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Abstract Landfills are one of the most historical and ordinary methods of waste 
disposal and still remain in many parts of the world. Landfill leachate from open 
dumpsites has become a crucial environmental issue. Still, the predominant waste 
disposal method in many developing countries is open dumping, which leads to 
the generation of significant amounts of leachate mostly to nearby water bodies. 
Landfill leachate treatment is not an easy task, specifically because of its unique-
ness depending on climate, culture, age of the dumpsite, and waste characteristics. 
Acetogenic leachate characteristics are extremely variable and difficult to predict. 
However, landfill leachate in the methanogenic phase possesses quite stable char-
acteristics. Herein, we report qualitative and quantitative data on landfill leachate 
from different parts of the world and discuss the best management practices. In 
addition, we provide a case study on assessing the physiochemical characteristics 
of landfill leachate generated from a municipal solid waste dumpsite in Sri Lanka. 
Overall, landfill leachate poses a risk to the environment and effective leachate 
management is vital to avoid environmental deterioration.

Keywords Municipal solid waste · Methanogen · Acetogen · Organic carbon · 
Nitrate · Phosphate
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11.1  Introduction

11.1.1  Municipal Solid Waste

Municipal solid waste (MSW), commonly known as trash or garbage, not only con-
tains household or domestic waste but can also contain commercial and industrial 
waste with the exception of industrial hazardous waste that is collected through 
community sanitation services. Industrial hazardous waste (e.g., radioactive and 
pharmaceutical waste) is excluded from municipal waste because it is typically 
treated separately based on environmental regulations. In many countries, MSW 
is generated by three main sources: (1) domestic solid waste (from households 
and public areas, including waste collected from residential buildings, litter bins, 
streets, marine areas, and country parks); (2) commercial solid waste (from shops, 
restaurants, hotels, offices, and markets in private housing estates); and (3) industri-
al solid waste (industries, but does not include construction and demolition waste, 
chemical waste, or other special waste). MSW can further be grouped into five 
different categories (Fig. 11.1) and various techniques have been developed and 
practiced for MSW management worldwide, such as incineration, anaerobic reac-
tors, and gasification (Kılıç, et al. 2007). However, MSW finally ends up in landfills 
in most cases.

11.1.2  MSW Landfilling

Although there are a number of different ways to dispose of MSW, the first and 
most well-known method is landfilling. Landfills are discrete, specially created, and 
excavated areas, so MSW can be put in these areas with little or no harm to the natu-
ral environment through pollution. Table 11.1 shows the general characteristics and 
the major differences in the main land disposal facilities (Training Module 2005). A 
number of significant characteristics are given in detail in the following:

1. Open dumps are particularly practiced in the developing countries. An open 
dumpsite is a land disposal site where solid wastes are disposed of in a man-
ner that does not protect the environment, is susceptible to open burning, and is 
exposed to the elements to spread disease vectors (Joseph et al. 2002). Any avail-
able vacant area with government ownership is the basic consideration for an 
open dumpsite and no environmental guidelines are considered. Open dumps are 
unplanned heaps of uncovered wastes, often burned (many open dumps opera-
tors set fire to the MSW at the dumpsite to reduce the waste and increase disposal 
area at the site) and surrounded by pools of stagnated polluted water, rat, and fly 
infestations with domestic animals roaming freely and families of scavengers 
picking through the wastes (Fig. 11.2). Open dumpsites are swamp/marshy lands 
or low-lying areas where the MSW is being used for reclamation. This type of 
landfill requires the least development and operational costs and is prevalent in 
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developing countries, in particular, where sanitary and engineered landfills are 
now a public health and environmental concern.

2. Controlled dumps are the first level of improvement from open dumps (Joseph 
et al. 2005). Controlled dumpsites are designed to eliminate problems associ-
ated with open MSW dumpsites through operational and management aspects 
rather than high-cost engineering applications. Hydrogeologic conditions are 
considered for site selection. In addition, several steps are considered compared 
to open dumping. For example, disposal only occurs at designated areas with 
planned capacity and where leachate/landfill gas is partially managed. More-
over, drainage and surface water control along the periphery of the site and 
covering the waste are implemented regularly in controlled dumps to prevent 
leachate- and landfill gas-related pollution. However, the practice of controlled 
dumping should be adopted in accordance with other modern waste management 
strategies.

3. Engineered landfills protect the environment and prevent pollutants from enter-
ing the soil and possibly polluting ground water in one of two ways. An engi-
neered landfill uses clay or polythene liners High-density polyethylene (HDPE) 
liners and landfill covers to obstruct pollutants from leaving the landfill (Hartz 
and Ham 1983). This may reduce the risk of environmental pollution through 
groundwater and soil contamination and air pollution. However, most dumpsites 
in developing countries do not have a liner at the base or a top cover for protect-
ing possible water and ground contamination by the leachate (Rafizul and Alam-
gir 2012).

Fig. 11.1  Five different types of MSW in the environment
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4. Sanitary landfills comprise a series of advanced measures in design, construc-
tion, operating, and post-closure steps to have minimum environmental impact. 
Hence, this technique requires a substantial financial resource compared to other 
landfilling methods. However, sanitary landfilling is a suitable technique as it 
imposes minimum adverse impacts on the environment. Strict guidelines are 
considered based on the environmental, community, and cost for site selection. 
Emphasis is on fully managing the landfill leachate and gas during operation. 
For these purposes, geomembrane layers are used to avoid leachate contamina-
tion, and gas monitoring/extraction wells are used for landfill gas management. 
Hence, this method is becoming the most popular landfill model for ultimate dis-
posal sites in developed countries (Ahmed and Lan 2012). In contrast to gasifica-
tion and anaerobic reactors, sanitary landfilling is a simple disposal procedure 
with low-cost and landscape restoring effects (Aziz et al. 2010). These factors 
influenced the popularity of sanitary landfills in many countries. However, land-
fills must be closely monitored during their design, operation, and post-closure 
due to the generation of landfill leachate and greenhouse gases (Ahmed and Lan 
2012). Liner fractures may lead to groundwater contamination, and atmospheric 
contamination may occur from gas leaks due to breaks in the landfill cap of an 
engineered landfill.

11.1.3  Landfill Leachate

Landfill leachate is a water-based solution that has dissolved or entrained envi-
ronmentally harmful substances that may enter the environment through degrad-

 

Fig. 11.2  Uncontrolled scavenging activities and domestic animals roaming on open dumps are 
common sights in developing countries, which lead to many environmental issues
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ing waste in the landfill. Many groundwater pollution incidents have been reported 
involving landfill leachate (Christensen et al. 2001). Therefore, leachate is con-
sidered as a hazardous liquid and strict regulations have been enacted by many 
environmental protection authorities around the world (Rafizul and Alamgir 2012). 
Landfill leachate is generated from rainwater that passes through the waste within 
the solid waste dumping facility. The moisture that already exists in the waste is also 
involved in the generation of leachate (El-Fadel et al. 2002).

Leachate consists of different organic and inorganic compounds that may be 
either dissolved or suspended and transported as a plume into the aquifer or away 
from the dumpsite following the land gradient. Landfill leachate plumes are not 
much wider than the landfill and not beyond 2,000 m from the landfill but show nar-
row plume movement (Christensen et al. 2001). The higher density (~ 1.014 g/cm−3 
at 10 °C) caused by the high salt content of leachate may lead to an initial sinking of 
the leachate plume with groundwater while undergoing limited lateral or transverse 
mixing (Christensen et al. 2001). The viscosities of the leachate also differ from the 
groundwater, but very few data exist on leachate viscosity. The high electrical con-
ductivity of landfill leachate is also a very important parameter to understand the 
leachate-contaminated subsurface environment, particularly for predicting leachate 
flow and transport through the subsurface. These subsurface data can be observed 
by employing advanced geophysical techniques mainly based on the conductive 
nature of the landfill leachate.

11.2  Leachate Formation Mechanisms

Landfill leachate is generated through a series of physical, chemical, and microbio-
logical processes. The breakdown of larger waste materials into smaller fractions 
during the manual mixing of waste, while the liquids elute and percolate, is the 
main physical process. The oxidation/reduction processes during waste degrada-
tion are included in the chemical processes. For example, nitrate and ammonium 
ion oxidation to nitrogen gas is a dominant chemical process as leachate has con-
siderable nitrate species. However, it is difficult to distinguish a single process in 
the landfill leachate since a combination of these processes is actively involved in 
generating the leachate. Landfill leachate is typically a strongly reduced matrix with 
a great capacity for donating electrons (e.g., donation of electrons via conversion 
of ammonium ions to nitrate). The electrons produced are accepted by dissolved 
or solid aquifer electron acceptors (e.g., nitrate, oxygen, sulfate, and ferric ions) 
(Christensen et al. 2001). Furthermore, organic matter dominates the reduction ca-
pacity, and ammonium and methane also contribute significantly (Christensen et al. 
2001). A lysimeter-based study has shown a clear pattern between rainfall and the 
formation of landfill leachate (Rafizul and Alamgir 2012). The natural attenuation 
involved during transportation of landfill leachate is the main reason for changing 
its initial characteristics (Christensen et al. 2001; Mayakaduwa et al. 2012).
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11.3  Types of Landfill Leachate

11.3.1  Acetogenic Leachate

The microbiological decomposition processes occurring within waste in a landfill 
play a crucial role determining leachate characteristics (Irene 1996). During the 
second phase, anaerobic and facultative organisms (acidogenic and acetogenic bac-
teria) hydrolyze and ferment cellulose and other putrescible materials. The result-
ing simpler soluble compounds such as volatile fatty acids and alcohols may cause 
high biochemical oxygen demand (BOD) in leachate which is called as “acetogenic 
leachate.” Acetogenic leachate is characterized by acidic pH, high BOD/chemical 
oxygen demand (COD) ratio, strong unpleasant smells, and high concentrations of 
ammonium nitrogen (Table 11.2) (Christensen et al. 2001). According to Harm-
sen (1983), > 95 % of the dissolved organic carbon (DOC) in acetogenic leachate 
consists of volatile fatty acids and only 1.3 % accounts for high molecular weight 
compounds (MW > 1,000) (Harmsen 1983). Volatile amines and alcohols are also 
found in acetogenic leachate. Shuokr et al. (2010) reported that the volatile matter 
content in the acetogenic phase may be the reason for acidic pH in the leachate 
(Shuokr et al. 2010). In addition, this type of leachate may contain a considerable 
concentration of inorganic ions such as chloride, sulfate, calcium, and magnesium 
(Irene 1996).

11.3.2  Methanogenic Leachate

The acidic phase may last for several years and then slow-growing methanogenic 
bacteria start to establish gradually consuming simple organic compounds released 
during the second phase. The methanogenic leachate produced during this phase has 
an alkaline pH (Ehring 1988), lower BOD (Robinson 2007), and lower BOD/COD 
ratio and a consequent decrease in solubility of inorganics and heavy metals (Irene 
1996). In this type of leachate, 32 % of DOC consists of high-molecular-weight 
compounds (MW > 1,000), such as humic and fulvic acids, which are not easily de-
gradable. In addition, inorganic macrocomponents, such as sulfate, are lower during 
the methanogenic phase due to the microbial reduction of sulfate to sulfide (Chris-
tensen et al. 2001). Moreover, no volatile amines and alcohols can be found and 
ammonia is present in high concentration, which typically inhibits the biological 
degradation process (Harmsen 1983; Shuokr et al. 2010). Such stabilized leachate 
may persist for many decades or centuries. However, several inorganic macrocom-
ponents (e.g., Cl, Na, and K) are not significantly different between acetogenic and 
methanogenic leachates (Christensen et al. 2001).
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11.4  Toxicity of Landfill Leachate

Leachate has been identified by many countries as a toxic surface and groundwa-
ter and soil contaminant (Mor et al. 2006; Sun et al. 2001; Abbas et al. 2009). 
In addition, the landfill leachate liquid possesses a strong reducing ability under 
methanogenic conditions. Many studies are available on either direct experimental 
determinations of contaminants or estimates through mathematical modeling (Mor 
et al. 2006). Landfill leachate is highly toxic to higher plants, algae, invertebrates, 
fish, and humans (Langler 2004; Natale et al. 2008). Ammonium may be present in 
leachate at high concentrations for years and can cause considerable toxic effects to 
fish (Christensen et al. 2001). High toxicity was reported for algae, daphnids, and 

Table 11.2  Composition of the acetogenic and methanogenic landfill leachates in the Gohagoda 
landfill leachate
Parameter* Values from the literature

Acetogenic leachate Methanogenic leachate Gohagoda 
leachate

Al-Wabel; Chris-
tensen (Chris-
tensen et al. 
2001; Al-Wabel 
et al. 2011)

Robinson  
(Robinson 2007)

Hunce; 
Christensen 
(Hunce 
et al. 2012)

Robinson 
(Robinson 
2007)

pH 5.9–6.3 5.5–7.0 7.9 7.5–8.5 8–8.6
Conductivity 6.3–42.5 7–30 37.2 < 1 8.96–29.6
BOD – 4,000–30,000 4,250 < 500–1,000 21.6–3,590
COD 13,900–22,350 10,000–50,000 8,038 2,000–6,000 70–69,700
BOD/COD 

ratio
0.58a 0.06a 0.15

Alkalinity – 2,000–10,000 13,200 10,000–30,000 725–39,606
Ammonium 

nitrogen
– 750–2,000 1,430 1,500–3,000 6–4,095

Nitrate- 
nitrogen

– < 1 – < 0.1 1–765

Phosphate – 5–20 22.8 1,000–3,000 2–258
Sulphate 70–1,750a 10–420a –
Chloride 1,000–2,000 7,000 2,000–4,000 68–723
Zinc 0.108–0.226 5–20 1.767 < 0.01–0.05 0.2–1.15
Cadmium < 0.002 < 0.1–< 0.2 < 0.005 < 0.02–0.1 0.004–0.062
Nickel 0.384–0.718 < 0.1–< 1 0.597 < 0.05–0.1 0.133–0.532
Chromium 0.21–0.336 1– < 0.5 0.354 0.02–5 0.021–0.323
Copper 0.124–0.246 < 0.1 0.145 < 0.3–2 0.048–0.257
Lead < 0.04 < 0.1– < 0.5 < 0.05 < 0.05–0.2 0.015–0.416
Magnesium 50–1,150a 40–350a 20–166
Manganese 0.3–65a 0.03–45a 0.155–1.203
Iron 20–2,100a 3–280a 0.3–318
*All in mg/L except pH, BOD/COD ratio and EC (mS cm−1), a) according to Christensen et al. 
(2001) and Abbas et al. (2009)
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bacteria in tests of samples collected close to a landfill with a decrease in toxicity 
identified with increasing distance from the landfill (Christensen et al. 2001).

Landfill leachate is a major source of natural organic matter (NOM) for water 
particularly in the developing world. The increase in organic compounds, particu-
larly DOC, in the leachate is a source of trihalomethanes (THMs) (Weragoda 2005; 
Stuart et al. 2001). Most of these THMs have carcinogenic and mutagenic or pos-
sibly teratogenic properties (Weragoda 2005). In addition, some of these emerging 
contaminants may be identified as endocrine-disrupting chemicals (Ramakrishnan 
et al. 2013).

11.5  General Leachate Composition

The composition of landfill leachate can change due to rainfall or prevailing weath-
er conditions during the waste degradation period, different management practices, 
waste characteristics, and depth of the MSW column. In addition, landfill design 
and operation procedures such as the degree of compaction, leachate recirculation 
steps, and internal landfill processes, such as anaerobic digestion steps, are major 
factors determining leachate composition (Rafizul and Alamgir 2012; Christensen 
et al. 2001; El-Fadel et al. 1997). Among these factors, moisture is a critical factor 
for waste degradation and, hence, for leachate composition (Rafizul and Alamgir 
2012). However, no standard protocol for sampling, filtration, or storage of leach-
ate samples exists for analysis (Christensen et al. 2001). For example, colloids have 
considerable affinity for complexation and this involves measuring the actual metal 
concentration. Many characterization studies have been based on only a few sam-
ples from each landfill as the cost and complexity of the experiments are very high. 
However, understanding leachate composition is very important for planning and 
determining remedial measures (Rafizul and Alamgir 2012). Hence, it is necessary 
to determine the actual pollution state such as the amount of contaminants and their 
generation and degradation rate in a particular region or country rather than copying 
the treatment methods from any region. Due to the complexity of landfill leach-
ate, different ways are used to explain its composition based on many criteria. The 
composition of a landfill leachate can be explained by dividing it into four groups 
of organics (e.g., Dissolved Organic Matter as total organic carbon (TOC), DOC, 
and COD), inorganics (e.g., Ca, Mg, NH4

+, SO4
2 +, and Cl−), heavy metals (e.g., Cd, 

Pb, Ni, and Zn), and xenobiotic organic compounds (XOC) (e.g., benzene, phenol, 
and trichloroethene).

11.5.1  DOM

DOM is a bulk parameter comprising a variety of organic degradation products 
ranging from small volatile acids to refractory fulvic- and humic-like compounds 
(Christensen et al. 2001). Therefore, TOC, DOC, non-volatile organic carbon 



M. Vithanage et al.272

(NVOC), or COD is expressed as DOM. No study has given adequate attention to 
understanding the composition of DOM in landfill leachate and its fate in the envi-
ronment. Only a very few studies have been published on DOM in landfill leach-
ate. The DOC in leachate originates from the anaerobic decomposition of organic 
waste that causes numerous environmental effects, such as decreased removal of 
heavy metals and depleting dissolved oxygen in groundwater sources (Christensen 
et al. 1998). DOC remains as non-biodegradable compounds and may even be re-
sistant to biological treatment (Zouboulis et al. 2004). Volatile fatty acids constitute 
a substantial fraction of DOC and show an easily degrading pattern in laboratory-
based studies of the acetogenic leachate. But, similar studies on the methanogenic 
leachate have revealed the recalcitrant nature of DOM (Christensen et al. 2001). 
However, according to a study based on DOC and its fate, the DOC concentration in 
the leachate plume decreases with time (Christensen et al. 2001). Conversely, TOC 
well described the total amount of organic carbon in the leachate matrices. Leachate 
in active landfill sites contains higher TOC than that from closed landfill sites due 
to the high decomposition rate (Irene 1996). The ratio of COD to TOC indirectly 
reflects the organic matter characteristics of the leachate and the particular ratio can 
be used to determine the rough age of the landfill (Irene 1996).

11.5.2  BOD–COD

COD describes the organic matter content that is susceptible to oxidation by a strong 
chemical agent such as potassium dichromate. This parameter reflects the changes 
in solid waste degradability at dumpsites and the amount of organic contaminant 
(Irene 1996). Most of the leachates from the early stages (first year) of a landfill op-
eration show high COD (> 20,000 mg/L). With time, the landfill material ages and 
the COD stabilizes at ≤ 3,000 mg/L (Irene 1996). BOD describes the organic matter 
content that is susceptible to oxidation by biological activities. High BOD occurs 
in acetogenic leachate with values of 4,000–30,000 mg/L, whereas methanogenic 
leachate carries lower values of 500–1,000 mg/L (Robinson 2007).

11.5.3  Solids

Determining the different fractions of solids in a landfill leachate is very important 
to understand the behavior of microbial degradation processes. For instance, it is 
interpreted that greater total suspended solid (TSS) concentrations reflect higher 
enzyme activity. The TSS concentration of leachate depends mostly on the abun-
dance of microorganisms as well as the dilution conditions. Volatile-suspended sol-
ids (VSSs) could be directly proportional to microbial mass. In addition, VSS is 
frequently used as an estimate of the concentration of the active microorganisms 
in a biological treatment unit, but it is an imperfect measure of the active mass. 
VSS is also considered a useful design and management parameter for wastewater. 
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Volatile solids (VSs) are often interpreted as a measure of organic matter. This is 
not precisely true as the combustion of many pure organic compounds results in the 
formation of ash and many inorganic salts are volatilized during ignition. It includes 
losses due to decomposition or volatilization of some mineral salts.

11.5.4  Nutrients

Nitrate, phosphate, sulfate, and ammonium nitrogen concentrations are the princi-
pal nutrients of concern in leachate discharge and generally depend on the waste 
composition in landfills. Robinson and Luo (1991) observed the composition of 
leachate generated from very large landfills and reported typical concentrations of 
nitrate and phosphate of 2.5 and 27.6 mg/L, respectively (Robinson and Luo 1991). 
Bagchi (1990) reported that the overall nitrate concentration range in leachate is up 
to 250 mg/L (Bagchi 1990). Ranges of 5–10 and 20–40 mg/L total phosphorous and 
ammonium nitrogen, respectively, are observed in leachates from mature landfills 
(Shuokr et al. 2010). Sulfate is high in concentration in the landfill leachate, but 
low concentrations can be found in an active methanogenic leachate because the 
sulfate reduces to S2– ions (Christensen et al. 2001). Decomposition of waste or ash 
is the main source of released sulfate. The disposal of plaster board made of gypsum 
(CaSO4·2H2O) also releases sulfate into the leachate. Discharge of untreated leach-
ate with high nutrient concentrations may accelerate eutrophication of lakes and 
reservoirs and may lead to other adverse effects such as the depletion of dissolved 
oxygen in receiving water, the toxicity to aquatic life, and an adverse impact on 
public health.

11.5.5  Heavy Metals

Heavy metals in landfill leachate are controversial. Many researchers have reported 
fairly low concentrations of heavy metals and their strong attenuation through pre-
cipitation and sorption (e.g., processes such as adsorption, absorption, surface com-
plexation, surface precipitation, and ion exchange) in landfill leachate, suggesting a 
low risk to the environment (Christensen et al. 2001). Nevertheless, some research-
ers have reported opposite observations. For example, high concentrations of Cd, 
Hg, Ni, Mn, Cu, Zn, and Pb have been reported in leachate and these metals show 
enhanced transportation with DOC derivatives mainly by the anaerobic degradation 
of organic compounds, such as humic, fulvic, and hydrophilic acids, present in the 
leachate (Robinson 2007; Asadi 2008; Christensen et al. 1996). In addition, DOC 
contributes to the leachate color, turning it dark brown due to the complexation of 
ferric hydroxide colloids with humic and fulvic substances (Chu et al. 1994). Some 
heavy metals in reduced states (e.g., chromium iron as Cr3 +) have been reported in 
methanogenic leachate.
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11.5.6  XOC

Very broad ranges of XOCs have been reported in landfill leachate and most are 
aromatic hydrocarbons (Christensen et al. 2001). These XOCs are organic chemi-
cals identified as unknown and individual pollutants in the leachate and are reported 
to cause serious biological effects. Phenols, halogenated hydrocarbons, chlorinated 
aliphatics Perchloroethylene and Trichloroethene (PCE and TCE), and aromatic 
hydrocarbons (Mor et al. 2006; Asadi 2008) are included in the group of XOCs 
common in leachate. In addition, organic waste water contaminants, such as cho-
lesterol, N, N-diethyltoluamide (an insect repellent), and tri(2-chloroethyl) phos-
phate (a fire retardant), were found in the landfill leachate-affected groundwater 
samples (Barnes et al. 2004). Newly identified XOCs, such as herbicide Mecoprop 
or Methylchlorophenoxypropionic acid (MCPP), have frequently been observed in 
leachate but little attention is given yet to understanding their degradation in the 
anaerobic environment (Christensen et al. 2001). However, analyzing XOCs is a 
complicated procedure as poor sampling protocols, high labor, and sampling costs 
hamper analysis. Aromatic hydrocarbons readily degrade in aerobic environments 
but a slower degradation rate has been detected in reducing environments (e.g., 
benzene). Nevertheless, degradation of XOCs and their associated products are still 
lacking a precise understanding.

11.5.7  Microbial Communities

Although the microorganisms involved in landfill leachate have not been studied 
in detail, bacteria and their activities in leachate have been investigated in a few 
studies. Methanogens, sulfate reducers, iron reducers, manganese reducers, and 
denitrifiers have been identified commonly in leachate plumes. Diverse microbial 
communities have been identified in leachate plumes and are believed to be respon-
sible for the redox processes (Christensen et al. 2001). Some bacterial species, such 
as eubacteria and archaea, dominate landfill leachate-contaminated groundwater 
(Christensen et al. 2001; Ludvigsen et al. 1999). The microbial population closest 
to the landfill appear to be the most active in response to the pollutants. In addition, 
the methanogens and sulfate-reducing bacteria are abundant close to the landfill. 
However, the number of microorganisms decrease with plume length (Ludvigsen 
et al. 1999).

11.6  Case Study: Gohagoda Landfill Leachate

Many characterization studies and extensive reviews of the composition of landfill 
leachates are available for developed nations, particularly temperate countries, but 
only a few studies have reported on the transport and fate of landfill leachate in the 
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tropics, particularly in the developing Asian region (Kale et al. 2010; Mor et al. 
2006; Vasanthi et al. 2008). A detailed characterization of the landfill is a main limi-
tation for designing a treatment plant (Tatsi and Zouboulis 2002). The situation of 
leachates from Sri Lankan dumpsites is typical of Asian countries, and no detailed 
characterization data are available. However, a few studies have been carried out 
to characterize leachates generated from the Gohagoda dumpsite in Sri Lanka. A 
groundwater quality study based on the shallow wells and drains around the Go-
hagoda dumpsite revealed high contamination in the Mahaweli River with BOD, 
COD, nitrate, and phosphate values of 20,000, 48,000, 64, and 56 mg/L, respec-
tively (Wimalasuriya et al. 2011). But none of these studies focused on a long-term 
characterization of the leachate focusing on the interaction between temporal and 
spatial variation and flow and transport of leachate through subsurface. The follow-
ing is a case study of such a characterization.

11.6.1  Gohagoda Open Dumpsite

The Gohagoda open dumpsite is situated adjacent to the northwestern boundary of 
Kandy city, Sri Lanka. It has been used for dumping waste from the world heritage 
city, Kandy since the 1960s. In 2003, the dumpsite was semi-engineered by extend-
ing the landfill area to 25,000 m2 and including provisions for leachate treatment. 
However, the design period was only 2–3 years old and, currently, open dumping 
is taking place and the leachate treatment process is not functioning. About 130 t 
MSW/day including waste from slaughter houses, fish markets, households, and 
non-infectious hospital waste are being dumped without any sorting or pretreatment 
(Welikannage and Liyanage 2009).

11.6.2  Parameters

The landfill leachate used in the experiment was collected from the Gohagoda open 
dumpsite from June 2011 to October 2012. The leachate samples were collected at 
four sampling points of the drainage canal with recommended procedures as sum-
marized in Table 11.3. Figure 11.3 shows the sampling points; GS1 and GS4 were 
located at the start and end points of the canal, whereas GS2 and GS3 were in the 
middle. The collected leachate samples were characterized for pH, temperature, 
conductivity, alkalinity, and total dissolved solids (TDS) under field conditions and 
then immediately transferred to the laboratory at 4 °C for other experiments such as 
nutrient content, COD, Cl–, solids, TOC, DOC, and a metal analysis (Table 11.3). 
A resistivity survey was also performed using ABEM Terameter 300-c SAS, Swe-
den (one-dimensional (1D) resistivity survey) and AGI (Advanced Geosciences Inc, 
Austin, TX, USA) Mini-sting system with accessories (2D imaging). Resistivity 
data were collected by three 1D survey lines and two 2D profile lines covering the 
point where the leachate collected at the river (Fig. 11.3). The 1D data processing 
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Table 11.3  Summary of the analytical methods to determine the major chemical constituents in 
Gohagoda open landfill leachate, Kandy
Constituents Method/reference
pH ROSS sure-flow combination epoxy body electrode
EC Conductivity meter (Orion 5 star series)
BOD5 Winkler method (American public health association 2005)
COD Spectrophotometer (HACH DRB 200)
TOC TOC analyzer (Analytikjena Multi N/C 2100)
Alkalinity Titrimetric method (American public health association 

2005)
Ammonia-nitrogen Iron selective electrode
Nitrate-nitrogen Cadmium reduction method
Nitrite-nitrogen Diazotization method
Phosphate Ascorbic acid method
Chloride Iron selective electrode
Zinc
Cadmium
Nickel
Chromium
Copper
Lead
Iron
Manganese

Atomic adsorption spectrophotometer (AAS) (GBC 933 
Australia)

*All in mg/L except pH and electrical conductivity (EC) (mS cm−1 )
BOD, Biochemical oxygen demand; COD, chemical oxygen demand; TOC, total organic carbon

Fig. 11.3  Schematic diagram of the leachate drainage channel ( red arrows), leachate sampling 
points ( yellow dots), resistivity survey area ( yellow rectangle), and 2D profile lines 4 and 5 with 
direction X–Y ( black dotted line) at the Gohagoda dump site
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was carried out using the Resist freeware package while maintaining the root mean 
square error < 5 %. The 2D data were processed via Earth Imager licensed software 
by fixing resistivity at 10–400 Ωm.

11.6.3  Leachate Characteristics

11.6.3.1  pH and Conductivity

Figure 11.4a shows the pH variation during the study period. The pH was 8–8.6 
during all samplings with a few exceptions. The pH changed acidic during the later 
study period. This may be due to the uncontrolled open dumping of MSW with 
manual mixing of waste and enhancing microbial activity due to the influence of 
rainfall (Trankler et al. 2005). Degradation of fresh waste can also decrease pH. The 
alkaline pH was due to mineralization of carbonates, bicarbonates, and hydroxides 
in the well-established methanogenic phase of the landfill (Robinson 2007; Maq-
bool et al. 2011). Hence, a phase change from acetogenic to methanogenic can be 
effectively identified by pH changes in the landfill leachate (Trankler et al. 2005). 
In addition, the recorded electrical conductivity (EC) of the leachate samples was 
high at 3.2–31.4 mS/cm, indicating a high content of dissolved salts. However, due 
to dilution and flushing of organic and inorganic materials, the EC values decreased 
towards the riverside.

11.6.3.2  Alkalinity and Hardness

The alkalinity in the Gohagoda leachate was 725–39,606 mg/L (Fig. 11.4b). Because 
the alkalinity is a measure of the acid neutralizing capacity and, hence, is a function 
of HCO3

– and CO3
2– content (William 1997), the dissolution of metal carbonates un-

Fig. 11.4  (a) pH and (b) alkalinity variations in the leachate samples analyzed
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der prevailing pH conditions may have been the reason for the increase in alkalinity 
with time (Bhambulkar 2011). Hardness is normally expressed as the total concen-
tration of Mg2 + and Ca2 + in mg/L and it was 15–800 mg/L during the study period. 
GS2 showed the highest hardness value at the beginning but it decreased rapidly 
thereafter. The pattern of variation was narrow except GS4. Thus, it was evident 
that GS1 and GS2 were highly contaminated with Mg2 + and Ca2 + multivalent cat-
ions, which may be due to soaps, detergents, batteries, and other types of industrial 
and household waste. The reason for the hardness decreasing with time could be 
infiltration and attenuation by soil. Under alkaline pH conditions, adsorption or 
precipitation mechanisms attenuate Mg+ 2and Ca2 + ions in leachate in surrounding 
soils that are rich in clay minerals. In addition, chloride was 68–723 mg/L during 
the study period (Table 11.2). Farm animal waste, household waste, and septic ef-
fluent might be sources for the high chloride levels in leachate (Mor et al. 2006).

11.6.3.3  BOD and COD

Figure 11.5a and b illustrates the BOD5 and COD variation throughout the leach-
ate characterization period at the Gohagoda landfill site. The maximum BOD5 
was 3,590 mg/L at the closest point to the dumpsite. However, the BOD5 was 
< 2,190 mg/L at all other sampling times, indicating typical methanogenic phase 
conditions (Robinson 2007). Furthermore, low BOD5 values with continuously 
fluctuating patterns were observed during the study period. At the beginning of the 
characterization, very significantly high BOD5values of 27,500 mg/L were recorded 
at the closest point to the landfill (GS1 point), indicating typical acetogenic phase 
leachate characteristics (Wijesekara et al. 2010). COD stabilized at ≤ 3,000 mg/L 
with time at the Gohagoda site. These values are consistent with other studies for 
typical methanogenic landfill leachate (Irene 1996). A highly concentrated landfill 
leachate can be generated in biodegradable waste rich landfill cells during the initial 
period of refuse degradation (Tatsi and Zouboulis 2002; Trankler et al. 2005). As 
typical South Asian MSW landfills, a composition study at the Gohagoda dumpsite 
for solid waste revealed that there was a high amount of biodegradable waste, which 
has a direct relationship with the high organic content of leachate (Trankler et al. 
2005; Menikpura and Basnayake 2009).

11.6.3.4  TOC/DOC

Average TOC and DOC values were 36,955 and 28,493 mg/L, respectively, during 
the dry season, and a low COD/TOC ratio (1.59) was observed in the Gohagoda 
leachate. These results indirectly indicate the age of the Gohagoda landfill site as 
> 20 years and the presence of a more oxidized state of organic carbon for a less 
readily available energy source for the growth of microorganisms (Irene 1996).
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11.6.3.5  Solids

Figure 11.5c and d reflects the Total Solids (TS) and Volatile Solids (VS) varia-
tions during the study period at the Gohagoda landfill. The TS and VS values were 
< 20,000 and 10,000 mg/L, respectively, which agreed with the previous literature 
values for methanogenic phase leachate (Chu et al. 1994). However, on a few occa-
sions very high TS and VS concentrations of 80,000 and 45,000 mg/L, respectively, 
were observed. The spatial variations in TS and VS had many similarities. The av-
erage Total Suspended Soilds (TSS) and Volatile Suspended Solids (VSS) concen-
trations during the study period were 1,493 and 416 mg/L, respectively. The mean 
VSS values of the leachate at various landfills are 50–200 mg/L, which is close to 
the observed values (10–4,810 mg/L) (Fan et al. 2006). The VSS value of an old 
landfill (> 10 years) is 7 mg/L (Kang et al. 2002). In addition, the concentration of 
all analyzed solid parameters decreased from the dumpsite to riverside, and this 
may have been due to the coagulation and settling of solid particles in the adjoining 
paddy field soils. Overall, the solid parameters analyzed indicate that the Gohagoda 
leachate is in the methanogenic stage.

11.6.3.6  Nutrients

Among the nutrients, nitrogenous compounds were observed in high concentra-
tions. Figure 11.6a shows the nitrate-N variation in the leachate samples analyzed. 

Fig. 11.5  Variation in the concentrations of a BOD5, b COD, c TSs, and d VS in the leachate 
samples analyzed
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Nitrate-N ranged from 1 to 765 mg/L. Sewage, fertilizer, farm animal waste, and 
food waste are sources of nitrate in leachate. Higher concentrations of nitrate-N 
resulting during the final period may have been due to rainwater ingress into the 
landfill that promoted solubilization of pollutants from actively decomposing waste 
mass into the leachate. Furthermore, nitrite-N was 0.1–410 mg/L, indicating a com-
plex fluctuation pattern (Fig. 11.6b). A high concentration of nitrite-N is observed in 
methanogenic leachate worldwide (Robinson 2007). Ammonium-N may be present 
in leachate due to the fermentable organic matter and the high protein concentra-
tion (Mor et al. 2006). Ammonium-N is a major reducing agent in the leachate and, 
thus, is involved in increasing nitrate concentration. The ammonia-N results in the 
Gohagoda leachate fluctuated widely at 6–4,095 mg/L (Fig. 11.6c). Considerably 
high concentrations (3,000 mg/L) were observed at the end of the study with heavy 
rainfall. Because ammonia is a product of anaerobic protein metabolism, stabilizing 
anaerobic digestion may have led to the accumulation of ammonia during the final 
time period. Phosphate levels varied considerably within wide ranges exceeding 
the country’s standard values for wastewater discharge to inland waters at 2 mg/L 
(Fig. 11.6d). All nutrients generally showed a sudden increase in concentrations im-
mediately after the heavy rainfall. This was probably due to enhanced leaching of 

Fig. 11.6  Variations in the concentrations of a nitrate-N, b nitrite-N, c ammonia-N, and d phosphate 
in the leachate samples analyzed
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nutrients from the fresh waste dumped at the site during the study period followed 
by the dilution effects of rain (El-Fadel et al. 1997).

11.6.3.7  Chloride

Chloride in leachate is a major non-reactive or inert component and, thus, chloride 
does not undergo any chemical or physicochemical reactions in the leachate plume. 
Therefore, dilution is the main attenuation mechanism for chloride (Christensen 
et al. 2001). However, chloride can contribute to the formation of toxic dioxin gas. 
The chloride concentration during the study period was 68–723 mg/L. Farm animal 
waste, household waste, and septic effluents could be the high chloride sources in 
the leachate (Mor et al. 2006). High rainfall during the last sampling period may 
have caused accelerated run-off from the dumpsite, resulting, insignificantly, in-
creased chloride levels. However, chloride ions are found in the deepest parts of 
leachate plumes that affect aquifers; thus, it is an important parameter to model.

11.6.3.8  Heavy Metals

The presence of high levels of heavy metals in the Gohagoda leachate suggests their 
origin could be from various wastes dumped in the landfill (Fig. 11.7). The presence 
of alloys, paints, lamp filaments, electrical wiring batteries, ceramics, and automo-
tive parts in a dumpsite can be reasons for heavy metal contaminations (Trabelsi 
et al. 2009; Fetter 1993). A high concentration of Fe in the leachate may be from 
Fe scraps and Fe-containing carbonates dumped on the landfill. The presence of Pb 
exceeding the country’s wastewater discharge permissible level of 0.1 mg/L may 
be attributed to the disposal of batteries, lead-based paints, chemicals for photo-
processing, and lead pipe (Mor et al. 2006). High concentrations of Zn suggest 
the presence of fluorescent tubes, batteries, and a variety of food wastes. Possible 
sources of cadmium may be dry cell batteries and paint (Aderemi et al. 2011). Aera-
tion by mechanical mixing of waste accelerates the release of heavy metals into the 
leachate, which contaminates open water bodies such as rivers as well as ground-
water resources through percolation (Mor et al. 2006). In contrast, the alkaline pH 
enhanced precipitation of cations; thus, lower concentrations are reported in metha-
nogenic phase leachate (Christensen et al. 2001). The sulfide-producing conditions 
also influence the low concentrations of metal ions.

11.6.3.9  Resistivity Survey

The resistivity data revealed that the main outflow pathway of landfill leachate to 
the nearby Mahaweli River is characterized as a plunging basin towards the river, 
and its flow is confined to the near surface (Fig. 11.8). The flow pattern may have 
been influenced by river water inflow at < 3 m level, which would prevent delineat-
ing possible perch water pockets (Wijesekara et al. 2013).
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Fig. 11.7  Variations in the heavy metal concentrations at the a GS1, b GS2, c GS3, and d GS4 
sampling locations

 

Fig. 11.8  Images of 2D profiles (a) line-4 and (b) line-5 indicate that the leachate flow is very 
shallow and limited to the 3-m level. Blue color indicates possible leachate plume with low resis-
tivity values in the Y direction
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11.7  Leachate Treatment Technologies

An important part of maintaining a landfill is managing the leachate through proper 
treatment methods designed to prevent pollution of surrounding ground and surface 
water. Leachate treatment technologies fall into two basic types of biological and 
physical/chemical treatments. Integrated systems that combine the two are often 
used for larger systems depending on treatment goals. The most common biological 
treatment is activated sludge, which is a suspended-growth process that uses aero-
bic microorganisms to biodegrade organic contaminants in the leachate. The leach-
ate is aerated in an open tank with diffusers or mechanical aerators. Constructed 
wetlands are also used for biological treatment (Sundaravadivel and Vigneswaran 
2001). However, treating old landfill leachate is a very difficult task using con-
ventional biological treatment processes (Ahmed and Lan 2012). Air or ammonia- 
stripping, adsorption, and membrane filtration are major physical leachate treatment 
methods, whereas coagulation–flocculation, chemical precipitation, and chemical 
and electrochemical oxidation methods are the common chemical methods used 
for landfill leachate treatment (Ahmed and Lan 2012; Amokrane et al. 1997; Ahn 
et al. 2002; Chiang et al. 2001; Lin and Chang 2000; Steensen 1997; Marttinen et al. 
2002; Cossu et al. 1998). The membrane bioreactor (MBR) (Ahmed and Lan 2012; 
Amokrane et al. 1997; Cossu et al. 1998; Ahn et al. 2002; Chiang et al. 2001; Lin 
and Chiang 2000) technique is a promising alternative physical treatment method, 
as the membrane separation capacity of a MBR allows most microbial cells through 
the reactor resulting in an efficient biological digestion system (Ahmed and Lan 
2012). Li et al. (1999) reported that ammonium removal can be achieved by chemi-
cal precipitation. In addition, a 66 % COD and 50 % ammonia removal were ob-
tained by nanofiltration (Marttinen et al. 2002). Evaporation and reverse osmosis 
have been used to treat industrial landfill leachate (Di Palma et al. 2002). Further, 
combined processes successfully applied together include coagulation–flocculation 
+ biological treatment; (Kargi and Pamukoglu 2003) photochemical oxidation + 
activated sludge; Fe(III) chloride coagulation + photo-oxidation; and ozonation + 
adsorption (Koh et al. 2004; Wang et al. 2002; Rivas et al. 2003). Several research-
ers have investigated efficiency of ozonation for treating landfill leachate (Steensen 
1997; Baig et al. 1999; Silva et al. 2004). Activated carbon adsorption systems have 
also been used to treat landfill leachate and remove dissolved organics; however, 
most of these techniques are generally considered expensive treatment options and 
must often be combined with other treatment technologies to achieve the desired 
results. A few studies have demonstrated the use of nano-zero-valent iron (NZVI) 
as a leachate treatment, but this method is restricted to developed and temperate 
countries (Jun et al. 2009). However, landfill leachate treatment is a serious issue 
with no single suitable solution due to the complexity and variation in composition 
and many local and regional differences.
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11.8  Summary

Landfill leachate is composed of a wide range of contaminants: dissolved organic 
matter, heavy metals, and xenobiotic organic compounds. Exposure of leachate to 
the soil and groundwater creates significant changes in the environment. Leachate 
can be categorized into two phases of acetogenic and methanogenic leachates. The 
dissolved organic matter in the leachate is a bulk parameter comprising a variety 
of organic degradation products ranging from small volatile acids to refractory ful-
vic- and humic-like compounds which remain as non-biodegradable compounds 
for years. The BOD in acetogenic leachate is high indicating presence of readily 
oxidizable matter for aerobic microorganisms, whereas methanogenic leachate has 
low BOD values. Most leachate from the early stages (first year) of landfill opera-
tion showed a high COD, but as the landfill material aged the COD stabilized at 
≤ 3,000 mg/L. Determining solid content is very important to understand the micro-
bial degradation patterns, their abundance (e.g., active microbial mass), and enzyme 
activities. Nitrate, phosphate, sulfate, and ammonium nitrogen concentrations are 
the principal nutrients of concern in leachate discharge and generally depend on 
the waste composition in the landfills and the leachate phase. Among the nutrients, 
nitrogenous compounds were observed at high concentrations. Sewage, fertilizer, 
farm animal waste, and food waste may be the sources of nitrates in leachate. The 
presence of alloys, paints, lamp filaments, electrical wiring, batteries, ceramics, and 
automotive parts in a dumpsite are the reasons for high heavy metal concentrations 
in the leachate; hence, high concentrations of Cd, Hg, Ni, Mn, Cu, Zn, and Pb have 
been reported associated with leachate. Very board ranges of xenobiotic organic 
compounds have been reported in landfill leachate and most are aromatic hydrocar-
bons and XOCs, which cause serious biological effects. Phenols, halogenated hy-
drocarbons, chlorinated aliphatics (e.g., PCE and TCE), and aromatic hydrocarbons 
are the main XOCs found in leachate. An important part of maintaining a landfill 
is managing the leachate through proper treatment methods designed to prevent 
pollution of surrounding ground and surface waters. Hence, two basic categories of 
leachate treatment methods are biological and physical/chemical technologies used 
worldwide. The most common biological treatment is activated sludge, which is a 
suspended-growth process that uses aerobic microorganisms to biodegrade organic 
contaminants in leachate. Air or ammonia-stripping, adsorption, and membrane fil-
tration are major physical leachate treatment methods, whereas coagulation–floccu-
lation, chemical precipitation, chemical and electrochemical oxidation methods are 
the most common chemical methods used for landfill leachate treatment. However, 
no universal leachate treatment methods have been developed due to the complexity 
of leachate.
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