. (2009). Design and Construction of Pilot Scale Sanitary Landfill in 

Bangladesh, Proceedings of Sardinia 2009, Twelfth International Waste Management 

and Landfill Symposium, 5 -9 October, 2009, S. Margherita Di Pula, Cagliari, Italy. 

Janantul, F. (2013). Treatment of Landfill Leachate by the Physicochemical Methods, 

M.Sc. thesis, Department of Civil Engineering, BUET, Dhaka. 

Jayabala MM (2005). Removal of Arsenic from Municipal Landfill Leachate, Dissertation M 

Tech. (Environmental Mgmt.) Institute of Phytoremediation Sciences, Uni. of Malaya, 

pp. 145. 

Jensen, D. L. and Christensen, T.H. (1999). Colloidal and Dissolved Metals in Leachates 

From Four Danish Landfills, Water Res. 33(9), 2139-2147. 

255 I P a g e 



Jha, M.K., Sondhi, O.A.K., Pansare, M., (2003). Solid waste management-a case study. 

Indian Journal of Environmental Protection 23 (10), 1153-1160. 

Johansen, O.J. and Carison, D.A. (1976). Characterization of Sanitary Landfill Leachates. 

Water Research. 10: 1129-1134. 

Jokela, J.P.Y., Kettunen, R.H., Sormunen, K.M. (2002). Biological Nitrogen Removal from 

Municipal Landfill Leachate: low cost nitrification in biofilters and laboratory scale 

insitu denitrification", Water Research, Vol. 36, pp.4079-4087. 

Jones, D. L., Williamson, K. L., and Owen, A. G. (2006): "Phytoremediation of landfill 

leachate ". Waste Management, vol. 26, no. 8, pp.  825-837. 

Jouraiphy, A., Amir, S., ElGharous, M.,. Revel, J.0 and Hafidi, M. (2005). Chemical and 

spectroscopic analysis of organic matter transformation during composting of sewage 

sludge and green plant waste, mt. Biodeterior. Biode grad. 56 (2): 101-108. 

Kalyuzhnyi, S. and Gladehenko, M. (2004). Heavy Metal Pollution From Russian Landfill 

Leachates and its Elimination Together with Other Contaminants, Water Sci. Technol. 50 

(5), 51-58. 

Kargi F., and Pamukoglu, (2003a). Powdered activated carbon added phytoremediation 

treatment of pre-treatment landfill leachate in a fed-batch reactor, Biotechnol. Lett.25: 

695-699. 

Kargi F., Pamukoglu M., (2003b). Simultaneous adsorption and phytoremediation treatment 

of pre-treated landfill leachate by fed-batch operation, Process Biochem. 38 (10): 1413-
1420. 

Kargi F., Pamukoglu M., (2004). Repeated fed-batch phytoremediation treatment of 

pretreated landfill leachate by powdered actived carbon addition, Enzyme Microb. 

Technol. 34:422-428. 

Kargi, F. and Pamukoglu, M. (2003). Simultaneous Adsorption and Phytoremediation 

Treatment of Pre-Treated Leachate by Fed-Batch Operation, Process Biochem. 38 

(10): 1413-1420. 

Karthikeyan, 0. P. Murugesan, S Joseph., K. and Nagendran, R. (2004). Leaching of 

Inorganic Pollutants from Fresh and Partially Degraded Municipal Solid Waste-A 

Lysimeter Study under Tropical Conditions, Centre for Environmental Studies, Anna 

University, Chennai-600 025. 

Kelly, W.E. (1976). Groundwater Pollution Near a Landfill, ASCE, Journal of Environmental 

Engineering Division, Vol. 102, No. 6, pp  1189-1199. 

256 1 P a g e 



Kennedy, K. and Lentz, E. (2000). Treatment of Landfill Leachate Using Sequencing Batch 

and Continuous Flow Upflow Anaerobic Sludge Blanket (UASB) Reactors. Water 

Research, 34(14): 3640-3656. 

Kennedy, K. J., Hamoda, M. F. and Guiot, S. G. (1988). Anaerobic Treatment of Leachate 

using Fixed Film and Sludge Bed Systems, J.WPCF, 60: 1675-1683. 

Kettunen, R. H., Rintala, J. A. (1998): "Performance of an on-site UASB reactor treating 

leachate at low temperature". Water Res 1998;32(3):537-46). 

Kim H. (2005). Comparative Studies of Aerobic and Anopen dumps using Simulated 

Landfill Lysimeters. Ph.D. Thesis, University of Florida, USA. 

Kim H. (2005): "Comparative Studies of Aerobic and Anaerobic Landfills using Simulated 

Landfill Lysimeters". Ph.D. Thesis, University of Florida, USA. 

Kimmel, G.E. and Braids, O.C. (1980). Leachate Plumes in Groundwater from Babylon and 

Islip Landfills, Long Island, New York, Washington DC, U.S. Geological Survey. 

Kjeldsen et al. (2001). Composition of Leachate from Old Landfills in Denmark, WM Res.19, 

249-256. 

Kjeldsen, P. and Christophersen, M. (2001). Composition of leachate from old landfills in 

Denmark. Waste Management and Research, vol. 19, no. 3, pp.  249-256. 

Kjeldsen, P., Barlaz, M., Rooker, A., Baun, A., Ledin, A. and Christensen, T.H. 2002). 

Present and Long Term Composition of MSW Landfill Leachate: A Review, Crit. Rev. 

Env.. Sci. Technol. 32 (4), 297-336. 

Klink, R.E. and Ham, R.K. (1982). Effect of Moisture Movement on Methane Production in 

Solid Waste Landfill Samples, Resources and Conservation, 8: 29. 

Klomjek P., Nitisoravut S., (2005). Constructed treatment wetland, a study of eight plant 

species under saline conditions, Chemosper 58 (5): 5 85-593. 

Koener, R. M. and Daniel, D. E. 1933. Final Covers for Solid waste Landfills and 

Abandoned Dumps, ASCE,Reston, Virginia, 1993, pp.32,86,113-117. 

Kohnke, H., Dreibelbis, P.R. and Davidson, J.M. (1940). A survey and discussion of 

lysimeters and a bibliograpgy on their construction and performance. Misc. Publ. No. 

372, U.S. Dept. of Agric., Washington D.C. 68. 

Komilis, D.P., I-lam, R.K. and Stegmann, R. (1999). The Effect of Municipal Solid Waste 

Pretreatment on Landfill Behaviour. A Literature Review, Waste Management and 

Research, Vol. 17 (10). 

257 1 P a g e 

Ir 



Koshy, L., Jones, T., and B'eruB'e K. (2008). Bioreactivity of municipal solid waste landfill 

leachates-Hormesis and DNA damage. Water Research, vol. 42, no. 8-9, pp. 2177-2183. 

Koukal, B., Gueguen, C., Pardos, M. and Dominik, J. (2003). Influence of humic substances 

on the toxic effects of cadmium and zinc to the green alga Pseudokirchneriella subcapitata. 

Chemosphere, vol. 53, no. 8, pp. 953-961, 2003. 

Kouzeli-Katsiri, A., Bosdogianni, A. and Christoulas, D. (1999). Prediction of Leachate Quality 

from Sanitary Landfills, ASCE, Journal of Envi. Engineering Division, Vol. 125, No. 10, 

pp 950-957. 

Krug, M. N. and Ham, R.K.(1995). Analysis of Long-Term Leachate Characteristics in 

Wisconsin Landfills, Presented at the 181h  mt. Madison Waste Conf, Dept. of Engg. 

Professional Development, Madison 

Kulikowska, D. and Klimiuk, E. (2008): "The Effect of Landfill Age on Municipal Leachate 

Composition". Bioresource Technology, vol. 99, no. 13, pp.  598 1-5985. 

Kumar S., Gaikwad S. A., Shekdar A. V., Kshirsagar P. S. and Singh R. N, (2004). Estimation 

method for national methane emission from solid waste landfills, J. of Atmospheric 

Environment, 38 (21): 348 1-3487. 

Kumar, D. and Alappat, B. J. (2005a). Evaluating leachate contamination potential of landfill 

sites using leachate pollution index, Clean Technologies and Environmental Policy, vol. 7, 

no. 3, pp. 190—i 97, 2005. 

Kumar, D. and Alappat, B. J. (2005b). Analysis of leachate pollution index and formulation of 

sub-leachate pollution indices. Journal of Waste Management & Research 2005: ISSN 

0734-242X vol. 23, no.3, pp.  230-239, 2005. 

Kumar, D. and Alappat, B. J. (2005c). Errors Involved in the Estimation of Leachate Pollution 

Index. Practice Periodical of Hazardous, Toxic, and Radioactive Waste Management, Vol. 

9, No. 2, ASCE, ISSN 1090- 25X/2005/2-103-11 1, 2005. 

Kumar, D. Khare, M. and Alappat, B.J. (2002). Threat to Ground Water form the Municipal 

Landfills In Delhi, Proc. 28th WEDC conf. on sustainable envi. sanitation and water 

services, India. pp.377-380. 

Kumar, D., and Alappat, B. J. (2003a). A technique to quantify landfill leachate pollution 

.Proc., 9th  mt. Landfill Symp., 243-244. 

Kumar, D., and Alappat, B. J. (2003b). Analysis of leachate contamination potential of a 

municipal landfill using leachate pollution index. Proc., Workshop on Sustainable Landfill 

Manage., Centre for Environmental Studies, Anna Univ., Chennai, India, 147-154. 

258 1 P a g e 



Kumar, D., and Alappat, B. J. (2004). Selection of the Appropriate Aggregation Function for 

Calculating Leachate Pollution Index. Pract. Period. Hazard., Toxic, Radioact. Waste 

Manage.,8(4), 25 3-264. 

Kurniawan, T. A., Lo, W. H. and Chan, G. Y. S. (2006). Physicochemical treatments for 

removal of recalcitrant contaminants from landfill leachate. .1 of Hazardous Materials B, 

vol.129, no. 1-3, pp.  80-100. 

Kylefors, K. and Lagerkvist, A. (1997). Changes of Leachate Quality with Degradation Phases 

and Time, Proc. of the Sixth In. Waste Management and Landfill Symposium, Cagliari, 

Italy. 

Leckie, J.O., Pacey, J.G. and Halvadakis, C. (1979). Landfill Management with Moisture 

Control. Journal Environmental Engineering Division, ASCE, 105 (EE2): 337-355. 

Lee, G.F. (2002). Solid Waste Management: USA Lined Landfill Reliability, Natural Resources 

Forum, A United Nations Journal, New York, December. 

Leikam, K. and Stegmann, R. (1999). Influence of mechanical phytoremediation pretreatment 

of municipal solid waste on landfill behavior, Waste Management and Research, 17: 424-

429. 

Lema, J.M., Mendez, R. and Blazquez, R. (1988). Characteristics of Landfill Leachates and 

Alternatives for Their Treatment. A Review. Water, Air and Soil Pollution, 40: 223-250. 

Li, X. Z. and Zhao Q. L. (2002). Map precipitation from landfill leachate and seawater bittern 

waste. Environmental Technology, vol. 23, no. 9, pp.  989-1000. 

Li, X.Z., and Zhao, Q.L.(2001). Efficiency of phytoremediation treatment affected by high 

strength of ammonium-nitrogen in leachate and chemical precipitation of ammonium Al - 

nitrogen as pretreatment, Chemosphere 44 (1): 37-43. 

Li, X.Z., Zhao Q.L. and Hao X.D., (1999). Ammonium removal from landfill leachate by 

chemical precipitation, Waste Manage. 19:409— 415. 

Liehr, S.K., Kozub, D.D., Rash, J.W., Sloop, G.M., Doll, B., Rubin, A.R., House, C.I-I.,Hawes, 

S. and Burks, D., (2000). Constructed Wetlands Treatment of I-ugh Nitrigen Landfill 

Leachate. Publisher: Water Environment Research Foundation. Raton, Florida, ISBN- 13: 

9781893664081. 

Lin S.I-L, and Chang C.H. (2000). Treatment of landfill leachate by combined electro-fenton 

oxidation and sequencing batch reactor method. Water Research 34(17): 4243-4249. 

Lo, I.M.C. (1996). Characteristics and Treatment of Leachate from Domestic Landfills. Env. 

mt. 

259 1 P a g e 



Lopez A., Pagano M., Volpe A., Di Pinto A., (2004). Fenton's pre-treatment of mature 

landfill leachate, Chemosphere 54 (7): 1005-10 10. 

Loudidou, M. X., and Zouboulis, A.L., (2000). Comparison of two phytoremediation 

treatment process using growth biomass for landfill leachate treatment, J. of Env. 

pollution 13(2):273-28 1. 

Lu, et al., (1985). Leachate from Municipal Landfills, Production and Management, Noyes 

Pub., Park Ridge. 

Ludwig, C., Hellweg, S. and Stucki, S. (2003). Municipal Solid Waste Management, 

Springer-Verlag Berlin Heidelberg, New York. 

Mahmud, K., Hossain, M.D., and Shams, S. (2012), Different Treatment Stategies for Highly 

Polluted Landfill Leachate, J. of Waste Mangement, Vol. 32, Issue 11, pp.  2096-2105. 

Manning, D.A.C. and Robinson, N. (1999). Leachate-Mineral Reactions: Implications for 

Drainage System Stability and Clogging, Proc. of 7" mt. WMand Landfill Symp., Italy. 

Margarida, J. Quina, Regina C. Santos, João C. Bordado and Rosa M. Quinta- Ferreira, 

(2007). Characterization of air pollution control residues produced in a municipal solid 

waste incinerator in Portugal, Journal of Hazardous Materials, 152 (2): 853-869. 

Martin, G.M.A., Auzmenti, A.I. and Olozaga, C.P. (1995). Landfill leachate: Variation in 

quality and quantity, Proc. of Sardinia 95th Tnt. Landfill Symp., CISA, Cagliari (Italy): 

345-354. 

Marttinen S.K., Kettunen R.H., Sormunen K.M., Soimasuo R.M. and. Rintala J.A, (2002), 

Screening of physical—chemical methods for removal of organic material, nitrogen and 
fr toxicity from low strength landfill leachates, Chemosphere 46 (6): 851-858. 

Masters G.M. (1998). Introduction to Environmental Engineering and Science, Prentice-Hall 

of India Pvt. Ltd., New Delhi, India. 

Mavinic, D.S. (1998). Leachate Quality: Effects on Treatability. Proceedings of the 

International training Seminar: Management and Treatment of MSW Landfill Leachate, 

Venice, Italy, 2-4 December 1998, CISA, Sanitary Environmental Engineering Centre. 

McBean, E. A., Rovers, F. A. and Farquhar, G. J. (1995). Solid Waste Landfill Engineering 

and Design, Prentice Hall, Englewood Cliffs, N.J. 

McLay, C.D.A., Cameron, K.C. and McLaren, R.G. (1992). Influence of soil structure on 

sulfate leaching from a silt loam. Aust. J. Soil Res., 30. 

260 1 P a g e 



Meier J., Melin T., Eilers L.H, (2002). Nanofiltration and adsorption on powdered adsorbents 

as process combination for the treatment of severely contaminated wastewater. 

Desalination 146 (1): 36 1-366. 

Meij, R. and Winkel, B.H. (2000). Seven years of experiences with lysimeter leaching of 

pulverised fuel ash. Proc. of the International Conference on the Science and Engineering 

of Recycling for Environmental Protection. 1-larrogate, England 31 may, 1-2 June, 

Wascon. 

Meima, J. A (1997). Geochemical modelling and identification of leaching processes in 

MSWI bottom ash. Implication for short-term and long-term release of contaminants. 

Dissertation. University of Utrecht, The Netherlands. 

Miller, W.L., Townsend, T., Earle, J., Lee, H. and Reinhart, D.R. (1994). Leachate Recycle 

and the Augmentation of Phytoremediation Decomposition at MSW Landfills, 

Presented at the Second Annual Research Symp., Florida Center for Solid and Hazardous 

Waste Manag. 

MinE N.H., Minh 1.3., Watanabe M., Kunisue T., Monirith I., Tanabe S., Sakai S., 

Subramanian A,, Sasikumar K., Viet P.H., Tuyen B.C., Tana T.S., Prudente MS (2003). 

Open dumping site in Asian developing countries: a potential source of polychlorinated 

dibenzo-p-dioxins and polychlorinated dibenzofurans. Environ. Sci Technol 37: 1493-

1502 

Miroslav N., Rene T., and Rene., P., (2001). Gas production and migration in landfills and 

geological materials, Journal of Contaminant Hydrology. 52 (1-4) 187-211. 

Mizanur, R., Mohd. Nasir, H., Mohamed, D. and Zohaie, B., (1999): "A prototype expert 

system for characteristics landfill leachate and treatment processes". In: proceeding of 

the workshop on disposal of solid waste through sanitary landfill 
- Mechanism, 

Processes, Potential Impact and Post Closure Management held at University Putra 

Malaysia on 25tl - 26hl August 1999,pp. 340. 

Mohamed Bin Saib, (2004). Solid Waste management in Malaysia, waste Management, One 

day MSW workshop, 18 March 2004, PWTC Kuala Lumpur. 

Mollekopf, N., Brummack, J., Paar, S. and Vorster, K. (2002). Use of the Dome Aeration 

Technology for Biochemical Stabilization of Waste Prior to Landfilling. Conf. Proc. 

WASTECON 2002, Tnt. Waste Conf. and Expo. Durban, South Africa. 30 Sept-4 Oct. 

Monteiro, V.E.D., Melo, M.C., Jucá, J.F.T. (2002). Biological Degradation Analysis in 

Muribeca Solid Waste Landfill Associated with Local Climate, Recife, Brazil. 

261 1 P a g e 



Proceedings of the Fourth International Congress on Environmental Geotechnics, vol. 

2. Balkema, Rio Janeiro, 799-803. 

Morawe B., Ramteke D.S., and Vogelpohi A. (1995). Activated carbon column performance 

studies of phytoremediation ly treated landfill leachate. Chemical Engg. & Processing 

34(3):299-303.. 

Mufeed Sharholy, Kafeel Ahmad, Gauhar Mahmood and R.C. Trivedi (2008), A review, 

Municipal solid waste management in Indian cities - Waste Management 28 (2): 459-

467. 

Murphy, R.J., Jones, D.E. and Stessel, R.I. (1995). Relationship of Microbial Mass and 

Activity in Degradation of Solid Waste. Waste Management and Research, London, V-

13, pp  485-497. 

Nakasaki, H., Yaguchi, Y., Sasaki, H. (1993). Effects of p1-I Control on Composting Garbage, 

Waste Manage. Res. 11, 117-125. 

Narisa Mohd. Hashim, (2004). Solid waste management: A study of Awareness on household 

hazardous waste in Ampang Jaya Municipal Council Area. Dissertation M. Tech. 

(Environmental Mgmt.) Institute of Phytoremediation Sciences, University of 

Malaya.133 pp. 

Noble, J. J. and Arnold, A.E. (1991). Experimental and mathematical modeling of moisture 

transport in landfills," Chemical Eng. Comm. 100: 95-111(1991). 

Nor Askir M., and Agamuthu P., (2007). Charaterization and chemical treatment of Taman 

Beringin landfill, Malaysian journal of science 26 (1): 43-55. 

Novella, P. H., Ball, J. M., Blight, G. E. and Stow, J. G. (2001). Coastal Park Landfill: 14 

years of research. Conf. Proc. SARDINIA 2001, 8th mt. Landfill Symp., Cagliari, Italy. 

Ntampou X., Zouboulis A.I. and Samaras P., (2006). .Appropriate combination of physico- 

chemical methods (coagulationlflocculation and ozonation) for the efficient treatment of 

landfill leachates, Chemosphere, 62 (5):722-730. 

Ozturk I., Altinbas M., Koyuncu I., Arikan O.and Gomec C. -Yangin, (2003). Advanced 

physico-chemical treatment experiences on young landfill leachate, Waste Manag, 23(5) 

:441-446. 

Palmisano, A.C. and Barlaz, M. A. (1995). Microbiology of MSW, CRC Press, Boca Raton, 

fla. 

Park S, Choi KS, Joe KS, Kim WI-I, Kim HS (2001) Variations of landfill leachate"s 

properties in conjunction with the treatment process. Environ. Technol. 22(6): 639-645. 

262 1 P a g e 



Paxéus, N. (2000). Organic compounds in municipal landfill leachates, Water Sci. Technol. 

42 (7-8): 323-333. 

Pearce, D. W. and Turner, R. K. 1992. Packaging Waste and the Polluter Pays principle-A 

taxation solution working paper, University of East Anglia and University College 

London. 

Pohiand, F.G. and Harper, S.R. (1985). Critical Reviews and Summary of Leachate and Gas 

Production from Landfills, EPA Report Number 600/2-86/073. 

Pohiand, F.G. and Kim, J.C. (1999). In Situ Anaerobic Treatment of Leachate in Landfill 

Bioreactors, Water Science and Technology, 40 (8): 203 -210. 

Popov V. and Power H., (1999). DRM-MD approach for the numerical solution of gas flow 

in porous media, with application to landfill, Engng Anal Boundary Elements 23 (2): 

175-188.  

Popov V., (2005), A new landfill system for cheaper landfill gas purification, Renewable 

Energy Volume 30 7):1021-1029. 

Pugh, M., (1999). The Path to Affordable Landfills. Waste Management, October, 58-59. 

Qasim, S. R. and Chiang, W. (1994). Sanitary Landfill Leachate: Generation, Control and 

treatment, Technomic Publishing, Lancaster. 

Rafizul I.M., Alamgir M., Islam M. M. (2011). Evaluation of Contamination Potential of 

Sanitaiy lysimeter Using Leachate Pollution Index. Proceedings Sardinia 2011, 

Thirteenth International Waste Management and Landfill Symposium S. Margherita di 

Pula, Cagliari, Italy; 3-7 October 2011. 

Rafizul I.M., Alamgir M., Kraft E. and Haedrich G. (2009a). Characterization of Leachate 

Generated from Municipal Solid Waste in Sanitary lysimeter. Proceedings SARDINIA 

2009, Twelfth International Waste Management and Landfill Symposium, 5-9 October 

2009, S. Margherita Di Pula, Cagliari, Italy, pp.  44 1-442. 

Rafizul, I. M., Alamgir, M., M. K. Howlader, E. Kraft and G. Haedrich (2009b). 

Construction and Evaluation of Sanitary lysimeter in Bangladesh. mt. Conf. on SWM, 

Technical, Envi. and Socio-Economjcal Contexts, Nov. 9-10, WasteSafe 2009, Dept. of 

CE, KUET, pp.475-484. 

Rafizul, I.M. and Alamgir, M. (2012c). Formulation of Sub-Pollution Indices and 

Evaluation of Leachate Pollution Index of Pilot Scale Landfill Lysimeter, International 

Conference on Environmental Research and Technology (ICERT 2012), 

263 1 P a g e 



Energy & Environment- S ustai nable Technologies for a Greener Future, Parkroyal Hotel, 

Penang, Malaysia. 

Rafizul, I.M. Howlader, M.K. and Alamgir, M (2012b). Construction and Evaluation of 

Simulated Pilot Scale Landfill Lysimeter in Bangladesh, Journal of Waste Management, 

WM 8246 @ 2012 ELSEVIER Ltd. 

Rafizul, I.M., Alamgir, M., E. Kraft and G. Haedrich (201 la). Bio-treatment of Leachate 

Generated from MSW in Sanitary Landfill Lysimeter, 2" International Conference on 

SWMin Developing Countries, WasteSafe 2011, KUET, Bangladesh,pp.191-193. 

Rafizul, I.M., Alamgir, M., E. Kraft and G. Haedrich (2011 b). Monitoring of Leachate 

Characteristics of Sanitary Landfill Lysimeter under Tropical Conditions, 2" In!. 

Conference on SWMin Developing Countries, Feb.13-15, 2011, WasteSafe 2011, Dept. 

of CE, KUET, Khulna, Bangladesh,pp.183-184. 

Rafizul, I.M., Alamgir, M., E. Kraft and G. Haedrich (2011 c). Metals Concentration in 

Leachate of Sanitary Landfill Lysimeter, 2" International Conference on SWM in 

Developing Countries, WasteSafe 2011, KUET, Bangladesh, pp. 166-167. 

Rafizul, I.M., M. Alamgir (2012a). Characterization and Tropical Seasonal Variation of 

Leachate: Results from Landfill Lysimeter Studied. Journal of Waste Management, 

2012, WM8222 @ 2012 ELSEVIER Ltd. 

Rautenbach, R., and Mellis, R., (1994). Waste water treatment by a combination of 

bioreactor and nanofiltration. Desalination 95 (2):171-188 

Renbi, B. and Mardina, S. (2002). The practice and challenges of solid waste management in 

Singapore, J. of Waste Management 22 (5) 557-567. 

Renoua, S., Givaudan, J., GPoulain , S. , Dirassouyan, F., Moulin P., (2008), Landfill 

leachate treatment: Review and opportunity, J. of Hazardous Materials 150 (3) 468-493. 

Rich, C., Gronow, J. and Voulvoulis, N. (2008). The potential for aeration of MSW 

landfills to accelerate completion. Waste Management, 28: pp 10391048.Robinson, H. 

and Gronow J. (1992). Groundwater Protection in the UK: Assessment of the Landfill 

Leachate Source-term, J. of the Institution of Water and Env. Manag.V- 6, Pp 229-235. 

Rivas F. J., Beltran F., Carvalho F., Acedo B., and Gimeno 0. (2004). Stabilized leachates: 

sequential coagulation-floccularion+chemjcal oxidation process. Journal of Hazardous 

Materials, vol. 116, no. 1-2, pp.  95-102. 

264 1 P a g e 



Rnaweera, P.M.R.P. and Tranklcr, J., (2001). Pre-treatment Prior Final Disposal- A Case 

Study for Thailand. Proceeding Sardinia 01, Eighth International Waste Management 

and Landfill Symposium, Pula, Cagliari, Italy. Vol III, 187-196. 

Robinson H. D, Knox K, B. D. And Picken, A. (2005). Leachate quality from landfilled MBT 

waste. Waste Manage. 25 383-39 1. 

Robinson, H. D. (1989). Development of Methanogenic Conditions within Landfills. Conf. 

Proc. SARD[NIA 89, 2nd mt. Landfill Symp. Santa Margherita di Pula, Cagliari, Italy. 

Robinson, H. D. (2000). The future for landfills? A European perspective. Proc. mt. Training 

Seminar-Control, Management and Treatment of Landfill Emissions. Univ. of Natal, 

Civil Engg., Durban, South Africa. 

Robinson, H.D. and Mans, P.J. (1985). Treatment of Leachate from Domestic Waste in 

Landfill sites, Journal Water Pollution Control Federation, 57(1): 30-38. 

Rodriguez, L., Castrillon, E., Marnon, H., Saster and Ferandez (2004). Removal of Non-

Biodegradable Organic Matter in Landfill Leachate by Adsorption: J. of WR,38,3297-

3303. 

Roehl, K. E. 2007. Interna Report of External Experts of WasteSafe II. EU- Asia Pro Eco II 

Programme of European Commission, WasteSafe-Il, Dept. of CE, KUET, 2007. 

Rowe, R. K. (1995). Leachate Characterization for MSW Landfills, Proc. Sardinia 95, Fifth 

Tnt. Symposium on Sanitary Landfill, CISA, Cagliari, Italy, Vol. 2, pp. 327-344. 

Schwarzbauer, Heim S., Brinker S. and. Littke R, (2002). Occurrence and alteration of 

organic contaminants in seepage and leakage water from waste deposit landfill,WR36 

(9):2275-2287. 

Sharma, S., Shah, K.W., (2005). Generation and disposal of solid waste in Hoshangabad. In: 

Book of Proceedings of the Second International Congress of Chemistry and 

Environment, Indore, India, pp.  749-751. 

Silva A.C., Dezotti M., Sant'Anna G.L. Jr., (2003). Treatment and detoxification of a 

sanitary landfill leachate, J. of Chemosphere 55 (2): 207-2 14. 

Sinan, M.B., Ahmet, D., Mahir, I., Bestamin, O.Z. (2006). Metal Concentrations to Simulated 

Aerobic and Anaerobic Pilot Scale Landfill Reactors, J. of Hazardous Materials 145, 

ScienceDirect, ELSEVIER, 186-194. 

Sowers, G.F. (1968). Foundation problems in sanitary landfill. Journal of the Sanitary 

Engineering Division, ASCE, Vol.94, No.SA1, Feb 1968, pp.  103-1  16. 

265 1 P a g e 



Speece, R.E. (1996): "Anaerobic biotechnology for industrial wastewater". Archae Press, 

Ok Nashville Tennessee, USA. 

Sponza D.T. and Agdag O.N., 2004. Impact of leachate recirculation and recirculation 

volume on stabilization of municipal solid waste in simulated anaerobic bioreactors. 

Process Biochem., 39:pp 21572165. 

Steensen M. (1997). Chemical oxidation for the treatment of leachate-process comparison 

and results from full-scale plants. Water Science and Technology 35(4): 249-256. 

Sulfita, J., Gerba, C., Ham, R., Palmisano A., Rathje, W. and Robinson J. (1992). The 

world's largest landfill," Environmental Science & Technology, 26(8): 1486-1495. 

Swati, M., Karthikeyan, O.P., Kurian, J., Visvanathan, C. and R. Nagendran, R. (2011). 

Pilot-Scale Simulation of Landfill Bioreactor and Controlled Dumping of Fresh and 

Partially Stabilized MSW in a Tropical Developing Country, Journal of Hazardous, 

Toxic, and Radioactive Waste, Vol. 15, No. 4, ASCE, 321-330. 

Tanabe S. (2002), Contamination and toxic effects of persistent endocrine disrupters in 

marine mammals and birds. Mar Pollut Bull 45 (1-12) :69-77. 

Tatsi A.A., Zouboulis A.I., Matis K.A., Samaras P., (2003). Coagulation-flocculation 

pretreatment of sanitary landfill leachate. Chemospher, 53 (7):734-744. 

Tatsi A.A., Zouhoulis A.I., (2002), A field investigation of quantity and quality of leachate 

from a MSW landfill in a Mediterranean climate Adv. Environmental. Res.,6 (3): 207-

219. 

Tchobanoglous, G. and Kreith, F. (2002). Handbook of Solid Waste iWanagetnent, 2  nd  edition, 

McGraw- Hill International Edition, Civil Engineering Series, New York, U.S.A. 

Tchobanoglous, G., Theiswn, H. and Vigil, S. (1993). Integrated Solid Waste Management, 

McGraw- Hill International Edition, Civil Engineering Series, New York, U.S.A, 

1.10,10.16,11.32. 

Tonni A.K., Lo W.Y., Chan G.Y., (2005), Physico-chemical treatments for removal of 

recalcitrant contaminants from landfill leachate, J. of Hazardous materials, 129 (1-3): 80-

100. 

Trankler, J., Visvanathan, C., Kuruparan, P. and Tubtimthai, 0. (2005). Influence of tropical 

seasonal variations on landfill leachate characteristics-Results from lysimeter studied. 

WM, 25, 1013-1020. 

266 1 P a g e 



Trebouet, D., Schlumpf, J.P, Jaouen, P., and, Quemeneur, F. (2001). Satbilized landfill 

leachate treatment by combined physicochemical-nanofiltration processes. WR 35 (12) 

:2935-2942. 

Truett, J.B., Johnson, A.C., Rowe, W.D., Feigner, K.D. and Manning, L.J. (1975). 

Development of Water Quality Management Indices. Water Resource Bit!! 11(3):436-

448. 

Tubtimthai, 0. (2003). Landfill Lysimeter Studies for Leachate Characterization and Top 

Cover Methane Oxidation, Thesis, Master of Science, Asian Institute of Technology, 

School of Environment, Resources and Development, Thailand, pp4-5. 

Umar, M., Aziz, H. A., and Yusoff, M. S. (2010). Variability of Parameters Involved in 

Leachate Pollution Index and Determination of LPI fromFour Landfills in Malaysia. 

International Journal of Chemical Engineering, volume 2010, article ID 747953. 

Urase, T. M.; Salequzzaman, M., Kobayashi, T.; Matsuo, K.; Yamamoto and Suzuki. N. 

(1997). Effect of high Concentration of organic and Inorganic matters in Landfill 

Leachate on the Treatment of 1-leavy metals in Very Low Concentration Level. Journal 

of Water Science and Technology of Elsevier Ltd. Vol. 36, no. 12, pp.  349-356. 

USEPA (1989). U.S. Environment Protection Agency, Decision-Makers Guide to Solid 

Waste Management, EPA/530-SW89-072, Washington, DC, November 1989. 

Van Velsen, A.F.M. (1979). Adaptation of Methanogenic Sludge to High Ammonia-Nitrogen 

Concentrations. Water Research, Vol. 13, pp.995-1009. 

Vigneault, B. and Campbell, P. G. C. (2005). Uptake of cadmium by freshwater green algae: 

e.ects of pH and aquatic humic substances, J of Phycology, vol. 41, no. 1, pp. 55-61. 

Visvanathan, C. and Trankler, J. (2003). Municipal Solid Waste Management in Asia: A 

.Comparative Analysis. Presented at the National Workshop on Sustainable Solid Waste 

Landfill Management in Asia, Bangkok, Thailand. ISBN: 974-417-258-1. 

Visvanathan, C., Pokherl, D., Cheimchaisri, W., Hettiaratchi, J.P.A. and Wu, J.S., (1999). 

Methanotrophic Activities in Tropical Landfill Cover Soils: Effects of Temperature, 

Moisture Content and Methane Concentration. Waste Management & Research, 17: 313-
323. 

Visvanathan, C., Trankler, J., Kuruparan, P. and Xiaoning, Q. (2002). Influence of Landfill 

Operation and Waste Composition on Leachate Control: Lysimeter Experiments under 

Tropical Conditions. 2nd
Asian Pacific Landfill Symposium, Seoul Korea, Session:4. 

267 1 P a g e 



Visvanathan, C., Wisiterakul, W., Juanga, J.P., and Trankler, J. (2007). Open Cell Approach 

Towards Sustainable Landfill Operation in Tropical Asia. Proceedings Sardinia 2007, 

Eleventh International Waste Management and Landfill Symposium, Cagliari, Italy, 1-5. 

Walker, W.H. (1969). Illinois Groundwater pollution, I American water works Association, 

Vol.6 1, pp.31-40. 

Wang L.C., Lee W.J., Lee W.S., Chang G.P. -Chien, Tsai P.J., (2003). Effect of chlorine 

content in feeding wastes of incineration on the emission of polychiorinated dibenzo-p-

dioxins/ dibenzofurans, Sci. Total Environ. 302 (1-3): 185-198. 

Wang Z.P., Zhang Z., Lin Y-J., Deng N.S., Tao T., Zhuo K., (2002), Landfill leachate pre-

treatment by a coagulation- photo- oxidation process. J. hazard Mater., 95 (1-2): 153 - 

159. 

Warith M., (2002). Bioreactor landfills, Experimental and field results. Waste manag.22 (1): 

7-17. 

WasteSafe (2005). Integrated Management and Safe Disposal of Municipal Solid Waste in 

Least Developed Asian Countries, A resent feasibility study under the Asia Pro Eco 

Programme of EC, Dept. of CE, KUET, Khulna, Bangladesh, pp.139-181. 

WasteSafe 2008. Annual Report 2008 of WasteSafe TI-Safe and Sustainable Management of 

Municipal Solid Waste in Bangladesh through the Practical Application of WasteSafe 

Proposal. A project of EU-Asia Pro Eco II Programme of EC, KUET, Khulna, 

Bangladesh. 

WasteSafe 2010. Annual Report of WasteSafe II project, Asian Institute of Technology 

(AlT), Thailand. 

White, P., Franke, M. and Hindle, P. (1999). Integrated Solid Waste Management: A 

Lifecycle Inventory, an Aspen Publication Inc., Gaithersbug, Maryland. 

Wichitsathian B., Sindhuja S., Visvanathan C. and Aim K., (2004) Landfill leachate 

treatment by yeast and bacteria based membrane bioreactors., J. Environ. Sci. Health 

Part A-Toxic/Hazard. Substances Environ. Eng. A39 (9): 2391-2404. 

ww,A,.dec.ny.gov/cliemical/23682.litml (January 2009) 

www.epa.p-ov//non-liw/muncpl/index.htm (January 2009) 

www.lboro.ac.ukIWEDC(January 2009) 

www.worldbank.org//soljd  wm (January 2009) 

an 

268 1 p a g e 



Youcai, Z., Jianggying, L. Renhua, H. and Guowei, G. (2000). Long Term Monitoring and 

Prediction for LeachateConcentrations in Shanghai Refuse Landfill, Water, Air and Soil 

Pollution, V-122, Pp 281-297. 

Yuen, S.T.S., Wang, Q.J., Style, J.R. and McMahon, T.A. (2001). Water Balance 

Comparison between a Dry and a Wet Landfill-A Full-Scale Experiment. Journal of 

Hydrology, 251, 29-48. 

Zach, A., Binner, E. and Latif, M. (2000). Improvement of municipal solid waste quality for 

landfilling by means of mechanical-phytoremediation pretreatment, WM and Research, 

18: 25-32. 

Zamora R., Moreno A., Orta de Velasquez M., Ramirez I., (2000), Treatment of landfill 

leachates by comparing advanced oxidation and coagulation—floculation processes 

coupled with actived carbon adsorption, Water Sci. Technol. 41: 23 1-235. IV 

Zhou H. and Smith D. W.(200 1). Advanced technologies in water and wastewater treatment, 

Can. J. Civ. Eng. 28(S1): 49-66. 

Zouboulis, A. I. (1930). Removal of Toxic metal ions from solutions using industrial solid 

byproducts, Wat. Sci. Tech. 27, no. 10, pp  83-93. 

269 1 P a g e 



Appendix-A 

Rainfall Intensity, Leachate Volume and Settlement Data 

Table A. 1 Variation of Rainfall Intensity during the Experimental Period 

Season Date Time (Day) Rainfall (mm) 
8/1/08 48 0.0 

8/11/08 50 13.0 
8/15/08 60 41.0 
8/29/08 64 23.0 
9/17/08 78 29.0 
9/26/08 96 57.0 

cz 9/27/08 105 85.0 
10/25/08 106 6.0 
10/26/08 134 30.0 
10/27/08 135 128.0 
11/10/08 136 0.0 
11/28/08 149 0.0 
12/20/08 167 0.0 

2/2/09 189 0.0 
2/24/09 261 0.0 

cz 3/7/09 287 0.0 
4/17/09 300 0.0 
4/28/09 310 0.0 
5/8/09 321 0.0 
5/29/09 331 0.0 
6/3/09 352 0.0 

6/27/09 364 0.0 
7/5/09 372 35.0 

7/19/09 386 30.0 
7/26/09 393 32.0 
8/12/09 409 45.0 
8/17/09 414 36.0 
8/28/09 425 26.0 
9/4/09 431 14.0 

9/17/09 444 29.0 
9/27/09 454 34.0 
10/12/09 469 0.0 
10/28/09 485 0.0 
11/8/09 495 0.0 

Cl) 
11/24/09 511 0.0 

1/3/10 520 0.0 
1/27/10 543 0.0 
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2/7/10 553 0.0 
3/27/10 603 0.0 
4/12/10 618 0.0 
4/27/10 633 0.0 
5/25/10 661 0.0 
6/1 7/1 0 683 32.0 
6/25/10 691 41.0 
6/28/10 694 40.0 
7/4/10 700 28.0 
7/5/10 701 35.0 
7/23/10 719 30.0 
8/5/10 731 27.0 
8/19/10 745 36.0 
8/28/10 754 26.0 

Table A.2 Variation of Leachate Volume during the Experimental Period 

Cumulative Cumulative amount of leachate volume (L) 
Date 

Time 
amount of at varying operational condition of landfill 

(Day) 
rainfall (mm) lysimeter  

A l  A2  B C 
8/1/08 48 0 2 1 1 1 

8/11/08 50 13 7 25 19 23 
8/15/08 60 54 16 61 41 50 
8/29/08 64 77 20 89 59 73 
9/17/08 78 106 25 121 79 99 
9/26/08 96 163 35 163 111 134 
9/27/08 105 248 47 215 153 179 
10/25/08 106 254 48 220 157 187 
10/26/08 134 284 51 250 179 210 
10/27/08 135 412 58 315 224 266 
11/10/08 136 412 59 321 227 273 
11/28/08 149 412 60 327 229 279 
1 2/20/08 167 412 61 334 233 284 
2/2/09 189 412 62 337 234 286 

2/24/09 261 412 64 341 235 289 

VJ 
3/7/09 287 412 65 346 236 292 
4/17/09 300 412 66 352 237 298 
4/28/09 310 412 67 359 239 301 
5/8/09 321 412 68 364 240 304 
5/29/09 331 412 69 369 241 307 
6/3/09 3 5-2--F 412 70 374 243 310 
6/27/09 364 1 412 71 381 244 313 
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7/5/09 372 447 75 415 269 343 
7/19/09 386 477 78 445 291 366 

Cn 
7/26/09 393 509 81 479 317 396 

Cz 8/12/09 409 554 90 521 342 427 
8/17/09 414 590 93 556 367 457 
8/28/09 425 616 97 584 385 480 
9/4/09 431 630 98 596 393 490 

9/1 7/09 444 659 101 626 415 513 
9/27/09 454 693 105 659 437 538 
10/12/09 469 693 106 666 439 545 
10/28/09 485 693 107 675 441 552 
11/8/09 495 693 108 683 445 559 
11/24/09 511 693 111 692 447 564 

Ln 03 1/3/10 520 693 112 701 450 571 
1/27/10 543 693 113 706 452 578 
2/7/10 553 693 114 715 454 585 

3/27/1 0 603 693 115 723 459 594 
4/12/10 618 693 116 733 461 601 
4/27/10 633 693 117 739 464 607 
5/25/10 661 693 118 741 466 614 
6/1 7/10 683 725 123 776 490 641 
6/25/10 691 766 127 816 515 673 
6/28/10 694 806 130 850 536 696 
7/4/10 700 834 134 878 554 719 
7/5/10 701 869 134.5 921 576 722 
7/23/10 719 899 135 949 594 745 

04 8/5/10 731 926 135.5 983 620 789 
8/19/10 745 962 136.5 1011 638 795 
8/28/10 754 988 137.5 1039 672 799 

Table A.3 Variation of Settlement of MSW Deposited in Landfill Lysimeter 

Season 
Date 

Time 

(Day) 
Variation of settlement (% of waste thickness) at 
varying operational condition of landfill lysirneter 

A B C 
Dry 7/1/08 20 -0.3 -0.15 -0.25 

season 7/28/08 26 -0.5 -0.98 -0.9 
8/2/08 33 -1.5 -1.2 -1.3 
8/12/08 41 -3 -1.6 -1.8 
8/28/08 48 -3.5 -2.1 -2.5 Rainy 

Season 
9/7/08 59 -4.2 -2.7 -3.1 

9/16/08 74 -6.8 -3.1 -3.8 
9/26/08 87 -9.5 -3.8 4.2 
10/20/08 97 -14.9 -4.7 -5.9 
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10/28/08 107 -17.2 -5.4 -6.9 
11/8/08 119 -18.2 -6.1 -10 
11/28/08 133 -19 -6.7 -10.2 
12/25/08 161 -20 -7.1 -10.8 

1/5/09 189 -21.2 -8.2 -11.1 
1/25/09 217 -22 -9 -11.2 
2/17/09 245 -23.3 -10 -11.8 

Dry 
3/7/09 273 -24 -11.8 -12.2 

season 3/27/09 301 -25.2 -12 -12.6 
4/8/09 329 -26.2 -13 -13.8 

4/27/09 357 -27.2 -14.2 -15.4 
5/5/09 383 -28.1 -15 -16 
5/28/09 391 -29 -16 -16.6 
7/6/09 399 -33 -20 -21.8 

7/15/09 407 -35.4 -22.5 -23.7 
7/28/09 414 -36 -23 -24 

Rainy 8/5/09 421 -39 -25 -27 
Season 8/25/09 483 -41 -26 -28 

8/25/09 497.98 -42 -27 -28 
9/5/09 505 -42.4 -27.7 -28.2 
9/27/09 520 -42.8 -27.7 -28.2 
1/27/10 546 -43 -28.1 -28.8 

Dry 2/25/10 566 -43.3 -28.4 -29 
season 3/29/10 580 -43.8 -28.5 -29.4 

4/25/10 604 -44.1 -28.8 -30 
5/30/10 611 -44.6 -29 -30.2 
6/5/10 619 -45 -29.9 -30.9 

6/25/10 629 -45.9 -30.4 -31.8 
Rainy 7/13/10 656 -46.3 -31.2 -32.3 
Season 7/25/10 715 -47 -31.4 -33 

8/5/10 745 -47 -32 -33.7 
8/28/10 775 -47.9 -32.4 -33.8 

-4'  

low  
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Appendix-B 

Measured Concentration of Parameters in Leachate of Landfill Lysimeter 

Table B.1 Variation of pH in the lysimeters 

Date Time (day) Variation of pH at varying operational condition of landfill lysimeter 
A l  A2  B C 

24/06/08 12 6.38 6.83 7.38 6.33 
02/07/08 20 6.99 6.93 7.44 7.43 
08/07/08 26 7.44 7.71 7.67 7.53 
15/07/08 33 7.6 7.75 7.7 7.71 
23/07/08 41 8.17 7.54 8.21 7.83 
30/07/08 48 8.16 7.47 8.41 8.05 
10/08/08 59 6.49 6.33 8.5 7.12 
25/08/08 74 6.73 6.59 8.61 6.68 
08/09/08 87 6.89 6.63 8.43 6.49 
18/10/08 97 6.85 6.58 7.98 6.45 
28/10/08 107 6.81 6.14 7.92 6.62 
10/11/08 119 6.75 6.42 7.84 6.3 
24/11/08 133 6.79 6.58 7.73 6.61 
22/12/08 161 6.17 6.88 7.61 7.33 
20/01/09 189 6.25 6.73 7.56 7.73 
18/02/09 217 6.35 6.66 7.42 8.38 
16/03/09 245 6.53 7.63 7.38 8.2 
14/04/09 273 6.56 7.62 7.28 8.18 
12/05/09 301 6.33 7.55 7.21 8.27 
10/06/09 329 6.5 7.52 7.17 8.12 
08/07/09 357 6.5 7.42 7 7.94 
04/08/09 383 6.55 7.53 6.66 7.73 
11/08/09 391 6.65 7.46 6.4 7.38 
18/08/09 399 7.75 8.02 7.84 8.3 
26/8/09 407 7.79 8 7.73 8.1 
02/09/09 414 7 7.88 7.61 8.33 
09/09/09 421 7.05 7.73 7.56 8.13 
11/11/09 483 7.05 7.73 7.56 8.33 
26/11/09 497.98 6.05 7.53 6.66 7.73 
03/12/09 505 5.98 7.51 6.58 7.03 
1 8/12/09 520 6.53 7.43 6.52 7.45 
14/01/10 546 6.51 7.27 6.45 7.21 
04/02/10 566 6.43 7.26 6.98 7.5 
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1_18/02/10 580 6.45 7.67 6.87 7.3 
12/03/10 604 6.38 7.56 6.71 7.21 
19/03/10 611 6.43 6.98 6.94 7 

27/03/10 619 6.34 7.43 6.81 6.97 
07/04/10 629 6.43 6.73 6.98 7.11 
04/05/10 656 6.98 7.27 7.45 7.21 
04/07/10 715 7.08 7.5 7.92 7.81 
03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  

Table B.2 Seasonal Variation of pH in the lysimeters 

Time Seasonal variation of p1-I at varying operational condition of 

Date (Day) landfill lysimeter  

Al A2 B C 

24/06/08 12 6.38 6.83 7.38 6.33 
02/07/08 20 6.99 6.93 7.44 7.43 

Cd 08/07/08 26 7.44 7.71 7.67 7.53 
15/07/08 33 7.6 7.75 7.7 7.71 
23/07/08 41 8.17 7.54 8.21 7.83 
30/07/08 48 8.16 7.47 8.41 8.05 

8/1/08 50 6.49 6.33 8.5 7.12 
8/1 1/08 60 6.73 6.59 8.61 6.68 
8/15/08 64 6.89 6.63 8.43 6.49 
8/29/08 78 6.85 6.58 7.98 6.45 

Cn 
1310 9/17/08 96 6.81 6.14 7.92 6.62 

9/26/08 105 6.75 6.42 7.84 6.3 
9/27/08 106 6.79 6.58 7.73 6.61 
10/25/08 134 6.17 6.88 7.61 7.33 
10/26/08 135 6.25 6.73 7.56 7.73 
10/27/08 136 6.35 6.66 7.42 8.38 
1 1 /1 0/08 149 6.53 7.63 7.38 8.2 

CA 11/28/08 167 6.56 7.62 7.28 8.18 
12/20/08 189 6.33 7.55 7.21 8.27 
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2/2/09 261 6.5 7.52 7.17 8.12 
2/24/09 287 6.5 7,42 7 7.94 
3/7/09 300 6.55 7.53 6.66 7.73 

4/17/09 310 6.65 7.46 6.4 7.38 
4/28/09 321 7.75 8.02 7.84 8.3 
5/8/09 331 7.79 8 7.73 8.1 
5/29/09 352 7 7.88 7.61 8.33 
6/3/09 364 7.05 7.73 7.56 8.73 

6/27/09 390 7.05 1 7.73 1 7.56 1 8.73 

Table B.3 Variation of Chloride in the lysimeters 

Date Time (day) 

Variation of Chloride (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12 3037 3572 1350 760 
02/07/08 20 2357 2857 1510 1100 
08/07/08 26 2762 2762 510 110 
15/07/08 33 1370 1770 1550 1020 
23/07/08 41 1280 1800 550 130 
30/07/08 48 2650 1850 570 145 
10/08/08 59 1120 1270 580 150 
25/08/08 74 1325 1155 850 1050 
08/09/08 87 970 1170 725 1070 
18/1 0/08 97 1240 1290 730 920 
28/10/08 107 2508 2608 1190 1370 
10/11/08 119 2440 2670 1750 1300 
24/1 1/08 133 2270 2570 1870 1390 
22/1 2/08 161 2880 2790 1010 1410 
20/01/09 189 2300 2600 950 1500 
18/02/09 217 2320 2520 1000 1700 
16/03/09 245 2090 2150 1000 1290 
14/04/09 273 2705 2205 1000 1800 
12/05/09 301 2150 2250 1010 1810 
10/06/09 329 2450 2650 1080 1670 
08/07/09 357 2170 2370 1085 1780 
04/08/09 383 2225 2425 1100 1290 
11/08/09 391 2370 2670 1125 1432 
18/08/09 399 2420 2600 1125 1679 
26/8/09 407 2580 2780 1175 1025 
02/09/09 414 2342 2650 1255 1129 
09/09/09 421 2680 1 2780 1255 1 1200 
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11/11/09 483 2275 2675 1265 1240 
26/11/09 497.98 2672 2678 1265 1225 
03/12/09 505 2710 2750 1275 1125 
18/12/09 520 2262 2762 1275 1250 
14/01/10 546 2249 2649 1175 1350 
04/02/1 0 566 2205 2205 1100 1105 
18/02/10 580 2265 2308 1075 1155 
12/03/10 604 2350 2650 1010 1175 
19/03/10 611 2025 2365 985 1215 
27/03/10 619 2225 2375 900 1200 
07/04/10 629 2875 2387 1000 1250 
04/05/10 656 2175 2500 1160 1350 
04/07/10 715 2215 2730 1030 1378 
03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  

Table B.4 Seasonal Variation of Chloride in the lysimeters 

Seasonal variation of Chloride (mg/L) at varying operational 
En 
cz Date Time  condition of landfill lysimeter 

(Day) 
Al A2 B C 

24/06/08 12  3572 1350 760 
02/07/08 20  2857 1510 1100 
08/07/08 26 2762 510 110 
15/07/08 33  1770 1550 1020 
23/07/08 41  1800 550 130 
30/07/08 48  1850 570 145 

8/1/08 50  1270 580 150 
8/11/08 60  1155 850 1050 
8/15/08 64  1170 725 1070 
8/29/08 78 1290 730 920 
9/17/08 96  2608 690 1370 
9/26/08 105  2670 750 1300 
9/27/08 106  2570 570 1390 
10/25/08 134  2790 1010 1510 
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10/26/08 135  2600 1150 1700 

10/27/08 136  2520 1000 1700 

11/10/08 149  2150 1000 1590 

11/28/08 167  2205 1000 1800 

12/20/08 189  2250 1010 1810 
2/2/09 261  2650 1080 1670 

2/24/09 287  2370 1085 1780 
Cri 3/7/09 300  2425 1100 1290 

4/17/09 310  2670 1125 1432 
4/28/09 321  2600 1125 1679 
5/8/09 331  2780 1175 1025 
5/29/09 352  2650 1255 1129 
6/3/09 364  2780 1255 1200 

6/27/09 390  2675 1265 1240 

Table B.5 Variation of Solid Particles in the lysimeters 

Date Time (day) 
Variation of Solid Particles (mglL) at varying operational condition of 

landfill lvsimeter 
A2    B  

TS TDS TSS TS TDS TSS 
24/06/08 12 36690 35810 8800 30739 29980 7590 
02/07/08 20 34880 33710 11700 31900 29720 21800 
08/07/08 26 30430 29300 11300 32060 29630 24300 
15/07/08 33 30540 29200 13400 25019 22840 21790 
23/07/08 41 21480 20200 12800 16990 14450 25400 
30/07/08 48 21490 20150 13400 15920 13790 21300 
10/08/08 59 16870 15740 11300 12920 10610 23100 
25/08/08 74 16630 15350 12800 12050 10160 18900 
08/09/08 87 15600 14380 12200 9890 7880 20100 
18/10/08 97 15380 14000 13800 8770 6880 18900 
28/10/08 107 15380 14000 13800 5960 3830 21300 
10/11/08 119 14570 13440 11300 7980 5810 21700 
24/11/08 133 13920 12780 11400 8041 5950 20910 
22/1 2/08 161 13920 12780 11400 8310 6440 18700 
20/01/09 189 13630 12640 9900 7000 5770 12300 
18/02/09 217 13510 12640 8700 7120 5800 13200 
16/03/09 245 12292 11572 7200 7400 6170 12300 
14/04/09 273 12557 11570 9870 8717 7700 10170 
12/05/09 301 11547 10572 9750 8892 7910 9820 
10/06/09 329 10919 10040 8790 8476 7456 10200 
08/07/09 1 357 9457 8790 6670 8519 7493 10260 
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1es in the lysimeters 

)n of Solid Particles (mg/L) at varying operational 
condition of landfill lysirneter 

B   C  

TSS TS TDS I TSS TS TDS TSS 
880 30739 29980 759 27280 26000 1280 

1170 31900 29720 2180 23720 21940 1780 
1130 32060 29630 2430 21150 19020 2130 
1340 25019 22840 2179 20190 17850 2340 
1280 16990 14450 2540 16420 14140 2280 
1340 15920 13790 1 2130 16130 14590 1540 

04/08/09 383 6980 6440 5400 3800 2770 10300 
11/08/09 391 6940 6380 5600 2920 1800 11200 
18/08/09 399 860 140 7200 3310 2170 11400 
26/8/09 407 13280 12640 6400 8330 7700 6300 
02/09/09 414 13049 12780 2690 8370 7910 4600 
09/09/09 421 11115 10572 5430 7888 7493 3950 
11/11/09 483 8642 8222 4200 5600 5200 4000 
26/11/09 498 7340 6800 5400 5400 4630 7700 
03/12/09 505 9963 9620 3430 5750 5320 4300 
18/12/09 520 10450 10180 2700 6470 6130 3400 
14/01/10 546 9217 8790 4270 10400 9980 4200 
04/02/10 566 6710 6440 2700 9960 9720 2400 
18/02/10 580 6690 6380 3100 10100 9630 4700 
12/03/10 604 6500 6220 2800 8080 7840 2400 
19/03/10 611 5570 5380 1900 14770 14450 3200 
27/03/10 619 5030 5000 300 13970 13790 1800 
07/04/10 629 5019 4990 290 10730 10610 1200 
04/05/10 656 9670 9650 200 10250 10160 900 
04/07/10 715 5017 5000 170 7990 7880 1100 
03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  
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- 8/1/08 50 16870 15740 1130 12920 10610 2310 15290 13160 2130 
8/11/08 60 16630 15350 1280 12050 10160 1890 15240 13460 1780 
8/15/08 64 15600 14380 1220 9890 7880 2010 14070 12150 1920 
8/29/08 78 15380 14000 1380 8770 6880 1890 11840 10170 1670 
9/17/08 96 15380 14000 1380 5960 3830 2130 10580 8800 1780 
9/26/08 105 14570 13440 1130 7980 5810 2170 9830 8300 1530 

FG 9/27/08 106 13920 12780 1140 8041 5950 2091 9450 8210 1240 
10/25/08 134 13920 12780 1140 8310 6440 1870 10930 9390 1540 
10/26/08 135 13630 12640 990 7000 5770 1230 10760 9670 1090 
10/27/08 136 13510 12640 870 7120 5800 1  1320 10400 9280 1120 

11/10/08 149 12292 11572 720 7400 6170 1230 14550 13420 1130 
11/28/08 167 12557 11570 987 8717 7700 1017 12917 11930 987 
12/20/08 189 11547 10572 975 8892 7910 982 10315 9340 975 
2/2/09 261 10919 10040 879 8476 7456 1020 10472 9593 879 

2/24/09 287 9457 8790 667 8519 7493 1026 10260 9593 667 
3/7/09 300 6980 6440 540 3800 2770 1030 9860 9670 190 
4/17/09 310 6940 6380 560 2920 1800 1120 9520 9280 240 
4/28/09 321 860 140 720 3310 2170 1140 700 420 280 
5/8/09 331 13280 12640 640 8330 7700 630 16020 15930 90 
5/29/09 352 13049 12780 269 8370 7910 460 16040 15340 700 
6/3/09 364 11115 10572 543 7888 7493 395 9685 9593 92 

6/27/09 390 8642 8222 420 5600 5200 400 9650 9500 150 

Table B.7 Variation of Hardness in the lysimeters 

Date Time (day) 

Variation of Hardness (mg/L) at varying operational condition of 
 landfill lysimeter  

A l  A2  B C 
24/06/08 12 129.8 10000 14000 10000 
02/07/08 20 283.5 9963.6 13026 8902.5 
08/07/08 26 370.4 10000 10000 8736.8 
15/07/08 33 527.9 10000 2778 4861.5 
23/07/08 41 749.4 2700 2870.6 3055.8 
30/07/08 48 900 2222.4 2407.6 2315 
10/08/08 59 900 1704 2519 2444 
25/08/08 74 972.3 1685.32 2106.65 2347.4 
08/09/08 87 1083.42 1342.7 2037.2 1898.3 
18/10/08 97 1092.68 1527.9 2037.2 1620.5 
28/10/08 107 1092.68 1426 1713.1 1481.6 
10/11/08 119 1092,68 1363 1344 1324.1 
24/11/08 1 133 1157.5 1064.9 1805.7 1435.3 
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22/12/08 161 1259 1389 1759.4 1574.2 
20/01/09 189 1435.3 1900 1240 1560 
18/02/09 217 1620.5 1259 1611 1704 
16/03/09 245 2222.4 1852 2593 2778 
14/04/09 273 2315 2000 2204 2112 
12/05/09 301 2315 1741 2870 2232 
10/06/09 329 2537.24 1204 1440 1296 
08/07/09 357 2537.24 1204 1300 1196 
04/08/09 383 2796.52 1900 1250 1260 
11/08/09 391 2796.52 1259 1611 1700 
18/08/09 399 2963.2 1852 2593 1778 
26/8/09 407 3083.58 2000 2204 2122 
02/09/09 414 3241 1741 2870 2230 
09/09/09 421 3241 1204 3200 1096 
11/11/09 483 3162.3 1320.3 3320 1320 
26/11/09 497.98 3120.3 1375 2570 1580 
03/12/09 505 2522.3 1222.3 2232 2010.3 
18/12/09 520 3170.4 1000 2407.6 1196 
14/01/10 546 3227.9 1200 2519 1260 
04/02/10 566 2749.4 1222.4 2106.65 2230 
18/02/10 580 2900 1704 2037.2 1324.1 
12/03/10 604 3021 1685.32 2300 1435.3 
19/03/10 611 2972.3 1342.7 2250 2444 
27/03/10 619 3083.42 1320.3 1911 2347.4 
07/04/10 629 3092.68 1375 2467 2224 
04/05/10 656 2740.8 1370.48 2407.6 2222.4 
04/07/10 715 2837.2 1203.8 2574 1296 
03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  
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Table B.8 Variation of Alkalinity in the lysimeters 

Date Time (day) 

Variation of Alkalinity (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12 1150 9250 8000 9000 
02/07/08 20 1000 9550 8250 7250 
08/07/08 26 5550 10000 8770 9435 
15/07/08 33 1150 5700 5500 7350 
23/07/08 41 550 3200 4250 4300 
30/07/08 48 950 3100 4500 5000 
10/08/08 59 400 3080 4200 6400 
25/08/08 74 560 3060 5070 4745 
08/09/08 87 900 3050 5300 4400 
18/10/08 97 1250 2200 6150 5750 
28/10/08 107 550 2150 4050 3200 
10/11/08 119 400 1800 3600 2550 
24/11/08 133 750 1600 3000 2300 
22/12/08 161 463 1237 3111.2 2778 
20/01/09 189 900 2000 5240 4560 
18/02/09 217 1220 1380 5300 4200 
16/03/09 245 1300 1507 5500 5000 
14/04/09 273 1200 1600 6000 5990 
12/05/09 301 1297 1641 2870 2232 
10/06/09 329 1180 1330 4720 4000 
08/07/09 357 1170 1320 4720 4000 
04/08/09 383 900 1900 5240 4560 
11/08/09 391 1020 1280 2300 4200 
18/08/09 399 1000 1500 5500 5000 
26/8/09 407 900 1600 1000 900 

02/09/09 414 797 1741 2870 2232 
09/09/09 421 1180 1320 4720 4000 
11/11/09 483  1250  

26/11/09 497.98  1560  

03/12/09 505  1090  

18/12/09 520  1176  

14/01/10 546  2160  

04/02/10 566  1458  

18/02/10 580  1560  

12/03/10 604  1320  

19/03/10 611  1570  

27/03/10 619  1020  
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07/04/10 629  1070  

04/05/10 ' 656  980  

04/07/10 715  1280  

03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/1 1/10 891  

03/12/10 898  

Table B.9 Variation of Conductivity in the lysimeters 

Date Time (day) 

Variation of Conductivity (mS/cm) at varying operational condition 
 of landfill lysimeter  

A l  A2  B C 
24/06/08 12  12.8 5.9 10.9 
02/07/08 20  23 8.9 9.0 
08/07/08 26  14.8 9.2 8.9 
15/07/08 33  12.7 10.5 10.2 
23/07/08 41  24.7 8.9 19.1 
30/07/08 48  23.7 15.7 16.7 
10/08/08 59  21.7 16.5 13.3 
25/08/08 74  15.8 7.6 12.3 
08/09/08 87  18.3 7.9 11.0 
18/10/08 97  16.8 11.2 15.0 
28/10/08 107  14.3 10.4 12.7 
10/11/08 119  16.5 8.1 11.7 
24/11/08 133  10.8 9.6 11.8 
22/12/08 161  12.7 6.9 10.7 
20/01/09 189  11.7 9.1 9.4 
18/02/09 217  11.8 7.5 8.7 
16/03/09 245  10.7 6.8 7.5 
14/04/09 273  9.4 5.2 7.7 
12/05/09 301  8.7 5.9 3.7 
10/06/09 329  7.5 6.4 21.7 
08/07/09 357  7.6 5.3 13.2 
04/08/09 383 

_ ______________ 
3.7 6.3 10.2 

11/08/09 391 
_  3.5 6.6 12.7 

18/08/09 399  3.9 6.4 13.4 
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26/8/09 407  3.7 6.5 14.0 
02/09/09 414  4.3 6.6 18.1 
09/09/09 421  4.1 5.9 13.7 
11 /11/09 483  3.9 5.8 13.3 
26/11/09 497.98  4.5 7.7 12.3 
03/12/09 505  4.8 6.3 12.0 
18/12/09 520  5.7 5.3 11.0 
14/01/10 546  7.6 5.3 19.7 
04/02/10 566  3.1 6.8 10.1 
18/02/10 580  4.1 7.6 9 
12/03/10 604  3.8 7.4 7.7 
19/03/10 611  3.7 6.5 4.7 
27/03/10 619  4.8 6.6 5.7 
07/04/10 629  5.1 6.9 5.7 
04/05/1 0 656  4.9 6.8 5.8 
04/07/10 715  3.5 7.2 6.2 
03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  

Table B. 10 Seasonal Variation of Conductivity in the lysimeters 

Seasonal variation of Conductivity (mS/cm) at varying 
Date Time operational condition of landfill 1 simeter 

(Day) 
Al A2 B C 

24/06/08 12  12.8 5.8 11.2 
02/07/08 20  13 7.9 11.3 
08/07/08 26 14.8 5.9 10.9 
15/07/08 33  12.7 8.9 9.0 
23/07/08 41  10.4 9.2 8.9 
30/07/08 48  11.8 10.5 10.2 

8/1/08 50  24.7 8.9 19.1 
8/11/08 60  23.7 15.7 16.7 

0 

C) 
8/15/08 64  21.7 16.5 13.3 

8/29/08 78  15.8 7.6 12.3 
9/17/08 96  18.3 7.9 11.0 
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9/26/08 105  16.8 11.2 15.0 
9/27/08 106  14.3 10.4 12.7 
10/25/08 134  16.5 8.1 11.7 
10/26/08 135  10.8 9.6 11.8 
10/27/08 136  12.7 6.9 10.7 

11/10/08 149  17.7 9.1 11.4 
11/28/08 167  21.8 10.5 12.7 
12/20/08 189  19.7 11.8 13.5 
2/2/09 261  19.4 15.2 17.7 
2/24/09 287  18.7 15.9 17.7 

Cz 3/7/09 300  21.5 16.4 18.3 
4/17/09 310  22.6 17.3 19.2 
4/28/09 321  23 18 20 
5/8/09 331  24.1 19.3 21.2 

5/29/09 352  25.8 18.9 19.2 
6/3/09 364  24.5 17.4 17.9 

6/27/09 390  25.2 18.3 20.3 

Table B. 11 Variation of Sulfate in the lysimeters 

Date Time (day) 

Variation of Sulfate (mg/L) at varying operational condition of 
 landfill lysimeter  

A l  A2  B C 
24/06/08 12  1180 1110  

02/07/08 20  1086 940  

08/07/08 26  1030 880  

15/07/08 33  980 810  

23/07/08 41  820 780  

30/07/08 48  790 650  

10/08/08 59  760 640  

25/08/08 74  690 720  

08/09/08 87  540 670  

1 8/1 0/08 97  450 340  

28/1 0/08 107  360 320  

10/11/08 119  340 270  

24/11/08 133  290 180  

22/12/08 161  194 150  

20/01/09 189  110 120  

18/02/09 217 100 110  

16/03/09 245 
14/04/09 273 

12105/09 301  
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10/06/09 329  

08/07/09 357 

04/08/09 383  

11/08/09 391  

18/08/09 399  

26/8/09 407  

02/09/09 414  

09/09/09 421  

11/11/09 483  

26/11/09 497.98  

03/12/09 505  

18/12/09 520  

14/01/10 546  

04/02/10 566 

18/02/10 580  

12/03/10 604  

19/03/10 611  

27/03/10 619 
07/04/10 629 

04/05/10 656  

04/07/10 715 

03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  

Table B.12 Variation of COD in the lysimeters 

Date Time (day) 
Variation of COD (mg/L) at varying operational condition of landfill 

lysimeter 

24/06/08 12 240 60000 60000 60000 
02/07/08 20 6400 36400 38800 42800 
08/07/08 26 8880 30656 26640 28744 
15/07/08 33 20800 36300 24000 35600 
23/07/08 41 10500 17800 11200 34000 
30/07/08 48 320 10240 3840 35550 
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10/08/08 59 896 9360 3042 34480 
25/08/08 74 3536 7457 2288 33536 
08/09/08 87 2880 7520 2000 32360 
18/10/08 97 1600 7640 3640 7960 
28/10/08 107 1440 5400 1920 6240 
10/11/08 119 160 6760 1440 5120 
24/11/08 133 2720 5560 2240 6400 
22/12/08 161 2880 5800 1920 5280 
20/01/09 189 800 4520 1820 5120 
18/02/09 217 640 3420 1560 3990 
16/03/09 245 960 4120 1490 4860 
14/04/09 273 800 4940 1460 4650 
12/05/09 301 800 3726 1400 3400 
10/06/09 329 240 4400 1320 4800 
08/07/09 357 240 5346 1120 3200 
04/08/09 383 800 4087 900 5300 
11/08/09 391 640 4120 560 3880 
18/08/09 399 960 5120 590 4760 
26/8/09 407 800 3640 560 4750 
02/09/09 414 800 3530 400 4640 
09/09/09 421 240 4400 320 5800 
11/11/09 483 320 7800 3840 4240 
26/11/09 497.98 896 2240 3042 4120 
03/12/09 505 3536 2360 2288 2400 
18/12/09 520 2880 2288 2000 1280 
14/01/10 546 1600 3520 4640 1120 
04/02/10 566 1440 4640 1920 990 
18/02/10 580 160 2400 1440 860 
12/03/10 604 2720 1760 2240 650 
19/03/10 611 2880 2560 1920 400 
27/03/10 619 2880 800 1820 800 
07/04/10 629 2880 1520 1560 800 
04/05/10 656 2880 1420 1490 300 
04/07/10 715 2880 1420 1490 300 
03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  
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03/12/10 1 898 

Table B.13 Total COD Leaching 

Date Time (Day) 
Total COD leachate (mg/kg of solid waste) at varying 

operationalcondition of landfill lvsimeter 
Al A2 B C 

8/1/08 48  146.94 4.64 10.92 
8/11/08 50  477.23 83.31 282.03 
8/15/08 60  948.72 173.90 605.64 

Cu 
8/29/08 64  1316.05 246.29 871.64 
9/17/08 78  1625.30 337.71 945.61 
9/26/08 96  1998.31 465.54 1023.67 
9/27/08 105  2466.68 626.56 1106.01 
10/25/08 106  2690.10 766.02 1124.31 
10/26/08 134  2855.84 853.90 1167.71 
10/27/08 135  3185.84 1032.16 1270.19 
11/10/08 136  3193.01 1033.72 1280.17 
11/28/08 149  3201.65 1034.72 1290.59 
12/20/08 167  3213.75 1036.68 1298.90 
2/2/09 189  3217.65 1037.15 1301.33 

En 
2/24/09 261  3223.81 1037.59 1306.48 
3/7/09 287  3233.15 1037.97 1309.91 

Cn 
4/1 7/09 300  3241.73 1038.27 1321.27 
4/28/09 310  3251.81 1038.64 1325.43 
5/8/09 321  3260.76 1038.84 1330.54 
5/29/09 331  3267.13 1039.03 1335.63 
6/3/09 352  3273.30 1039.30 1340.60 

6/27/09 364  3284.07 1039.40 1346.82 

Table B.14 Seasonal Variation of COD in the lysimeters 

Seasonal variation of COD (mg/L) at varying operational 
Date Time 

____________ 
condition of landfill lysimeter 

(Day) 
Al A2 B C 

24/06/08 12  60000 60000 60000 

tn 
02/07/08 20  36400 38800 42800 

03 08/07/08 26  30656 26640 28744 
15/07/08 33  36300 24000 35600 
23/07/08 1 41 1  17800 11200 34000 
30/07/08 1 48 1  10240 3840 35550 
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8/1/08 50 9360 3042 34480 

8/11/08 60  7457 2288 33536 

8/15/08 64  7520 2000 32360 

8/29/08 78  7640 3640 7960 
9/17/08 96  5400 1920 6240 
9/26/08 105  6760 1440 5120 
9/27/08 106  5560 2240 6400 
10/25/08 134  5800 1920 5280 

10/26/08 135  4520 1820 5120 

10/27/08 136  3420 1560 1 3990 

11/10/08 149  4120 1490 4860 

11/28/08 167  4940 1460 4650 

12/20/08 189  3726 1400 3400 
2/2/09 261  4400 1320 4800 
2/24/09 287  5346 1120 3200 
3/7/09 300  4087 900 5300 
4/17/09 310  4120 560 3880 
4/28/09 321  4940 1460 4650 
5/8/09 331  3726 1400 3400 
5/29/09 352  4400 1320 4800 
6/3/09 364  5346 1120 3200 

6/27/09 390  4087 900 5300 

Table B.15 Variation of TKN in the lysimeters 

Date Time (day) 
Variation of TKN (mg/L) at varying operational condition of 

 landfill lysimeter  

A l  A2  B C 
19/06/08 7 1010 1340 2180 1730 
26/06/08 14 1120 1430 2090 1658 
03/07/08 21 1010 1320.8 2187 1706 
12/07/08 30 1001 1297 2090 1709 
01/08/08 50 997 1280 1980 1760 
11/08/08 60 980 1244 1860 1806 
11/09/08 90 956 1225 1743.9 1860 
11/11/08 120 945 1218 1637 1556 
21/12/08 160 937 1210 1645 1598 
16/03/09 245 845 1137 1603 1521 
01/05/09 290 820 1109 1534 1456 
01/06/09 320 800 1101 1432 1345 
01/07/09 350 764 976 1278 1109 
21/07/09 370 j  540 865 1201 980 
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10/08/09 390 378 520 1220 657 
19/08/09 400 378 504 1130 637 
03/09/09 415 365 538 1122 676 
28/11/09 500 356 485 1098 612 
08/09/09 520 345 467 1056 597 
13/01/10 545 337 443 1008 550 
18/02/1 0 580 325 431 956 521 
18/03/10 610 305 407 915 503 
08/04/10 630 290 381 867 486 
08/05/10 660 278 364 806 456 
04/07/10 715 263 340 770 435 
08/08/10 750 247 321 720 417 
28/09/10 800 233 300 686 402 
18/1 1/10 850 221 278 610 360 
05/12/10 900 195 251 480 312 

Table B.16 TKN Leaching 

r. TKN leaching (mg/kg of solid waste) at varying operational 

Date Time  condition of landfill lysimeter  

(Day) 
A l  A2  B C 

8/1/08 48  0.47 0.73 0.62 
8/11/08 50  12.47 13.34 13.65 
8/15/08 60  29.09 29.46 30.12 
8/29/08 64  41.79 42.07 44.17 
9/17/08 78 

____________ 
56.11 55.34 60.52 

9/26/08 96  74.38 75.29 83.11 
9/27/08 105  96.65 99.83 113.03 
10/25/08 106  107.30 118.48 117.47 
10/26/08 134  119.99 130.61 130.61 
10/27/08 135  145.83 154.79 161.05 
11/10/08 136  148.16 156.33 164.69 

Cn 11/28/08 149  150.47 157.29 167.58 
CIO 12/20/08 167  152.86 159.00 169.56 

2/2/09 189  153.77 159.40 170.26 
2/24/09 261  154.49 159.81 170.97 
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3/7/09 287  155.38 160,19 171.65 
4/17/09 300  156.50 160.57 173.10 
4/28/09 310  157.69 161.30 173.75 
5/8/09 321  158.51 161.66 174.39 
5/29/09 331  159.28 161.99 174.98 
6/3/09 352  160.04 162.64 175.54 
6/27/09 364  161.03 162.94 176.08 

Table B.17 Variation of NH4-N in the lysirneters 

Date Time (day) 

Variation of NH4-N (mg/L) at varying operational condition of 
 landfill lysimeter  

Al  A2  B C 
19/06/08 7 705 897 997 920 
26/06/08 14 700 901.3 992.7 965.7 
03/07/08 21 702.3 865.3 967.2 898.7 
12/07/08 30 687.4 832 955.5 865 
01/08/08 50 682 802 943.7 831.2 
11/08/08 60 675 765 803 820 
11/09/08 90 634.2 654.9 765 702 
11/11/08 120 610 654 787 698 
21/12/08 160 543 597 754 653 
16/03/09 245 504.9 586.7 697.5 632.8 
01/05/09 290 487.7 576 686 614 
01/06/09 320 468.7 555.8 673.5 602.7 
01/07/09 350 435 549 698 678 
21/07/09 370 420 540 684 665 
10/08/09 390 412 563.2 702 621 
19/08/09 400 410 531.9 665 587 
03/09/09 415 320 520 655 582 
28/11/09 500 315 510 634 578 
08/09/09 520 307 501.7 620 576 
13/01/10 545 316.2 507.8 623.8 579.7 
18/02/10 580 297.4 497 590 520 
18/03/10 610 287 486 576 515 
08/04/10 630 265 475 545 501 
08/05/10 660 245 402 509 455 
04/07/10 715 222 386 476 409 
08/08/10 750 201.7 276 354 307 
28/09/10 800 196 165 208 198 
18/1 1/10 850 187 154 190 187 
05/12/10 900 190 127.9 192.7 190 
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Table B.18 Variation of Nitrate in the lysimeters 

Date Time (day) 

Variation of Nitrate (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12  1180 1110  

02/07/08 20  1086 940  

08/07/08 26  1030 880  

15/07/08 33  980 810  

23/07/08 41  820 780  

30/07/08 48  790 650  

10/08/08 59  760 640  

25/08/08 74  690 720  

08/09/08 87  540 670  

18/10/08 97  450 340  

28/10/08 107  360 320  

10/11/08 119  340 270  

24/11/08 133  290 180  

22/12/08 161  194 150  

20/01/09 189  110 120  

18/02/09 217  100 110  

16/03/09 245 

14/04/09 273 

12/05/09 301  

10/06/09 329  

08/07/09 357  

04/08/09 383  

11/08/09 391  

18/08/09 399  

26/8/09 407  

02/09/09 414  

09/09/09 421  

11/11/09 483  

26/11/09 497.98  

03/12/09 505  

18/12/09 520  

14/01/10 546  

04/02/10 566 

18/02/10 580  

12/03/10 604  

19/03/10 611 
27/03/10 619 
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07/04/10 629  

04/05/10 656  

04/07/10 715  

03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11/10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  

Table B.20 Variation of Ca in the lysimeters 

Date 

Time 
(day) 

Variation of Ca (mg/L) at varying operational condition of landfill 
 lysimeter  

A1  A2  B C 
24/06/08 12 350.5 415.8 305.9 315.8 
02/07/08 20 301.2 580.8 356.8 380.8 
08/07/08 26 670.7 402.1 567.9 602.1 
30/07/08 48 455.9 576.8 456.3 576.8 
10/11/08 119 789.9 640.6 564.3 610.6 
24/1 1/08 133 586.4 450.4 578 470.4 
22/12/08 161 677.8 664.2 568 664.2 
16/03/09 245 630.9 625.8 578 605.8 
14/04/09 273 624.9 569.6 564.8 599.6 
12/05/09 301 387 347 456.3 517 
04/08/09 383 448.7 379.6 398 479.6 
11/08/09 391 409 317 459 557 
18/08/09 399 357 338 377.6 538 
26/8/09 407 360 327.9 376.1 527.9 
26/11/09 498 367 388 306.3 478 
03/12/09 505 370 317 278.4 377 
18/12/09 520 368 389 328.7 349 
14/01/10 546 358.8 325.7 269.8 325 
07/04/10 629 330.7 217.9 238.3 217.9 
04/05/10 656 327.8 310.6 208.6 300.6 
04/07/10 715 320.7 289.3 211.2 289.3 
03/08/10 745 314.2 289.7 234.4 279.7 
02/09/10 775 298.8 287.6 204.3 220.6 
01/10/10 805 291.3 287.5 198.3 217.5 
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30/10/10 835 267.9 256 176.4 156 
15/11/10 880 253.5 280.5 153 180 
19/11/10 884 276.5 228.5 191.5 140 
26/11/10 891  

03/12/10  

Table B.21 Variation of K in the lysimeters 

Date 
Time 
(day) 

Variation of K (mg/L) at varying operational condition of landfill 
lysimeter  

A1  A2  B C 
24/06/08 12 1650.5 1815.8 1605.9 1509.9 
02/07/08 20 1741.2 1980.8 1656.8 1576.8 
08/07/08 26 1070.7 1102.1 1117.9 1011.9 
30/07/08 48 855.9 1576.8 1456.3 1356.3 
10/11/08 119 1689.9 1840.6 1764.3 1664.3 
24/11/08 133 1586.4 1750.4 1678 1676 
22/12/08 161 1677.8 1764.2 1668 1956.7 
16/03/09 245 1730.9 1625.8 1678 1601.2 
14/04/09 273 1424.9 1569.6 1364.8 1298.7 
12/05/09 301 1587 2047 1456.3 1356.3 
04/08/09 383 1548.7 1979.6 1398 1091 
11/08/09 391 1509 2017 1459 1059 
18/08/09 399 1457 2138 1577.6 1377.6 
26/8/09 407 1460 2427.9 1676.1 1576.1 
26/11/09 498 1967 2388 1606.3 1346 
03/12/09 505 1370 2517 1578.4 1342 
18/12/09 520 1368 2589 1728.7 1432.8 
14/01/10 546 1358.8 2525.7 1669.8 1456.9 
07/04/10 629 1330.7 2517.9 1238.3 738.3 
04/05/10 656 1327.8 2310.6 1008.6 608.6 
04/07/10 715 1320.7 2289.3 1121.2 567.2 
03/08/10 745 1314.2 2289.7 1234.4 734.4 
02/09/10 775 1298.8 2287.6 1204.3 704.3 
01/10/10 805 1291.3 2287.5 1198.3 698.3 
30/10/10 835 1267.9 2156 1176.4 1176.4 
15/11/10 880 1138.05 2069.95 1370.05 1370.05 
1 9/11/10 884 1264.4 1966.5 1389,5 1389.5 
26/11/10 891 

03/12/10 898  
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Table B.22 Variation of Na in the lysimeters 

Date 
Time 
(day) 

Variation of Na (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12 2350.3 2215.2 2605 2409.1 
02/07/08 20 2201.2 2280.8 2656.4 2376.8 
08/07/08 26 2070.7 1902.1 2117.9 1011.9 
30/07/08 48 1555.9 1376.8 1256.3 1356.4 
10/11/08 119 2289.9 2040.6 2764.3 2164.3 
24/11/08 133 2386.4 1950.4 2678 2276 
22/12/08 161 2277.8 2364.2 2568 1956.7 
16/03/09 245 2330.9 2225.8 2278 2002.1 
14/04/09 273 2424.9 2369.6 2164.8 1898.8 
12/05/09 301 2287 2147 2456.3 1356.3 
04/08/09 383 2348.7 2179.6 2198 1791 
11/08/09 391 2009 2017 2159 1359 
18/08/09 399 2257 2138 2077.6 1377.6 
26/8/09 407 2260 2127.9 2076.1 1576.1 
26/11/09 498 2267 2188 2406.3 1346 
03/12/09 505 2370 2117 2378.4 1342 
18/12/09 520 2368 2289 2328.7 1443.2 
14/01/10 546 2058.8 2225.7 2369.8 1452.9 
07/04/10 629 2330.7 2317.9 2238.3 173 8. 3 
04/05/10 656 2027.8 2310.6 2008.6 1608.6 
04/07/10 715 2020.7 2189.3 2134 1567.2 
03/08/10 745 2114.2 2289.7 2098 1734.4 
02/09/10 775 1298.8 2187.6 2143 1704.3 
01/10/10 805 1291.3 1787.5 2198.3 1698.3 
30/10/10 835 1267.9 1456 2054.4 1176.4 
15/11/10 880 1438.75 1312.35 1765.3 1603.65 
1 9/11/10 884 1525.5 1251.6 1623.76 1420.7 
26/11/10 891  

03/12/10 898  
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Table B.23 Variation of Mg in the lysimeters 

Date 

Time 
(day) 

Variation of Mg (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12 455.7 405.5 605.9 415.8 
02/07/08 20 501.9 480.8 586.8 506.9 
08/07/08 26 556.9 402.1 567.9 452.1 
30/07/08 48 455.9 426.8 546.3 476.8 
10/11/08 119 589.9 540.6 594.3 520.6 
24/11/08 133 586.4 450.4 598.9 470.4 
22/1 2/08 161 517.3 564.2 568 594.2 
16/03/09 245 530.9 525.8 578 505.6 
14/04/09 273 524.9 469.6 564.8 499.6 
12/05/09 301 387 347 406.3 417 
04/08/09 383 338.4 379.6 388 409.6 
11/08/09 391 309 317 459 357 
18/08/09 399 327 338 377.6 345.9 
26/8/09 407 360 327.9 366.1 342.7 
26/11/09 498 367 328 386.3 288 
03/12/09 505 370 317 378.4 377 
18/12/09 520 368 359 328.7 349 
14/01/10 546 358.8 325.7 369.8 325 
07/04/10 629 330.7 217.9 238.3 217.9 
04/05/10 656 327.8 310.6 328.6 300.6 
04/07/10 715 328.7 289.3 311.2 289.3 
03/08/10 745 324.2 259.7 274.4 289.7 
02/09/10 775 258.8 247.6 284.3 220.1 
01/10/10 805 291.3 287.5 298.3 217.5 
30/10/10 835 217.9 256 276.4 156 
15/11/10 880 147.25 145.2 228.35 199.35 
19/11/10 884 159.95 127.15 228.4 161.25 
26/11/10 891  

03/12/10 1  898  
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Table B.24 Variation of Fe in the lysimeters 

Date Time (day) 
Variation of Fe (mg/L) at varying operational condition of 

 landfill lysimeter  

A1  A2  B C 
24/06/08 12 70.13 82.60 91.20 72.00 
02/07/08 20 72.06 78.42 80.04 40.20 
08/07/08 26 52.20 62.10 82.22 3.33 
15/07/08 33 65.60 60.12 71.70 4.60 
23/07/08 41 41.10 53.40 61.10 2.00 
30/07/08 48 30.20 50.00 52.00 1.60 
10/08/08 59 30.80 51.60 53.20 0.00 
25/08/08 74 30.97 52.10 52.40 8.00 
08/09/08 87 34.00 48.00 44.80 6.80 
18/10/08 97 21.10 30.30 30.80 1.20 
28/10/08 107 17.70 29.00 35.20 6.00 
10/11/08 119 32.00 23.00 45.10 1.50 
24/11/08 133 23.30 24.10 30.50 0.30 
22/12/08 161 10.20 21.70 22.00 5.10 
20/01/09 189 12.00 20.70 45.00 4.20 
18/02/09 217 14 19.00 21.5 2.2 
16/03/09 245 12 18.1 19.4 2.6 
14/04/09 273 15.42 17 13.06 1.42 
12/05/09 301 13.02 15.14 14.52 0.75 
10/06/09 329 11.6 12.6 11.7 3.2 
08/07/09 357 12.8 11.9 16.1 8.9 
04/08/09 383 11.4 13 32.5 2.2 
11/08/09 391 10 11.1 16.4 8.6 
18/08/09 399 9.42 10 13.06 1.42 
26/8/09 407 5.02 8 11.52 0.75 
02/09/09 414 8.6 10.6 14.7 3.2 
09/09/09 421 12.8 11.9 16.1 8.9 
11/11/09 483 12.45 13.3 7.56 7.3 
26/1 1/09 497.98 12.2 18.9 9.65 8.6 
03/12/09 505 13 12.5 17.3 8.52 
18/12/09 520 18.7 22.2 11.6 5 
14/01/10 546 5.20 8.04 11.7 1.50 
04/02/10 566 5.20 7.22 16.1 0.30 
18/02/10 580 11.4 11.70 10.14 5.10 
12/03/10 604 6 7.10 6 4.20 
19/03/10 611 5.42 6.00 10 2.00 
27/03/10 619 3.10 4.20 4 2.5 
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07/04/10 629 3.70 3.40 3.2 1.4 
04/05/10 656 2.20 4.80 8.9 3.06 
04/07/10 715 3.2 3.80 3.6 1.52 
03/08/10 745  

02/09/10 775  

01/10/10 805  

30/10/10 835  

15/11 /10 880  

19/11/10 884  

26/11/10 891  

03/12/10 898  

Table B.25 Variation of Cd in the lysimeters 

Date 

__________ 

Time 

(day) 

_______ 

Variation of Cd (mglL) at varying operational condition of 
 landfill lysimeter  

A l  A2  B C 
24/06/08 12 0.265 0.168 0.09 0.06 
30/07/08 48 0.253 0.123 0.178 0.09 
10/11/08 119 0.078 0.097 0.1176 0.105 
22/12/08 161 0.13 0.065 0.087 0.07 
16/03/09 245 0.067 0.0765 0.065 0.05 
12/05/09 301 0.134 0.09 0.1 0.06 
04/08/09 383 0.126 0.092 0.09 0.07 
26/11/09 498 0.1176 0.0476 0.06 0.07 
18/12/09 520 0.16 0.16 0.07 0.07 
07/04/1 0 629 0.126 0.078 0.05 0.056 
04/05/10 656 0.04 0.04 0.06 0.05 
04/07/10 715 0.04 0.05 0.06 0.06 
02/09/10 775 0.06 0.05 0.06 0.04 
30/10/10 835 0.05 0.04 0.04 0.04 
15/11/10 880 0.08 0.07 0.05 0.04 
19/11/10 884 0.06 0.06 0.04 0.04 
26/11/10 891 0.04 0.05 0.04 0.04 
03/12/10 898 0.04 0.04 0.05 0.04 
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Table B.26 Variation of Ni in the lysimeters 

Date 

Time 

(day) 

Variation of Ni (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12 0.055 0.04 0.045 0.04 
30/07/08 48 0.075 0.045 0.058 0.045 
10/11/08 119 0.065 0.04 0.06 0.045 
22/12/08 161 0.06 0.045 0.065 0.055 
16/03/09 245 0.045 0.04 0.07 0.065 
12/05/09 301 0.046 0.04 0.06 0.065 
04/08/09 383 0.055 0.04 0.07 0.065 
26/11/09 498 0.05 0.055 0.08 0.07 
18/12/09 520 0.05 0.05 0.09 0.055 
07/04/10 629 0.055 0.05 0.08 0.065 
04/05/10 656 0.065 0.05 0.05 0.04 
04/07/10 715 0.055 0.04 0.06 0.045 
02/09/10 775 0.065 0.05 0.06 0.045 
30/10/10 835 0.06 0.05 0.08 0.04 
15/11/10 880 0.05 0.04 0.09 0.04 
19/11/10 884 0.04 0.045 0.08 0.04 
26/11/10 891 0.04 0.04 0.05 0.04 
03/12/10 898 0.04 0.05 0.045 0.04 

Table B.27 Variation of Zn in the lysimeters 

Date 

Time 
(day) 

Variation of Zn (mg/L) at varying operational condition of 
 landfill lysimeter  

Al  A2  B C 
24/06/08 12 0.265 0.16 0.29 0.1 
30/07/08 48 0.9 0.23 0.178 0.29 
10/11/08 119 1.2 0.97 0.1176 0.105 
22/1 2/08 161 1.13 0.65 0.487 0.35 
16/03/09 245 1.267 0.765 0.45 0.35 
12/05/09 301 1.134 0.9 0.45 0.37 
04/08/09 383 1.126 0.92 0.55 0.576 
26/11/09 498 1.1176 0.476 0.36 0.176 
18/12/09 520 1.16 0.16 0.17 0.17 
07/04/10 629 0.85 0.78 0.35 0.156 
04/05/10 656 0.64 0.4 0.36 0.15 
04/07/10 715 0.54 0.5 0.26 0.16 
02/09/10 775 0.55 0.5 0.46 0.17 
30(10(10 835 0.35 0.46 0.14 0.15 
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15/11/10 880 0.25 0.73 0.55 0.1 
19/11/10 884 0.35 0.56 0.24 0.1 
26/11/10 891 0.55 0.35 0.1 0.15 
03/12/10 898 0.25 0.15 0.1 0.2 

Table B.28 Variation of Cu in the lysimeters 

Date 

Time 

(day) 

Variation of Cu (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12 0.04 0.04 0.04 0.04 
30/07/08 48 0.09 0.05 0.06 0.05 
10/11/08 119 0.12 0.08 0..05 0.08 
22/12/08 161 0.67 0.09 0.04 0.07 
16/03/09 245 0.32 0.06 0.09 0.13 
12/05/09 301 0.36 0.09 0.078 0.1 
04/08/09 383 0.342 0.123 0.089 0.09 
26/11/09 498 0.98 0.97 0.09 0.12 
18/12/09 520 0.98 0.876 0.18 0.2 
07/04/10 629 0.966 0.866 0.35 0.21 
04/05/10 656 0.975 0.875 0.67 0.43 
04/07/10 715 0.63 0.93 0.76 0.6 
02/09/10 775 0.54 0.9 0.65 0.5 
30/10/10 835 0.43 0.07 0.07 0.4 
15/11/10 880 0.05 0.05 0.04 0.04 
19/11/10 884 0.3 0.04 0.04 0.04 
26/11/10 891 0.04 0.05 0.04 0.04 
03/12/10 898 0.04 0.04 0.04 0.04 

Table B.29 Variation of Cr in the lysimeters 

Date 

Time 

(day) 

Variation of Cr (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  B C 
24/06/08 12 0.065 0.06 0.025 0.02 
30/07/08 48 0.07 0.056 0.03 0.025 
10/11/08 119 0.025 0.02 0.04 0.035 
22/12/08 161 0.06 0.03 0.05 0.045 
16/03/09 245 0.035 0.04 0.06 0.055 
12/05/09 301 0.036 0.04 0.06 0.07 
04/08/09 383 0.055 0.04 0.07 0.065 
26/11/09 498 0.05 0.03 0.08 0.07 
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18/12/09 520 I 0.05 0.04 0.09 0.07 
07/04/10 629 0.045 0.04 0.08 0.07 
04/05/10 656 0.065 0.05 0.07 0.065 
04/07/10 715 0.055 0.04 0.06 0.06 
02/09/10 775 0.06 0.05 0.06 0.04 
30/10/10 835 0.06 0.05 0.09 0.04 
15/11/10 880 0.05 0.04 0.09 0.04 
19/11/10 884 0.01 0.02 0.08 0.01 
26/11/10 891 0.01 0.02 0.026 0.01 
03/12/10 898 0.01 0,01 0.023 0.01 

Table B.30 Variation of Mn in the lysirnetcrs 

Date 

Time 
(day) 

Variation of Mn (mg/L) at varying operational condition of 
 landfill lysimeter  

Al  A2 I B C 
24/06/08 12 4 9 7 4 
30/07/08 48 6 10 9 6 
10/11/08 119 4.2 21.2 19.3 4.2 
22/12/08 161 0.8 2.5 0.5 0.8 
16/03/09 245 1 3 2 1 
12/05/09 301 6 10 9 6 
04/08/09 383 4.5 12 10 4.5 
26/11/09 498 3.2 10 8 3.2 
18/12/09 520 2.2 4 6 2.2 
07/04/10 629 5 5 9 5 
04/05/10 656 4.5 6 10 8 
04/07/10 715 3.2 3 4 4.7 
02/09/10 775 5.3 4.5 3.3 4.3 
30/10/10 835 4.1 5.4 4.6 3.5 
15/11/10 880 3.9 6.9 5 4.5 
19/11/10 884 5.4 7.9 6 5.2 
26/11/10 891 4.2 6.3 5.2 5.7 
03/12/10 898 3.1 6.9 5.1 4.3 
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Table B.31 Variation of Pb in the lysimeters 

-Y 
Date 

Time 
(day) 

Variation of Pb (mg/L) at varying operational condition of 
 landfill lysimeter  

A1  A2  I B C 
24/06/08 12 0.120 0.397 0.550 0.100 
30/07/08 48 0.190 0.392 0.780 0.290 
10/11/08 119 0.200 0.350 0.576 0.415 
22/12/08 161 0.213 0.340 0.487 0.350 
16/03/09 245 0.321 0.276 0.650 0.450 
12/05/09 301 0.134 0.273 0.550 0.437 
04/08/09 383 0.126 0.265 0.550 0.476 
26/11/09 498 0.118 0.256 0.460 0.376 
18/12/09 520 0.160 0.250 0.350 0.270 
07/04/10 629 0.229 0.250 0.250 0.156 
04/05/10 656 0.216 0.246 0.250 0.150 
04/07/10 715 0.215 0.245 0.257 0.260 
02/09/10 775 0.226 0.240 0.360 0.217 
30/10/10 835 0.235 0.235 0.254 0.215 
15/11/10 880 0.250 0.235 0.550 0.241 
19/11/10 884 0.235 0.230 0.324 0.245 
26/11/10 891 0.255 0.215 0.315 0.285 
03/12/10 898 0.250 0.178 0.550 0.325 

-F 
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Appendix-C 

Data for Aggregation Function, LPI and Sub-LPIs of Landfill Lysimeter 

Table C. 1: Aggregation functions used by different researchers for pollution indices 

Equ. 
No. 

Aggregation 
function 

Function expression Users 
Reported  

Specific remarks Table/colu 
Inn 

1 Unweighted 1 Brown et al. (1970); Prati et al. (1971); Ambiguous function; shows eclipsing Table C.2, 
Additive Form ua 1Pi McDuffie and Haney (1973) region; simple but little flexibility; unsuitable Column 5. 

i=1 for dichotomous subindices. 
2 Weighted Linear Horton (1965); Brown et al. (1970); Prati Ambiguity free function; shows small Table C.2, 

Additive Form LP!wa >WjPi et al. (1971); Dinius(1972); Dee et al. eclipsing with large number of variables; not Column 6. 
(1973); Inhaber(1974); Ott (1978); Ball suitable for dichotomous subindices; widely 
and Church (1980); Egborge and Coker used aggregation 
(1986); Mohan et al. (1996); Giljanovic function. 
(1999); Prasad and Bose (2001); Bardalo et 
al. (2001); Kumar and Alappat(2004)  

3 Root Sum Power / n Swamee and Tyagi(1999); Kumar and Shows reduced eclipsing but exhibit 
Additive form LPJr pi, ) Alappat (2004) ambiguity problem; with increase in r, 

I ambiguity decreases. If r-3co, it becomes 
ambiguity and eclipsity free function; use of 
aggregation function for r>2 is not practiced 

___________________________________ for  aggregation of water pollution indices. 
____________ 

Table C.2,  Root Sum Power n 1/2  
Additive form (1=2) LPI2 = ( p 2) Column 7. 

 Root Sum Power n 1/4 
Table C.2, 

Additive form (r4) LPI4 = ( pi
4) 

Column 8. 
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3(c) Root Sum Power - n 1/10  Table C.2, 
Column 9. Additive form(r10) LP110 = ( p 10) 

Reported 
Equ. Function expression Aggregation b Users Specific remarks Table/coin 
No. function m n  

4 Weighted Root Sum / n 1/;. Kumar and Alappat (2004) Exhibits slightly reduced ambiguity, unwidely 

Power Additive LPitvr = wiTh' ) 
used aggregation function. 

Form  

 Weighted Root Sum / n Table C.2, 
Column 10. Power Additive 

)1/4  

LPi4 = 
(> Form (r=4)  

 Weighted Root Sum LP! 10  - 

- 

Table C.2, 
Column 11. 

Power Additive 1/10 
Form (r10) 

- 
= ( 

WP)  

5 Root Mean Square n 2 
1/2 Jnhaber (1974); Kumar and Alappat (2004) Exhibits small ambiguity problems. Table C.2, 

Additive Form 
1 

LP1 T, = 
) 

Column 12. 

6 Weighted Root Sum wjpj 2 )°5  Jnhaber (1975); Kumar and Alappat (2004) Exhibits small eclipsing problems. Table C.2, 

Square Aggregation 
LP! - 

wr - Column 13. 

7 Maximum Operator 
Function  

LPlmax  
________________________________________ 
Smith 91990); Swarnee and Tyagi (2000); No eclipsing problem but exhibit ambiguity Table C.2, 

Function inaX.(pl ,pz. ... ...  pn) Kumar and Alappat (2004) for large number of variables; suitable for Column 14. 
aggregation of air pollution subindices; 
limited application for water quality indices. 

8 Ambiguity And 
n

., r Swamee and Tyagi (1999); Kumar and Eclipsity and ambiguity free function, limited 

Eclipsity Free 
1/ 

LP1aef ') Alappat (2004) application for air pollution indices; minimal 

Aggregation i=1 ambiguity for 10.4. 

8(a) LPl25Ambiguity  and 
Function ___________ 

n 
_____________________________________________ 

Table C.2, 

Eclipsity Free LP125 (p 2.5)O.4 Column 15. 

Aggregation I 

-4 



Function 

Equ. Aggregation Reported  
No. function 

Function expression Users Specific remarks Table/colu 
mn 

9 Weighted Ambiguity 0I 2.5  Kumar and Alappat (2004) Eclipsity&Embiguity free function; limited Table C.2, 
and Eclipsity Free / 

z \ O•4 
application for leachate pollution indices. Column 16. 

Aggregation 
= ( wP15) 

Function 
10 Multiplicative n Waiski and Parker (1974); Ball and Church Nonlinear; ambiguity free but exhibits Table C.2, 

Aggregation LPIwm = 

fjp
iwi (1980); Bhargava(1983, 1985); eclipsing at low weights and increasing scale Column 17. 

Function Dinius(1987); Swamee and Tyagi(2000); indices; insensitive when applied to large 
Kumar and Alappat (2004) number of variables.  

11 Unweighted / n \/fl Landwehr and Deininger (1976); Bhargava Exhibits small eclipsity problem, applied for Table C.2, 
Multiplicative LP1um = (flpL ) (1985); Kumar and Alappat (2004) comparison purposes only. Column 18. 
Aggregation \ z= I 
Function  

12 Geometric / n \ 1/Y Walski and Parker (1974) Nonlinear; ambiguity free but exhibits 
Aggregation LP1gm  = ( 

r1pi

9i  ) eclipsing at low weights and increasing scale 
Function \ I indices; insensitive when applied to large 

number of variables. 



Table C.2: LPJ values for leachate characteristics of landfill lysimeter leachate at KUET campus, using different aggregation functions 

Pollutant 
(1) 

Wi  

()_ 

Conc. 
(3) 

pi  LPIua  
(5) 

LP1 3  
(6) 

LPI2 
(7) 

LPI 8 " LPI LPI 4  
 (10) 

LPI 10  
(11) 

LPlrm  
(12) 

LPIwr  
(13) 

LPl ma x  
(14) 

LP12.5  
(15) 

LPIw2.5 
(16) 

LPIw m 
(17) 

LPIU,fl  
(18) 

Cr 0.064 1.75 6.5 6.5 0.416 42.25 1.79E+03 1.35E+08 1.14E-i-02 8.62E+06 42.25 2.704 6.5 1.08E+02 6.89E+00 1.13 6.5 

Pb 0.063 0.68 9 9 0.567 81 6.56E+03 3.49E+09 4.13E+02 2.20E+08 81 5.103 9 2.43E+02 1.53E+01 1.15 9 

COD 0.062 8425 70 70 4.34 4900 2.40E+07 2.82E+18 1.49E+06 1.75E+17 4900 303.8 70 4.1OE+04 2.54E+03 1.30 70 

Hg 0.062 0.4 59 59 3.658 3481 1.21E+07 5.1IE+17 7.51E+05 3.17E+16 3481 215.8 59 2.67E+04 1.66E+03 T-2 9-1 59 

BOD5  0.061 1398 35 35 2.135 1225 1.50E+06 2.76E+15 9.15E+04 1.68E±14 1225 74.7 35 7.25E+03 4.42E+02 1.24 35 

As 0.061 0.01 5.5 5.5 0.3355 30.25 9.15E+02 2.53E+07 5.58E+01 1.55E+06 30.25 1.84 5.5 7.09E-fOl 4.33E+00 1.11 5.5 

CN 0.058 1.3 10 10 0.58 100 1.00E+04 1.00E+10 5.80E+02 5.80E+08 100 5.8 10 3.16E+02 1.83E+01 1.14 10 

Phenol 0.057 4 8.5 8.5 0.4845 72.25 5.22E+03 1.97E+09 2.98E+02 1.12E+08 72.25 4.11 8.5 2.11E+02 1.20E+01 1.13 8.5 

Zn 0.056 1.3 5 5 0.28 25 6.25E+02 9.77E+06 3.50E+01 5.47E+05 25 1.4 5 5.59E+01 3.13E+00 1.09 5 

pH 0.055 7.3 6 6 0.33 36 1.30E+03 6.05E+07 7.13E+01 3.33E+06 36 1.98 6 8.82E+01 4.85E+00 1.10 6 

TKN 0.053 3000 98 98 5.194 9604 9.22E+07 8.17E+19 4.89E+06 4.33E+18 9604 509 98 9.51E+04 5.04E+03 1.28 98 

Ni 0.052 0.23 8 8 0.416 64 4.1OE+03 1.07E+09 2.13E+02 5.58E+07 64 3.33 8 1.81E+02 9.41E±00 1.11 8 

TCB 0.052 8000 92 92 4.784 8464 7.16E+07 4.34E+19 3.73E+06 2.26E+18 8464 440 92 8.12E+04 4.22E+03 1.27 92 

NH3 0.051 1300 100 100 5.1 10000 1.00E+08 1.00E+20 5.1OE+06 5.10E+18 10000 510 100 l.00E+05 5.1OE±03 1.26 100 

TDS 0.05 12540 28 28 1.4 784 6.15E+05 2.96E+14 3.07E+04 1.48E+13 784 39.2 28 4.15E+03 2.07E+02 1.18 28 

Cu 0.05 0.98 7 7 0.35 49 2.40E+03 2.82E+08 1.20E+02 1.41E+07 49 2.45 7 1.30E+02 6.48E+00 1.10 7 

C' 0.049 3597 30 30 1.47 900 8.10E+05 5.90E+14 3.97E+04 2.89E-i-13 900 44.1 30 4.93E+03 2.42E+02 1.18 30 

Fe 0.045 82 9.5 9.5 0.4275 90.25 8.15E+03 5.99E+09 3.67E+02 2.69E+08 90.25 4. 9.5 2.78E+02 1.25E+01 1.11 9.5 

Total 1.001 587 32.2675 39948 3.03E+08 2.28E+20 1.61E+07 1.19E+19 39948 2170 100 3.62E+05 1.95E+04 18.04 4.79E+22 

LPI value  32.61. 1 32.27 199.87 131.93 108.61 63.36 17780.82 47.11 46.53 100.00 167.30 52.05 18.04 18.20 

Note: TCB= total Col[orm bacteria; TKW= total Kjeldhal nitrogen; and TDS total dissolved solids. All the values are in ing/L except for pH and TcB. 
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Table C.3: Leachate Pollution Index (LPI) values for treated leachate using different aggregation functions 

Pollutant w1  Coneb. pi LPI,,,, hPlwa  LPI2  LPI4  LP110  LPI4 LPI,o  LPI... LPI,, LPlmax  LP125 
LPI 
w2.5  

LPI,,,, LPIum  

Cr 0.06 2 9 9 0.58 81 6.56E+03 3.49E+09 4.20E+02 2.23E+08 81 5.18 9 243.00 15.55 1.15 9 
Pb 0.06 0.1 5 5 0.32 25 6.25E+02 9.77E+06 3.94E+01 6.15E+05 25 1.58 5 55.90 3.52 1.11 5 

COD 0.06 250 10 10 0.62 100 l.00E+04 1.00F+10 6.20E+02 6.20E+08 100 6.20 10 1 316.23 19.61 1.15 10 
Hg 0.06 0.01 6 6 0.37 36 1.30E+03 6.05E+07 8.04E+01 3.75E+06 36 2.23 6 88.18 5.47 1.12 6 

BOD5  0.06 30 6 6 0.37 36 1.30E+03 6.05E+07 7.91E+Ol 3.69E+06 36 2.20 6 
- 

88.18 5.38 1.12 6 
As 0.06 0.2 5 5 0.31 25 6.25E+02 9.77E+06 3.81E+01 5.96E+05 25 1.53 5 55.90 3.41 1.10 5 
CN 0.06 0.2 6 6 0.35 36 1.30E+03 6.05E+07 7.52E+01 3.51E+06 36 2.09 6 88.18 5.11 1.11 6 

Phenol 0.06 1 5 5 0.29 25 6.25E+02 9.77E+06 3.56E+01 5.57E+05 25 1.43 5 55.90 3.19 1.10 5 
Zinc 0.06 5 6 6 0.34 36 1.30E+03 6.05E+07 7.26E+01 3.39E+06 36 2.02 6 88.18 4.94 1.11 6 
pH 0.06 5.5-9 5 5 0.28 25 6.25E+02 9.77E+06 3.44E+01 5.37E+05 25 1.38 5 55.90 3.07 1.09 5 

TKN 0.05 100 6 6 0.32 36 1.30E+03 6.05E+07 6.87E+01 3.20E+06 36 1.91 6 88.18 4.67 1.10 6 
Ni 0.05 3 10 10 0.52 100 1.00E+04 1.00E+10 5.20E+02 5.20E+08 100 5.20 10 316.23 16.44 1.13 10 

TCB 0.05 3 10 10 0.52 100 1.00E+04 1.00E+10 5.20E+02 5.20E+08 100 5.20 10 316.23 16.44 1.13 10 
NH3 0.05 50 7 7 0.36 49 2.40E+03 2.82E+08 1.22E+02 1.44E+07 49 2.50 7 129.64 6.61 1.10 7 
TDS 0.05 2100 7 7 0.35 49 2.40E+03 2.82E+08 1.20E+02 1.41E+07 49 2.45 7 129.64 6.48 1.10 7 
Cu 0.05 3 18 18 0.90 324 1.05E+05 3.57E+12 5.25E+03 1.79E+11 1  324 16.20 1  18 1374.62 68.73 1.16 18 
Cl 0.05 1000 8 8 0.39 64 4.1OE+03 1.07E+09 2.01E+02 5.26E+07 1 64 3.14 8 181.02 8.87 1.11 8 
Fe 0.05 bOa  7 7 0.32 49 2.40E+03 2.82E+08 1.08E+02 1.27E+07 49 2.21 7 129.64 5.83 1.09 7 

Total 1.00 136 7.47 1196 1.62E+05 3.61E+12 8.40E+03 1.81E+1 1 1196 64.61 18 3800.76 203.34 7.05 2.16E+15 
LPI value 

_____ 
7.56 7.47 34.58 2.01E+01 1.80E+01 9.57E+00 1.34E+01 8.15 8.03 18 27.04 8.38 7.05 7.11 
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Table C.4: Calculation of LPI at 14 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w, 

Pollutant concentration, c, Individual pollutantrating, Pi Overall pollutant rating, w,p1  

_ A1  A2  B ] C A1  A2  B C Al ] A2 B C 

Chromium 0.064 0.1 0.23 0.21 0.11 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.39 0.6 0.85 0.7 7 7 7.5 7.5 0.441 0.441 0.4725 0.4725 

COD 0.062 9754 48400 43280 42560 69 91.5 91 91 4.278 5.673 5.642_ 5.642 

Mercury 0 - -- - - - - - - - - - - 

BOD5  0.061 2210 1 2980 2670 2310 41 46 45 42 2.501 2.806 2.745 2.562 

Arsenic 0.061 0.02 0.05 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide 0 - - - - - - - - - - - 

Phenol 0 - - - - - - - - - - - - 

Zinc 0.056 1.3 1.2 0.91 0.63 5.5 5 5 5 0.308 0.28 0.28 0.28 

pH 0.055 7.12 8.56 8.5 7.67 6 5 5 5 0.33 0.275 0.275 0.275 

TKN 0.053 1120 2090 1658 1430 38 74 58 49 2.014 3.922 3.074 2.597 

Nickel 0.052 0.13 0.18 0.15 0.14 5 5 5 5 0.26 0.26 0.26 0.26 

TCB 0.052 6540 8398 7768 7340 85 89 90 90 4.42 4.628 4.68 4.68 

NH4-N 0.051 700 901.3 992.7 965.7 75 - 96 98 97 3.825 4.896 4.998 4.947 

TDS 0.05 8765 32589 30823 28790 17 76 71 66 0.85 3.8 3.55 3.3 

Copper 0.05 1.23 1.46 1.13 1.24 7 7 7 7 0.35 0.35 0.35 0.35 

Chlorides 0.049 3320.00 3750.00 2210.00 820.00 27 31 16 8 1.323 1.519 0.784 0.392 

Total Iron 0.045 70.13 82.60 91.20 72.00 6.5 6.5 7 6.5 0.2925 0.2925 0.315 0.2925 

Summation 0.824 
 21.82 29.77 28.05 26.68 

Derived LPI  26.48 36.13 34.04 32.37 
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Table C.5: Calculation of LPI at 21 day after filling of MSW in landfill lysimeter 

'Pollutant 
variable 

I Variable 
weight, wi  

Pollutant concentration, c Individual pollutantrating, p, Overall pollutant rating, w,p1 

Al  A2  B C Al  A2  B C Al  A2  B C 
Chromium 0.064 0.086 0.19 0.17 0.098 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.32 0.55 0.75 0.62 7 7 9 8 0.441 0.441 0.567 0.504 
COD 0.062 10276 47100 42310 45320 71 91.5 91 91 4.402 5.673 5.642 5.642 
Mercury 0 - - - - - - - - - - - - 

BOD5  0.061 2180 2754 2520 2209 41 45 44.5 41 2.501 2.745 2.7145 2.501 

Arsenic 0.061 0.02 0.04 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 
Cyanide 0 - - - - - - - - - - - - 

Phenol 0 - - - - - - - - - - - - 

Zinc 0.056 1.1 1.3 0.86 0.68 5.5 5 5 5 0.308 0.28 0.28 0.28 
pH 0.055 6.99 6.93 7.44 7.43 6 6 5 5 0.33 0.33 0.275 0.275 
TKN 0.053 1010 1875 1659 1320.8 33 66 57 45 1.749 3.498 3.021 2.385 
Nickel 0.052 0.042 0.078 0.064 0.053 5 5 5 5 0.26 0.26 0.26 0.26 
TCB 0.052 6439 8125 7929 7550 85 89 90 90 4.42 4.628 4.68 4.68 
NH4-N 0.051 702.3 865.3 967.2 898.7 80 94 97 95 4.08 4.794 4.947 4.845 

TDS 0.05 6380 33710 29687 
22487.  

14 78 69 46 0.7 3.9 3.45 2.3 

Copper 0.05 0.77 1.36 1.1 0.97 6 7 7 6.5 0.3 - 0.35 0.35 0.325 
Chlorides 0.049 3560.60 3890.00 2412.00 1010.0 26 33 18 8.5 1.274 1.617 0.882 0.4165 
Total Iron 0.045 72.06 78.42 80.04 40.20 6.5 6.5 6.5 6 0.2925 0.2925 0.2925] 0.27 
Summation 0.824  21.68 29.43 27.99 25.31 
Derived LPI  26.31 35.72 33.96 30.71 
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Table C.6: Calculation of LPI at 30 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant concentration, c1  Individual pollutantrating, P' Overall pollutant rating, W 1pI 

Al  A2  B  T C Al A2 B C Al  A2  B C 

Chromium 0.064 0.07 0.06 0.09 0.07 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.32 0.4 0.78 0.5 7 7 9 8 0.441 0.441 0.567 0.504 

COD 0.062 20800 36400 38800 42800 83 88 90 92 5.146 5.456 5.58 5.704 

Mercury  - - - - - - - - - - - - 

ROD5  0.061 6750 12358 16733 20420 62 68 73 77 3.782 4.148 4.453 4.697 

Arsenic 0.061 0.02 0.3 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.3 0.97 0.55 0.58 5.5 5 5 5 0.308 0.28 0.28 0.28 

pH 0.055 6.43 7.5 7.92 7.21 1 7 5 5 6 0.385 0.275 0.275 0.33 

TKN 0.053 1001 1735 1620 1297 30 62 55 45 1.59 3.286 2.915 2.385 

Nickel 0.052 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 0.312 0.286 0.286 0.286 

TCB 0.052 6320 8005 7900 7510 85 87 87 86 4.42 4.524 4.524 4.472 

NH4-N 
TDS 

0.051 
0.05 

687.4 
7490 

832 
5000 

955.5 
7880 

865 
17700 

80 
16 

87 
12 

98 
17 

93 
43 

4.08 
0.8 

4.437 
0.6 

4.998 
0.85 

4.743 
2.15 

Copper 
Chlorides 

0.05 
0.049 

0.98 
3037 

0.97 
3572 

0.09 
1350 

0.12 
660 

7 
25 

7 
31 

5.5 
12 

5.5 
8 

0.35 
1.225 

0.35 
1.519 

0.275 
0.588 

0.275 
0.392 

Total Iron 0.045 3.2 3.8 3.6 1.5 5.5 5.5 5.5 5 0.2475 0.2475 0.2475 0.225 

Summation 0.824 
 23.711 26.4745 1 26.4635 27.068 

Derived LPI  ______ ______ _____ 
28.78 1 32.13 1 32.12 32.85 
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Table C.7: Calculation of LPI at 50 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant concentration, ci   Individual pollutantrating, p, Overall pollutant rating, w,p1  
Al  A2  B  F C A. A2  B C 

- 
A1  A2  B C 

Chromium 0.064 0.07 0.056 0.03 0.025 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.19 0.39 0.78 0.29 6 7 9 6.5 0.378 0.441 0.567 0.4095 
COD 0.062 320 10240 38040 35550 12 74 89 88 0.744 4.588 5.518 5.456 
Mercury - - - - - - - - - - - - 

BOD5  0.061 124 3420 22403 19573 8 55 78 76 0.488 3.355 4.758 4.636 

Arsenic 0.061 0.02 0.03 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide  - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 0.9 0.23 0.18 0.29 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 8.16 7.47 8.41 8.05 5 5 5 5 0.275 0.275 0.275 0.275 
TKN 0.053 997 1704 1605 1280 30 60 55 44 1.59 3.18 2.915 2.332 
Nickel 0.052 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 0.312 0.286 0.286 0.286 
TCB 0.052 6295 7960 7890 7486 64 87 86 84 3.328 4.524 4.472 4.368 
NH4-N 0.051 682 802 943.7 831.2 75 90 97 

- 
86 3.825 4.59 4.947 4.386 

TDS 0.05 5590 20150 13790 14590 13 49 34 38 0.65 2.45 1.7 1.9 
Copper 0.05 0.09 0.05 0.06 0.05 5.5 5.5 5.5 5.5 0.275 0.275 0.275 0.275 
Chlorides 0.049 2650 1850 570 145 25 13 7 5.5 1.225 0.637 0.343 0.2695 
Total Iron 0.045 0.2 0.2 2 

- 

1.6 5 5 5 5 0.225 0.225 0.225 0.225 
Summation 0.824 - 14.22 25.731 27.186 25.723 
Derived LPI  17.26 31.23 32.99 

- 
31.22 
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Table C.8: Calculation of LPI at 60 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant_concentration,_c, Individual pollutantrating, Pi Overall pollutant rating, wp1  

A1  A2  B C Al  A2  B C A1  A2  B C 

Chromium 0.064 0.07 0.056 0.03 0.025 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.18 0.392 0.78 0.29 6 7 9 6.5 0.378 0.441 0.567 0.4095 

COD 0.062 896 9360 3042 34480 36 78 62 87 2.232 4.836 3.844 5.394 

Mercury - - - - - - - - - - - - 

BOD5  0.061 
- 

384 5520 2856 12554 12 58 47 68 0.732 3.538 2.867 4.148 

Arsenic 0.061 0.02 0.03 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 0.88 0.23 0.17 0.29 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.49 6.33 8.5 7.12 6 6.5 5 5 0.33 0.3575 0.275 0.275 

TKN 0.053 980 1680 1595 1244 30 60 55 40 1.59 3.18 2.915 2.12 

Nickel 0.052 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 0.312 0.286 0.286 0.286 

TCB 0.052 6229 7945 7878 7452 84 87 89 86 4.368 4.524 4.628 4.472 

NH4-N 0.051 675 765 803 820 75 85 90 91 3.825 4.335 4.59 4.641 

TDS 0.05 4490 15740 10610 13160 12 38 24 27 0.6 1.9 1.2 1.35 

Copper 0.05 0.09 0.05 0.06 0.05 5.5 5.5 5.5 5.5 0.275 0.275 0.275 0.275 

Chlorides 0.049 1120.00 1270.00 580.00 150.00 9 10 7 5.5 0.441 0.49 0.343 0.2695 

Total Iron 0.045 30.80 51.60 53.20 8.67 5.5 6 6 5 0.2475 0.27 0.27 0.225 

Summation 0.824 
 16.235 25.3375 22.965 24.77 

Derived LPI  19.70 30.75 27.87 30.06 
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Table C.9: Calculation of LPI at 90 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, wi  

Pollutant concentration, c }_Individual pollutantrating, pi  Overall pollutant rating, W,i 

Al 
] 

A2  B ] C Al  A2  B C A1  A2  B C 
Chromium 0.064 0.07 0.054 0.03 0.026 5 5 5 5 0.32 0.32 0.32 0.32 

'Lead 0.063 0.19 0.41 0.77 0.30 6 7 9 6.5 0.378 0.441 0.567 0.4095 
COD 0.062 2880 7520 2000 32360 54 72 50 86 3.348 4.464 3.1 5.332 
Mercury  - - - - - - - - - - - - 

BOD5  0.061 1024 3235 1576 18526 28 49 35 75 1.708 2.989 2.135 4.575 
Arsenic 0.061 0.02 0.03 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 
Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 0.9 0.23 0.178 0.29 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 6.89 6.63 8.43 6.49 6 7 5 7 0.33 0.385 0.275 0.385 
TKN 0.053 956 1652 1575 1225 30 57 55 40 1.59 3.021 2.915 2.12 
Nickel 0.052 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 0.312 0.286 0.286 0.286 
TCB 0.052 6260 7900 7897 7445 85 87 88 86 4.42 4.524 4.576 4.472 
NH4-N 0.051 634.2 654.9 765 702 70 72 74 78 3.57 3.672 3.774 3.978 
TDS 0.05 3670 14380 7880 12150 8 37 17 28 0.4 1.85 0.85 1.4 
Copper 0.05 0.09 0.05 0.06 0.05 5.5 5.5 5.5 5.5 0.275 0.275 0.275 0.275 
Chlorides 0.049 970.00 1170.00 725.00 1070.0 8 9 7.5 8.5 0.392 0.441 0.3675 0.4165 
TotalIron 0.045 34.00 48.00 44.80 6.80 5.5 6 6 5 0.2475 - 0.27 0.27 0.225 
Summation 0.824  17.875 23.523 20.2955 24.779 
Derived LPI  21.69 28.55 24.63 

- 
30.07 
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Table C.10: Calculation of LPI at 120 day after filling of MSW in landfill lysimeter 

Pollutant Variable Pollutant concentration, c Individual pollutantrating, Pi 1 Overall pollutant rating, wp j  

variable weight, Al  A2  B C 
WI  

Al  A2  - B C [-A1  A2  B C 

Chromium 0.064 0.03 0.02 0.04 0.04 5.00 5.00 5.00 5.00 0.32 0.32 0.32 0.32 

Lead 0.063 0.20 0.35 0.58 0.42 6.00 7.00 7.50 7.00 0.38 0.44 0.47 0.44 

CoD 0.062 160 6760 1440 5120 8.50 68.00 44.00 67.00 0.53 4.22 2.73 4.15 

Mercury - NA NA NA NA - - - - -_- - - - 

BOD5  0.061 83 3575 980 2179 8.00 51.00 27.00 41.00 0.49 3.11 1.65 2.50 

Arsenic 0.061 0.02 0.04 0.02 0.02 5.00 5.00 5.00 5.00 0.31 0.31 0.31 0.31 

Cyanide - NA NA NA NA - - - - - - - - 

Phenol - NA NA NA NA - - - - - - - - 

Zinc 0.056 1.20 0.97 0.12 0.11 5.00 5.00 5.00 5.00 0.28 0.28 0.28 0.28 

pH 0.055 6.75 6.42 7.84 6.30 6.00 7.00 5.00 7.00 0.33 0.39 0.28 0.39 

TKN 0.053 945 1637 1556 1218 27.00 58.00 54.00 40.00 1.43 3.07 2.86 2.12 

Nickel 0.052 0.07 0.04 0.06 0.05 5.50 5.50 5.50 5.50 0.29 0.29 0.29 0.29 

TCB 0.052 6212 7945 7898 7460 85.00 87.00 88.00 86.00 4.52 4.58 4.47 

NH4-N 
TDS 

0.051 
0.05 

610 
4440 

654 
13440 

787 
5810 

698 
8300 

66.00 
9.00 

73.00 
34.00 

88.00 
13.00 

85.00 
18.00 

V4.42 
3.72 
1.70 

4.49 
0.65 

4.34 
0.90 

Copper 
Chlorides 

0.05 
0.049 

0.12 
2440 

0.08 
2670 

0.05 
1750 

0.08 
1300 

5.50 
19.00 

5.50 
21.00 

5.50 
13.00 10.00 

5.50 
0.93 

0.28 
1.03 

0.28 
0.64 

0.28 
0.49 

Total Iron 0.045 32 23 45.10 1.50 5.50 5.50 6.00 5.00 0.25 0.25 0.27 0.23 

Summation 

Derived LPI 
0.824 

______I_____ 

 ______ 

______ 

14.03 
17.03 

23.92 
29.02 

20.07 
24.36 

21.49 
26.08 

314 1 P a g e 



Table CA 1: Calculation of LPI at 160 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant concentration, c, Individual pollutant rating, p, Overall pollutant rating, wp1  
Al  A2  B J C A1 ] A2  B C A1  A2  B f C 

- 

Chromium 0.064 0.06 0.03 0.05 
_ 

0.045 5 j_5  5 5 0.32 0.32 
- 

0.32 J 0.32 
Lead 0.063 0.213 0.34 0.487 0.35 6 7 7.5 7 0.378 0.441 0.4725 0.441 
COD 0.062 2876 5800 1920 5280 55 67 49 66 3.41 4.154 3.038 4.092 
Mercury  - - - - - - - - - - - - 

BOD5  0.061 1550 1760 805 965 35 37 26.5 28 2.135 2.257 1.6165 1.708 
Arsenic 0.061 0.02 0.03 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 
Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.13 0.65 0.487 j 0.35 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 6.17 6.88 7.61 7.33 7 5 5 5 0.385 0.275 0.275 0.275 
TKN 0.053 937 1625 1560 1210 26 57 55 40 1.378 3.021 2.915 2.12 
Nickel 0.052 0.06 0.045 0.065 0.055 5.5 5.5 5.5 5.5 0.286 0.286 

- 
0.286 0.286 

TCB 0.052 6187 7855 7802 7356 85 88 88 86 4.42 4.576 4.576 4.472 
NH4-N 0.051 543 - 597 754 653 58 66 78 74 2.958 3.366 3.978 3.774 
TDS  0.05 4310 12780 6440 9390 10 32 15 21 - 0.5 1.6 0.75 1.05 
Copper 0.05 0.67 

- 
0.09 0.04 0.07 7 5.5 5.5 5.5 0.35 0.275 0.275 0.275 

Chlorides 0.049 2880.00 2790.00 1010.00 1410.0 23 23 9 11 1.127 1.127 0.441 0.539 
Total Iron 0.045 10.20 21.70 22.00 5.10 5 5.5 5.5 5 0.225 0.2475 0.2475 0.225 
Summation 0.824  18.457 22.5305 19.7755 20.162 
Derived LPI  22.40 27.34 24.00 

- 
24.47 
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Table C. 12: Calculation of LPI at 190 day after filling of MSW in landfill lysimeter 

7iitai 
variable 

Variable 
weight, w, 

Pollutant concentration, c1  Individual pollutant_rating; pi  Overall pollutant rating, w,p1  

Al  A2  B C Al  A2  B C A t  A2  B C 

Chromium 0.064 0.07 0.06 0.09 0.07 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.32 0.4 0.78 0.5 7 7 9 8 0.441 0.441 0.567 0.504 

COD 0.062 20800 36400 38800 42800 80 88 90 88 4.96 5.456 5.58 5.456 

Mercury - - - 
- 

- - - - - - - - - - 

BOD5  0.061 1050 1640 1433 2020 28 45 31 35 1.708 2.745 1.891 2.135 

Arsenic 0.061 0.02 0.03 0.02 0.02 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide - - - - - - - - - - - - - 

Phenol - - - - - - - - - - - - - 

Zinc 0.056 1.3 0.97 0.55 0.58 5.5 5 5 5 0.308 0.28 0.28 0.28 

pH 0.055 6.43 7.5 7.92 7.21 6 5 5 6 0.33 0.275 0.275 0.33 

TKN 0.053 853.3 1505 1348 1065 27 50 42 31 1.431 2.65 2.226 1.643 

Nickel 0.052 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 0.312 0.286 0.286 0.286 

TCB 0.052 6200 7965 8200 8150 85 89 90 90 4.42 4.628 4.68 4.68 

NH4-N 0.051 572 783 876 786 66 86 95 85 3.366 4.386 4.845 4.335 

TDS 0.05 7490 5000 7880 17700 14 12 17 43 0.7 0.6 0.85 2.15 

Copper 0.05 0.98 0.97 0.09 0.12 7 7 5.5 5.5 0.35 0.35 0.275 0.275 

Chlorides 
Total Iron 

0.049 
0.045 

3037 
3.2 

3572 
3.8 

1350 
3.6 

660 
1.5 

23 
5.5 

31 
5.5 

12 
5.5 

8 
5 

1.127 
0.2475 

1.519 
0.2475 

0.588 
0.2475 

0.392 
0.225 

Summation 0.824 
 20.325 24.4885 23.2155 23.316 

Derived LPI 
[_________  

24.67 29.72 28.17 28.30 
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Table C.13: Calculation of LPI at 245 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w, 

Pollutant concentration, c  Individual pollutantrating, p1  Overall pollutant rating, wp j  
A1  A2  B C A1  A2  B C Al  A2  B C 

Chromium 0.064 0.035 0.04 0.06 0.055 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.321 0176 0.65 0.45 7 6.5 7.5 7 0.441 0.4095 0.4725 0.441 
COD 0.062 960 4120 1490 4860 36 63 44 64 2.232 3.906 2.728 3.968 
Mercury 

- 

 - - - - - - - - - - - - 

BOD5  0.061 218 1520 465 1765 9 35 16 31 0.549 2.135 0.976 
- 

1.891 
Arsenic 0.061 0.02 0.03 0.01 0.01 5 5 5 5 0.305 0.305 0.305 0.305 
Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.267 0.765 0.45 0.35 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 6.53 7.63 7.38 8.2 7 5 5 5 0.385 0.275 0.275 0.275 
TKN 0.053 845 1603 1521 1137 26 55 52 38 1.378 2.915 2.756 2.014 
Nickel 0.052 0.045 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 
TCB 0.052 5621 6190 6420 6220 83 85 86 85 4.316 4.42 4.472 4.42 
NH4-N 0.051 504.9 586.7 697.5 632.8 56 66 76 71 2.856 3.366 3.876 3.621 
TDS 0.05 2110 11572 6170 13420 10 26 14 33 0.5 1.3 0.7 1.65 
Copper 0.05 0.32 0.06 0.09 0.13 f 6 5.5 5.5 5.5 0.3 0.275 

- 
0.275 0.275 

Chlorides 0.049 2090.00 2150.00 1000.00 1290.0 15 15 
- 

 8.5 10 0.735 0.735 0.4165 0.49 
TotalIron 0.045 12 18.1 19.4 2.6 5 5.5 5.5 5 0.225 0.2475 0.2475 0.225 
Summation 0.824 _I  15.108 21.175 18.3855 20.461 
Derived LPI [  18.33 25.70 22.31 24.83 
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Table C.14: Calculation of LPI at 300 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, wi  

Pollutant concentration, c Individual pollutantrating, p, Overall pollutant_rating w,p j  

A1 ] A2  B C Al A2  f B C A l  A2  B C 

Chromium 0.064 0.036 0.04 0.06 0.07 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.134 0.273 0.55 0.437 5.5 6.5 7.5 7 0.3465 0.4095 0.4725 0.441 

COD 0.062 800 3726 1400 3400 32 61 39 60 1.984 3.782 2.418 3.72 

Mercury  - - - - - - - - - - - - 

BUD5  0.061 321 1917 652 2165 12 39 23.5 42 0.732 2.379 1.4335 2.562 

Arsenic 0.061 0.02 0.03 0.01 0.01 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.134 0.9 0.45 0.37 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.33 7.55 7.21 8.27 7 5 5 5 0.385 0.275 0.275 0.275 

TKN 0.053 820 1109 1534 1456 25 36 51 1 50 1.325 1.908 2.703 2.65 

Nickel 0.052 0.046 0.04 0.06 0.065 5.5 5.5 5.5 1 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 4870 5438 5100 4987 82 85 84 83 4.264 4.42 4.368 4.316 

NH4-N 0.051 487.7 576 686 614 54 60 78 70 2.754 3.06 3.978 3.57 

TDS 0.05 3890 10572 7910 9340 9 22 17 21 0.45 1.1 0.85 1.05 

Copper 0.05 0.36 0.09 0.078 0.1 6 5.5 5.5 5.5 0.3 0.275 0.275 0.275 

Chlorides 0.049 2150.00 2250.00 1010.00 1810.0 16 16.5 9 13.5 0.784 0.8085 0.441 0.6615 

TotalIron 0.045 13.02 15.14 14.52 0.75 5 5 5 5 0.225 0.225 0.225 0.225 

Summation 0.824 
 14.74 19.83 18.63 20.94 

Derived LPI  17.89 24.07 22.61 25.41 
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Table C.15: Calculation of LPI at 380 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w, 

Pollutant_concentration,_c  individual pollutantrating, p, Overall pollutant rating, wpj  
Al  A2  B C Al  A2  B C A1  A2  B T C 

Chromium 0.064 0.055 0.04 0.07 0.065 5 5 5 5 
- 

0.32 0.32 0.32 0.32 
Lead 0.063 0.126 0.265 0.55 0.476 5.5 6.5 7.5 7 

66 
0.3465 
2.046 

0.4095 0.4725 0.441 

COD 0.062 4087 900 5300 33 63 36 3.906 2.232 4.092 
Mercury 

~ 852 
 - - - - - - - - - - - - 

BOD5  0.061 465 2361 565 2453 15.5 43 19 45 0.9455 2.623 1.159 2.745 

Arsenic 0.061 0.02 0.03 0.01 0.01 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide  - - - - - - - - - - - - 

Phenol - - - - - - - - - - - - 

Zinc 0.056 
- 

1.126 0.92 0.55 0.576 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 6.51 7.27 6.45 7.21 7 5 7 5 0.385 0.275 0.385 0.275 
TKN 0.053 540 865 1201 980 15 27 36 30 0.795 1.431 1.908 1.59 

Nickel 0.052 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 2130 2987 2730 2650 79 84 83 82 4.108 4.368 4.316 4.264 
NH4-N 0.051 420 540 684 665 44 55 75 70 2.244 2.805 3.825 3.57 
TDS 0.05 4190 6440 2770 9670 10 14 7 21 0.5 0.7 0.35 1.05 
Copper 0.05 0.342 0.123 0.089 0.09 6 5.5 5.5 5.5 0.3 0.275 0.275 0.275 
Chlorides 0.049 2225.00 2425.00 1100.00 1290.0 15.5 18.5 9 10 0.7595 0.9065 0.441 0.49 

Total Iron 0.045 11.4 13 32.5 2.2 5 5 5.5 5 0.225 0.225 0.2475 0.225 
Summation 0.824  13.845 19.115 16.802 20208 
Derived LPI  16.80 23.20 20.39 24.52 
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Table C.16: Calculation of LPI at 390 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant concentration, c Individual pollutant_rating, pi  Overall pollutant rating, w,p1  
A l  A2  B C A A2  B C Al  A2  B C 

Chromium 0.064 0.06 0.05 0.08 0.06 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.21 0.25 0.55 0.476 5.5 6.5 7.5 7 0.3465 0.4095 0.4725 0.441 

COD 0.062 800 3830 845 5120 33 63 36 55 2.046 3.906 2.232 3.41 
Mercury  - - - - - - - - - - - - 

BOD5  0.061 345 437 490 510 12 15 16 19 0.732 0.915 0.976 1.159 

Arsenic 0.061 0.01 0.02 0.01 0.01 5 5 5 5 0.305 0.305 0.305 0.305 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.126 0.92 0.55 0.576 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.55 7.53 6.66 7.73 7 5 7 5 0.385 0.275 0.385 0.275 

TKN 0.053 365 1122 676 538 10 40 20 15 0.53 2.12 1.06 0.795 

Nickel 0.052 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 271 343 325 255 56.5 59 59 50 2.938 3.068 3.068 2.6 

NH4-N 0.051 412 563.2 702 621 43 59 77 70 2.193 3.009 3.927 3.57 
TDS 0.05 4023 6240 2700 9238 10 14 7 21 0.5 0.7 0.35 1.05 

- 

Copper 0.05 0.36 0.09 0.078 0.1 6 5.5 5.5 5.5 0.3 0.275 0.275 0.275 

Chlorides 0.049 2370.00 2670.00 1125.00 1432.0 15.5 18.5 9 10 0.7595 0.9065 0.441 0.49 

Total Iron 0.045 10 11.1 16.4 8.6 5 5 5.5 5 0.225 0.225 0.2475 0.225 

Summation 0.824  12.146 17 14.625 15.481 
Derived LPI {  14.74 20.63 17.75 18.79 
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Table C.17: Calculation of LPI at 400 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, wi  

Pollutant concentration, c- Individual pollutantrating, p, Overall pollutant rating, W,p1 
A1  A2  B C A l  A2  13 C Al  A2  B C 

Chromium 0.064 0.05 0.04 0.06 0.065 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.121 0.251 0.52 0.43 5.5 

33 
6.5 
63 

7.5 7 0.3465 0.4095 0.4725 0.441 
COD 0.062 960 5120 590 4760 36 55 2.046 3.906 2.232 3.41 
Mercury  - - - - - - - - - - - - - - 

BOD5  0.061 340 465 510 576 12 15 16 19 0.732 0.915 0.976 1.159 
Arsenic 0.061 0.01 0.02 0.01 0.01 5 5 5 5 0.305 0.305 0.305 0.305 
Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.2 0.852 0.52 0.58 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 7.75 8.02 7.84 8.3 5 5 5 5 0.275 0.275 0.275 0.275 
TKN 0.053 378 1220 657 520 10 40 20 15 0.53 2.12 1.06 0.795 
Nickel 0.052 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 
TCB 0.052 258 320 310 240 56.5 59 59 50 2.938 3.068 3.068 2.6 
NH4-N 0.051 410 531.9 665 587 42 56 74 66 2.142 2.856 3.774 3.366 
TDS 0.05 4020 6260 2678 9530 10 14 7 21 0.5 0.7 0.35 1.05 
Copper 0.05 0.342 0.123 0.089 0.09 6 5.5 5.5 5.5 0.3 0.275 0.275 0.275 
Chlorides 0.049 2420.00 2600.00 1125.00 1679.0 18 20 9 10 0.882 0.98 0.441 0.49 
Total Iron 0.045 - 9.42 - 10 13.06 1.42 5 5 5.5 5 0.225 0.225 0.2475 0.225 
Summation 0.824  12.107 16.9205 14.362 15.277 
Derived LPI j  14.69 20.53 17.43 18.54 
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Table C.18: Calculation of LPI at 415 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutantconcentration,_c, Individual pollutant rating, p, Overall pollutant rating, W,p1 

Al  A2  B C Al  A2  B C A1  A2  B C 

Chromium 0.064 0.055 0.04 0.07 0.065 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.124 0.265 0.55 0.476 5.5 6.5 7.5 7 0.3465 0.4095 0.4725 0.441 

COD 0.062 852 4087 900 3300 33 63 36 55 2.046 3.906 2.232 3.41 

Mercury  - - - - - - - - - - - 

BOD5  0.061 345 437 490 510 12 15 16 19 0.732 0.915 0.976 1.159 

Arsenic 0.061 0.01 0.01 0.01 0.01 5 - 5 5 5 0.305 0.305 0.305 0.305 

Cyanide  - - - - - 

- 

- - - - - - - 

Phenol  

Zinc 0.056 1.126 0.92 0.55 0.576 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.51 7.27 6.45 7.21 7 5 7 5 0.385 0.275 0.385 0.275 

TKN 0.053 378 1130 637 504 10 40 20 15 0.53 2.12 1.06 0.795 

Nickel 0.052 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 245 304 300 229 56.5 59 59 50 2.938 3.068 3.068 2.6 

NH4-N 0.051 320 520 655 - 582 31 56 69 60 1.581 2.856 3.519 3.06 

TDS 1  0.05 3928 6387 2710 9230 10 14 7 21 0.5 0.7 0.35 1.05 

Copper 0.05 0.342 0.123 0.089 0.09 6 5.5 5.5 5.5 0.3 0.275 0.275 0.275 

Chlorides 0.049 2342.00 2650.00 1255.00 1290.0 18 20 10 10 0.882 0.98 0.49 0.49 

Total Iron 0.045 8.6 1  10.6 14.7 3.2 5 5 5.5 5 0.225 0.225 0.2475 0.225 

Summation 0.824 
___ _____j _____ 

11.656 16.9205 14.266 14.971 

Derived LPI 
_______ 

 ______. 1_14.15 20.53 17.31 18.17 
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Table C. 19: Calculation of LPI at 500 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, wi  

Pollutant concentration, c1  Individual pollutantrating, pi  Overall pollutant rating, w,p1  
Al  A2  B C Al  A2  B C Al  A2  B C 

Chromium 0.064 0.05 0.03 0.08 0.07 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.1176 0.256 0.46 0.376 5.5 6.5 7 6.5 03465 0.4095 0.441 0.4095 
COD 0.062 896 2240 3042 4120 33 52 57 63 2.046 3.224 3.534 3.906 
Mercury  - - - - - - - - - - - - 

BOD5  0.061 535 1452 1890 1985 20 34 37 39 1.22 2.074 2.257 2.379 
Arsenic  - - - - - - - - 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.1176 0.476 0.36 0.176 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 6.05 7.53 6.66 7.73 7 5 6 5 0.385 0.275 0.33 0.275 
TKN 0.053 356 1098 612 485 10 35 20 16 0.53 1.855 1.06 0.848 
Nickel 0.052 0.05 0.055 0.08 0.07 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 
TCB 0.052 234 296 291 217 54 59 58 52 2.808 3.068 3.016 2.704 
NH4-N 0.051 315 510 634 578 30 56 72 65 1.53 2.856 3.672 3.315 
TDS 0.05 3620 6800 5400 9720 9 15 13 22 0.45 0.75 0.65 1.1 
Copper 0.05 0.98 0.97 0.09 0.12 7 7 5.5 5.5 0.35 0.35 0.275 0.275 
Chlorides 0.049 2672.00 2678.00 1265.00 1225.0 20 20 19 19 0.98 0.98 0.931 0.931 
Total Iron 0.045 12.2 18.9 9.65 8.6 5 5.5 5 5 0.225 0.2475 0.225 0.225 
Summation 0.763 11.756 16.975 17.277 

- 

17.2535 
Derived LPI I  15.41 22.25 22.64 22.61 
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Table C.20: Calculation of LPI at 520 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w, 

Pollutant_concentration,_c 
________ 

Individual pollutant rating, i Overall  pollutant_rating, Wipi 

Al  A2  B C Al A2  B - C Al  A2  B C 

Chromium 0.064 0.055 0.04 0.07 0.065 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.120 0.265 0.55 0.476 5.5 6.5 7.5 7 0.3465 0.4095 0.4725 0.441 

COD 0.062 849 4087 900 3300 33 63 36 55 2.046 3.906 2.232 3.41 

BOD5  0.061 345 437 490 
Mercury  

510 12 15 16 19 0.732 0.915 0.976 1.159 

Arsenic   ________ ________ _______ ________ -__________ 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.126 0.92 0.55 0.576 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.51 7.27 6.45 7.21 7 5 7 5 0.385 0.275 0.385 0.275 

TKN 0.053 345 1056 597 467 10 35 18 15 0.53 1.855 0.954 0.795 

Nickel 0.052 0.05 0.05 0.09 0.055 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 217 281 282 201 56.5 59 59 50 2.938 3.068 3.068 2.6 

NH4-N 
TDS 

0.051 
0.05 

307 
3950 

501.7 
10180 

620 
6130 

576 
16990 

31 
10 

56 
21 

71 
14 

65 
43 

1.581 
0.5 

2.856 
1.05 

3.621 
03 

3.315 
2.15 

Copper 
Chlorides 

0.05 
0.049 

0.98 
2262.00 

0.876 
2762.00 

0.18 
1275.00 

0.2 
1250.0 

7 
15.5 

6.5 
20.5 

5.5 
10 

5.5 
10 

0.35 
0.7595 

0.325 
1.0045 

0.275 
0.49 

0.275 
0.49 

Total Iron 0.045 18.7 22.2 11.6 5 5.5 5.5 5 5 0.2475 0.2475 0.225 0.225 

Summation 0.763 _____ 
11.30 16.80 14.28 16.02 

Derived LPI ______ ______ _____ _____ 
14.81 22.02 18.72 21.00 
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Table C.21: Calculation of LPI at 545 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w, 

Pollutant concentration, c  Individual pollutantrating, p, Overall pollutant rating, w,p1 

A1  A2  B C Al  A2  B C A1  A2  B C 
Chromium 0.064 0.065 0.05 0.07 0.065 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.2164 0.246 0.25 0.15 6 6.5 6.5 5.5 0.378 0.4095 0.4095 0.3465 
COD 0.062 1440 4640 1920 990 44 65 49 37 2.728 4.03 3.038 2.294 
Mercury  - - - - - - - - - - - - 

BOD5  0.061 865 2526 1150 385 26 45 30 12 1.586 2.745 1.83 0.732 
Arsenic - - - - - - - - 

Cyanide  

Phenol  

Zinc 0.056 0.64 0.4 0.36 0.15 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 6.43 7.26 6.98 7.5 7 5.5 6 5 0.385 0.3025 0.33 0.275 
TKN 0.053 337 1008 550 443 10 31 16 11 0.53 1.643 0.848 0.583 
Nickel 0.052 0.065 0.05 0.05 0.04 5.5 5.5 5.5 1  5.5 0.286 0.286 0.286 0.286 
TCB 0.052 205 267 274 191 55 58 60 52 2.86 3.016 3.12 2.704 
NFLrN 0.051 316.2 507.8 623.8 579.7 32 55 72 62 1.632 2.805 3.672 3.162 
TDS 0.05 7800 8790 9980 16880 16 20 22 43 0.8 1 1.1 2.15 
Copper 0.05 0.975 0.875 0.67 0.43 7 7 6.5 

- 
6 0.35 0.35 0.325 0.3 

Chlorides 0.049 2249.00 2649.00 1175.00 1350.0 15.5 20 9.5 10 0.7595 
- 

0.98 0.4655 0.49 
Total Iron 0.045 5.20 8.04 11.7 1.50 5 5 5 5 0.225 0.225 0.225 0.225 
Summation 0.763 - 13.119-1 18.392 16.249 14.1475 
Derived LPI  I  17.19 1 24.10 21.30 18.54 
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Table C.22: Calculation of LPI at 580 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, wi  

Pollutant_concentration,_c, Individual pollutantrating, pi  Overall pollutant rating, W,p, 

A1  A2  B C Al  A2  B C A l  A2  B f C 

Chromium 0.064 0.057 0.04 0.07 0.065 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.126 0.265 0.55 0.476 5.5 6.5 7.5 7 0.3465 0.4095 0.4725 0.441 

COD 0.062 850 4087 900 3300 33 63 36 55 2.046 3.906 2.232 3.41 

Mercury  - - - - - - - - - - - 

BOD5  0.061 345 437 490 510 12 15 16 19 0.732 0.915 0.976 1.159 

Arsenic  

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 1.126 0.92 0.55 0.576 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.51 7.27 6.45 7.21 7 1 5 7 5 0.385 0.275 0.385 0.275 

TKN 0.053 325 956 521 431 10 30 15 13 1 0.53 1.59 0.795 0.689 

Nickel 0.052 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 198 241 261 183 55 57 58 50 2.86 2.964 3.016 2.6 

NH4-N 0.051 297.4 497 590 520 64 55 66 56 3.264 2.805 3.366 2.856 

TDS 0.05 7700 6380 9630 15810 16.5 14 21 39 0.825 0.7 1.05 1.95 

Copper 0.05 0.31 0.11 0.09 0.08 6 5.5 5.5 5.5 0.3 0.275 0.275 0.275 

Chlorides 0.049 2265.00 2307.50 1075.00 1155.0 15.5 15.5 9 10 0.7595 0.7595 0.441 0.49 

Total Iron 0.045 11.4 11.70 10.14 5.10 5 5 5 5 0.225 0.225 0.225 0.225 

Summation 0.763 - 13.159 15.71 14.1195 15.256 

Derived LPI 
________ __________ _______ _______ _____ ______ -____ _____ 

17.25 20.59 T 18.51 1 19.99 
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Table C.23: Calculation of LPJ at 630 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant concentration, c  Individual pollutantrating, pi  Overall pollutant rating, w,p, 
Al  A2  B C Al  A2  B C Al  A2  B C 

Chromium 0.064 0.045 0.04 0.08 0.07 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.2285 0.25 0.25 0.156 6 6.5 6.5 5.5 0.378 0.4095 0.4095 0.3465 
COD 0.062 2880 1520 1560 800 55 45 45 33 3.41 2.79 2.79 2.046 
Mercury 

____ 
- - - - - - - - - - - - 

BOD5  0.061 1265 690 845 560 31 24 26.5 21 1.891 1.464 1.6165 1.281 
Arsenic  

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 0.85 0.78 0.35 0.156 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 6.43 6.73 6.98 7.11 7 6.5 5 5 0.385 0.3575 1 0.275 0.275 
TKN 0.053 290 867 486 381 10 29 14 10 0.53 1.537 0.742 0.53 
Nickel 0.052 0.055 0.05 0.08 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 
TCB 0.052 171 217 234 152 53 56 58 50 2.756 2.912 3.016 2.6 
NH4-N 0.051 265 475 545 501 26 49 59 54 1.326 2.499 3.009 2.754 
TDS 0.05 7910 4990 10610 15800 17 12 25 39 0.85 0.6 1.25 1.95 
Copper 0.05 0.966 0.866 0.35 0.21 7 7 6 5.5 0.35 0.35 0.3 0.275 
Chlorides 0.049 2875.00 2387.00 1000.00 1250.0 22.5 17 9 9.5 1.1025 

- 

0.833 0.441 0.4655 
Total Iron 0.045 3.70 3.40 3.2 1.4 5 5 5 5 0.225 0.225 0.225 0.225 
Summation 0.763  14.089 14.863 14.96 13.634 
Derived LPI  18.47 19.48 19.61 17.87 
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Table C.24: Calculation of LPI at 715 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant_concentration,_c_______ Individual pollutantrating, pi Overall pollutant rating, w1p, 

A l  A2  B C Al  A2  B C Al  A2  B C 

Chromium 0.064 0.055 0.04 0.06 0.06 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.2154 0.245 0.257 0.26 6 6.5 6.5 6.5 0.378 0.4095 0.4095 0.4095 

COD 0.062 2880 1420 1490 300 55 44 44 11 3.41 2.728 2.728 0.682 

Mercury  - - - - - - - - - - - - 

BOD5  0.061 1660 605 845 143 35 22 26 8 2.135 1.342 1.586 0.488 

Arsenic  - - - - - - - - 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 0.54 0.5 0.26 0.16 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 7.08 7.5 7.92 7.81 6 5 5 5 0.33 0.275 0.275 0.275 

TKN 0.053 263 770 435 340 8 24 11 9 0.424 1.272 0.583 0.477 

Nickel 0.052 0.055 0.04 0.06 0.045 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 145 197 214 127 46 54 55 47 2.392 2.808 2.86 2.444 

NH4-N 
TDS 

0.051 
0.05 

222 
7493 

386 
5000 

476 
7880 

409 
17700 

21 
16 

39 
12 

54 
16 

44 
43 

1.071 
0.8 

1.989 
0.6 

2.754 
0.8 

2.244 
2.15 

Copper 0.05 0.63 0.93 0.76 0.6 6.5 7 7 6.5 0.325 0.35 0.35 0.325 

Chlorides 0.049 2215.00 2730.00 1030.00 1378.0 15 21 8.5 10 0.735 1.029 0.4165 0.49 

Total Iron 0.045 3.2 3.80 3.6 1.52 5 5 5 5 0.225 0.225 0.225 0.225 

Summation 0.763  _____ 
13.111 13.9135 13.873 11.0955 

Derived LPI _____ ______ _____ 
17.18 18.24 18.18 { 14.54 
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Table C.25: Calculation of LPJ at 750 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, wi  

 Pollutant concentration, c, - Individual pollutantrating, pi  Overall pollutant rating, w1p1  
A1  A2  B C A1  A2  B C Al  A2  C 

Chromium 0.064 0.06 0.05 0.06 0.04 5 5 5 
- 

5 0.32 0.32 
B :

F_ 0.32 0.32 
Lead 0.063 0.2255 0.24 0.36 0.217 6 6.5 6.5 6 0.378 0.4095 0.4095 1 0.378 
COD 0.062 2580 1350 1410 340 54 42 44 12 3.348 2.604 2.728 0.744 
Mercuy  

BOD5  0.061 1432 943 865 176 34 27.5 26 9 2.074 1.6775 1.586 0.549 
Arsenic - - - - - - 

-__- 
- 

Cyanide  - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 0.55 0.5 0.46 0.17 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 7 7.6 7.8 7.7 6 5 5 5 0.33 0.275 0.275 0.275 
TKN 0.053 247 720 417 321 8 20 11 9 0.424 1.06 0.583 0.477 
Nickel 0.052 0.065 0.05 0.06 0.045 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 
TCB 0.052 137 186 200 118 46 56 57 44 2.392 2.912 2.964 2.288 

- NH4-N 0.051 201.7 276 354 307 18 29 38 32 0.918 1.479 1.938 1.632 
TDS 0.05 6590 4670 6790 13470 15 12 15 33 0.75 0.6 0.75 1.65 
Copper 0.05 0.54 0.9 0.65 

- 
0.5 6 7 6.5 6 0.3 0.35 0.325 0.3 

Chlorides 0.049 2102.00 2610.00 1020.00 1248.0 15 20 8.5 9.5 0.735 0.98 0.4165 0.4655 
Total Iron 0.045 4.3 4.10 - 3.6 1.2 5 5 5 5 0.225 0.225 0.225 0.225 
Summation 0.763  12.76 13.46 13.09 9.87 
DerivedLPl  1 16.72 1 _17.64 17.15 12.94 
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Table C.26: Calculation of LPJ at 800 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w1  

Pollutant_concentration,_c  Individual pollutantrating, p, Overall pollutant rating, wp1  

Al  A2  B C A1  A2  B C Al  A2  B C 

Chromium 0.064 0.050 0.04 0.07 0.065 5 
- 

5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.110 0.263 0.55 
- 

0.476 5.5 6.5 7.5 7 0.3465 0.4095 0.4725 0.441 
- 

COD 0.062 796 4086 900 3300 33 63 36 55 2.046 3.906 2.232 3.41 

Mercury  - - - - - - - - - - - - 

BOD5  0.061 345 437 490 510 12 15 16 19 0.732 0.915 0.976 1.159 

Arsenic  

Cyanide  

Phenol  

Zinc 0.056 1.126 0.92 0.55 0.576 1 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.51 7.27 6.45 7.21 7 5 7 5 0.385 0.275 0.385 0.275 

TKN 0.053 233 686 402 300 8 22 12 8.5 0.424 1.166 0.636 0.4505 

Nickel 0.052 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 122 178 181 104 49 56 56 48 2.548 2.912 2.912 2.496 

NH4-N 
TDS 

0.051 
0.05 

196 
5469 

165 
5437 

208 
6382 

198 
13879 

19 
12 

17 
12 

20 
14 

20 
26 

0.969 
0.6 0.6 

0.867 J-FO-2-  
0.7 

1.02 
1.3 

Copper 0.05 0.43 0.07 0.07 0.4 6 5.5 5.5 6 0.3 0.275 0.275 0.3 

Chlorides 0.049 2120.00 2376.00 1092.00 1187.0 15 17 9 10 0.735 0.833 0.441 0.49 

TotalIron 0.045 5.9 3.2 4.5 2.6 5 5 5.5 5 0.225 0.225 0.2475 0.225 

Summation 0.763 
 10.196 13.2695 11.183 12.4525 

Derived LPI 1  _____ 
13.36 17.39 14.66 16.32 
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Table C.27: Calculation of LPI at 850 day after filling of MSW in landfill lysimeter 

Pollutant 
variable 

Variable 
weight, w, 

Pollutant concentration, c, Individual pollutantrating, Pi Overall pollutant rating, wp, 
Al  A2  B C Al  A2  B C A1  A2  B C 

Chromium 0.064 0.06 0.05 0.09 0.04 5 5 5 5 0.32 0.32 0.32 0.32 
Lead 0.063 0.235 0.235 0.254 0.215 6 6 6.5 6 0.378 0.378 0.4095 0.378 
COD 0.062 2510 1290 1380 402 53 40 41 16 3.286 2.48 2.542 0.992 
Mercury  - - - - - - - - - - - - 

BOD5  0.061 1456 594 745 265 34 21 24 10 2.074 1.281 1.464 0.61 
Arsenic - - - - - - - - 

Cyanide  - - - - - - - - - - - - 

Phenol  - - - - - - - - - - - - 

Zinc 0.056 0.35 0.46 0.14 0.15 5 5 5 5 0.28 0.28 0.28 0.28 
pH 0.055 7.4 7.2 6.78 7.8 5 5 6 5 0.275 0.275 0.33 0.275 
TKN 0.053 221 610 360 278 7 19 16 10 0.371 1.007 0.848 0.53 
Nickel 0.052 0.06 0.05 0.08 0.04 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 
TCB 0.052 109 163 172 97 46 49 50 44 2.392 2.548 2.6 2.288 
NH4-N 0.051 187 154 190 187 18 15 

- 
19 18 0.918 0.765 0.969 0.918 

TDS 0.05 5980 5008 6436 14369 13 12 15 36 0.65 0.6 0.75 1.8 
Copper 0.05 0.05 0.05 0.04 0.04 6 5.5 5.5 6 0.3 0.275 0.275 0.3 
Chlorides 0.049 2072.00 2520.00 1150.00 1058.0 15 19 19 8.5 0.735 0.931 0.931 0.4165 
Total Iron 0.045 5.8 3.90 4.3 2.3 5 5 5 5 0.225 0.225 0.225 0.225 
Summation 0.763  12.49 11.651 12.2295 9.6185 
Derived LPI  16.37 1 15.27 16.03 12.61 
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Table C.28: Calculation of LPI at 900 days after filling of MSW in landfill lysirneter 

Pollutant Variable Pollutant concentration, c Individual pollutant rating, Pi Overall pollutant rating, W,p, 

variable weight, 
Wi 

A1  A2  B C Al  A2  B C A1  A2  B C 

Chromium 0.064 0.049 0.04 0.07 0.065 5 5 5 5 0.32 0.32 0.32 0.32 

Lead 0.063 0.118 0.265 0.55 0.476 5.5 6.5. 7.5 7 0.3465 0.4095 0.4725 0.441 

COD 0.062 846 4022 900 3300 33 63 36 55 2.046 3.906 2.232 3.41 

Mercury - NA NA NA NA - - - - - - - - 

BOD5  0.061 345 437 490 510 12 15 16 19 0.732 0.915 0.976 1.159 

Arsenic - NA NA NA NA  

Cyanide - NA NA NA NA - - - - - - - - 

Phenol - NA NA NA NA - - - - - - - - 

Zinc 0.056 1.126 0.92 0.55 0.576 5 5 5 5 0.28 0.28 0.28 0.28 

pH 0.055 6.51 7.27 6.45 7.21 7 5 7 5 0.385 0.275 0.385 0.275 

TKN 0.053 233 686 402 300 8 22 12 8.5 0.424 1.166 0.636 0.4505 

Nickel 0.052 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.286 0.286 0.286 0.286 

TCB 0.052 122 178 181 104 49 56 56 48 2.548 2.912 2.912 2.496 

NH4-N 0.051 196 165 208 198 19 17 20 20 0.969 0.867 1.02 1.02 

TDS 0.05 5469 5437 6382 13879 12 12 14 26 0.6 0.6 0.7 1.3 

Copper 0.05 0.43 0.07 0.07 0.4 6 5.5 5.5 6 0.3 0.275 0.275 0.3 

Chlorides 0.049 2120.00 2376.00 1092.00 
1187.0 

15 17 9 10 0.735 0.833 0.441 0.49 

Total Iron 0.045 5.9 3.2 4.5 2.6 5 5 5.5 5 0.225 0.225 0.2475 0.225 

Summation 0.763  
 10.1965 13.2695 11.183 12.4525 

Derived LPI ______ 
- 

_____ 
13.36 
. ..,- 

17.39 
, ------- 

14.66 16.32 

Note: COD=chemical oxygen demand, BOD5= biological oxygen demand, TKN=total kjelda/?l nitrogen, ivlirNammonla nitrogen, I L15 total COiiJOfl UUWrLU uflcl I LJLVIUI 

solid. All concenlralions are in ing/L, except pH and total colform bacteria unit ("cfu/lOOml,) and NA = Leachate concentration not available. 
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Figure C. 1: The Variation of LPI at different operational condition of landfill lysimeter and with 
the increasing of elapsed period of day in (a) 7 (b) 14 (c) 21(d) 30 (e) 40 (f) 50 (g) 60 (h) 70 (i) 90 
(j) 120 (k) 140 (1) 160 (m) 190 (n) 220 (o) 245 (p) 280 (q) 300 (r) 320 (s) 280 (t) 290 (u) 400 (v) 415 
(w) 500 (x) 520 (y) 545 (z) 580 (aa) 610 (ab) 630 (ac) 660 (ad) 715 (ae) 750 and (af) 800 (ag) 850 
and (ah) 900. 
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Table C.29: Calculation of sub-LPland overall LPIat 14 day after filling of MSW in landfill lysimeter 

- 

Index 
Parame 

ter 

Weight 
factor, 

w1  

Pollutant concentration, c1  
Individual pollutant rating, 

Pi 
Overall pollutant rating, Wi j 

A1  A2  B C Al  A2  B C Al  A2  B C 
COD 0.267 9754 48400 43280 42560 69 91.5 91 91 18.42 24.43 24.30 24.30 
BOD5  0.263 2210 2980 2670 2310 41 46 45 42 10.78 12.10 11.84 11.05 

LPlorganic  
'LPI Phenol 0 

 __ 
 0.00 0.00 0.00 0.00 

Or) 
- TCB 0.224 6540 8398 7768 7340 85 89 90 90 19.04 19.94 20.16 20.16 

Total 0.754  48.25 56.46 56.29 55.50 
Derived LPIOT   63.99 74.89 74.66 73.61 

p1-I 0.214 7.12 8.56 8.5 7.67 6 5 5 5 1.28 1.07 1.07 _1.07 
TKN 0.206 1120 2090 1658 1430 38 74 58 49 7.83 15.24 11.95 10.09 

LPlinorganic  NH4 N 0.198 700 901.3 992.7 965.7 75 96 98 97 14.85 19.01 19.40 19.21 
(LPI,,) TDS 0.195 8765 32589 30823 28790 17 76 71 66 3.32 14.82 13.85 12.87 

Cl 0.187 3320.00 3750.00 2210.00 820.00 27 31 16 8 5.05 5.80 2.99 1.50 
Total 1.000  32.33 55.94 49.26 44.74 

Derived LFI,  32.33 55.94 49.26 44.74 
Cr 0.125 0.1 0.23 0.21 0.11 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.39 0.6 0.85 0.7 7 7 7.5 7.5 0.86 0.86 0.92 0.92 
Hg 0  0.00 0.00 0.00 0.00 
As 0.119 0.02 0.05 0.02 0.02 5 5 5 5 0.60 0.60 0.60 0.60 

LPlijcavymetai Cn 0  0.00 
- 

0.00 0.00 0.00 
(LPI,,,) Zn 0.11 1.3 1.2 0.91 0.63 5.5 5 5 5 0.61 0.55 0.55 0.55 

Ni 0.102 0.13 0.18 0.15 0.14 5 5 5 5 0.51 0.51 0.51 0.51 

Cu 0.098 1.23 1.46 1.13 1.24 7 7 7 7 0.69 0.69 0.69 0.69 
Fe 0.088 70.13 82.60 91.20 72.00 6.5 6.5 7 6.5 0.57 0.57 0.62 0.57 

Total 0.765  4.45 4.40 4.50 4 
Derived LPI11  1 5.82 

_

5.75 5.89 5.83 
Overall LPI  (0.175LPIor+0.257LPIin+0.391 LPIhm)/O.823 26.47 { 36.12 34.05 32.39 
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Table C.30: Calculation of sub-LPland overall LPJat 21 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, W1  

Pollutant concentration, c1  Individual pollutantrating, p1  Overall pollutant rating, W3 p 

Al  A2  B C A l  A2  B  j C Al  A2  B C 

COD 0.267 10276 47100 42310 45320 71 91.5 91 91 18.96 24.43 24.30 24.30 

BOD5  0.263 2180 2754 2520 2209 41 45 44.5 41 10.78 11.84 11.70 10.78 
LPloroanic  
'LPI Phenol 0  0.00 0.00 0.00 0.00 

OT/ TCB 0.224 6439 8125 7929 7550 85 89 90 90 19.04 19.94 20.16 20.16 
Total 0.754  48.78 56.20 56.16 55.24 

Derived LPIOr  64.69 74.54 74.48 73.26 

pH 0.214 6.99 6.93 7.44 7.43 6 6 5 5 1.28 1.28 1.07 1.07 
TKN 0.206 1010 1875 1659 1320.8 33 66 57 45 6.80 13.60 11.74 9.27 

LPlinorganic  NH4-N 0.198 702.3 865.3 967.2 898.7 80 94 97 95 15.84 18.61 19.21 18.81 
(LPI,,1) TDS 0.195 6380 33710 29687 22487.9 14 78 69 46 2.73 15.21 13.46 8.97 

Cl-  0.187 3560.60 3890.00 2412.00 1010.00 26 33 18 8.5 4.86 6.17 3.37 1.59 
Total 1.000  31.51 54.87 48.84 39.71 

Derived LPI1   31.51 54.87 48.84 39.71 
Cr 0.125 0.086 0.19 0.17 0.098 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.32 0.55 0.75 0.62 7 7 9 8 0.86 0.86 1.11 0.98 
Hg 0  0.00 0.00 0.00 0.00 

As 0.119 0.02 0.04 0.02 0.02 5 5 5 5 0.60 0.60 0.60 0.60 

LPlheavy  metal Cn 0  0.00 0.00 0.00 0.00 

(LPIizm) Zn 0.11 1.1 1.3 0.86 0.68 5.5 5 5 5 0.61 0.55 0.55 0.55 
Ni 0.102 0.042 0.078 0.064 0.053 5 5 5 5 0.51 0.51 0.51 0.51 

Cu 0.098 0.77 1.36 1.1 0.97 6 7 7 6.5 0.59 0.69 0.69 0.64 
Fe 0.088 72.06 78.42 80.04 40.20 6.5 6.5 6.5 6 0.57 0.57 0.57 0.53 

Total 0.765  4.36 4.40 4.65 4.00 

Derived LPIizm   5.699 5.75 6.07 5.79 
Overall LPI (0.175LPIor+0.257LPIjn+0.391LP11111J/0.823 26.30 35.72 33.97 30.73 
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Table C.31: Calculation of sub-LPI and overall LPIat 30 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, w3 

Pollutant concentration, c1  Individual pollutantrating, p1  Overall pollutant rating, Wi j 

Al  A2  B C A1  A2  B C Al  A2  B C 

COD 0.267 20800 36400 38800 42800 83 88 90 92 22.16 23.50 24.03 24.56 

LPloro 
BOD5  0.263 6750 12358 16733 20420 62 68 73 77 16.31 17.88 19.20 20.25 

an ic  
Phenol 0  0.00 0.00 0.00 0.00 

OT) TCB 0.224 6320 8005 7900 7510 85 87 87 86 19.04 19.49 19.49 19.26 
Total 0.754  57.51 60.87 62.72 64.08 

Derived LPIO,.  76.27 80.73 83.18 84.99 
pH 0.214 6.43 7.5 7.92 7.21 7 5 5 6 1.50 1.07 1.07 1.28 

TKN 0.206 1001 1735 1620 1297 30 62 55 45 6.18 12.77 11.33 9.27 
LPlinorganic  NH4-N 0.198 687.4 832 955.5 865 80 87 98 93 15.84 17.23 19.40 18.41 

(LP111J TDS 0.195 7490 5000 7880 17700 16 12 17 43 3.12 2.34 3.32 8.39 
Cl- 0.187 3037 3572 1350 660 25 31 12 8 4.68 5.80 2.24 1.50 

Total 1.000  31.31 39.21 37.36 38.85 
Derived LPI,  31.31 39.21 37.36 38.85 

Cr 0.125 0.07 0.06 0.09 0.07 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.32 0.4 0.78 0.5 7 7 9 8 0.86 0.86 1.11 0.98 

___
Hg_
_ 

0  0.00 0.00 0.00 0.00 
As 0.119 0.02 0.3 0.02 0.02 5 5 5 5 0.60 0.60 0.60 0.60 

LPlheavy  metal Cn 0 - 0.00 0.00 0.00 
- 

0.00 
Zn 0.11 1.3 0.97 0.55 0.58  5 5 5 0.61 0.55 0.55 0.55 
Ni 0.102 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 0.61 0.56 0.56 0.56 
Cu 0.098 0.98 0.97 0.09 0.12 7 7 5.5 5.5 0.69 0.69 0.54 0.54 
Fe 0.088 3.2 3.8 3.6 1.5 5.5 5.5 5.5 5 0.48 0.48 0.48 0.44 

Total 0.765 4.47 4.36 4.46 4 
Derived LPIj jm   I 

- 

 5.84 5.70 5.83 5.61 
Overall LPi  (0.175LPIor+0.257LPIjn+0.391LP11,m)/O.823 28.77 32.12 32.12 32.87 
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Table C.32: Calculation of sub-LPI and overall LPIat 50 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, W1  

Pollutant concentration, c1  Individual pollutantrating, p1  Overall pollutant rating, Wp1  

Al  A2  B C Al  A2  B C A1  A2  B C 

COD 0.267 320 10240 38040 35550 12 74 89 88 3.20 19.76 23.76 23.50 

L r 'rn oraiiic 
BOD5  0.263 124 3420 22403 19573 8 55 78 76 2.10 14.47 20.51 19.99 

Phenol 0  0.00 0.00 0.00 0.00 
'LPI or) TCB 0.224 6295 7960 7890 7486 64 87 86 84 14.34 19.49 19.26 18.82 

Total 0.754  19.64 63.54 62.30 

Derived LPI0  26.05 F71.2~3 84.27 82.63 

pH 0.214 8.16 7.47 8.41 8.05 5 5 5 5 1.07 1.07 1.07 

TKN 0.206 997 1704 1605 1280 30 60 55 44 6.18 11.33 9.06 

LPlinorganic  NHN 0.198 682 802 943.7 831.2 75 90 97 86 14.85 17.82 19.21 17.03 
(LPI1,J TDS 0.195 5590 20150 13790 14590 13 49 34 38 2.54 9.56 6.63 7.41 

Cl-  0.187 2650 1850 570 145 25 13 7 5.5 4.68 2.43 1.31 1.03 

Total 1.000  29.31 43.24 39.55 35.60 

Derived LPI1   29.31 43.24 39.55 35.60 

Cr 0.125 0.07 0.056 0.03 0.025 5 5 5 5 0.63 0.63 0.63 0.63 

Pb 0.123 0.19 0.39 0.78 0.29 6 7 9 6.5 0.74 0.86 1.11 0.80 

Hg 0 
 0.00 0.00 0.00 1 0.00 

As 0.119 0.02 0.03 0.02 0.02 5 5 5 5 0.60 0.60 0.60 0.60 

LPlheavy  metal Cn 0 ______  
0.00 0.00 0.00 0.00 

(LPIhm) Zn 0.11 0.9 0.23 0.18 0.29 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 0.61 0.56 0.56 0.56 

Cu 0.098 0.09 0.05 0.06 0.05 5.5 5.5 5.5 5.5 0.54 0.54 0.54 0.54 

Fe 0.088 0.2 0.2 2 1.6 5 5 5 5 0.44 0.44 0.44 0.44 

Total 0.765  4.10 4.17 4.42 4 

Derived LPI1,m 1 ________ _______ ______ _____ _____ ______ 
5.36 5.45 5.77 5.37 

Overall LPI 1  

_______ _________ ________ _______ 

(0.1 75LPI0,.+0.257LPI1 +0.3 91 LP1111,J/0. 823 17.24 31.24 33.01 31.24 
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Table C.33: Calculation of sub-LPI and overall LPIat 60 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
, W factor,  

Pollutant concentration, c1  Individual pollutantrating, pj Overall pollutant rating, wjp j  

A1  A2  B C A1  A2  BjC A1  A2  B C 
COD 0.267 896 9360 3042 34480 36 78 62 87 9.61 20.83 16.55 23.23 
BOD5  0.263 384 5520 2856 12554 12 58 47 68 3.16 15.25 12.36 17.88 LPlorganic  

'LPI Phenol 0  0.00 0.00 0.00 0.00 
on 

TCB 0.224 6229 7945 7878 7452 84 87 89 86 18.82 19.49 19.94 19.26 
Total 0.754  31.58 55.57 48.85 60.38 

Derived LPIor   41.89 73.70 64.79 80.08 
pH 0.214 6.49 6.33 8.5 7.12 T 6 6.5 5 5 1.28 T 1.39 1.07 1.07 

TKN 0.206 980 1680 1595 1244 30 60 55 40 6.18 12.36 11.33 8.24 
LPlinorgan ic  NH4-N 0.198 675 765 803 820 75 85 90 91 14.85 16.83 17.82 18.02 

(LPI1,,) TDS 0.195 4490 1 15740 10610 13160 12 38 24 27 2.34 7.41 4.68 5.27 
Cl-  0.187 1120.00 1270.00 580.00 150.00 9 10 7 5.5 1.68 1.87 1.31 1.03 

Total 1.000  26.34 39.86 36.21 33.62 
DerivedLP111,  26.34 39.86 36.21 33.62 

Cr 0.125 0.07 0.056 0.03 0.025 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.18 0.392 0.78 0.29 6 7 9 6.5 0.74 0.86 1.11 0.80 
Hg 0  0.00 0.00 0.00 0.00 
As 0.119 0.02 0.03 0.02 0.02 5 5 5 5 0.60 0.60 0.60 0.60 

LPlheavyrnetal  Cn 0 0.00 0.00 0.007 0.00 

(LP111rn) Zn 0.11 0.88 0.23 0.17 0.29 5 5 5 5 0.55 0.55 0.55 0.55 
Ni 0.102 0.075 0.045 0.058 0.045 6 5.5 5.5 5.5 

- 

0.61 0.56 0.56 0.56 
Cu 0.098 0.09 0.05 0.06 0.05 5.5 5.5 5.5 5.5 0.54 0.54 0.54 0.54 
Fe 0.088 30.80 51.60 53.20 8.67 5.5 6 6 5 0.48 0.53 0.53 0.44 

Total 0.765 4.14 4.26 4.51 4 
Derived LPI1:m  5.42 5.57 1  5.89 1  5.37 
Overall LPI 7  (0.1 75LPIor+0.257LPIin+0.3 91 L PI1,m)/0. 823 1 19.70 _ 30.761 27881 30.08  
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Thl r ('dc.iilation of siib-LPI and overall LPIat 120 day after filling of MSW in landfill lysimeter 

Weight 
factor, Wj 

Pollutant_concentration, Ci Individual pollutant rating, pi Overall pollutant rating, Wjj 

Index 
Parame 

ter Al  A2  B C Al  A2  B C Al  A2  B C 

160.00 6760.00 1440.00 5120.00 8.50 68.00 44.00 67.00 2.27 18.16 11.75 17.89 

LPI 
'LPI 01) 

COD 0.267 
BOD5  0.263 83.00 3575.00 980.00 2179.00 8.00 51.00 27.00 41.00 2.10 13.41 7.10 10.78 

6212.00 
____ 

7945.00 
________ 

7898.00 
________ 

7460.00 
______ 

85.00 
_______ 

87.00 
______ 

88.00 
______ 

86.00 
0.00 

19.04 
23.41 

0.00 
19.49 
51.06 

0.00 
19.71 
38.56 

0.00 
1926 
47.94 

Phenol 0 
TCB 
Total 

0.224 
 0.754 

- 

______ ______ 

31.05 67.71 51.14 63.58 
Derived LPIOr 

LPlinorganic  
(LPI,,J 

pH 0.214 6.75 6.42 7.84 6.30 6.00 7.00 5.00 7.00 1.28 1.50 1.07 1.50 

945.00 
610.00 

1637.00 
654.00 

1556.00 
787.00 

1218.00 
698.00 

27.00 
66.00 

58.00 
73.00 

54.00 
88.00 

40.00 
85.00 

5.56 
13.07 

11.95 
14.45 

11.12 
17.42 

8.24 
16.83 TKN 0.206 

NH4 N 0.198 
TDS 0.195 4440.00 13440.00 5810.00 8300.00 9.00 34.00 13.00 18.00 1.76 6.63 2.54 3.51 

2440.00 2670.00 1750.00 1300.00 19.00 21.00 13.00 10.00 3.55 
25.22 

3.93 
38.46 

2.43 
34.58 

1.87 
31.95 Ci 0.187 

Total 1.000 _______ ______ ______ ______ ______ 

25.22 38.46 34.58 31.95 
Derived LPI,,, 

0.03 
___ 

0.02 
0.35 

_______ 

0.04 
0.58 

_______ 

0.04 
0.42 

______ 

5.00 
6.00 

_______  

______ 

5.00 
7.00 

______ 

5.00 
7.50 

______ 

5.00 
7.00 

0.63 
0.74 
0.00 

0.63 
0.86 
0.00 

0.63 
0.92 
0.00 

0.63  
0.86 
0.00 

LPlhcavy  metal 

(LP11,m) 

Cr 0.125 
Pb 0.123 0.20 
Hg 0 

As 0.119 0.02 0.04 
___  

0.02 0.02 5.00 

______ 

5.00 

______ 

5.00 

______ 

5.00 

______ 

0.60 
0.00 

0.60 
0.00 

0.60 
0.00 

0.60 
0.00 

Cn 0 
Zn 0.11 1.20 0.97 

0.04 
0.12 
0.06 

0.11 
0.05 

5.00 
5.50 

5.00 
5.50 

5.00 
5.50 

5.00 
5.50 

0.55 
0.56 

0.55 
0.56 

0.55 
0.56 

0.55 
0.56 

Ni 0.102 0.07 

Cu 0.098 0.12 0.08 
23.00 

0.05 
45.10 

0.08 
1.50 

5.50 
5.50 

5.50 
5.50 

5.50 
6.00 

5.50 
5.00 

0.54 
0.48 
4.09 

0.54 
0.48 
4.22 

0.54 
0.53 
4.32 

0.54 
0.44 

4 Fe 
Total 

0.088 
0.765 

32.00 
 _____ ______ ______ ______ 

5.35 5.51 5.65 5.45 
Derived LPI,1 ,1  

(0.175LP10r +0.257LPIin+0.391LPIhm)/O.823 
_______ ____ ______ ______ ____ 

17.02 29.03 24.36 26.09 
Overall LPI 
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Table C.35: Calculation of sub-LPJ and overall LPIat 160 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, wi 

Pollutant concentration, c1  Individual pollutantrating, pi  Overall pollutant rating, wjp j  

Al  A2  B C A l  A2  B C A1  A2  B C 
COD 0.267 2880 5800 1920 5280 55 67 49 66 14.69 17.89 13.08 17.62 

LPloroan ic  
BOD5  0.263 1550 1760 805 965 35 37 26.5 28 9.21 9.73 6.97 7.36 

'LPI Phenol 0  0.00 0.00 0.00 0.00 or) 
TCB 0.224 6187 7855 7802 7356 85 88 88 86 19.04 19.71 19.71 19.26 
Total 0.754  42.93 47.33 39.76 44.25 

Derived LPIOT  56.94 62.77 52.74 58.69 
pH 0.214 6.17 6.88 7.61 7.33 7 5 5 5 1.50 1.07 1.07 1.07 

TKN 0.206 937 1625 1560 1210 26 57 55 40 5.36 11.74 11.33 8.24 
LPlinorganic  NH4-N 0.198 543 597 754 653 58 66 78 74 11.48 13.07 15.44 14.65 

(LP111) TDS 0.195 4310 12780 6440 9390 10 32 15 21 1.95 6.24 2.93 4.10 
C1 0.187 2880.00 2790.00 1010.00 1410.00 23 23 9 11 4.30 4.30 1.68 2.06 

Total 1.000  24.59 36.42 32.45 30.11 
Derived LPI, Z   24.59 36.42 32.45 30.11 

Cr 0.125 0.06 0.03 0.05 0.045 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.213 0.34 0.487 0.35 6 7 7.5 7 0.74 0.86 0.92 0.86 
Hg 0  0.00 0.00 0.00 0.00 
As 0.119 0.02 0.03 0.02 0.02 5 5 5 5 0.60 0.60 0.60 0.60 

LPlhcavymctal  Cn 0  0.00 0.00 0.00 0.00 
(LPIiim) Zn 0.11 1.13 0.65 0.487 0.35 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.06 0.045 0.065 0.055 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 
Cu 0.098 0.67 0.09 0.04 0.07 7 5.5 5.5 5.5 0.69 0.54 0.54 0.54 
Fe 0.088 10.20 21.70 22.00 5.10 5 5.5 5.5 5 0.44 0.48 0.48 0.44 

Total 0.765  4.20 4.22 4.28 4 
Derived LPIh ,, [  5.48 5.51 5.59 5.45 
Overall LPI I (0.1 75LPIor+0.257LP1,,z+0. 391 LPI1,,,J/0. 823 22.39 27.34 24.00 24.47  
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Table C.36: Calculation of sub-LPland overall LPIat 245 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, w1 

Pollutant concentration, c Individual pollutantrating, p Overall pollutant_rating, W1p1  

A l  A2  B C Al  A2  B C A1  A2  B C 

COD 0.267 960 4120 1490 4860 36 63 44 64 9.61 16.82 11.75 17.09 

BOD5  0.263 218 1520 465 1765 9 35 16 31 2.37 9.21 4.21 8.15 
LPlorgan)c  

riieno ______ _____ _______ ________  

'LPI 1 TCB 0.224 5621 6190 6420 6220 83 85 86 85 18.59 19.04 19.26 19.04 

Total 0.754  _____ ______ 
30.57 45.07 35.22 44.28 

Derived LPI0  ________ _______ _______ ______ _____ _____ ______ 

40.55 59.77 46.71 58.73 

pH 0.214 6.53 7.63 7.38 8.2 7 5 5 5 1.50 1.07 1.07 1.07 

TKN 0.206 845 1603 1521 1137 26 55 52 38 5.36 11.33 10.71 7.83 

LPlinorganic  NH4 N 0.198 504.9 586.7 697.5 632.8 56 66 76 71 11.09 13.07 15.05 14.06 

(LPI 11) TDS 0.195 2110 11572 6170 13420 10 26 14 33 1.95 5.07 2.73 6.44 

Cr 0.187 2090.00 2150.00 1000.00 1290.00 15 15 8.5 10 2.81 2.81 1.59 1.87 

Total 1.000 _____ _____ 
22.70 33.34 31.15 31.26 

Derived LPI 
Cr 0.125 0.035 0.04 

_______ 

0.06 

________ 

________ 

0.055 

______ 

______ 

5 

_____ 

_____ 

5 
_____ 

57  
_____ 

5 
22.70 
0.63 

33.34 
0.63 

31.15 
0.63 

31.26 
0.63 

Pb 0.123 0.321 0.276 0.65 0.45 7 6.5 7.5 7 0.86 0.80 0.92 0.86 

Hg 0  _____ _____ ______ 
0.00 0.00 0.00 0.00 

As 0.119 0.02 0.03 0.01 0.01 5 5 5 5 0.60 0.60 0.60 0.60 

LPlhcavymctal Cn 0  _____ _____ ______ 
0.00 0.00 0.00 0.00 

(LPI,,,,1) Zn 0.11 1.267 0.765 0.45 0.35 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.045 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 

Cu 0.098 0.32 0.06 0.09 0.13 6 5.5 5.5 5.5 0.59 0.54 0.54 0.54 

Fe 0.088 12 18.1 19.4 2.6 5 1  5.5 55 5 0.44 0.48 0.48 0.44 

Total 0.765 ______ 

4.22 4.15 4.28 
-

4 

Derived LPI1,m  
Overall LPI 

_________ _______ 
 

 (0.175LPIor+0.257LP1,n+0.391LPI1inJ/0.823 

  _____ _____ 

5.52 
18.33 

5.43 
25.701 

5.59 
22.32 

5.45 
1 24.84 
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Table C.37: Calculation of sub-LPI and overall LPIat 300 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
 

factor, W1  

Pollutant concentration, ci Individual pollutantrating, pi Overall pollutant rating, Wp1  

Al  A2  B C A1  A2  B C A1  A2  B C 
COD 0.267 800 3726 1400 3400 32 61 39 60 8.54 16.29 10.41 16.02 
BOD5  0.263 321 1917 652 2165 12 39 23.5 42 3.16 10.26 6.18 11.05 LPlorganic  
Phenol 0 

_____ ______ 
0.00 0.00 0.00 0.00 (L or 

TCB 0.224 4870 5438 5100 4987 82 85 1 84 83 18.37 19.04 18.82 18.59 
Total 0.754  30.07 45.58 35.41 45.66 

Derived LPIO   39.88 60.46 46.96 60.55 
pH 0.214 6.33 7.55 7.21 8.27 7 5 5 5 1.50 1.07 1.071 1.07 

TKN 0.206 820 1109 1534 1456 25 36 51 50 5.15 7.42 10.51 10.30 
LPlinorgan ic  NH4 N 0.198 487.7 576 686 614 54 60 78 70 10.69 11.88 15.44 13.86 

(LPI1 ,) TDS 0.195 3890 10572 7910 9340 9 22 17 21 1.76 4.29 3.32j 4.10 
Cl- 0.187 2150.00 2250.00 1010.00 1810.00 16 16.5 9 13.5 2.99 3.09 1.681 2.52 

Total 1.000  22.09 27.74 32.02 31.85 
Derived LPIUI   22.09 27.74 32.02 31.85 

Cr 0.125 0.036 0.04 0.06 0.07 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.134 0.273 0.55 0.437 5.5 6.5 7.5 7 0.68 0.80 0.92 0.86 
Hg 0  0.00 0.00 0.00 0.00 
As 0.119 0.02 0.03 0.01 0.01 5 5 5 5 0.60 0.60 0.60 0.60 

LPliicavymetai 
Cn 0 

______ _______ ________ 
 0.00 0.00 0.00 0.00 

(LPI11,,1) Zn 0.11 1.134 0.9 0.45 0.37 5 5 5 5 0.55 
- 

0.55 0.55 0.55 
Ni 0.102 0.046 0.04 0.06 0.065 5.5 5.5 5.5 5.5 0.56 

- 

0.56 0.56 0.56 
Cu 0.098 0.36 0.09 0.078 0.1 6 5.5 5.5 5.5 0.59 0.54 0.54 0.54 
Fe 0.088 13.02 15.14 14.52 0.75 5 5 5 5 0.44 0.44 0.44 0.44 

Total 0.765  4.04 4.11 4.23 4 
Derived LPIj jm  

_ _____ _____ ______ 
5.28 5.37 5.53 5.45 

Over all LPI  (0.175LPIor+0.257LPIin+0.391LP11t4/0.823  17.88 24.07 22.61 25.41 
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I'hl C39 Calculation of sub-LPI and overall LPIat 380 day after filling of MSW in landfill lysimeter 

Weight Pollutant concentration, c1  Individual pollutantrating, p' Overall pollutant rating, w1p 

A1  A2  B C A1  A2  B C A l  A2  B C Index 
Parame f&to, W1  

ter 
COD 0.267 852 4087 900 5300 33 

- 
63 36 66 8.81 16.82 9.61 17.62 

BOD5  0.263 465 2361 565 2453 15.5 43 19 45 4.08 11.31 5.00 11.84 
LPloroanic  

Phenol 0 _____ ______ 

0.00 0.00 0.00 0.00  

'LPI or) TCB 0.224 2130 2987 2730 2650 
 ______ 

79 
_____ 

84 83 82 17.70 18.82 18.59 18.37 

Total 0.754 30.58 46.95 33.20 47.83 
________ 

 

 40.56 62.26 44.03 63.43 
Derived LPIor 

p1-I 0.214 6.51 7.27 6.45 7.21 7 5 7 5 1.50 1.07 1.50 1.07 

TKN 0.206 540 865 1201 980 15 27 36 30 3.09 5.56 7.42 6.18 

LPlinorganic  NH4 N 0.198 420 540 684 665 44 55 75 70 8.71 10.89 14.85 13.86 

(LPI1,,) TDS 0.195 4190 6440 2770 9670 10 14 7 21 1.95 2.73 1.37 4.10 

Cl-  0.187 2225.00 2425.00 1100.00 1290.00 15.5 18.5 9 10 2.90 3.46 1.68 1.87 

Total 1.000 18.15 23.71 26.81 27.08 
 ______ _____ _____ ______ 

18.15 23.71 26.81 27.08 
Derived LP110  

Cr 0.125 0.055 0.04 
 _______ 

0.07 
________ 

0.065 
______ 

5 
_____ 

5 
_____ 

1 5 
______ 

5 0.63 0.63 0.63 0.63 

Pb 0.123 0.126 0.265 0.55 0.476 5.5 6.5 7.5 7 0.68 0.80 0.92 0.86 

Hg 0 
_____ ________ ________ ________ ______ _____ _____ ______ 

0.00 0.00 0.00 0.00 

As 0.119 0.02 0.03 0.01 0.01 5 5 5 5 0.60 0.60 0.60 0.60 

Cn 0 _ ______ _____ _____ ______ 

0.00 0.00 0.00 0.00 
LPlheavy  metal 

(LPI,,,71 ) Zn 0.11 1.126 0.92 0.55 0.576 5 5 5 5 0.55 0.55 0.55 0.55 
0.56 

Ni 0.102 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.56 0.56 0.56 

Cu 0.098 0.342 0.123 0.089 0.09 6 5.5 5.5 5.5 0.59 0.54 0.54 0.54 

Fe 0.088 11.4 13 32.5 2.2 5 5 5.5 5 0.44 0.44 0.48 0.44 

Total 0.765 _____ _____ _____ 

4.04 4.11 4.28 4 

Derived LPIizm 
_____ 

____ ______ 

5.28 5.37 5.59 5.45 

Overall LPI 
 _________ ________ _______ _______ ________ 

 (0. 175LPIor+0.257LP1in+0.391 M'4n)1'0823 16.80 23.20 20.39 24.53 
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Table C.39: Calculation of sub-LPland overall LPIat 390 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, wi 

Pollutant concentration, c Individual pollutantrating, p Overall pollutant rating, WjPi 

Al  A2  B C Al A2  B C Al  A2  B C 

COD j 0.267 800 3830 845 5120 33 63 36 55 8.81 16.82 9.61 14.69 
BOD5  

_ 
0.263 345 1 437 490 510 12 15 16 19 3.16 3.95 4.21 5.00 LPloroanic  

'LUI Phenol 0  0.00 0.00 0.00 0.00 
or) TCB 0.224 271 343 325 255 56.5 59 59 50 12.66 13.22 13.22 11.20 

Total 0.754  24.62 33.98 27.04 30.88 
Derived LPI0,  32.66 45.07 35.86 40.96 

pH 0.214 6.55 7.53 6.66 T 7.73 7 5 7 5 1.50 1.07 1.50 1.07 
TKN 0.206 365 1122 676 538 10 40 20 15 2.06 8.24 4.12 3.09 

LPlinorganic  NH4-N 0.198 412 563.2 702 621 43 59 77 70 8.51 11.68 15.25 13.86 
(LPI,) TDS 0.195 4023 1 6240 2700 9238 10 14 1 7 21 1.95 2.73 1.37 4.10 

Ci 0.187 2370.00 2670.00 1125.00 1432.00 15.5 18.5 9 10 2.90 3.46 1.68 1.87 
Total 1.000  16.92 27.18 23.91 23.99 

DerivedLP110   16.92 27.18 23.91 23.99 
Cr 0.125 0.055 0.04 0.07 0.065 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.126 0.265 0.55 0.476 5.5 6.5 7.5 7 0.68 0.80 0.92 0.86 
Hg 0 

________ 
 0.00 0.00 

- 
0.00 0.00 

As 0.119 0.01 0.02 0.01 0.01 5 5 5 5 0.60 0.60 0.60 0.60 

LPIieavymctai Cn 0  0.00 0.00 0.00 0.00 

(LPI11fl1) Zn 0.11 1.126 0.92 0.55 0.576 5 5 5 5 0.55 0.55 0.55 0.55 
Ni 0.102 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 
Cu 0.098 0.36 0.09 0.078 0.1 6 5.5 5.5 5.5 0.59 0.54 0.54 0.54 
Fe 0.088 10 11.1 16.4 8.6 5 5 5.5 5 0.44 0.44 0.48 0.44 

Total 0.765  4.04 4.11 4.28 4 
Derived LPI jim  j  5.28 5.37 5.59 5.45 
Overall LPI  (0.1 75LPI0,.+0.257LPI1 +0.3 91 L PI,1,7 J/0. 823 14.73 20.621 17.75 1 18.79 
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Table C.40: Calculation of sub-LPI and overall LPIat 400 day after filling of MSW in landfill lysimeter 

Index 
Pararne 

ter 

Weight 
factor, W1  

Pollutant concentration, c1  Individual pollutantrating, P1 Overall pollutant rating, W1p 

A1  A2  B C Al  A2  B C A1  A2  B C 

COD 0.267 960 5120 590 4760 33 63 36 55 8.81 16.82 9.61 14.69 

BOD5  0.263 340 465 510 576 12 15 16 19 3.16 3.95 4.21 5.00 
LPlorganic  

Phenol 0  0.00 0.00 0.00 0.00 
'LPI 

TCB 0.224 258 320 310 240 56.5 59 59 50 
-

12.66 13.22 13.22 11.20 

Total 0.754 
________ ________ ________ ________ ______ _____ _____ ______ 

24.62 33.98 27.04 30.88 

Derived LP101. 
_______ _______ _______ ______ _____ _____ ______ 

32.66 45.07 35.86 40.96 

pH 0.214 7.75 8.02 7.84 8.3 5 5 5 5 1.07 1.07 1.07 1.07 

TKN 0.206 378 1220 657 520 10 40 20 15 2.06 8.24 4.12 3.09 

LPlinorganic  NH4-N 0.198 410 531.9 665 587 42 56 74 66 8.32 11.09 14.65 13.07 

(LPI11 ) TDS 0.195 4020 6260 2678 9530 10 14 7 21 1.95 2.73 1.37 4.10 

CI 0.187 2420.00 2600.00 1125.00 1679.00 18 20 9 10 3.37 3.74 1.68 1.87 

Total 1.000  16.76 26.87 22.89 23.19 

Derived LP1171   ______ 
16.76 26.87 22.89 23.19 

Cr 0.125 0.05 0.04 0.06 0.065 5 5 5 5 0.63 0.63 0.63 0.63 

Pb 0.123 0.121 0.251 0.52 0.43 5.5 6.5 7.5 7 0.68 0.80 0.92 0.86 

Hg 0 
0.00 0.00 0.00 0.00 

As 0.119 0.01 0.02 0.01 0.01 5 5 5 5 0.60 0.60 0.60 0.60 

LPlhcavy metal Cn 0  0.00 0.00 0.00 0.00 

(LPI,71 ) Zn 0.11 1.2 0.852 0.52 0.58 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 

Cu 0.098 0.342 0.123 0.089 0.09 6 5.5 5.5 5.5 0.59 0.54 0.54 0.54 

Fe 0.088 9.42 10 13.06 1.42 5 5 5.5 5 0.44 0.44 0.48 0.44 

Total 0.765 
_______ _______ _______ 

 4.04 4.11 4.28 4 

Derived LPI,,,1  
____ 

________ ________ ______ _____ _____ _____ 
5.28 5.37 5.59 5.45 

Overall LPI  (0.1 75LPIor+0.25 7LPI+0.3 91 LPI14/0. 823 14.68 20.53 17.431 18.54 
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Table C.41: Calculation of sub-LPI and overall LPJat 415 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, W1  

Pollutant concentration, c1  Individual pollutantrating, p1  Overall pollutant rating, w1 p1  

Al  A2  B C Al  A2  B C Al  A2  B C 
COD-T 0.267 852 4087 900 3300 33 63 36 55 8.81 16.82 9.61 14.69 
BOD5  0.263 345 437 490 510 12 15 16 19 3.16 3.95 4.21 5.00 LPlorganic  

'LPI Phenol 0  0.00 0.00 0.00 0.00 
or) TCB 0.224 245 304 300 229 56.5 59 59 50 12.66 13.22 13.22 11.20 

Total 0.754  24.62 33.98 27.04 30.88 
Derived LPIOr   32.66 45.07 35.86 

1 40.96 
pH 0.214 6.51 7.27 6.45 7.21 7 5 7 5 1.50 1.07 1.50 1.07 

TKN 0.206 378 1130 637 504 10 40 20 15 2.06 8.24 4.12 3.09 
LPlinorganic  NH4 N 0.198 320 520 655 582 31 56 69 60 6.14 11.09 13.66 11.88 

(LPI,J TDS 0.195 3928 6387 2710 9230 10 14 7 21 1.95 2.73 1.37 4.10 
CY 0.187 2342.00 2650.00 1255.00 1290.00 18 20 10 10 3.37 3.74 1.87 1.87 

Total 1.000  15.01 26.87 22.52 22.01 
Derived LPI1   15.01 26.87 22.52 22.01 

Cr 0.125 0.055 0.04 0.07 0.065 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.126 0.265 0.55 0.476 5.5 6.5 7.5 7 0.68 0.80 0.92 0.86 
H_ 0  0.00 0.00 0.00 0.00 

-
As 0.119 0.01 0.01 0.01 0.01 5 5 5 5 0.60 0.60 0.60 0.60 

LPIheavy metal 
Cn 0  0.00 0.00 0.00 0.00 

(LPIhrn) Zn 0.11 
-

1.126 0.92 0.55 0.576 5 5 5 5 0.55 0.55 0.55 0.55 
Ni 0.102 0.055 0.04 0.07 0.065 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 
Cu 0.098 0.342 

- 
0.123 0.089 0.09 6 5.5 5.5 5.5 0.59 0.54 0.54 0.54 

Fe 0.088 8.6 10.6 14.7 3.2 5 5 5.5 5 0.44 0.44 0.48 0.44 
Total 0.765  4.04 4.11 4.28 4 

Derived LPIhm  5.28 5.37 5.59 5.45 
Overall LPI  (0.175LPI0,+0.257LP1,1+0.391LPI1,)/0.823 14.14 20.53 17.31 18.17 
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Table C.42: Calculation of sub-LPI and overall LPIat 500 day after filling of MSW in landfill lysirneter 

Index 
Parame 

ter 

Weioht 
factor, W1  

Pollutant concentration, ci Individual pollutantrating, p1  Overall pollutant rating, Wjj 

Al  A2  B C Al  A2  B C A l  A2  B C 

COD - 0.267 896 2240 3042 4120 33 52 57 63 8.81 13.88 15.22 16.82 

I DT BOD5  0.263 535 1452 1890 1985 20 34 37 39 5.26 8.94 9.73 10.26 
L1 10rga1uC 

rnCflO  .  'LPI or) TCB 0.224 234 296 291 217 54 59 58 52 12.10 13.22 12.99 11.65 

Total 0.754  26.17 36.04 37.94 38.73 

Derived LPIOr  ______ 
34.70 47.80 50.32 51.36 

pH 0.214 6.05 7.53 6.66 7.73 7 5 6 5 1.50 1.07 1.28 1.07 

TKN 0.206 356 1098 612 485 10 35 20 16 2.06 7.21 4.12 3.30 

LPlinorganic  NFI4N 1 0.198 315 510 634 578 30 56 72 65 5.94 11.09 14.26 12.87 

(LPI) TDS [ 0.195 3620 6800 5400 9720 9 15 1 13 22 1.76 2.93 2.54 4.29 

Cl-  0.187 2672.00 2678.00 1265.00 1225.00 20 20 19 19 3.74 3.74 3.55 3.55 

Total 1.000  14.99 26.03 25.75 25.08 

DerivedLPI, ______ 

14.99 26.03 25.75 25.08 

Cr 0.125 0.05 0.03 0.08 0.07 5 5 5 5 0.63 0.63 0.63 0.63 

Pb 0.123 0.1176 0.256 0.46 0.376 5.5 6.5 7 6.5 0.68 0.80 0.86 0.80 

FIg 0 
 0.00 0.00 0.00 0.00 

As 0 
 0.00 0.00 0.00 0.00 

LPlheavy 
Cn 0  0.00 0.00 0.00 0.00 

metal 

(LPI11m) Zn 0.11 1.1176 0.476 0.36 0.176 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.05 0.055 0.08 0.07 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 

Cu 0.098 0.98 0.97 0.09 0.12 7 7 5.5 5.5 0.69 0.69 0.54 0.54 

Fe 0.088 12.2 18.9 9.65 8.6 5 5.5 5 5 0.44 0.48 0.44 0.44 

Total 0.646  3.54 3.71 3.58 3.51 

Derived LPIhm  5.  44 5.48 5.74 5.54 

Overall LPI 
~7, 

 (0. 175LPI0 +0.257LPI1,,+0.33LPIi,,7)/O. 762 15.40 22.24 22.64 22.61 
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Table C.43: Calculation of sub-LPI and overall LPIat 545 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, W1  

Pollutant concentration, c1  Individual pollutantrating, p1  Overall pollutant rating, W1p1  

A1  A2  B C Al  A2  B C A l  A2  B C 

COD 0.267 1440 4640 1920 990 44 65 49 37 11.75 17.36 13.08 9.88 
BOD5  0.263 865 2526 1150 385 26 45 30 12 6.84 11.84 7.89 3.16 

LPIOp,an jc  
/1 1)1 Phenol 0  0.00 0.00 0.00 0.00 
(i_nor) 

TCB 0.224 205 267 274 191 55 58 60 52 12.32 12.99 13.44 11.65 
Total 0.754 

- 

 30.91 42.18 34.41 24.68 
Derived LPI0   40.99 55.94 45.64 32.74 

pH 0.214 6.43 7.26 6.98 7.5 7 5.5 6 5 1.50 1.18 1.28 1.07 
TKN j 0.206 337 1008 550 - 443 10 31 16 11 2.06 6.39 3.30 2.27 

LPlinorganic NH4 N 0.198 316.2 507.8 623.8 579.7 32 55 72 62 6.34 10.89 14.26 12.28 
(LPI11 ) TDS 0.195 7800 8790 9980 16880 16 20 22 43 3.12 3.90 4.29 8.39 

Ci 0.187 2249.00 2649.00 1175.00 1350.00 15.5 20 9.5 10 2.90 3.74 118 1.87 
Total 1.000  15.91 26.09 24.90 25.87 

DerivedLPI,,,  15.91 26.09 24.90 25.87 
Cr 0.125 0.065 0.05 0.07 0.065 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.2164 0.246 0.25 0.15 6 6.5 6.5 5.5 0.74 0.80 0.80 0.68 
Hg 0  0.00 0.00 0.00 0.00 
As 0 

__ 
 0.00 0.00 0.00 0.00 

LPlhcavyrnctal Cfl 0 0.00 0.00 0.00 0.00 

(LPI,1,,,) Zn 0.11 0.64 0.4 0.36 0.15  5 5 o.s 0.55 0.55 0.55 
Ni 0.102 0.065 0.05 0.05 0.04 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 
Cu 0.098 0.975 0.875 0.67 0.43 7 7 6.5 6 0.69 0.69 0.64 0.59 
Fe 0.088 5.20 8.04 11.7 1.50 5 5 5 5 0.44 0.44 0.44 0.44 

Total 0.646  3.60 3.66 3.61 3.44 
Derived  11 5.57 5.67 5.59 5.33 
Overall LPI (0.175LPI0 +0.257LPIj,1+0.33LPIhJ/0. 762 J17.I 24.10 21.30 18.55 
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Table C.44: Calculation of sub-LPI and overall LPIat 630 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, w1 

 Pollutant concentration, c Individual pollutantrating, p Overall pollutant rating, Wp1  

Al  A2  B C Al A2  B C A, A2  B C 

- COD 0.267 2880 1520 1560 800 55 45 45 33 14.69 12.02 12.02 8.81 

BOD5  0.263 1265 690 845 560 31 24 26.5 21 8.15 6.31 6.97 5.52 
LPIoroanic  

Phenol 0  0.00 0.00 0.00 0.00 
'LPI or! TCB 0.224 171 217 234 152 53 56 58 50 11.87 12.54 12.99 11.20 

Total 0.754  34.71 30.87 31.98 25.53 

Derived LP101.  46.03 40.94 42.41 33.86 

pH 0.214 6.43 6.73 6.98 7.11 7 6.5 5 5 1.50 1.39 1.07 1.07 

TKN 0.206 290 867 486 381 10 29 14 10 2.06 5.97 2.88 2.06 

LPlinorganic  NH4-N 0.198 265 475 545 501 26 49 59 54 5.15 9.70 11.68 10.69 

(LPI,,) TDS 0.195 7910 4990 10610 15800 17 12 25 39 3.32 2.34 4.88 7.61 

CY 0.187 2875.00 2387.00 1000.00 1250.00 22.5 17 9 9.5 4.21 3.18 1.68 1.78 

Total 1.000  16.23 22.59 22.19 23.20 

Derived LPI,,  16.23 22.59 22.19 23.20 

Cr 0.125 0.045 0.04 0.08 0.07 5 5 5 5 0.63 0.63 0.63 0.63 

Pb 0.123 0.2285 0.25 0.25 0.156 6 6.5 6.5 5.5 0.74 0.80 0.80 0.68 

Fig 0 _____ ______ 
0.00 0.00 0.00 0.00 

As 0  0.00 0.00 0.00 0.00 

LPlheavy  metal Cn 0 
______ _____ _____ ______ 

0.00 0.00 0.00 0.00 

(LPI1,m) Zn 0.11 0.85 0.78 0.35 0.156 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.055 0.05 0.08 0.065 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 

Cu 0.098 0.966 0.866 0.35 0.21 7 7 6 5.5 0.69 0.69 0.59 0.54 

Fe 0.088 3.70 3.40 3.2 1.4 5 5 5 5 0.44 0.44 0.44 0.44 

Total 0.646  3.60 3.66 3.56 3.39 

Derived LPIjjrn  5.57 5.67 5.52 5.25 

Overall LPI  (8. 1 75LPJ0 +0.257LPI+0.33LPJ,,0)/O. 762 1 18.461 19.48 19.61 17.88 
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Table C.45: Calculation of sub-LPland overall LPJat 750 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, w1 

Pollutant concentration, c1  Individual pollutantrating, p j Overall pollutant rating, Wj 

Al  A2  
- 

B 
I 

C Al  A2  B C Al  A2  B C 

COD 0.267 2580 1350 1410 340 54 42 44 12 14.42 11.21 11.75 3.20 
BOD5  0.263 1432 943 865 176 34 27.5 26 9 8.94 7.23 6.84 2.37 LPlorganic  

'LPI Phenol 0 
I 

j______   0.00 0.00 0.00 0.00 
Or) TCB 0.224 137 186 200 118 46 56 57 44 10.30 12.54 12.77 9.86 

Total 0.754  33.66 30.99 31.35 15.43 
Derived LPIor  j  44.65 41.10 41.58 20.46 

pH 0.214 7 7.6 7.8 7.7 6 5 5 5 1.28 1.07 1.07 1.07 
TKN 0.206 247 

_
720 417 321 8 20 11 9 1.65 4.12 2.27 1.85 

LPlinorgan ic  NH4 N 0.198 201.7 J 276  354 307 18 29 38 32 3.56 5.74 7.52 6.34 
(LPI1,) TDS 0.195 6590 4670 6790 13470 15 12 15 33 2.93 2.34 2.93 6.44 

Cl- 0.187 2102.00 2610.00 1020.00 1248.00 15 20 8.5 9.5 2.81 3.74 1.59 1.78 
Total 1.000  12.23 17.01 15.37 17.47 

Derived LP111,  12.23 17.01 15.37 17.47 
Cr 0.125 0.06 0.05 0.06 0.04 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.2255 0.24 0.36 0.217 6 6.5 6.5 6 0.74 0.80 0.80 0.74 
Hg 0  0.00 0.00 0.00 0.00 
As 0  0.00 0.00 0.00 0.00 

LPlheavy  metal ___c_ 0 
__ ______ 

0.00 0.00 
- 

0.00 0.00 
(LPI1:nz) Zn 0.11 0.55 0.5 0.46 0.17 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.065 0.05 0.06 0.045 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 
Cu 0.098 0.54 0.9 0.65 05 6 7 6.5 6 0.59 0.69 0.64 0.59 
Fe 0.088 4.3 4.10 3.6 1.2 5 5 5 5 0.44 0.44 0.44 0.44 

Total 0.646 f  3.50 3.66 3.61 3.50 
Derived LPI;,m j  5.42 5.67 5.59 5.42 
Overall LPI  (0.1 75LP101.+0.25 7LP1111+0. 3 3LPI,,,7 )/O. 762 16.72 17.63 1 17.16 j 12.94 
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Table C.46: Calculation of sub-LPJ and overall LPIat 850 day after filling of MSW in landfill lysimeter 

Index ter 

Weight 
factor, wi 

Pollutant concentration, ci Individual pollutant rating, pi Overall pollutant rating, Wjj 

Al  A2  
Parame  

B C Al  A2  B C A1  A2  B C 

COD 0.267 2510 1290 1380 402 53 40 41 16 14.15 10.68 10.95 4.27 

i rn BOD5  0.263 1456 594 745 265 34 21 24 10 8.94 5.52 6.31 2.63 
i-" '  organic Phenol 0  0.00 0.00 0.00 0.00 
(LPLd TCB 0.224 109 163 172 97 46 49 50 44 10.30 10.98 11.20 9.86 

Total 0.754  33.40 27.18 28.46 16.76 

Derived LPI0   ______ 
44.29 36.05 37.74 22.23 

pT-I 0.214 7.4 7.2 6.78 7.8 5 5 6 5 1.07 1.07 1.28 1.07 

TKN 0.206 221 610 360 278 7 19 16 10 1.44 3.91 3.30 2.06 

LPlinorganic  NH4 N 0.198 187 154 190 187 18 15 19 18 3.56 2.97 3.76 3.56 

(LPI,,) TDS 0.195 5980 5008 6436 14369 13 12 15 36 2.54 2.34 2.93 7.02 

Cl 0.187 2072.00 2520.00 1150.00 1058.00 15 19 19 8.5 2.81 3.55 3.55 1.59 

Total 1.000  11.42 13.85 14.82 15.30 

Derived LPI1   _____ _____ ______ 
11.42 13.85 14.82 15.30 

Cr 0.125 0.06 0.05 0.09 0.04 5 5 5 5 0.63 0.63 0.63 0.63 

Pb 0.123 0.235 0.235 0.254 0.215 6 6 6.5 6 0.74 0.74 0.80 0.74 

Hg 0 
 0.00 0.00 0.00 0.00 

As 0  0.00 0.00 0.00 0.00 

LPlheavy  metal Cn 0  0.00 0.00 0.00 0.00 

(LPIhrn) Zn 0.11 0.35 0.46 0.14 0.15 5 5 5 5 0.55 0.55 0.55 0.55 

Ni 0.102 0.06 0.05 0.08 0.04 5.5 5.5 5.5 5.5 0.56 0.56 0.56 0.56 

Cu 0.098 0.05 0.05 0.04 0.04 6 5.5 5.5 6 0.59 0.54 0.54 0.59 

Fe 0.088 5.8 3.90 4.3 2.3 5 5 5 5 0.44 0.44 0.44 0.44 

Total 0.646 3.50 3.45 

DerivedLPI,,0, - 
+-+ 5.42 5.35 5.44 5.42 

Overall LPI  (0.175LPI0 +0.257LPI1+0.3 3LPI1,,)/0. 762 16.37 15.26 16.02 12.61 
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Table C.47: Calculation of sub-LPI and overall LP1at 900 day after filling of MSW in landfill lysimeter 

Index 
Parame 

ter 

Weight 
factor, W1  

Pollutant concentration, c1  Individual pollutantrating, pi  Overall pollutant rating, W1pI 

Al  A2  B C Al  A2  B C Al  A2  B C 

COD 0.267 2256 1165 1250 256 51 38 39 10 13.62 10.15 10.41 2.67 

LPlorc,an ic  
BOD5  0.263 345 437 490 510 12 15 16 19 3.16 3.95 4.21 5.00 
Phenol 0 

 _____ ________ ________ ______ 
  0.00 0.00 0.00 0.00 

(11or) 
TCB 0.224 98 145 152 85 48 50 50.5 47 10.75 11.20 11.31 10.53 
Total 0.754  27.53 25.29 25.93 18.20 

Derived LPIO, 
 _______ 

 36.51 33.54 34.39 24.13 
pH 0.214 6.51 7.27 6.45 7.21 7 5 7 5 1.50 1.07 1.50 1.07 

TKN 0.206 195 480 312 251 7 9 9 8 1.44 1.85 1.85 1.65 
LPlinorgan ic  NH4-N 0.198 190 127.9 192.7 190 19 13 19 19 3.76 2.57 3.76 3.76 

(LPI,,1) TDS 0.195 4190 6440 2770 9670 10 14 7 21 1.95 2.73 1.37 4.10 
Cl 0.187 1965.00 2156.00 1001.00 1045.00 15 15.5 9 9 2.81 2.90 1.68 1.68 

Total 1.000  11.46 11.13 10.16 12.26 
Derived LPI11   11.46 11.13 10.16 12.26 

Cr 0.125 0.055 0.04 0.07 0.065 5 5 5 5 0.63 0.63 0.63 0.63 
Pb 0.123 0.126 0.265 0.55 0.476 5.5 6.5 7.5 7 0.68 0.80 0.92 0.86 
Hg 0  0.00 0.00 0.00 0.00 
As 0 -  0.00 0.00 

- 

0.00 
- 

0.00 
LPliieavymetai Cn 0  0.00 0.00 0.00 0.00 

(LPI1,m) Zn 0.11 1.126 0.92 0.55 0.576 5 5 5 5 0.55 0.55 0.55 0.55 
Ni 0.102 

- 
0.04 0.05 0.045 0.04 5.5 5.5 5.5 5.5 1156 0.56 0.56 0.56 

Cu 0.098 0.04 0.04 0.04 0.04 5.5 5.5 5.5 5.5 0.54 0.54 0.54 0.54 
Fe 0.088 5.1 3.2 3.9 2.1 5 5 5.5 5 0.44 0.44 0.48 0.44 

Total 0.646  3.39 3.51 3.68 3.58 
Derived LPI, 1  5.25 5.44 1 5.70 5.54 
Overall UPI  (0.175LPIor+0.257LPIin+0.33LP11,m) /0. 762 14.52 

-
13.81 1 13.791 12.07 

I 
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Table C.48: Variation of LPI of organic fraction in leachate of open dump and sanitary 
lysimeter 

Days after 
Variation of LPI of organic fraction in leachate at varying operational condition 

of landfill lysimeter  

filling 
A l  A2  B C 

7 69.30 75.77 75.72 74.32 
14 63.99 74.89 74.66 73.61 
21 64.69 74.54 74.48 73.26 
30 76.27 80.73 83.18 84.99 
40 63.35 73.30 69.42 70.11 
50 26.05 71.23 84.27 82.63 
60 41.89 73.70 64.79 80.08 
70 63.35 73.30 69.42 70.11 
90 54.14 68.43 56.06 82.16 
120 31.05 67.71 51.14 63.58 
140 63.35 73.30 69.42 70.11 
160 56.94 62.77 52.74 58.69 
190 63.35 73.30 69.42 70.11 
220 63.35 73.30 69.42 70.11 
245 40.55 59.77 46.71 58.73 
280 63.35 73.30 69.42 70.11 
300 39.88 60.46 46.96 60.55 
320 63.35 73.30 69.42 70.11 
380 40.56 62.26 44.03 63.43 
390 32.66 45.07 35.86 40.96 
400 32.66 45.07 35.86 40.96 
415 32.66 45.07 35.86 40.96 
500 34.70 47.80 50.32 51.36 
520 32.66 45.07 35.86 40.96 
545 40.99 55.94 45.64 32.74 
580 32.21 44.47 35.56 40.96 
610 30.73 44.47 35.26 40.96 
630 46.03 40.94 42.41 33.86 
660 30.73 44.18 34.97 40.66 
715 45.35 39.30 40.99 20.65 
750 44.65 41.10 41.58 20.46 
800 30.43 44.18 34.97 40.36 
850 44.29 36.05 37.74 22.23 
900 36.51 33.54 3 4.3 9 24.13 
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Table C.49: Variation of LPI of inorganic fraction in leachate of open dump and sanitary 
lysimeter 

Days after 
filling 

Variation of LPI of inorganic fraction in leachate at varying operational 
_____________________ condition of landfill lysimeter  

A, A2  B C 
7 31.72 57.93 46.67 43.54 
14 32.33 55.94 49.26 44.74 
21 31.51 54.87 48.84 39.71 
30 31.31 39.21 37.36 38.85 
40 28.94 38.40 37.36 37.25 
50 29.31 43.24 39.55 35.60 
60 26.34 39.86 36.21 33.62 
70 28.16 39.39 35.94 37.42 
90 24.38 36.39 31.77 32.23 
120 25.22 38.46 34.58 31.95 
140 25.55 38.15 34.12 35.17 
160 24.59 36.42 32.45 30.11 
190 26.95 36.54 34.09 34.38 
220 25.54 35.10 33.70 34.57 
245 22.70 33.34 31.15 31.26 
280 24.94 33.30 29.64 32.16 
300 22.09 27.74 32.02 31.85 
320 22.54 32.33 29.05 31.76 
380 18.15 23.71 26.81 27.08 
390 16.92 27.18 23.91 23.99 
400 16.76 26.87 22.89 23.19 
415 15.01 26.87 22.52 22.01 
500 14.99 26.03 25.75 25.08 
520 14.54 27.30 23.86 27.29 
545 15.91 26.09 24.90 25.87 
580 22.35 23.77 23.43 24.31 
610 14.63 23.97 25.67 25.40 
630 16.23 22.59 22.19 23.20 
660 13.12 22.09 20.71 22.89 
715 13.02 20.00 18.74 21.89 
750 12.23 17.01 15.37 17.47 
800 12.05 14.49 12.34 13.72 
850 11.42 13.85 14.82 15.30 
900 11.46 11.13 10.16 12.26 

A 
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Table C.50: Variation of LPI of heavy metal fraction in leachate of open dump and sanitary 
lysimeter 

Days after 
Variation of LPI of heavy metal fraction in leachate at varying operational 

condition of landfill lysiineter  

filling 
A1  A2  B C 

7 5.71 5.69 6.01 5.85 
14 5.82 5.75 5.89 5.83 
21 5.69 5.75 6.07 5.79 
30 5.84 5.70 5.83 5.61 
40 5.84 5.70 5.83 5.61 
50 5.36 5.45 5.77 5.37 
60 5.42 5.57 

1  5.89 5.37 
70 5.84 5.70 5.83 5.61 
90 5.42 5.57 5.89 5.37 
120 5.35 5.51 5.65 5.45 
140 5.84 5.70 5.83 5.61 
160 5.48 5.51 5.59 5.45 
190 5.84 5.70 5.83 5.61 
220 5.84 5.70 5.83 5.61 
245 5.52 5.43 5.59 5.45 
280 5.84 5.70 5.83 5.61 
300 5.28 5.37 5.53 5.45 
320 5.84 5.70 5.83 5.61 
380 1 5.28 5.37 5.59 5.45 
390 5.28 5.37 5.59 5.45 
400 5.28 5.37 5.59 5.45 
415 5.28 5.37 5.59 5.45 
500 5.48 5.74 5.54 5.44 
520 5.55 5.66 5.63 5.54 
545 5.57 5.67 5.59 5.33 
580 5.33 5.44 5.63 5.54 
610 5.40 5.59 5.70 5.54 
630 5.57 5.67 5.52 5.25 
660 5.48 5.67 5.71 5.61 
715 5.50 5.67 5.67 5.59 
750 5.42 5.67 5.59 5.42 
800 5.33 5.44 5.70 5.61 
850 5.42 5.35 5.44 5.42 
900 5.25 5.44 5.70 5.54 
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Table C.5 1: Variation of overall LPI of open dump and sanitary lysimeter 

Days after Variation of overall LPI at varying operational condition of landfill lysimeter 
filling A l  A2  B C 

7 27.35 36.91 33.53 32.18 
14 26.47 36.12 34.05 32.39 
21 26.30 35.72 33.97 30.73 
30 28.77 32.12 1 32.12 32.87 
40 25.28 30.29 29.20 29.21 
50 17.24 31.24 33.01 31.24 
60 19.70 30.76 27.88 30.08 
70 25.04 30.59 28.75 29.26 
90 21.70 28.56 24.64 30.09 
120 17.02 29.03 24.36 26.09 
140 24.22 30.21 28.19 28.56 
160 22.39 27.34 24.00 24.47 
190 24.66 29.70 28.18 28.31 
220 24.22 29.26 28.05 28.37 
245 18.33 25.70 22.32 24.84 
280 24.03 28.69 26.79 27.62 
300 17.88 24.07 22.61 25.41 
320 23.28 28.39 26.60 27.49 
380 16.80 23.20 20.39 24.53 
390 14.73 20.62 17.75 18.79 
400 14.68 20.53 17.43 18.54 
415 14.14 20.53 17.31 18.17 
500 15.40 22.24 22.64 22.61 
520 14.81 22.01 18.72 21.01 
545 17.19 24.10 21.30 18.55 
580 17.24 20.59 18.51 20.00 
610 14.33 20.72 19.22 20.37 
630 18.46 19.48 19.61 17.88 
660 13.85 20.05 17.49 19.49 
715 17.19 18.23 18.19 14.55 
750 16.72 17.63 17.16 12.94 
800 13.36 17.39 14.66 16.33 
850 16.37 15.26 16.02 12.61 
900 14.52 13.81 13.79 12.07 
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Table C.52: Estimating errors involved in calculating LPI values due to nonavailability of data (Parameters with high weight factors ignored) 

Pollutant 
(1) 

Pollutan 
t 

weight, 
W1 

(2) 

Pollutan 
t 

concent 
ration,c1  
(3) 

Subi 
ndcx 
value 

LPI with selected parameters (wjp j)  

18 
(5) 

17 
(6) 

16 
(7) 

15 
(8) 

14 
(9) 

13 
(10) 

(4)  

12 
(11) 

11 
(12) 

10 
(13) 

9 
(14) 

8 
15) 

7 
(16) 

6 
(17) 

5 
(18) 

4 
(19) 

Cr 0.064 1.75 6.5 0.416 - - - - - - - - - - - - - - 

Pb 0.063 0.68 9 0.567 0.567 - - - - - - - - - - - - 

COD 0.062 8425 70 4.34 4.34 4.34 - - - - - - - - - - - 

Hg 0.062 0.4 59 3.658 3.658 3.658 3.658 - - - - - - - - - - - 

BOD5  0.061 1398 35 2.135 2.135 2.135 2.135 2.135 - - - - - - - - - 

As 0.061 0.01 5.5 0.335 0.335 0.3355 0.3355 0.335 0.335 - - - - - - - - 

Cn 0.058 1.3 10 0.58 0.58 0.58 0.58 0.58 0.58 0.58 - - - - - - - 

Phenol 0.057 4 8.5 0.484 0.484 0.4845 0.4845 0.484 0.484 0.4845 0.484 - - - - - - - 

Zn 0.056 1.3 5 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 - - - - - - 

pH 0.055 7.3 6 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 - - - - - 

TKN 0.053 3000 98 5.194 5.194 5.194 5.194 5.194 5.194 5.194 5.194 5.194 5.194 5.14 - - - - 

Ni 0.052 0.23 8 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.41 0.416 - - - 

TCB 0.052 8000 92 4.784 4.784 4.784 4.784 4.784 4.784 4.784 4.784 4.784 4.784 4.78 4.784 4.784 - - 

NH4-N 0.051 1300 100 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 - 

TDS 0.05 12540 28 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 

Cu 0.05 0.98 7 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 1 0.35 0.35 0.35 0.35 0.35 0.35 0.35 

Chloride 0.048 3597 30 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 

Iron 0.045 82 9.5 0.427 0.427 0.4275 0.4275 0.427 0.427 0.4275 0.427 0.4275 0.427 0.43 0.427 0.427 0.427 0.427 

Summation 1.000 32.23 31.82 31.255 26.915 23.25 21.12 20.786 20.20 19.722 19.44 19.1 13.91 13.50 8.718 3.61 

Total weight 1.000 0.936 0.873 0.811 0.749 0.688 0.627 0.569 0.512 0.456 0.40 0.348 0.296 0.244 0.19. 

Derived LPI  32.23 33.99 35.801 1 33.187 1  31.05 1 30.70 33.152 35.51 38.519 42.63 47.6 39.99 45.61 35.72 18.74 

Percent 
error 

0.000 5.459 11.055 2.945 3.683 
______ 

4.770 2.835 10.15 
______ 

19.484 32.25 47.8 24.05 41.49 10.82 41.85 
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Table C.53: Estimating errors involved in calculating LPI values due to nonavailability of data (Parameters with highest sub-index values ignored) 

Pollutant 
Pollutant 

weight, w1  
(2) 

Pollutant 
concentrati 

on,c (3) 

Subindex 
value, p' 

(4) 

   LPI with selected parameters ( w1 p1)  

18 
(5) 

17 
(6) 

16 
(7) 

15 
(8) 

14 
(9) 

13 
(10) 

12 
(11) 

11 
(12) 

10 
(13) 

Cr 0.064 1.75 6.5 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 
Pb 0.063 0.68 9 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 

COD 0.062 8425 70 4.34 4.34 4.34 4.34 N.0 N.0 N.0 N.0 N.0 
Hg 0.062 0.4 59 3.658 3.658 3.658 3.658 3.658 N.0 N.0 N.0 N.0 

BOD5  0.061 1398 35 2.135 2.135 2.135 2.135 2.135 2.135 N.0 N.0 N.0 
As 0.061 0.01 5.5 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 0.3355 
Cn 0.058 1.3 10 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 

Phenol 0.057 4 8.5 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 
Zn 0.056 1.3 5 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 
pH 0.055 7.3 6 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

TKN 0.053 3000 98 5.194 5.194 N.0 N.0 N.0 N.0 N.0 N.0 N.0 
Ni 0.052 0.23 8 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 0.416 

TCB 0.052 8000 92 4.784 4.784 4.784 N.0 N.0 N.0 N.0 N.0 N.0 
NH4-N 0.051 1300 100 5.1 N.0 N.0 N.0 N.0 N.0 N.0 N.0 N.0 

TDS 0.05 12540 28 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 N.0 
Cu 0.05 0.98 7 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 

Chlorides 0.048 3597 30 1.44 1.44 1.44 1.44 1.44 1.44 1.44 N.0 N.0 

Total Iron 0.045 82 9.5 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 
Summation 1.000  32.238 27.138 21.944 17.160 12.820 9.162 7.027 5.587 4.187 

Total weight  1.000 0.949 0.896 0.844 0.782 0.720 0.659 0.611 
- 

0.561 

Derived LPI  32.238 28.596 24.491 20.331 16.393 12.724 10.662 9.143 7.463 
Percenterror  0.000 11.296 24.031 36.933 49.149 60.529 66.926 71.638 76.851 

Note: All concentrations are in tng/L excepiforpiland total colfor,n bacteria (cfu/IOOmL) 

N.C= parameter not considered 
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Table C.54: Estimating errors involved in calculating LPI values due to nonavailability of data (Parameters with lowest sub-index values ignored) 

Pollutant 

(1) 

Pollutant 
weight, w1  

(2) 

Pollutant 
concentr 
ation,c1  

(3) 

Subindex 
value, p 

(4) 

LPI with selected parameters (Wipi) 

18 
(5) 

17 
(6) 

16 
(7) 

15 
(8) 

14 
(9) 

13 
(10) 

12 
(11) 

11 
(12) 

10 
(13) 

Cr 0.064 1.75 6.5 0.416 0.416 0.416 0.416 N.0 N.0 N.0 N.0 N.0 

Pb 0.063 0.68 9 0.567 0.567 0.567 0.567 0.567 0.567 0.567 0.567 N.0 

COD 0.062 8425 70 4.34 4.34 4.34 4.34 4.34 4.34 4.34 4.34 4.34 

Hg 0.062 0.4 59 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 3.658 

BOD5  0.061 1398 35 2.135 2.135 2.135 2.135 2.135 2.135 2.135 2.135 2.135 

As 0.061 0.01 5.5 0.3355 0.3355 N.0 N.0 N.0 N.0 N.0 N.0 N.0 

Cn 0.058 1.3 10 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 

Phenol 0.057 4 8.5 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 0.4845 N.0 N.0 

Zn 0.056 1.3 5 0.28 N.0 N.0 N.0 N.0 N.0 N.0 N.0 N.0 

pH 0.055 7.3 6 0.33 0.33 0.33 N.0 N.0 N.0 N.0 N.0 N.0 

TKN 0.053 3000 98 5.194 5.194 5.194 5.194 5.194 5.194 5.194 5.194 5.194 

Ni 0.052 0.23 8 0.416 0.416 0.416 0.416 0.416 0.416 N.0 N.0 N.0 

TCB 0.052 8000 92 4.784 4.784 4.784 4.784 4.784 4.784 4.784 4.784 4.784 

NH4-N 0.051 1300 100 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1 

TDS 0.05 12540 28 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 

Cu 0.05 0.98 7 0.35 0.35 0.35 0.35 0.35 N.0 N.0 N.0 N.0 

Chlorides 0.048 3597 30 1.44 1.44 1.44 1.44 1.44 1.44-  1.44 1.44 1.44 

Total Iron 0.045 82 9.5 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 0.4275 

Summation 1.000  32.238 31.958 31.622 31.292 30.876 30.526 30.110 29.626 29.059 

Total weight  1.000 0.944 0.883 0.828 0.764 0.714 0.662 0.605 0.542 

Derived LPI  32.24 33.85 35.81 37.79 40.41 42.75 45.48 48.97 53.61 

Percenterror  0.00 5.01 11.09 17.23 25.36 32.62 41.09 51.90 66.31 

Note: All concentrations are in mg/L except for pH and total colfor,n bacteria (cfu/IOOmL), N. C= parameter not considered. 
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Table C.55: Estimating errors involved in calculating LPJ values due to nonavailability of data (Parameters with highest and lowest sub-index 
values ignored simultaneously) 

Pollutant 
(1) 

Pollutant weight, wi 
(2) 

Pollutant concentration,c1  
(3) 

Subindex value, pi 
(4) 

LPI with_selected_parameters_(wip j) 
18(5) 14(6) 16(7) 12(8) 10(9) 

Cr 0.064 1.75 6.5 0.416 0.416 0.416 0.416 N.0 
Pb 0.063 0.68 9 0.567 0.567 0.567 0.567 0.567 

COD 0.062 8425 70 4.34 4.34 4.34 N.0 N.0 
Hg 0.062 0.4 59 3.658 3.658 3.658 3.658 N.Ca 

BOD5  0.061 1398 35 2.135 2.135 2.135 2.135 2.135 
As 0.061 0.01 5.5 0.3355 0.3355 N.0 N.0 N.0 
Cn 0.058 1.3 10 0.58 0.58 0.58 0.58 0.58 

Phenol 0.057 4 8.5 0.4845 0.4845 0.4845 0.4845 0.4845 
Zn 0.056 1.3 5 0.28 N.0 N.0 N.0 N.0 
pH 0.055 7.3 6 0.33 0.33 0.33 N.0 N.0 

TKN 0.053 3000 98 5.194 5.194 N.0 N.0 N.0 
Ni 0.052 0.23 8 0.416 0.416 0.416 0.416 0.416 

TCB 0.052 8000 92 4.784 4.784 4.784 4.784 4.784 
NH4-N 0.051 1300 100 5.1 N.0 N.0 N.0 N.0 
TDS 0.05 12540 28 1.4 1.4 1.4 1.4 1.4 
Cu 0.05 0.98 7 0.35 0.35 0.35 0.35 0.35 

Chlorides 0.048 3597 30 1.44 1.44 1.44 1.44 1.44 
Total Iron 0.045 82 9.5 0.4275 0.4275 0.4275 0.4275 0.4275 

Summation 1.000  32.238 26.858 21.328 16.658 12.584 
Total weight  1.000 0.893 0.779 0.662 0.536 
Derived LPI  32.24 30.08 27.38 25.16 23.48 
Percent error  0.00 6.71 15.07 21.94 27.17 

jVo'e: All concentrations are in rng/L except for pH and total colform bacteria (cfu./100inL) 

N.C= parameter not considered 
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Appendix-D 

Data and Graphical Representation for Phytoremediation and Chemical 

Treatment of Leachate 
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Figure D. 1: Variation of pH against different treatment on leachate of 50 
concentration 
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Figure D.2: Variation of pH against of different treatment on leachate of 20 
concentration 
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Figure D.4: Variation of Na against of different treatment on leachate of 50 
concentration 
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Figure D.5: Variation of Zn against of different treatment on leachate of 50 
concentration 
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Figure V.6: Variation of Pb against of different treatment on leachate of 100 
concentration 
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Figure D.7: Percentage reduction of TDS in leachate of 100 concentration 
after 28 day from treatment 
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Figure D.8: Percentage reduction of TDS in leachate of 100 concentration at 
varying elapsed period 
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Figure D.9: Percentage reduction of Na in leachate of 50 concentration after 
28 days from treatment 
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Figure D. 10: Percentage reduction of Ca in leachate of 100 concentration at 
varying elapsed period 

370 1 P a g e 



100 
—4--Topapana (100 concentration) 

90 
'Topapana (50 concentration) 

80 "Topapana (20 concentration) 
70 

60 

04 
20 

10 

0 10 20 30 40 50 60 70 80 

Elapsed period from the treatment (days) 
Figure D. 11: Percentage reduction efficiency of Na in leachate for topapana at 
varying concentration 

70 

60 

50 -0 
0 

40  

30 
0 

'U 20 

10 

0— 

Topopana Helencha Duckweed Snail 

Biological treatment system 

Figure D. 12: Percentage reduction of Cu in leachate of 20 concentration after 28 
days from treatment 

IV 

-.4- 

371 1 P a g e 



50 

'p 

40 

30 

N 

20 

10 

(1 

100 

80 

60 0 

0 40 
tl) 

20 

(100 concentration) 
Duckweed (50 concentration) 

'Duckweed (20 concentration 

 

OL 

0 10 20 30 40 50 60 70 80 

Elapsed period from the treatment (days) 

Figure D.13: Percentage reduction efficiency of Cu in leachate for duckweed at 
varying concentration 
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Figure D.14: Percentage reduction of Zn in leachate of 100 concentration at 
varying elapsed period 
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Table D. 1: Results of concentration dosage for treating of leachate using FeC13  

Parameter 
EQ I 
A 
A 

EQ 
A 
B 

Raw 
leachate 

Concentration (mg/L) of treated leachate at varying chemical 
dosage (500mL)  

0.5 1 I 1.5 2 3 4 4.5 
Turbidity  106 52.3 7.58 5.29 6.83 7.82 20.6 21.5 
Colour  2190 520.0 456.0 297.0 355.0 420.0 401.0 520.0 
COD  510 345.0 272.0 255.0 268.0 282.0 310.0 380.0 
BOD5   487 350 312 286 298 301 313 335 
NH4-N  402 176 126 101 154 163 165 160 

TSS  750 190.0 170.0 140.0 310.0 410.0 420.0 520.0 
Ca  214 103.0 12.0 0.0 10.0 14.0 28.0 35.0 
K  1444 469.0 367.0 0.0 256.0 356.0 1 567.0 798.0 
Na  1489 986.0 567.0 0.0 235.0 543.0 976.0 987.0 
Mg  226.58 165.0 89.0 45.0 56.0 76.0 98.0 156.0 
Cu 0.2 1.0 0.213 0.128 0.09 0.0 0.07 0.092 0.112 0.097 
Zn 1.0 1.0 0.595 0.265 0.30 0.04 0.20 0.267 0.223 0.437 
Cd 0.01 0.02 0.043 0.023 0.0013 0.0 0.012 0.027 0.029 0.034 
Ni  0.058 0.026 0.03 0.0 0.004 0.027 0.022 0.044 
Pb 0.01 0.5 0.235 1 0.126 1 0.11 0.0 0.12 0.127 0.122 0.147 

Table D.2: Results of removal efficiency of pollutant in leachate using FeCl3 

Parameter 
Raw 

leachate 

Removal efficiency (%) of pollutant in leachate at varying chemical 
dosage (500mL)  

0.5 1 1.5 2 3 4 4.5 
Turbidity 106 51 93 95 94 93 81 80 

Colour 2190 76 79 86 84 81 82 76 
COD 510 32 47 50 47 45 39 25 
BOD5  487 28 36 41 39 38 36 31 
NH4-N 402 56 69 75 62 59 59 60 
TSS 750 75 77 81 59 45 44 31 
Ca 214 52 94 100 95 93 87 84 
K 1444 68 75 100 82 75 61 45 
Na 1489 34 62 100 84 64 34 34 
Mg 226.58 27 61 80 75 66 57 31 
Cu 0.213 47 63 100 71 62 54 60 
Zn 0.595 55 56 93 66 55 63 27 
Cd 0.043 47 97 100 72 37 33 21 
Ni 1 0.058 55 48 100 93 53 62 24 
Pb 1 0.235 46 53 100 49 46 48 37 
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Table D.3: Results of concentration of treated leachate with various p1-I at optimum dosages 
of FeC!3  

Parameters 
EQA 

A 
EQA 

B Untreated 
leachate 

Concentration (mg/L) of treated leachate with various p1-I 
at optimum dosages of FeC13  

______ 

pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 
Turbidity  106 28.72 21.54 11.42 6.36 8.48 13.6 

Colour  2190 540.0 358.40 306.60 262.80 306.0 350.40 
COD  510 301.0 285.0 264.0 255.0 268.0 295.0 
BOD5   487 357 1 317 309 295 300 310 
NH4-N  402 178 149 143 134 137 141 

TSS  750 200.01 180.0 165.0 157.50 172.50 187.50 
Ca  214.10 34.0 28.0 12.0 9.0 12.0 14.0 
K  1444.20 364.0 256.0 245.0 201.0 236.0 268.0 
Na  1488.70 317.0 259.0 227.0 201.0 256.0 236.0 
Mg  226.58 83.0 48.0 44.0 32.0 90.0 96.0 
Cu 0.2 1.0 0.213 0.40 0.40 0.40 0.30 0.50 0.50 
Zn 1.0 1  1.0 0.595 0.160 0.115 0.105 0.100 0.120 0.127 
Cd 0.01 0.02 0.040 0.021 0.012 0.011 0.0 0.002 0.015 
Ni 

___ 
0.060 0.031 0.022 0.011 0.0 0.012 0.015 

Pb 0.01 0.5 0.24 0.120 0.100 0.021 0.0 0.022 0.017 

Table D.4: Results of removal efficiency at varying pH with optimum concentration using 
FeC!3  

Parameters Untre d a C 

leachate 

Removal efficiency (%) at varying pH with optimum concentration 
using FeC13  

__________  

pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 
Turbidity 106 73 80 89 94 92 87 
Colour 2190 75 84 86 88 86 84 
COD 510 41 44 48 50 47 42 
BOD5  487 27 35 37 39 38 36 
NH4-N 402 56 63 64 67 66 65 
TSS 750 73 76 78 79 77 75 
Ca 214.10 84 87 94 96 94 93 
K 1444.20 75 82 83 86 84 81 
Na 1488.70 79 83 85 86 83 84 
Mg 226.58 63 79 81 86 60 58 
Cu 0.213 81 80 81 81 79 76 
Zn 0.595 73 81 82 83 80 79 
Cd 0.040 51 72 74 100 95 65 
Ni 0.060 47 62 81 100 79 74 
Pb 0.24 49 57 91 100 91 93 
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Table D.5: Results of concentration dosage for treating of leachate using PAC 

Parameter 
EQ 
A 
A 

EQ 
A 
B 

Raw 
leachate 

Concentration (mg/L) of treated leachate at varying chemical 
dosage (500mL)  

0.5 1 1.5 2 3 4 4.5 
Turbidity  106 45.2 29.8 25.9 11.3 45.2 90.8 95.3 
Colour  2190 370.0 290.0 310.0 305.0 420.0 610.0 800.0 
COD  510 384.0 305.0 311.0 302.0 364.0 405.0 430.0 
BUD5   487 355.0 317.0 298.0 296.0 308.0 318.0 340.0 
NH4-N  402 176.0 132.0 134.0 126.0 169.0 174.0 185.0 

TSS  750 184.0 165.0 165.0 155.0 260.0 320.0 370.0 
Ca  214 81.0 15.0 18.0 16.0 30.0 36.0 50.0 
K  1444 520.0 420.0 431.0 242.0 420.0 602.0 886.0 
Na  1489 1012.0 233.0 266.0 267.0 587.0 1001.0 1104.0 
Mg  226.58 156.0 30.0 34.0 32.0 80.0 103.0 112.0 
Cu 0.2 1.0 0.213 0.2 0.0 0.0 0.1 0.1 0.1 0.1 
Zn 1.0 1.0 0.595 0.3 0.1 0.1 0.1 0.3 0.4 0.5 
Cd 0.01 0.02 0.043 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ni  0.058 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pb 0.01 0.5 0.235 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Table D.6: Results of removal efficiency of pollutant in leachate using PAC 

Parameter Ra 
leachate 

Removal efficiency (%) of pollutant in leachate at varying chemical 
dosage (500mL)  

0.5 1 1.5 2 3 4 4.5 
Turbidity 106 57 72 76 89 57 14 10 
Colour 2190 83 87 86 86 81 72 63 
COD 510 25 40 39 41 29 21 16 
BOD5  487 27 35 39 39 37 35 30 
NH4-N 402 56 67 67 69 58 57 54 
TSS 750 75 78 78 79 65 57 51 
Ca 214 62 93 92 93 86 83 77 
K 1444 64 71 70 83 71 58 39 
Na 1489 32 84 82 82 61 33 26 
Mg 226.58 31 87 85 86 65 55 51 
Cu 0.213 38 84 81 1 77 59 54 46 
Zn 0.595 51 83 83 85 53 41 21 
Cd 0.043 27 72 70 72 37 47 21 
Ni 0.058 1 48 60 79 78 62 41 24 
Pb 0.235 53 49 49 53 48 '37 40 

375 1 P a g e 

V 



61 

Table D.7: Results of concentration of treated leachate with various pH at optimum dosages 
of PAC 

Parameters 
EQA 

A 
EQA 

B Untreated 
leachate 

Concentration (mg/L) of treated leachate with various pH 
at optimum dosages  

_______ 

pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 
Turbidity  106 19.04 12.72 10.6 9.54 13.78 15.9 

Colour  2190 350.4 324.12 284.7 262 302 328.5 
COD  510 352 338 320 278 328 345 
BOD5   487 359 321 302 300 310 320 
NH4-N  402 179 164 153 143 149 165 

TSS  750 202.5 195 180 152.5 187.5 202.5 
Ca  214.10 36 26 18 12 16 18 
K  1444.20 479 402 250 236 251 420 
Na  1488.70 498 376 259 235 256 265 
Mg  226.58 76 52 40 21 67 87 
Cu 0.2 1.0 0.213 0.053 0.041 0.039 0.032 0.047 0.049 
Zn 1.0 1.0 0.595 0.27 0.22 0.115 0.11 0.12 0.24 
Cd 0.01 0.02 0.040 0.012 0.014 0.011 0.003 0.0021 0.016 
Ni  0.060 0.027 0.0221 0.011 0.008 0.011 0.016 
Pb 0.01 0.5 0.24 0.11 0.1 0.021 0.01 1 0.0321 0.0315 

Table D.8: Results of removal efficiency at varying pH with optimum concentration using 
PAC 

Parameters Untreated 
leachate  

Removal efficiency (%) at varying pH with optimum concentration 

pH 4 pH 5 pH 6 p117 pH 8 pH 9 
Turbidity 106 82 88 90 91 87 85 

Colour 2190 84 85 87 88 86 85 
COD 510 31 34 37 45 36 32 
BOD5  487 26 34 38 38 36 34 
NH4-N 402 55 59 62 64 63 59 
TSS 750 73 74 76 80 75 73 
Ca 214.10 83 88 92 94 93 92 
K 1444.20 67 72 83 84 83 71 
Na 1488.70 67 75 83 84 83 82 
Mg 226.58 66 77 82 91 70 62 
Cu 0.213 75 81 82 85 78 77 
Zn 0.595 55 63 81 82 80 60 
Cd 0.040 72 67 74 93 95 63 
Ni 0.060 53 62 81 86 81 72 
Pb 0.24 53 57 91 96 86 87 

CA 
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Table D.9: Results of concentration dosage for treating of leachate using FeSO4  

Parameter 
EQ 
A 
A 

EQ 
A 
B 

Raw 
' 

leachate 

Concentration (mg/L) of treated leachate at varying chemical 
dosage (500mL)  

0.5 1 1.5 2 3 4 4.5 
Turbidity  106 60.2 7.9 7.1 7.4 10.2 20.4 22.1 
Colour  2190 2005 503 284 328 380 416 494 

COD  510 384 355 345 352 366 388 395 
BOD5   487 359 320 302 302 310 320 356 
NH4-N  402 172 132 134 132 169 171 180 
TSS  750 210 170 160 330 520 700 715 
Ca  214 78 21 17 24 32 40 48 
K  1444 538 290 240 300 410 621 830 
Na  1489 830 320 270 430 610 850 1010 
Mg  226.58 150 51 38 1 41 62 68 98 
Cu 0.2 1.0 0.213 0.13 0.048 0.042 0.063 0.096 0.12 0.15 
Zn 1.0 1.0 0.595 0.24 0.19 0.11 0.23 0.29 0.36 0.48 
Cd 0.01 0.02 0.043 0.02 0.013 0.011 0.023 0.027 0.026 0.023 
Ni  0.058 0.045 0.035 0.023 0.031 0.022 0.013 0.021 
Pb 0.01 0.5 0.235 0.2 0.06 1 0.01 0.1 0.12 0.12 0.2029 

Table D.10: Results of removal efficiency of pollutant in leachate using FeSO4  

Parameter 

Raw 
leachate 

Removal efficiency (%) of pollutant in leachate at varying chemical 
_____________ _________ 

dosage (500mL)  

0.5 1 1.5 2 3 4 4.5 
Turbidity 106 43 93 93 93 90 81 79 

Colour 2190 8 77 87 85 83 81 77 
COD 510 25 30 32 31 28 24 23 
BOD5  487 26 34 38 38 36 34 27 
NH4-N 402 57 67 67 67 58 57 55 
TSS 750 72 77 79 56 31 7 5 
Ca 214 64 90 92 89 85 81 78 
K 1444 63 80 83 79 72 1 57 43 
Na 1489 44 79 82 71 59 43 32 
Mg 226.58 34 77 83 82 73 70 57 
Cu 0.213 46 80 83 74 60 51 38 
Zn 0.595 60 68 82 61 51 39 19 
Cd 0.043 53 70 74 47 37 40 47 
Ni 0.058 22 40 60 47 62 78 64 
Pb 0.235 15 74 96 57 49 49 14 
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Table D. 11: Results of concentration of treated leachate with various pH at optimum dosages 
of PeSO4  

Parameters 
EQA 

A 
EQA 

B 
Untreated 
leachate  

Concentration (mg/L) of treated leachate with various pH 
at optimum dosages  

_______ 

pH4 pH5 pH6 J!H7  pH8 pH9 
Turbidity  106 34.8 29.6 19.54 8.42 11.54 17.66 

Colour  2190 548 520 350.4 120 372.3 416.1 
COD  510 345 324 330 320 374 367 
BOD5   487 367 342 332 312 317 332 
NH4-N  402 182 164 153 154 155 168 
TSS  750 254 210 187.5 154 195 198 
Ca  214.10 32 20 14 11 18 21 
K  1444.20 376 256 250 176 298 256 
Na  1488.70 289 270 278 179 278 310 
Mg  226.58 78 65 42 12 66 62 
Cu 0.2 1.0 0.213 0.06 0.055 0.05 0.039 0.05 0.055 
Zn 1.0 1 1.0 0.595 0.19 0.135 0.128 0.11 0.128 0.132 
Cd 0.01 0.02 0.040 0.019 0.01343 0.011 0.003 0.013 0.018 
Ni 

___ 
0.060 0.03 0.0221 0.014 0.009 0.011 0.019 

Pb 0.01 0.5 0.24 0.029 0.039 0.021 0.011 0.0321 0.038 

Table D. 12: Results of removal efficiency at varying pH with optimum concentration using 
FeSO4  

Parameters Untreated 
leachate  

Removal efficiency (%) at varying pH with optimum concentration 

pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 
Turbidity 106 67 72 82 92 89 83 

Colour 2190 75 76 84 95 83 81 
COD 510 32 36 35 37 27 28 
BOD5  487 25 30 32 36 35 32 
NH4-N 402 55 59 62 62 61 58 
TSS 750 66 72 75 79 74 74 
Ca 214.10 85 91 93 95 92 90 
K 1444.20 74 82 83 88 79 82 
Na 1488.70 81 82 81 88 81 79 
Mg 226.58 66 71 81 95 71 73 
Cu 0.213 72 74 76 82 76 74 
Zn 0.595 68 77 78 82 78 78 
Cd 0.040 56 69 74 93 70 58 
Ni 0.060 48 62 76 84 81 67 
Pb 0.24 88 83 91 95 86 84 

k 
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Table D. 13: Results of concentration dosage for treating of leachate using Al2(SO4)3  

Parameter 

EQ 
A 

A 

EQ 
A 

B 

Raw 
leachate  

Concentration (mg/L) of treated leachate at varying chemical 
___________ _______ 

dosage _(500mL)  

0.5 1 1.5 2 3 4 4.5 
Turbidity  106 10.2 8.42 9.2 12.9 19.2 26.6 34.2 

Colour  2190 310 260 340 370 410 440 490 
COD   510 380 305 325 345 380 405 415 
BOD5   487 - - - - - - - 

NH4-N  402 - - - - - - - 

TSS  750 170 160 170 190 240 310 340 
Ca  214 78 12 20 25 30 35 45 
K  1444 455 215 263 288 399 542 812 
Na  1489 986 233 258 420 541 960 990 
Mg  226.58 147 26 39 41 80 100 102 
Cu 0.2 1.0 0.213 0.128 0.04 0.05 0.07 0.09215 0.112 0.16 
Zn 1.0 1.0 0.595 0.265 0.1 0.15 0.21 0.26 0.33 0.437 
Cd 0.01 1 0.02 1 0.043 0.02 0.01 0.015 0.02 0.027 0.027 0.024 
Ni  0.058 0.035 0.025 0.03 0.031 0.032 0.037 0.021 
Pb 1 0.01 0.5 1 0.235 0.1 0.06 0.1 0.1 0.12 0.147 0.19 

Table D.14: Results of removal efficiency of pollutant in leachate using Al2(SO4)3  

Parameter 

Raw 

leachate 

Removal efficiency (%) of pollutant in leachate at varying chemical dosage 
 (500mL)  

0.5 1 1.5 2 3 4 4.5 
Turbidity 106 90 92 91 88 82 75 68 

Colour 2190 86 88 84 83 81 80 78 
COD 510 25 40 36 32 25 21 19 
BOD5  487 - - - - -- - - 

NH4-N 402 - - - - - - - 

TSS 750 77 79 77 75 68 59 55 
Ca 214 64 94 91 88 86 84 79 
K 1444 68 85 82 80 72 62 44 
Na 1489 34 84 83 72 64 36 33 
Mg 226.58 35 89 83 82 65 56 55 
Cu 0.213 47 84 79 71 62 54 34 
Zn 0.595 55 83 75 65 56 45 27 
Cd 0.043 53 77 65 53 1 37 37 44 
Ni 0.058 40 57 48 47 45 36 64 
Pb 0.235 57 74 57 57 49 37 19 
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Table D. 15: Results of concentration of treated leachate with various pH at optimum dosages 
of Al2(SO4)3  

Parameters 
EQA 

A 
EQA 

B Untreated 
leachate  

Concentration (mg/L) of treated leachate with various pH 
at optimum  dosages  

_______ 

pH4 pH5 pH6 pH7 pH8 pH9 
Turbidity  106 18.04 12.72 10.6 11 13.78 14.9 
Colour  2190 365 332 302 245 312 347 
COD  510 345 317 315 300 330 332 
BOD5  487 - - - - - - 

NH4-N  402 - - - - - - 

TSS  750 247 195 180 139 187.5 234 
Ca  214.10 36 26 18 10 16 18 
K  1444.20 320 267 250 220 251 276 
Na 

__ 
1488.70 345 320 289 223 287 265 

Mg  226.58 60 52 42 17 66 76 
Cu 0.2 1.0 0.213 0.047 0.042 0.032 0.029 0.047 0.043 
Zn 1.0 1  1.0 0.595 0.127 0.12 0.115 0.09 0.12 0.121 
Cd 0.01 0.02 0.040 0.019 0.01343 0.011 0.003 0.012 0.016 
Ni 

_____ _____ 
0.060 0.029 0.0221 0.014 0.008 0.011 0.018 

Pb 0.01 0.5 1  0.24 1  0.1 0.1 0.021 1 0.013 1 0.0321 0.032 

Table D.16: Results of removal efficiency at varying pH with optimum concentration using 
Al2(SO4)3  

Parameters Untreated 
leachate  

Removal efficiency (%) at varying p1-I with optimum concentration 

pH4 pH5 pH6 pH7 p118 pH9 
Turbidity 106 83 88 90 90 87 86 

Colour 2190 83 85 86 89 86 84 
COD 510 32 38 38 41 35 35 
BOD5  487 - - - - - - 

NH4-N 402 - - - - - - 

TSS 750 67 74 76 81 75 69 
Ca 214.10 83 88 92 95 93 92 
K 1444.20 78 82 83 85 83 81 
Na 1488.70 77 79 81 85 81 82 
Mg 226.58 74 77 81 92 71 66 
Cu 0.213 78 80 85 86 78 80 
Zn 0.595 79 80 81 85 80 80 
Cd 0.040 56 69 , 74 93 72 63 
Ni 0.060 50 62 76 86 81 69 
Pb 0.24 57 57 91 94 86 86 
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Figure D.15: Effect of concentration of FeC13  for Figure D.16: Effect of concentration of FeC13  for 
removing NH4-N and Zn in leachate. removing BOD5  and Ca in leachate. 
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Figure D.15 (a): Regression for NH4-N and Zn Figure D.16 (a): Regression for 80D5  and Ca 
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Figure D.17: Effect of pH of FeC13 for removing Figure D.18: Effect of pH of FeC13 for removing 
turbidity and Mg in leachate. COD and K in leachate. 
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Figure D.17 (b): Regression for turbidity and Mg Figure D.18 (b): Regression for COD and K 
using FeC13 at varying pT-I after OpCD. using FeC13 at varying pH after OpCD. 
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Figure D.19: Effect of concentration of PAC for Figure D.20: Effect of concentration of FeC13  
removing TSS and Zn in leachate. for removing Ca and Ni in leachate. 
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PAC at different dosages after OpCD. using PAC at different dosages after OpCD. 
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Figure D.21: Effect of pH of PAC for removing Na Figure D.22: Effect of pH of PAC for 
and Cu in leachate. removing Mg and Cd in leachate. 
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Figure D.21 (a): Regression for Na and Cu using Figure D.22 (a): Regression for Mg and Cd 
PAC at varying pH approached OpCD. using PAC at varying pH approached OpCD. 
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Table D. 17: Calculation of LPI of lysimeter treated leachate and maximum leachate discharge standards 

weight factor, w, Leachate disposal standards, 
Treated lysimeter leachate 

concentration 
Treated leachate sub- 

Treated lysimeter 
leachate sub- Treated leachate pollutant ratino 

Treated lysimeter leachate 
pollutant ra(In (w.p) 

I 

 
. xpj . epi_  

CD . CD CD Cl) 

E 
. . 

CII 
- < ... < m U . - 

- E o C 0 . 
Cl) 

- < cc 

Cr 0.064 0.064 1 0.064 0.064 0.064 0.5 2 0.5 0.1 0.05 0.04 0.08 0.07 1 5 9 1 5 1 5 5 5 1 5 5 0.32 1 0.580 0.32 0.32 0.32 0.32 0.32 0.3 

Pb 0.063 0.063 1 0.063 0.063 0.063 0.1 0.1 0.5 0.1 0 0 0 0 5 5 6 1 5 5 5 5 5 0.315 1 0.320 0.378 0.32 0.32 0.32 0.32 0.3 

COD 0.062 0.062 0.062 0.062 0.062 200 250 200 200 55 85 60 57 9 tO 9 9 6 8 6 6 0.558 0.620 0.558 0.56 0.37 0.5 0.37 0.4 

Hg 0.062 0.062 0.062 0.062  0.01 0.01 0.01 0.02 5 6 6 6 0.31 0.370 0.372 0.37 0 0 0 0 

ROD5  0.061 0.061 0.061 0.061 0.061 50 30 20 800 85 102 88 80 7 6 6 25 8 9 8 7 0.427 0.370 0.366 1.53 0.49 0.55 0.49 0.4 

As 0.061 0.061 - - 0.061 0.2 0.2 0.01 0.04 0.03 0.02 5 5 0 0 5 5 5 5 0.305 0.310 0 0 0.30 0.31 0.30 0.3 

CN 0.058 0.058 - - - 0.1 0.2 5 6 0 0 0.29 0.350 0 1 0 1 0 0 0 0 

Phenol* 0.057 0.057 - - I 1 5 5 0 0 0.285 0.290 0 0 0 0 0 

Zn 1 0.056 0.056 1 0.056 0.056 0.056 5 5 2 0.6 1.13 0.92 0.55 0.58 6 6 5 5 5 5 5 5 0.336 0.340 0.28 0.28 0.28 0.28 0.28 0.3 

pH 0.055 0.055 0.055 0.055 0.055 6-9 5-7.5 6.1 6.27 6.45 6.21 5 5 5 5 5 5 5 5 0.275 0.280 0.275 0.28 0.28 0.28 0.28 0.3 

TKN 0.053 0.053 0.053 0.053 0.053 100 tOO 70 100 95 180 112 51 6 6 5 6 5 6 5 5 0.318 0.320 0.265 0.32 0.27 0.32 0.27 0.3 

Ni 0.052 0.052 0.052 0.052 0.052 1 3 1 0.6 0 0 0 0 6 10 6 a 5 5 5 5 0.312 0.520 1  0.312 0.26 0.26 0.26 0.26 0.3 

NH4. 0.051 0.051 0.051 0.051 0.051 50 50 30 5 27 45 25 33 1 7 7 6 5 5 5 5 1 5 0.357 0.360 0.306 0.26 0.26 0.26 1 0.26 0.3 

TDS 0.05 0.05 1 0.05 0.05 0.05 2100 1 2100 600 500 980 1100 1002 780 1 7 7 5 5 1 5 5 5 5 0.35 0.350 0.25 0.25 0.25 0.25 0.25 0.3 

Cu 0.05 0.05 0.05 0.05 0.05 0.5 1 3 Th 0.04 0.04 0.04 0.04 5 18 5 7 5 5 5 5 0.25 0.900 0.25 0.35 1 0.25 0.25 1 0.25 0.3 

Cl- 0.048 0.048 0.048 0.048 0.048 600 1000 800 850 540 900 602 511 5 3 6 6 5 6 5 5 0.24 0.390 0.288 0.29 0.24 0.29 0.24 0.2 

Fe 1 0.045 0 0 0 Ts 0225 0 

Total 1 0.9480.903 0.727 0.727 0.771 I 5.473 1 6.670 4.22 5.34 4.1 4394.14 

____ 
5.773 1 7386 1 5.80 7.38 5.32 
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