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Contemporary environmental issues of landfill leachate: assessment & remedies
Sumona Mukherjee1, Soumyadeep Mukhopadhyay2, Mohd Ali Hashim2, Bhaskar Sen Gupta3*
Abstract
Landfills are the primary option for waste disposal all over the world. Most of the landfill sites
across the world are old and are not engineered to prevent contamination of the underlying soil
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and groundwater by the toxic leachate. The pollutants from landfill leachate have accumulative
and detrimental effect on the ecology and food chains leading to carcinogenic effects, acute
toxicity and genotoxicity among human beings. Management of this highly toxic leachate
presents a challenging problem to the regulatory authorities who have set specific regulations
regarding maximum limits of contaminants in treated leachate prior to disposal into the
environment to ensure minimal environmental impact. There are different stages of leachate
management such as monitoring of its formation and flow into the environment, identification of
hazards associated with it and its treatment prior to disposal into the environment. This review
focuses on: (i) leachate composition, (ii) Plume migration, (iii) Contaminant fate, (iv) Leachate
plume monitoring techniques, (v) Risk assessment techniques, Hazard rating methods,
mathematical modeling, and (vi) Recent innovations in leachate treatment technologies.
However, due to seasonal fluctuations in leachate composition, flow rate and leachate volume,
the management approaches cannot be stereotyped. Every scenario is unique and the strategy
will vary accordingly. This paper lays out the choices for making an educated guess leading to
the best management option.
Keywords: landfill leachate plume, pollution, hazard identification, treatment technologies
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1

Introduction

Landfill leachate is defined as any liquid effluent containing undesirable materials percolating
through deposited waste and emitted within a landfill or dump site. Often, its route of exposure
and toxicity remains unknown and a matter of prediction due to extremely complicated
geochemical processes in the landfill and the underlying soil layers (Koshi et al., 2007; Taulis,
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2005). The prevalence of landfill waste dumping with or without pre-treatment is on the rise
around the globe due to increasing materialistic lifestyle and planned obsolescence of the
products. According to Laner et al. (2012), in 2008 up to 54% of the 250x106 metric tons of
municipal solid waste (MSW) in USA was disposed off in landfills. Also, 77% MSW in Greece,
55% MSW in the United Kingdom, and 51% MSW in Finland was landfilled in 2008 while
about 70% of MSW in Australia has been directed to landfills without pre-treatment in 2002
(Laner et al., 2012). In Korea, Poland and Taiwan around 52%, 90% and 95% of MSW are
dumped in landfill sites, respectively (Renou et al., 2008a). In India, the accumulated waste
generation in four metropolitan cities of Mumbai, Delhi, Chennai and Kolkata is about 20,000
tons d-1 and most of it is disposed in landfills (Chattopadhyay et al., 2009). Most of the landfill
sites across the world are old and are not engineered to prevent contamination of the underlying
soil and groundwater by the toxic leachate.
Leachate presents high values of biochemical oxygen demand (BOD), chemical oxygen demand
(COD), total organic carbon (TOC), total suspended solid (TSS), total dissolved solid (TDS),
recalcitrant organic pollutants, ammonium compounds, sulfur compounds and dissolved organic
matter (DOM) bound heavy metals which eventually escape into the environment, mainly soil
and groundwater, thereby posing serious environmental problems (Gajski et al., 2012; Lou et al.,
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2009). Around two hundred hazardous compounds have already been identified in the
heterogeneous landfill leachate, such as aromatic compounds, halogenated compounds, phenols,
pesticides, heavy metals and ammonium (Jensen et al., 1999). All of these pollutants have
accumulative, threatening and detrimental effect on the survival of aquatic life forms, ecology
and food chains leading to enormous problems in public health including carcinogenic effects,
acute toxicity and genotoxicity (Gajski et al., 2012; Moraes and Bertazzoli, 2005; Park and
Downloaded by [The Library at Queens] at 02:58 28 May 2014

Batchelor, 2002). Broadly speaking, landfill leachate has deep impact on soil permeability,
groundwater, surface water, and nitrogen attenuation all of which will be discussed in Section
4.1.
A leachate is characterized by two principle factors viz., its composition and the volume
generated, both of which are influenced by a variety of parameters, such as type of waste,
climatic conditions and mode of operation. The most important factor influencing landfill
leachate composition is the age of the landfill (Kulikowska and Klimiuk, 2008; Nanny and
Ratasuk, 2002). The regulatory bodies around the world have set specific maximum discharge
limits of treated leachate that has to be maintained prior to the disposal of treated leachate into
any surface water bodies, sewer channels, marine environment or on land to ensure minimal
environmental impact. These are discussed in the Section 2. Monitoring of the contaminated
leachate plume is an arduous but essential task necessary for measuring the extent of spread of
pollution and taking management decisions regarding leachate treatment. A number of
techniques have been followed for the past three decades for leachate plume migration
monitoring, such as hydro-geological techniques for groundwater sampling for geo-chemical
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analysis, use of stable isotopes, electromagnetic methods, electrical methods and bacteriological
experiments, all of which will be discussed in details in Section 3.2.
Assessing the effect of leachate on the environment needs systematic study procedure. The task
is extremely difficult and largely prediction based, due to unpredictability of the soil
environment, groundwater flow and variation of soil permeability in different parts of the world.
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However, an educated guess can be taken on the pollution scenario and risk assessment can be
done either by using relative hazard assessment systems or by using stochastic and deterministic
models after gathering background physico-chemical data. Softwares are also used for this
purpose. Section 4.2 describes the procedure of risk assessment of landfill leachate.
Once the landfill leachate plume is monitored and risk assessment has been performed, then the
management decision regarding leachate treatment can be taken. Already some comprehensive
reviews on various leachate treatment technologies have been published (Alvarez-Vazquez et al.,
2004; Deng and Englehardt, 2006; Foo and Hameed, 2009; Kim and Owens, 2010; Kurniawan et
al., 2006b; Laner et al., 2012; Renou et al., 2008a; Wiszniowski et al., 2006). So we have
included a brief but detailed description of only the most recent developments in this field,
mainly in tabular form in Section 5 (Tables 6-12).
This review elucidates the complete leachate management process, beginning with leachate
composition, plume migration, fate of contaminant, plume monitoring techniques, risk
assessment techniques, hazard assessment methods, mathematical modeling up to the recent
innovations in leachate treatment technologies. This paper also steers clear from the topics in
which good reviews are already available and only the most relevant information has been
included.
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2

Landfill leachate: Characteristics and regulatory limits

Landfill leachate can be categorized as a soluble organic and mineral compound generated when
water infiltrates into the refuse layers, extracts a series of contaminants and triggers a complex
interplay between the hydrological and biogeochemical reactions (Renou et al., 2008a). These
interactions act as mass transfer mechanisms for producing moisture content sufficiently high to
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initiate a liquid flow (Aziz et al., 2004a), induced by gravitational force, precipitation, surface
runoff, recirculation, liquid waste co-disposal, groundwater intrusion, refuse decomposition and
initial moisture content present within the landfills (Achankeng, 2004; Foo and Hameed, 2009).
The knowledge of leachate characteristics at a specific landfill site is the most essential
requirement for designing management strategy. This knowledge is equally important for
designing containment for new landfill where leachate will be extracted, as well as for managing
the old landfill that lacks proper safeguards installed to contain leachate (Rafizul and Alamgir,
2012). Typical composition of a municipal landfill leachate is given in Table 1.
Two most important factors for characterizing leachate are volumetric flow rate and its
composition. Leachate flow rate depends on rainfall, surface run-off, and intrusion of
groundwater into the landfill (Renou et al., 2008a). According to a number of researchers (Baig
et al., 1999; Christensen et al., 2001; El-Fadel et al., 2002; Harmsen, 1983; Nanny and Ratasuk,
2002; Rapti-Caputo and Vaccaro, 2006; Rodríguez et al., 2004; Stegman and Ehrisg, 1989),
leachate composition is influenced by a number of factors viz., ( i) climatic and hydro-geological
conditions (rainfall, groundwater intrusion, snowmelt); (ii) operational and management issues at
the landfill (compaction, refuse pre-treatment, vegetation cover, re-circulation, liquid waste codisposal, etc.); (iii) characteristics of waste dumped in the landfill (particle size, density,
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chemical composition, biodegradability, initial moisture content); (iv) internal processes inside
landfill (decomposition of organic materials, refuse settlement, gas and heat generation and their
transport); (v) age of the landfill. The leachate quality varies, not only from landfill to landfill but
also, between different sampling points at the same landfill site from time to time due to the
variation in the above factors.
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Among all the above factors, leachate characterization depending on age may be used for making
initial management decisions since others are too complex to estimate instantly. Although
leachate composition may vary widely within the successive aerobic, acetogenic, methanogenic,
stabilization stages of the waste evolution, four types of leachates can be defined according to
landfill age viz., young, intermediate, stabilized and old as shown in Table 2. However, detailed
management decision may be taken only after considering all the above factors.
The characteristics of the landfill leachate can usually be represented by the basic parameters
COD, BOD5, BOD5/COD ratio, pH, suspended solids (SS), ammonium nitrogen (NH4-N), total
Kjeldahl nitrogen (TKN) and heavy metals. The landfill age was found to have significant effect
on organics and ammonia concentrations (Kulikowska and Klimiuk, 2008). The concentration
and biodegradability of leachate usually decrease with its age. Young leachate fractions have low
molecular weight organic compounds characterized by linear chains, which are substituted
through oxygenated functional groups such as carboxyl and alcoholic groups. Old leachate have
organic compounds with a wide range of molecular weight fractions having complex structures
with N, S and O containing functional groups (Calace et al., 2001). Hence, the management
decision can be generalized and the treatment approach can be chalked out depending on the age
of the landfill.
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Landfill leachates cause enormous harm when they get released into the environment without
proper treatment, as will be discussed in section 4.1. In order to minimize their environmental
impact, regulatory bodies around the world require that the leachate volume is controlled and its
toxicity and contaminant level reduced by using proper treatment technologies (Robinson, 2005).
The regulatory limits of various leachate components in different countries are discussed in
Table 3. India, has specific regulations regarding construction, maintenance and operation of a
Downloaded by [The Library at Queens] at 02:58 28 May 2014

landfill and the post closure steps required to be taken for pollution prevention under Schedule
III of the Municipal Solid Wastes (Management and Handling) Rules, 2000. The recent stricter
discharge limits for leachate demands the application of advanced treatment techniques such as
electrochemical treatments, membrane filtrations, advanced oxidations and so on, all of which
involve high installation and operational cost. According to a World Bank (1999) study,
equipment donated by bilateral organizations remains idle due to lack of training or funds for
operation. The regulatory authorities managing landfills inspect the incoming waste but are not
very observant towards the environmental impacts of waste disposal, which results in poor
enforcement of the discharge standards (The World Bank, 1999). The increased private sector
participation in leachate management can lead to better enforcement of standards. Better
incentives such as low taxes, institutional support etc., can draw private sector companies to the
field of leachate management.
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3

Leachate plume migration and methods of its monitoring

It is a well established fact that leachate plumes are formed from landfills with or without liners
and these infiltrate into subsurface aquifers, subsequently forming an even larger plume (Baun et
al., 2004; Bloor et al., 2005; Isidori et al., 2003; Kjeldsen et al., 2002; Slack et al., 2005). The
processes associated with leachate plume formation has also been discussed by other researchers
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(Kjeldsen et al., 2002). Leaching tests designed to assess the release of toxic leachate from a
solid waste into the surrounding environment has been earlier reviewed (Scott et al., 2005). A
large number of research has already been done to study the migration of leachate plume through
landfill liners (Baun et al., 2003; Chalermtanant et al., 2009; Edil, 2003; Haijian et al., 2009; Lu
et al., 2011; Varank et al., 2011). Two distinctive routes of landfill leachate transport were
identified by some researchers (Foose et al., 2002; Katsumi et al., 2001). The first route is the
advective and dispersive transport of contaminants through defects in the geomembrane seams
and through clay liner underlying the geomembrane. The second route is the diffusive transport
of organic contaminants through the geomembrane and the clay liner. It was reported that every
10,000 m2 of geomembrane liner contains 22.5 leaks on an average facilitating the leachate
plume formation (Laine and Darilek, 1993). Chofqi et al. (2004) deduced that there were several
factors that determine the evolution of groundwater contamination, such as (1) depth of the water
table, (2) permeability of soil and unsaturated zone, (3) effective infiltration, (4) humidity and (5)
absence of a system for leachate drainage. Leachate plumes often contain high concentrations of
organic carbon such as volatile fatty acids, humic like compounds and fulvic acids (Christensen
et al., 2001), ammonium (Christensen et al., 2000) and a variety of xenobiotic compounds (e.g.
BTEX compounds, phenoxy acids, phenolic compounds, chlorinated aliphatic compounds and a
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variety of pesticides) (Baun et al., 2004; Kjeldsen et al., 2002). Non-volatile dissolved organic
carbon (DOC), ferrous iron, methane, ammonium, sulfate, chloride, and bicarbonate are also
present in the leachate plume 10–500 times higher than natural aquifer conditions (Bjerg et al.,
2003; Christensen et al., 2001).

3.1 Fate of contaminants in leachate plume

Downloaded by [The Library at Queens] at 02:58 28 May 2014

The generation of leachate plume depends upon the quantity and quality of leachate, which
varies seasonally depending upon the composition and moisture content of the solid waste,
hydro-geological conditions, climate, local population densities, annual precipitation,
temperature and humidity. All these factors add to the complexity in landfill leachate
characteristics and composition (Christensen et al., 2001; Miyajima et al., 1997). The
contaminant migration greatly depends upon the composition of the leachate or contaminants
entering the ground-water system. Similar contaminants may behave differently in the same
environment due to the inﬂuence of other constituents in a complex leachate matrix (Abu-Rukah
and Al-Kofahi, 2001). Redox environments were found to vary greatly inside contaminant
plumes due to variation in contaminant load, groundwater chemistry, geochemistry and
microbiology along the flow path (Christensen and Christensen, 2000; van Breukelen et al.,
2003). Existence of redox gradients from highly reduced zones at the source to oxidized zones
towards the front of the plumes was supported by detailed investigation of the terminal electron
acceptor processes (Bekins et al., 2001; Ludvigsen et al., 1999). Some researchers also studied
the steep vertical concentration gradients for contaminants and redox parameters in plume
fringes, where contaminants mix with electron acceptors by dispersion and diffusion processes
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(Lerner et al., 2000; Thornton et al., 2001; van Breukelen and Griffioen, 2004). The fates of
nitrogenous, sulfurous, heavy metals and organic contaminants are discussed under different
paragraphs.
3.1.1 Inorganic pollutants
3.1.1.1 Nitrogenous pollutants

Downloaded by [The Library at Queens] at 02:58 28 May 2014

The landfill leachate having NH4 poses long-term threat of pollution once it escapes into ground
or surface waters (Beaven and Knox, 2000; IoWM, 1999). In the UK, average concentrations of
about 900 mg NH4(+NH3)–N L-1 have been reported for landfill leachates (Burton and WatsonCraik, 1998) while legislation probably requires concentrations below 0.5 mg NH4–N L-1 for any
discharge in the environment (EA, 2003). The laboratory experiments revealed that most
biological nitrogen removal processes are carried out by the combination of aerobic nitrification,
nitrate reduction, anoxic denitrification and anaerobic ammonium oxidation processes or
(anammox) (Fux et al., 2002; Jokella et al., 2002; Pelkonen et al., 1999). The NH4+ in leachate
can undergo sequential bacterial transformation to NO3- under oxidizing environment. Although
NO3- is less toxic than NH4+ it still presents a pollution threat and bacterial denitrification to
‘harmless’ N2 is required under anaerobic conditions, to eliminate it. When oxygen is depleted,
nitrate can be converted to nitrite and finally to nitrogen gas by denitrification. Also, when nitrite
is present under anaerobic conditions, ammonium can be oxidized with nitrite as an electron
acceptor to dinitrogen gas (anammox) (Mora et al., 2004). The attenuation of N pollution
resulting from disposal of organic wastes in landfill sites therefore requires fluctuating redox
conditions favouring the transformations: NH4+  NO3-  N2 . Anaerobic conditions prevent
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the formation of NO3-, so N attenuation by denitrification in landfills is not regarded as a
significant process (Burton and Watson-Craik, 1998). Heaton et al. (2005) acquired data for the
isotope ratios (13C/12C, 15N/14N and 34S/32S) and dissolved gas (N2, Ar, O2 and CH4) composition
of groundwater in and around a landfill site in Cambridgeshire, England. Decomposition of
domestic waste, placed in unlined quarries produced NH4+ rich leachate dispersing as a plume
into the surrounding middle chalk aquifer at approximately 20 m below ground level. Few
Downloaded by [The Library at Queens] at 02:58 28 May 2014

boreholes around the edge of the landfill extending to the west and north in the direction of
plume flow showed evidence of methanogenesis, SO42- reduction, and denitrification. The first
two processes are indicative of strongly reducing conditions, and are largely confined to the
leachate in the landfill area. Denitrification does not require such strong reducing conditions and
beyond those strong reducing zones, clear evidence of denitrification comes from data for
elevated δ15N values for NO3- (>+10‰) and the presence of non-atmospheric N2. This
distribution of redox zones is therefore consistent with an environment in which conditions
become progressively less reducing away from the landfill (Christensen et al., 2001; Heaton et
al., 2005).
3.1.1.2 Reduction of sulfate pollutants
Sulfate reduction is a major process for degradation of organic matters and many anaerobic
subsurface environments have been found to experience this process (Krumholz et al., 1997;
Lovley, 1997; Ulrich et al., 1998). The sulfate reduction is controlled by factors such as
availability of utilizable organic matter as electron donors (McMahon and Chapelle, 1991; Ulrich
et al., 1998), water potential, sediment pore throat diameter, pH and availability of
thermodynamically more favorable electron acceptors (Ludvigsen et al., 1998; Routh et al.,
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2001). In anoxic aquifers, lithologic, climatic, hydrological, and biogeochemical processes
controlling the sulfate supply may determine sulfate reduction (Martino et al., 1998; Ulrich et al.,
1998). Ulrich et al. (2003) undertook field and laboratory techniques to identify the factors
affecting sulfate reduction in a landfill leachate contaminated shallow, unconsolidated alluvial
aquifer. Depth profiles of 35S-sulfate reduction rates in aquifer sediments revealed a
Michaelis−Menten-like relationship with an apparent Km and Vmax of approximately 80 and 0.83
Downloaded by [The Library at Queens] at 02:58 28 May 2014

μM SO4-2 day-1, respectively. The rate of sulfate reduction was in direct correlation with the
concentration of the sulfate. Near the confining bottom layer of the aquifer, sulfate was supplied
by advection of groundwater beneath the landfill and the reduction rates were significantly
higher than rates at intermediate depths (Ulrich et al., 2003).
3.1.1.3 Heavy Metals (HMs)
Although HMs tend to be leached out of fresh landfill, they later became largely associated with
MSW-derived dissolved organic matter (DOM) which plays an important role in heavy metal
speciation and migration (Baumann et al., 2006; Baun and Christensen, 2004; Li et al., 2009).
Christensen et al. (1996) conducted experiments to determine the metal distribution between the
aquifer material and the polluted groundwater samples (Kd) and the difference in distribution
coefficients indicated that DOC from landfill leachate polluted groundwater can form complexes
with Cd, Ni and Zn. DOM derived from MSW landfill leachate was observed to have a high
affinity for metals such as Cu, Pb, Cd, Zn and Ni, enhancing their mobility in leachate-polluted
waters (Christensen et al., 1999). However, Ward et al. (2005) deduced that the heavy metal
binding capacities largely fluctuated among various leachates due to variable compositions.
Earlier, it was demonstrated that HMs mobilization was enhanced by reduced pH of the leachate
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with oxygen intrusion in landfill (Flyhammar and Ha˚kansson, 1999; Ma˚rtensson et al., 1999)
and by the presence of large quantity of fatty acids generated at the initial phase of solid waste
degradation (He et al., 2006). In some recent studies, it was revealed that less than 0.02% of
HMs in landfills may leach out over 30 years of land filling (Kjeldsen et al., 2002; Øygard et al.,
2007). Qu et al. (2008) monitored mobility of some heavy metals including Cd, Cr, Cu, Ni, Pb
and Zn released from a full-scale tested bioreactor landfill (TBL) in the Tianziling MSW Landfill
Downloaded by [The Library at Queens] at 02:58 28 May 2014

in Hangzhou City, China over the first 20 months of operation. The size of the TBL was
approximately 16,000 m2 with a combined GCL-HDPE bottom liner, and had four layers of 6–
8 m thick MSW layers. At the initial landfill stage, the leachate exhibited high HMs release, high
organic matter content (27,000–43,000 g l−1 of TOC) and low pH (5–6). By the fifth month of
land filling, the methanogenic stage was established, and HMs release was reduced below the
Chinese National Standards. At a landfill age of 0.5 years, 15% of Cr, 25% of Cu, 14% of Ni,
30% of Pb and 36.6% of Zn in solids were associated with amorphous metal oxides and
crystalline Fe oxides. At 1.5 years of filling age, these HMs were largely transformed into
alumino-silicates forms or released with the landfill leachate. Computer modeling revealed that
the humic acid (HA) and fulvic acid (FA) could strongly bind HMs (Qu et al., 2008). Chai et al.
(2012) found strong interactions between HA and Hg. They proposed that the overall stability
constant of Hg(II)–HA was determined by the abundant O-ligands in HA. Compared to HA, the
FA having relatively high content of carboxylic groups had a much higher Hg(II)-complexing
capacity. Thus FA played an important role in binding Hg(II) in early landfill stabilization
process.
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3.1.2 Organic contaminants
Organic contaminants in the form of hydrocarbons usually undergoes degradation by bacterial
activity in the vadose zone producing carbonic and organic acids which enhance the mineral
dissolution of the aquifer materials (McMahon et al., 1995). This leads to the production of a
leachate plume with high total dissolved solids (TDS) resulting in the increased groundwater
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conductance observed in and around the zones of active biodegradation (Atekwana et al., 2000;
Benson et al., 1997). The acidogenic phase in young landfills is associated with rapid anaerobic
fermentation, leading to the release of free volatile fatty acids (VFA), whose concentration can
be up to 95% of the TOC (Welander et al., 1997). Figure 1 illustrates an anaerobic degradation
scheme for the organic material, measured by COD, inside a sanitary landfill. High moisture
content enhances the acid fermentation in the solid waste (Wang et al., 2003). The methanogenic
phase takes over with the maturity of the landfill. Methanogenic microorganisms converts VFA
into biogas (CH4, CO2) and in such old landfills, up to 32% of the DOC in leachate consists of
high molecular weight recalcitrant compounds (Harmsen, 1983).
van Breukelen et al. (2003) delineated the leachate plume inside a landfill (Banisveld, The
Netherlands) using geophysical tests by mapping the subsurface conductivity to identify the
biogeochemical processes occurring. Methane was found to form inside the landfill and not in
the plume. Precipitation of carbonate minerals was confirmed by simulation of δ13C-DIC
[dissolved inorganic carbon]. Ziyang et al. (2009) investigated the COD compositions in leachate
based on the molecular weight distribution and hydrophobic/hydrophilic partition characteristics
as shown in Figure 2. The COD composition varied over the age of the leachate and the ratio of
TOC/TC decreased over time, indicating decrease in the percentage of organic matters in
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leachate and increase in inorganic substances. Giannis et al. (2008) monitored long-term
biodegradation of MSW in relation to operational characteristics such as air importation,
temperature, and leachate recirculation in an aerobic landfill bioreactor over a period of 510 days
of operation in a lab-scale setup. It was evident from the leachate analysis that above 90% of
COD and 99% of BOD5 was removed by the aerobic bioreactor. Tuxen et al. (2006) used
microcosm experiments to illustrate the importance of fringe degradation processes of organic
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matters within contaminant plumes and identified increased degradation potential for phenoxy
acid herbicide governed by the presence of oxygen and phenoxy acids existing at the narrow
leachate plume fringe of a landfill. Anaerobic processes taking place in a leachate contaminated
alluvial aquifer was studied near Norman Landfill, Oklahama (USA), along the flow path of
aquifer. The center of the leachate plume was characterized by high alkalinity and elevated
concentrations of total dissolved organic carbon, reduced iron, methane, and negligible oxygen,
nitrate, and sulfate concentrations. Occurrence of anaerobic methane oxidation inside the plume
was suggested by values of methane concentrations and stable carbon isotope (δ13C). Methane
δ13C values increased from about −54‰ near the source to >−10‰ down gradient and at the
plume margins. Oxidation rates ranged from 18 to 230 μM per year while first-order rate
constants ranged from 0.06 to 0.23 per year. Hydro-chemical data suggested a sulfate reducermethanogen consortium mediating this methane oxidation. So natural attenuation of organics
through anaerobic methane oxidation was found to be an important process in the plume
(Grossman et al., 2002)
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3.1.3 Biological contaminants
Survival of micro-organisms in groundwater, septic tank and leachate plumes have been
investigated by few researchers (Crane and Moore, 1984; Grisey et al., 2010; Sinton, 1982;
Tuxen et al., 2006). Grisey et al. (2010) monitored total coliforms, Escherichia coli, Enterococci,
Pseudomonas aeruginosa, Salmonella and Staphylococcus aureus for 15 months in groundwater
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and leachate beneath the Etueffont landfill (France). They coupled the microbiological tests to
tracer tests to identify the source of contamination. Groundwater was found to have high levels
of faecal bacteria (20,000 CFU 100 mL− 1 for total coliforms, 15,199 CFU 100 mL− 1 for E. coli
and 3290 CFU 100 mL− 1 for Enterococci). Bacterial density was lower in leachates than in
groundwater, except for P. aeruginosa which seemed to adapt favourably in leachate
environment. Tracer tests indicated that bacteria originated from the septic tank of the transfer
station and part of these bacteria transited through waste. Microcosm experiments were used to
measure the fringe degradation of phenoxy acid herbicide across a landfill leachate plume by
microbial activity in lab scale experiments. High spacial resolution sampling at 5 cm interval was
found to be necessary for proper identification of narrow reaction zones at the plume fringes
because samples from long screens or microcosm experiments under averaged redox conditions
would yield erroneous results. The samples were collected by a hollow stem auger drilled down
to the desired level of the cores. The collected cores were sealed with aluminium foil and plastic
stoppers to maintain the redox conditions and stored at 10 °C to be used within 4 days. These
were divided into smaller parts for the microcosm experiments, pore-water extraction, and
sediment analyses, determination of MPN, solid organic matter (TOC), and grain size
distribution. A multi-level sampler installed beside the cores measured the plume position and
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oxygen concentration in the groundwater. Microcosm experiments were performed in 50 mL
sterilized infusion glass bottles, each containing aquifer material from the sediment samples. In
each microcosm, the oxygen concentration was individually controlled to mimic the conditions
at their corresponding depths. The number of phenoxy acid degraders was enumerated by a most
probable number (MPN) method. The results illustrated the importance of fringe degradation
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processes in contaminant plumes (Tuxen et al., 2006).

3.2 Monitoring of plume generation and migration: techniques &
methodology
The leachate plume migration have been monitored by using a broad range of techniques and
methods, such as, hydro-geological techniques, electromagnetic techniques, electrical resistivity
and conductivity testing, ground penetrating radars, radioactive tracing systems and microcosm
experiments. Historically, investigations by conventional sampling or electromagnetic methods
were applied only at sites suspected of contamination. However, early detection and monitoring
of leachate plume migration into subsurface is essential for preventing further contamination.
Whatever be the technology, the monitoring wells and their placement is a matter of common
interest, except for electromagnetic techniques. Usually, monitoring wells are constructed at
different depths in and around the landfill site, mostly in the down-gradient of groundwater flow
and the probes and sampling devices are lowered into these wells for measuring various
parameters. This positioning of monitoring wells and a cross section of such a well is shown in
Figure 3. USEPA (2004), in one of its reports, discussed several technologies for detecting the
contaminant leaks in the vadose zone such as advanced tensiometers, cable network sensors,
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capacitance sensors, diffusion hoses, electrochemical wire cables, electrode grids, intrinsic fibre
optics sensors, lysimeters, neutron probes, portable electrical systems, time domain reflectometry
detection cables and wire net designs (USEPA, 2004). Therefore, most of these technologies is
not discussed in this review and the interested readers are advised to access the referred
document. Table 3 gives an overview of the plume monitoring techniques discussed in this
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section.
3.2.1 Hydro-geological techniques for groundwater sampling for geo-chemical analysis
The hydro-geological sampling devices had been most frequently used for the past few decades
to collect groundwater samples around leachate plumes to measure and map the plume migration
(Cherry et al., 1983; Chofqi et al., 2004; Christensen et al., 1996; Kjeldsen, 1993; Nicholson et
al., 1983). Cherry et al (1983) used six types of devices for groundwater monitoring to detect
migration of the plume of contamination in the unconfined sandy aquifer at the Borden landfill.
The monitoring devices included (i) standpipe piezometers, (ii) water-table standpipes, (iii) an
auger-head sampler, (iv) suction-type multilevel point-samplers, (v) positive-displacement-type
multilevel point-samplers, and (vi) bundle-piezometers. The last four devices can provide
vertical sample profiles of groundwater from a single borehole. Standpipe piezometers,
multilevel point-samplers and bundle-piezometers were also used by MacFarlane et al. (1983)
for measuring the distribution of chloride, sulfate, electrical conductance, temperature, hydraulic
conductivity, density and viscosity of the leachate & groundwater. The auger-head sampler
yields samples from relatively undisturbed aquifer zones providing a rapid means of acquiring
water-quality profiles for mapping the distribution of a contaminant plume. A suction-type
multilevel sampler consists of twenty or more narrow polyethylene or polypropylene tubes
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contained in a polyvinyl chloride (PVC) casing capped at the bottom. Each tube extends to a
different depth and is attached to a small-screened sampling point that extends through the
casing to draw water from the aquifer of depth of 8 or 9 m when suction is applied. A positivedisplacement multilevel sampler can be used for deeper aquifers since each sampling point is
connected to a positive-displacement pumping device. A bundle-piezometer consists of flexible
polyethylene tubes, fastened as a bundle around a semi-rigid centre-piezometer. In shallow
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water-table areas water is withdrawn from each of the tubes and from the PVC piezometer by
suction. In areas with a deep water table, samples are obtained by bailing with a narrow tube
with a check valve on the bottom or by displacement using a double- or triple-tube gas-drive
sampler. Coupling the positive-displacement multilevel sampler or the gas-drive samplers with
the bundle-piezometers is an excellent option for collecting samples that can be filtered and have
preservatives added without the water being exposed to oxygen. The multilevel samplers and
bundle-piezometer can be installed to establish permanent networks for groundwater-quality
monitoring by means of hollow-stem augers in which eight or more polyethylene tubes are
included conveniently in each bundle-piezometer (Cherry et al., 1983).
3.2.2 Use of stable isotopes to monitor landfill leachate impact on surface waters
The uniqueness of isotopic characteristics of municipal landfill leachate and gases (carbon
dioxide and methane) is utilized for monitoring leachate plume migration in groundwater. Few
researchers (Hackley et al., 1996; North et al., 2006; Rank et al., 1995; Walsh et al., 1993)
examined the application of stable isotopes δ13C–DIC, δD–H2O, and δ18O–H2O measurements of
groundwater from landfill monitoring wells to detect leachate infiltration. The δ13C of the CO2 in
landfills is up to +20 ‰ enriched in 13C. The δ13C and δD values of the methane fall within a
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range of values representative of microbial methane produced primarily by the acetatefermentation process. The δD of landfill leachate is strongly enriched in deuterium, by
approximately 30 ‰ to 60 ‰ relative to local average precipitation values due to the extensive
production of microbial methane within the limited reservoir of a landfill (Hackley et al., 1996).
So monitoring of these isotopic characteristics of leachate provides some insight into its
migration. The biologically mediated methanogenic processes associated with refuse
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decomposition resulted in isotopic enrichment of carbon (δ13C) in dissolved inorganic carbon
(DIC) and of hydrogen (δD) and oxygen (δ18O) isotopes of water in landfill leachate (Grossman
et al., 2002). δ13C–DIC was also used to investigate the seepage of leachate-contaminated
groundwater into stream water (Atekwana and Krishnamurthy, 2004). Carbon isotopes can also
be used for monitoring biological activity in the aquifers (Grossman, 2002). North et al. (2006)
measured δD–H2O using a dual inlet VG SIRA12 mass spectrometer after reduction to H2 with
chromium. The δ13C of DIC was measured on CO2 liberated from the sample with 103%
phosphoric acid using a Thermo Finnigan Gas Bench and Delta Plus Advantage mass
spectrometer. The use of compound-specific isotope analysis may also help clarify sources of
contaminants in surface waters, although applications of this technique to landfill leachate are
still being developed (Mohammadzadeh et al., 2005). Vilomet et al. (2001) used strontium
isotopic ratio to detect groundwater pollution by leachate. Natural groundwater and landfill
leachate contamination are characterized by different strontium isotopic ratios (87Sr/86Sr) of
0.708175 and 0.708457 respectively. Piezometers were used for sampling of groundwater and
The mixing ratios obtained with strontium in groundwater revealed a second source of
groundwater contamination such as fertilizers having 87Sr/86Sr of 0.707859. Pb isotopic ratios
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(206Pb/207Pb) (Vilomet et al., 2003) and Tritium isotopes (Castañeda et al., 2012) were also used
for the same purpose.
Heaton et al. (2005) determined the changes in N speciation and defined redox conditions in a
leachate plume by using the data for isotope ratios (15N/14N, 13C/12C and 34S/32S) and dissolved
gas (N2, Ar, O2 and CH4) concentrations. Groundwater was sampled in and around a landfill site
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in Cambridgeshire, England. They analysed the dissolved gases for determining these isotopic
ratios. The CO2 gas was collected by using cryogenic trap cooled with dry ice and liquid N2 and
was analysed for 13C/12C ratios. The other gases such as N2, O2, Ar and CH4, were collected on
activated charcoal cooled in liquid N2. Gas yield and their proportions were measured by
capacitance manometer and mass spectrometry respectively. 15N/14N, 13C/12C and 34S/32S ratios
were determined in VG SIRA, VG Optima, and Finnigan Delta isotope ratio mass spectrometers.
In addition to identifying zones of methanogenesis and SO4= reduction, the analysis of the data
indicated processes of NH4+ transformation by either assimilation or oxidation, and losses by
formation of N2 i.e. nitrification & denitrification in a system where there are abrupt temporal
and spatial changes in redox conditions (Heaton et al., 2005). Bacterially mediated
methanogenesis in municipal solid waste landfills cause an enrichment of carbon stable isotope
ratios of dissolved inorganic carbon and hydrogen stable isotope ratios of water in landfill
leachat
.
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3.2.3 Electromagnetic methods
Over the past couple of decades, electromagnetic methods including the resistivity cone
penetration test (RCPT), geophysical exploration such as ground penetrating radar (GPR) and
time domain reflectometry (TDR) have been proposed and developed as potential alternatives to
conventional methods of on-site sampling and laboratory analysis (Atekwana et al., 2000; Börner

Downloaded by [The Library at Queens] at 02:58 28 May 2014

et al., 1993; Campanella and Weemees, 1990; Francisca and Glatstein, 2010; Fukue et al., 2001;
Lindsay et al., 2002; Oh et al., 2008; Pettersson and Nobes, 2003; Redman, 2009; Samouëlian et
al., 2005). GPR is one of the most widely used techniques and will be discussed here in brief.

The antenna of GPR transmits and receives high-frequency electromagnetic energy and its
reflections into the subsurface. The transmitted energy reflects at a boundary with sufficient
contrast in dielectric permittivity and the amplitude of such reflection depends on the size of
change in dielectric permittivity across the boundary and proximity of the boundary to the
surface (Figure 4a). The resulting data are presented as a plot, or trace, of amplitude versus twoway travel-time (TWT), so that a reflection from a boundary is located on the trace at the time
taken for the energy to travel to the boundary and back again (Figure 4b) (Redman, 2009).
Pettersson and Nobes (2003) used a Sensors and Software pulse EKKO™ 100 radar unit with
200-MHz antennas for the GPR surveying of contaminated ground at Antarctic research bases.
Readings were taken at 20-cm intervals along straight lines with a time window of 300 ns, and
traces were stacked 16 times to enhance the signal-to-noise ratio. Atekwana et al. (2000)
conducted GPR surveys at the Crystal Refinery located in Carson City, MI constructed in the
1930s releasing hydrocarbons into the subsurface from tanks and pipeline leeks using
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Geophysical Survey Systems, (GSSI) SIR-10A equipment with a 300 MHz bistatic antenna. A
three-scan moving average filter was applied to the data resulting in slight horizontal smoothing.
The GPR study identified three distinct layers; (i) regions of low apparent resistivity, coinciding
with attenuated GPR reflections, (ii) a central region of high apparent resistivity/Low
conductivities with bright GPR reflections below the water table and (iii) an upper GPR reflector
subparallel to the water table, approximately a few meters above the current free product level
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and coincident with the top of an oil-stained, light-gray sand layer (Atekwana et al., 2000).

Splajt et al. (2003) investigated the utility of GPR and reflectance spectroscopy for monitoring
landfill sites and found strong correlations between red edge inflection position, chlorophyll and
heavy metal concentrations in grassland plant species affected by leachate contaminated soil.
Reflectance spectroscopy by using spectroradiometer containing contiguous bands at sufficient
spectral resolution over the critical wave range measuring chlorophyll absorption and the red
edge (between 650 and 750 nm) was found to identify vegetation affected by leachatecontaminated soil. The GPR data identified points of leachate breakout. An integrated approach
using these techniques, combined with field and borehole sampling and contaminant migration
modeling may offer cost-effective monitoring of leachate plume migration. Hermozilha et al.
(2010) combined 3D GPR and 2D resistivity over a heterogeneous media for obtaining
information on landfill structure. They complemented 3D GPR profiling with a constant offset
geometry with 2D resistivity imaging using GPS location techniques to overcome lateral
resistivity variations arising from complexity and heterogeneity of landfill. The 3D GPR was
performed by PulseEcho IV GPR system, using unshielded 100 MHz antennas in 1999 and then
by a Ramac system with a 100 MHz shielded antenna in 2005. ReflexW software was used for
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the GPR data treatment. Boudreault et al. (2010) obtained GPR profiles with a Ramac CU II
system from Mala Geoscience (Mala, Sweden) using 100 MHz center frequency antenna having
a vertical resolution of approximately 33 cm and an actual center frequency of 75 MHz. The
transmitter and receiver antennae were spaced 1 m using a rigid frame in broadside common
offset mode. Data were processed using the REFLEX software from Sandmeier Scientific
Software (Karlsruhe, Germany). No gain was given to the signal in order to compare wave
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amplitude between the reflectivity profiles. The two-way travel time was converted to depth
using an average wave velocity of 0.1 m ns-1 as determined from the wave diffraction patterns
observed in the radar images.
3.2.4 Electrical methods
Geophysical investigation techniques involving electrical conductivity measurements are the
most widely researched of all methods due to easy installation with relatively inexpensive
electrical components. The landfill leachate plumes usually possess elevated ionic load and
enhanced electrical conductivity. So, an aquifer system containing groundwater with a naturally
low electrical conductivity, when contaminated with a leachate plume, will result in a bulk
electrical conductivity anomaly that is readily detectable using both surface, borehole or crossborehole electrical resistivity imaging methods (Acworth and Jorstad, 2006).
3.2.4.1 Electrical resistivity and very low frequency electromagnetic induction (VLF-EM)
Benson et al. (1997) conducted electrical resistivity and very low-frequency electromagnetic
induction (VLF-EM) surveys at a site of shallow hydrocarbon contamination in Utah County,
USA. Water chemistry was analyzed through previously installed monitoring wells to enhance
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the interpretation of the geophysical data. The electrical resistivity and VLF data helped map the
contaminant plume by generating the vertical cross-sections and contour maps as an area of high
interpreted resistivity. Karlık and Kaya (2001) also integrated geophysical methods with soil
chemical and hydro-geological methods for investigating groundwater contamination by
leachate. They collected qualitative data from direct current (DC) resistivity geo-electrical
sounding and fast and inexpensive data from VLF-EM survey. The results of VLF-EM method
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was expected to have good correlation with those of the DC-resistivity method in which the
signature of a contaminant plume is a low resistivity zone, the depth of investigation being
approximately the same for both methods. The near-surface bodies or discontinuous areas are
more responsive towards galvanic VLF-EM method rather than inductive DC resistivity and thus
simultaneous application of these two methods can very well monitor leachate plume migration.
Al-Tarazi et al. (2008) conducted VLF-EM measurements in a landfill near Ruseifa city at
Jordan with a Geonics EM 16 unit. The transmission from the Russian station (UMS) with a
17.1 kHz and 1 MW power, was used for reliable VLF measurements. They integrated data from
previous DC resistivity study with this VLF-EM data for successfully locating shallow and deep
leachate plume with resistivity less than 20 Ωm, and mapped anomalous bodies down to 40 m
depth. He noticed sign of groundwater contamination resulting in high number of faecal coliform
bacteria and the increase in inorganic parameters such as chloride.
3.2.4.2 Electrical resistivity, cross-borehole tomography and depth-discrete groundwater
electrical conductivity
Acworth and Jorstad (2006) correlated surface resistivity data with cross-borehole tomography
data and depth-discrete groundwater electrical conductivity (Fluid EC) data measured from
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bundled piezometers, to create a continuous, high-resolution image of the distribution of the
leachate plume. Electrical imaging was done using 2 multi-core cables connected to an ABEM
LUND ES464 switching unit slaved to an ABEM SAS4000 Terameter, using the Wenner equispaced electrode configuration. Data were inverted to produce a distribution of true resistivity
using the RES2DINV software. A bundled piezometer with sample tubes at vertical spacing
varying from 0.5 to 1 m was installed to 15 m depth using hollow stem auger technique. Two 15
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m strings of 15 gold-plated electrodes in each of them at 1 m intervals were installed one on
either side of the bundled piezometer in a line approximately normal to the groundwater flow
direction and 8 m apart. The strings were then addressed with a current source attached to the top
electrode (1 m depth) in one bore and a current sink in the top electrode in the second bore.
Potential measurements were made between corresponding electrodes at similar depth in the 2
boreholes. The current electrodes were then moved down one position and the process repeated
until the base of the hole was reached. Finally, the results of the cross-borehole tomography
survey demonstrated a strong correlation with the results of the surface resistivity transects and
the groundwater chemistry profiles from the bundled piezometer (Acworth and Jorstad, 2006).
3.2.4.3 Electrode Grids
Applications of electrode grids method in landfill sites essentially rely upon the electrical
conductivity of homogeneous mixtures of soil and landfill leachate, insulating properties of the
geo-membrane liners and ionic concentration of the pore fluid (Frangos, 1997; White and
Barker, 1997). Electrode grid systems cover the entire area beneath a containment unit and can
be used to identify releases and track their migration in the subsurface (USEPA, 2004). The
whole system structurally consists of grid-net electric circuit, electrical conductivity measuring
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sensors adapting two-electrode measurement method, and measuring instruments including
connection system, source meter, and data logger. The electric circuit consists of two arrays of
parallel armored electric wires arranged orthogonally installed in a sub-layer beneath the landfill
liner using simple and durable parts made of high-grade, stainless steel alloy or non-corrosive,
liner compatible conductive HDPE, usually installed during the initial construction of the landfill
facility. One array of electric wires is installed at a specific interval in parallel while the other
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array is arranged orthogonally with a same specific interval. Each electrode of two-electrode
sensor is connected to each orthogonal wire at intersections of grid-net electric wires. Finally,
one end of each electric wire forming the grid-net should be connected by branch wires that lead
to a control box of measuring system. The first measurement of electrical conductivity should be
performed to obtain the baseline conditions of the site. Then, electrical conductivity data are
collected with specific time intervals during operation of containment facilities. The location of
contaminant release could be found by searching for deviation points in the distribution of
electrical conductivity (Oh et al., 2008).
3.2.4.4 Electrical resistivity imaging (ERI)
In this process, artificially generated electric currents are supplied to the soil and the resulting
potential difference patterns provide information on the form of subsurface heterogeneities and
their electrical properties as shown in Figure 5 (Kearey et al., 2002). The greater the electrical
contrast between the soil matrix and heterogeneity, the easier is the detection (Samouëlian et al.,
2005). Measurement of electrical resistivity usually requires four electrodes: two electrodes used
to inject the current (current electrodes), and two other electrodes used to record the resulting
potential difference (potential electrodes). Groundwater contamination can also be monitored,
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identified and mapped using an electrical resistivity device (Guérin et al., 2002; Karlık and Kaya,
2001; Samouëlian et al., 2005). Boudreault et al. (2010) performed ERI with a Terrameter SAS
4000 and an ES10-64 switch box with two multiple electrode cables from ABEM (Sundbyberg,
Sweden). Two north-south and four west-east ERI profiles were measured. The electrodes were
pushed into the fill at a regular interval of 1 m to obtain a sufficiently high resolution and a depth
of investigation of about 5 m. A dipole–dipole configuration was used to improve the horizontal
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sensitivity of the method since the typical urban fill composition has a large short-scale lateral
variability. Robust inversion (with a convergence limit fixed at 1%) of the measured data was
done using the RES2DINV software from Geotomo Software (Boudreault et al., 2010).
3.2.5 Monitoring the fate of dissolved organic matter (DOM) in landfill leachate
Persson et al. (2006) characterized DOM along a groundwater gradient to understand its
interaction with pollutants, such as molecular weight distribution and aromaticity. Groundwater
samples were collected downstream from an old municipal landfill in Vejen, Denmark through
preinstalled Teflon tubes lowered into nitrogen purged iron pipes. The mass spectrometric
analysis of the DOM was carried out on a Micromass Quattro II tandem mass spectrometer
(Manchester, UK), with an electrospray interface, used in the negative ion mode. Estimations of
molecular weight distributions were performed by electrospray ionisation mass spectrometry
(ESI-MS) and size exclusion chromatography (SEC). SEC by Waters Ultrahydrogel 250 column,
a Waters model 2690 LC-pump and a UV-detector at 254 nm was carried out to separate
molecules according to their size rather than their molecular weight. Mass spectrometric results
indicated that in the middle of the gradient, the molecular weight and aromaticity of DOM
decreased to a minimum value while polydispersity increased. However, the aromaticity
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increased to a higher value at the end of the gradient. The molecular weight distribution of DOM
in the groundwater samples as measured with SEC resulted in the same pattern as the mass
spectrometric analysis, showing decreasing molecular weight with increasing distance from the
landfill which can be seen as a process where the DOM gradually becomes more similar to
groundwater fulvic acids (Persson et al., 2006).
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Humic substances containing ionizable functional groups such as carboxylic and phenolic groups
exhibit strong affinities toward metal ions (Hernández et al., 2006; Terbouche et al., 2010).
Research on metal binding properties of DOM in the leachate from MSW landfill is lacking. Wu
et al. (2011) utilized fluorescence excitation-emission matrix (EEM) spectroscopy to characterize
the binding phenomenon of DOM with MSW leachate. EEM is a simple, sensitive, nondestructive technique providing insights into molecular structure of DOM. In combination with a
quenching method, EEM spectroscopy can elucidate the binding properties of metal ions with
DOM (Plaza et al., 2006a, b). However, due to various types of overlapping fluorophores, the
EEM spectra of in situ DOM cannot be easily identified (Henderson et al., 2009). So, a
multivariate chemometric method namely, parallel factor (PARAFAC) analysis, may be used for
decomposing fluorescence EEMs into different independent groups of fluorescent components,
which can then reduce the interference among fluorescent compounds allowing a more accurate
quantification (Engelen et al., 2009). In a recent study, nine leachate samples from various stages
in MSW management were collected and then titrated using four heavy metals (Cu, Pb, Zn and
Cd) as fluorescent quenching agents. Four components with characteristic peaks at Ex/Em of
(240, 330)/412, (250, 300, 360)/458, (230, 280)/340 and 220/432, were identified by the
DOMFluor-PARAFAC model. The results suggested that all the fluorescence EEMs could be
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successfully decomposed by PARAFAC analysis into a four-component model, despite the
dissimilar fluorescence characteristics of the nine leachate samples and the different quenching
effects of different metals at various concentrations. The combination of EEM quenching and
PARAFAC was found to be a useful indicator to assess the potential ability of heavy metal
binding and migration through landfill leachate (Wu et al., 2011).
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4

Environmental impact of landfill leachate and its assessment

Leachate is the main toxic compound released from sanitary landfill into the environment,
characterized by high concentrations of numerous toxic and carcinogenic chemicals including
heavy metals and organic matter (Halim et al., 2005). In addition to these chemical mixtures, the
leachates can be contaminated with bacteria, including aerobic, psychrophilic and mesophilic
bacteria, faecal coliforms, and spore-forming-bacteria, including Clostridium perfringens
(Matejczyk et al., 2011). It takes only a small amount of landfill leachate to contaminate large
volume of groundwater, which in turn can contaminate and affect biodiversity and enter the food
chains (Bakare et al., 2007; Garaj-Vrhovac et al., 2009). Multiple chemical exposures may also
pose a higher risk than a single substance. The genotoxic potential of leachates have been
confirmed by several researchers who reported a significant increase in frequencies of
micronuclei, DNA disturbances, sister chromosomal aberrations, chromatid exchanges and also
cut-downs of mitotic indexes in different cell types and model systems (Bakare et al., 2005;
Gajski et al., 2011; Gajski et al., 2012). Different environmental impacts by leachate are being
discussed in the following paragraphs.
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4.1

Environmental impact

4.1.1 Effects on groundwater
Several researchers (Godson and Moore, 1995; Heron et al., 1998; Kerndorff et al., 1992; Lee
and Jones-Lee, 1993; Massing, 1994; Mato, 1999; Mikac et al., 1998; Riediker et al., 2000) have
repeatedly mentioned about the environmental impact of the landfill leachate, particularly on
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groundwater quality, regardless of an ideal site selection and a monitoring network design of the
landfill. The danger of leachate infiltration in groundwater is great considering that even the best
liner and leachate collection systems will ultimately fail due to natural deterioration (Needham et
al., 2006; Ouhaldi et al., 2006a, b). In addition, the infiltration of leachate may cause the
variation of groundwater pH and Eh (Rapti-Caputo and Vaccaro, 2006), inducing a metal
dissolution from the subsoil matrix (Prechtai et al., 2008) into the groundwater, even when the
leachate itself is not highly polluted (Kumar and Alappat, 2005; Vadillo et al., 2005). The
presence of organic matter and the modification of pH and redox conditions of the aqueous phase
of the soil may extract awide number of metals, by the dissolution of several mineral species
(Barona et al., 2001; Martinez, 2000; Peters, 1999; Voegelin et al., 2003; Xiaoli et al., 2007).
Risk assessments and environmental regulations for polluted soils are therefore based on batch
extractions of metals, assuming that the results are related to the risk of metal leaching into
ground water or plant uptake (Voegelin et al., 2003). Groundwater quality monitoring systems
being the main indicator to determine the likelihood, and severity of contamination problems, is
of great importance in the overall design of a landfill.
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Van Duijvenbooden and Kooper (1981) investigated the effects of a waste disposal site on the
groundwater flow and groundwater quality in the Netherlands. Measurement of electrical
resistivity and an electromagnetic investigation revealed intrusion of a very large vertical flow
component of landfill plume in the fresh water - salt water boundary at about 40 m depth.
However, local flow patterns indicated an all-sided migration of pollutants into the aquifer (Van
Duijvenbooden and Kooper, 1981). The leachate from the Ano Liosia landfill in Greece was
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found to contain high levels of colour, conductivity, TS, COD, NH3–N, PO4–3, SO42–, Cl–, K+, Fe
and Pb. The low BOD/COD ratio (0.096–0.195), confirmed that the majority of this organic
matter was not easily biodegradable. The sites nearest to the landfill were most polluted,
indicating pollution transfer and the leachate movement through fractures or karstic cavities,
geological and hydrological characteristics of the area under study (Fatta et al., 1999). Mor et al.
(2006) measured concentration of various physico-chemical parameters including heavy metal
and microbiological parameters in groundwater and leachate samples from Gazipur landfill site
near Delhi. The groundwater was found to contain moderately high concentrations of Cl−, NO−3,
SO42−, NH4+, Phenol, Fe, Zn and COD indicating leachate percolation. Interestingly the water
contamination dropped fast with depth up to 30m and further percolation of viscous leachate
became gentler probably due to the hindrance from the solid soil matter (Mor et al., 2006).
Rapti-Caputo and Vaccaro (2006) performed hydrogeological and geochemical monitoring of
two principal aquifer systems, one unconfined, and another confined at 17m depth, below the
landfill of Sant'Agostino in Italy. In the shallower unconfined aquifer, the existence of high
concentration values of K, Na, Cl- and SO42- and heavy metals such as Cr, Ni, Co, Mo and Sr
were found along the flow direction. pH values between 7.16 and 7.9 and redox potential
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between −17 and −35 mV indicated the occurrence of basic water in a reducing environment
favouring the adsorption of ionic substances in soil. The deeper confined aquifer had higher
concentrations of NH4+, Cl-, Pb, Cu and Zn than that in the regional aquifer indicating local
diffusion from leachate (Rapti-Caputo and Vaccaro, 2006).
4.1.2 Reduction of soil permeability and modification of soil
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Field observations, such as the ponding of leachate at landfills (Nelson, 1995) suggest that some
of the unlined landfills underwent significant reductions in hydraulic conductivity. Other
laboratory and field observations also show that soils can undergo significant reduction in
hydraulic conductivity during leachate permeation (Cartwright et al., 1977; Yanful et al., 1988),
even leading to clogging of leachate collection systems (Brune et al., 1994; Rowe et al., 1997).
Reductions in the soils’ hydraulic conductivity have been linked to the formation of
continuous biofilms (Rowe et al., 1997; Taylor and Jaffé, 1990) or presence of discontinuous
microbial aggregates in soil pores (Vandevivere and Baveye, 1992), metal precipitation (Rowe et
al., 1997), and gas production by denitrifiers and methanogens (deLozada et al., 1994; Islam and
Singhal, 2004; Taylor and Jaffé, 1990). However, the relative significance of these mechanisms
in controlling the extent of clogging and the dynamics of microbial-metal precipitation
interactions is not yet properly researched.
Continuous flow experiments were conducted by Islam and Singhal (2004) using sand-packed
columns for investigating the relative significance of bacterial growth, metal precipitation, and
anaerobic gas formation on biologically induced clogging of soils. Natural leachate from a local
municipal landfill was amended with acetic acid and then was fed to two sand-packed columns.
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Based on observed transformations the following microbial reactions are assumed to occur in the
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columns in presence of acetic acid:
Manganese reduction: CH3COO- + 4MnO2(s) + 7H+2HCO3- + 4Mn2+ + 4H2O

(1)

Iron reduction: CH3COO- + 8 Fe(OH)3(s) + 15H+ 2 HCO3-+ 8Fe2+ + 20 H2O

(2)

Sulfate reduction:

CH3COO- + SO42- 2 HCO3- + HS-

(3)

Methanogenesis:

CH3COO- + H2O HCO3- + CH4

(4)

Changes in the observed concentrations of dissolved acetic acid, sulfate, Fe(II), and Mn(II) with
time suggest that methanogenesis and the reduction of manganese, iron, and sulfate occur
simultaneously. Several physical, geochemical, and biological interactions were observed during
leachate transport in soils resulting in a reduction of its permeability. An increase in the substrate
concentration resulted in rapidly increasing pH, inorganic carbon (total dissolved carbonate), and
attached biomass at the column inlet, leading to enhanced precipitation of Fe2+, Mn2+, and
Ca2+ at the column inlet thereby decreasing the hydraulic conductivity from an initial value of
8.8×10−3 to 3.6×10−5 cm s-1. However, mathematical modeling showed that bioaccumulation and
gas formation played more significant role in reducing hydraulic conductivity, while metal
precipitation had a negligible effect (Islam and Singhal, 2004). In another simulation work by the
same researchers, it was deduced that higher substrate concentrations may increase the extent of
the zone of reduced hydraulic conductivity, but may not lead to further decreasing the
conductivity. Also, finer-grained soils are likely to experience higher conductivity reductions
than larger-grained soils (Singhal and Islam, 2008).
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The percolation of landfill leachate even in absence of a high concentration of a specific
pollutant may induce a strong modification of soil chemical and physical characteristics due to
the alteration of the natural equilibrium between the aqueous phase and the soil matrix. As a
result, a huge amount of cations can be solubilised, thus inducing groundwater pollution. Di
Palma and Mecozzi (2010) performed batch and column experiments for studying metal
mobilization from a soil sampled down gradient of a municipal waste landfill in Northern Italy at
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different pH and Eh. At first, the column was washed with distilled water and then a
groundwater, sampled down-gradient in the same site, was used for column leaching. The
concentrations of Fe, Mn, and Ni were evaluated when the pH & Eh were altered. Results
indicated a greater release when acidic conditions were achieved, a positive effect in this case of
the addition of an oxidant and a great Mn mobilization when negative redox potentials were
established. The effect of the addition of oxidant or reductant solutions on soil characteristics
modification during a remediation treatment involving the percolation of an aqueous solution
was investigated. In the case of a pH lowering, the addition of an oxidant such as H2O2 proved to
be effective in decreasing metal dissolution, and could also have a positive effect on aerobic
biological degradation reactions. Conversely, the addition of a reductant, such as dithionite,
strongly enhanced Ni and, mainly, Mn mobilization, even under alkaline conditions (Di Palma
and Mecozzi, 2010).
Chen and Chynoweth (1995) calculated hydraulic conductivities of dry municipal solid waste
(MSW) samples by compacting them in plexiglas columns which were set-up as constant head
permeameters to densities of 160, 320 and 480 kg m−3. Water flowed continuously through the
columns under hydraulic gradients of 2–4·0 m m−1. Darcy's equation was used to calculate
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hydraulic conductivity which was found to be time-dependent. The temporal variation was
attributed to varying degrees of saturation due to gas formation and relative movement of fine
particles in the columns. The average hydraulic conductivities at 160, 320 and 480 kg m−3 were
found to be 9·6 × 10−2, 7·3 × 10−4 and 4·7 × 10−5 cm s−1, respectively. Francisca and Glatstein
(2010) deduced that physicochemical interactions such as changes in the double-layer thickness
and chemical precipitation of carbonates had negligible effect on the hydraulic conductivity of
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highly compacted silt–bentonite mixtures. However, bioclogging due to accumulated biomass
from bacteria and yeast significantly reduced the hydraulic conductivity and blocked up the soil
pores. The experimental data confirmed the biofilm formation .
Wu et al. (2012) measured water retention curves (WRC) of MSW using pressure plate method
representing the shallow, middle, and deep layers of the landfill and the WRC was found to be
well-reproduced by the van Genuchten–Mualem model, which was then used to predict the
unsaturated hydraulic properties of MSW, such as water retention characteristics and unsaturated
hydraulic conductivity. With the increase in the landfill depth and age, the overburden pressure,
the highly decomposed organic matter and finer pore space increased, hence the capillary
pressure increased causing increases in air-entry values, field capacity and residual water
content. Steepness of WRC and saturated water content decreased. The unsaturated hydraulic
properties of MSW showed more silt loam-like properties as the age and depth increased (Wu et
al., 2012).
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4.1.3 Effects on surface water
Yusof et al. (2009) studied the impact of landfill leachate from three different types of landfills,
namely active uncontrolled, active controlled and closed controlled, were characterized, and their
relationships on the river water chemistry. The organic contents in the closed or older landfills
were found to be lower than in the active landfill. Moreover, the higher BOD/COD (0.67) in the
active controlled landfill indicated it to be in the acetogenic phase. Conversely, the lower
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BOD/COD (0.16) shown by both the active uncontrolled and the closed controlled landfills is a
typical characteristic of the methanogenic phase of an old landfill (Calli et al., 2005; Fan et al.,
2006). The impact of leachate from an active uncontrolled landfill was the highest, as the organic
content, NH4–N, Cd and Mn levels appeared high in the river. At the same time, influences of
leachate were also observed from both types of controlled landfills in the form of
inorganic nitrogen (NH4–N, NO3–N and NO2–N) and heavy metals (Fe, Cr, Ni and Mn).
Improper treatment practice led to high levels of some contaminants in the stream near the closed
controlled landfill. Meanwhile, the active controlled landfill, which was located near the
coastline, was exposed to the risk of contamination resulting from the pyrite oxidation of the
surrounding area (Yusof et al., 2009).

4.2 Hazard assessment of landfill leachate
Numerous models and approaches ranging from deterministic water balance analyses such as
Hydrologic Evaluation of Landfill Performance (HELP) (Schroeder et al., 1994) and Flow
Investigation of Landfill Leachate (FILL) (Khanbilvardi et al., 1995) and stochastic simulation
models such as LandSim (GolderAssociates, 1996) and EPA’s Composite Model for Leachate
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Migration with Transformation Products (EPACMTP) (USEPA, 2003) to relative hazard
assessment systems for evaluating landfill hazards have been developed. Each one of these
models and approaches has some advantages and disadvantages. While deterministic and
stochastic models need large amounts of data, involve complex analytical procedures and thus
are time consuming, relative hazard assessment systems, often referred to as hazard
rating/ranking systems, suffer from the subjectivity involved in their scoring methodologies.
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However, considering their simplicity, such relative hazard assessment systems are considered to
be more suitable when only a comparative assessment as in the case of priority setting, is the
objective.
4.2.1 Relative hazard assessment systems
In order to comply with the legislations regarding the management of municipal solid waste, it is
necessary to undertake a diagnosis and characterisation of the landfill impacted areas in order to
develop an adequate action plan. However, the remedial and preventive measures cannot be
undertaken at all the existing closed and active landfill sites because of financial constraints. So,
a gradual approach is needed based on a system of prioritization of actions to establish which
landfills need immediate attention for the remediation works. In most cases, the diagnostic
methods made it possible to compare landfills on an environmental basis, but not to take
decisions about their control, closure, capping, or recovery. All of the assessments were related
to the release point, without taking into account the characteristics of their environment (Calvo,
2003).
A number of relative hazard assessment systems for waste disposal sites have been developed
over the past three decades and reported in literature (Singh et al., 2009). Usually, three hazard
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modes are used to evaluate the waste sites: 1. migration of pollutants away from the site via
groundwater, surface water, or air routes, or a combination thereof, 2. fire and explosion
potential, and 3. direct contact with hazardous substances. In most of the systems, site ranking is
based either on the combined score for various routes under migration mode or the score for the
dominant route i.e. the route returning highest score. In course of calculating site hazard, more
information is considered by a system, more accurate is the assessment and evaluation. However,
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more data signifies increased complexity, cost, time and chances of error. This reduces the
acceptability of a system among users who always want maximum output with minimum inputs.
Some parameters can be termed as simple parameters that can be determined iwthout any
complex analytical methods such as by site walkover, visual survey, local inhabitant survey,
regional maps of groundwater, soil type, geology etc. The parameters which are difficult to
collect e.g. by field drilling and sampling as well as laboratory testing are considered as complex
parameters. More number of complex parameters in a system reduces its user friendliness. Table
4 lists the number of parameters considered by different hazard rating systems. In this subsection, we will discuss mainly four significant hazard rating systems.
4.2.1.1 Leachate Pollution Index (LPI) Method
Kumar and Alappat (2005) discussed about LPI, a quantitative tool having an increasing scale
index based on Delphi technique (Dalkey, 1969), for calculating the leachate pollution data of
landfill sites. In this method, 18 leachate pollutants (e.g. pH, TDS, BOD, COD, heavy metals,
phenolic compounds, chlorides, total colifiorm) were selected for inclusion in the index and were
awarded some significance and pollution weight, that added up to 1.00 for the 18 pollutants.
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The LPI can be calculated using the equation: LPI 

n

w p

i i

(5)

i 1

Where, LPI = the weighted additive leachate pollution index, wi = the weight for the ith pollutant
variable, pi = the sub index score of the ith leachate pollutant variable, n = number of leachate
n

pollutant variables used in calculating LPI and

w

i

 1 . However, when the data for all the

i 1
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leachate pollutant variables included in LPI are not available, the LPI can be calculated using the
concentration of the available leachate pollutants. In that case, the LPI can be calculated by the
equation:

 wp
 w
m

LPI 

i 1
m

i 1

i i

(6)

i

where m is the number of leachate pollutant parameters for which data is available.
The procedure for calculating LPI for a given landfill site at a given time involves the following
three steps: Firstly, testing of the 18 leachate pollutants, secondly, calculating sub-index values
(p) based on the concentration of the leachate pollutants obtained during the tests and lastly,
aggregation of sub-index values obtained for all the parameters by multiplying it with the
respective weights assigned to each parameter. For the last step, the above two equations are
used depending upon the situation. High value of LPI indicates higher contamination potential
(Kumar and Alappat, 2005).
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4.2.1.2 Global Environment–Landfill Interaction Index or Impact Index (E–LI)

Calvo et al. (2005) studied a new methodology for environmental diagnosis of landfill sites. This
methodology was based on the formulation of a general index called Global Environment–
Landfill Interaction Index or Impact Index (E–LI). In order to calculate this index, some aspects
in each landfill have to be analysed viz, environmental interaction between the release point and
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certain affected environmental parameters, environmental values of the surface water,
groundwater, atmosphere, soil and health and operational conditions of the landfill from the
point of view of environment. The rate expression is as follows:
E–LI = ∑E–LIi = ∑(ERIi×EWCi) =
(ERIgroundwater×EWCgroundwater)+(ERIsurfacewater×EWCsurfacewater)+(ERIatmosphere×EWCatmosphere)+(ERIs
oil×EWCsoil)+(ERIhealth×EWChealth)

(7)

where
E–LI = Global Environment–Landfill Interaction Index or Impact Index
E–LIi = the Environmental–Landfill Interaction Index for parameter i
i = the parameters: groundwater, surface water, atmosphere, soil, and health
EWCi = the Environmental Weighting Coefficient
ERIi = the Environmental Risk Index for the Environmental Effect of parameter i
Ranges of scores are obtained for E–LI to classify the overall environmental impact of landfills
as low (0-35), average (31-70) and high (71-105). The ERI aims to gauge the potential for
environmental impact for each observed parameter, reflecting whether or not interaction exists
between the processes in the release point and the characteristics of the environment.
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The E–LI determines the state of potential landfill impact on the landfill’s own environment.
Focusing on the study of each landfill individually, the ERI enables us to determine which
parameters are most affected by the landfill, making it easier to prioritize suitable control actions.
Analysis of index results provides information about the suitability of the release-point locations
on the basis of which, it would be possible to draw up action plans for the remediation or closure
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of the landfill site (Calvo et al., 2005).
4.2.1.3 Hazard rating system by Singh et al. (2009)
Singh et al. (2009) assessed existing site hazard rating systems and came up with a new
groundwater contamination hazard rating system for landfills. The proposed system was based
on source-pathway-receptor relationships and evaluated different sites relative to one another by
the Delphi technique (Dalkey, 1969). The proposed system is more sensitive to the type of waste
and exhibited greater sensitivity to varied site conditions. In this system, 15 parameters are
studied as depicted in Figure 6. Each of them is assigned a best and worst value. The overall
groundwater contamination hazard rating of a waste disposal site was obtained by the following
relationship:
(8)

HR,GW = (HS X HP X HR) / SF X 1000

where Hs, Hp and HR were the source hazard rating, pathway hazard rating and receptor hazard
rating, respectively; and SF is a scaling factor (equal to 1,000,000). The scaling factor is equal to
the product of the source, pathway, and receptor hazard ratings of a waste disposal site having all
its parameters at the worst values. The overall hazard score obtained from the Equation 8 is
limited to a maximum of 1000 for MSW landfills, 5000 for HW landfills, and 200 for C&D
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waste landfills. The application of different systems to six old municipal solid waste landfills
showed that whereas the existing systems produced clustered scores, the proposed system
produced significantly differing scores for all the six landfills improving decision making in site
ranking (Singh et al., 2009).
4.2.1.4

Assessment of Toxicity Index
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Baderna et al. (2011) also proposed an integrated strategy to evaluate the toxicity of the leachate
using chemical analyses, risk assessment guidelines and in vitro assays using the hepatoma
HepG2 cells as a model. Human risk assessment was done based on chronic daily intake (CDI
(mg kg-1 day)) for each compound, which was calculated using the formula:
CDI = [(Cwater x WI x ED x EF) / (BW x AT)]

(9)

where Cwater=pollutant’s concentration in water; WI=water intake=2 L day-1; ED=exposure
duration=30 years; EF=exposure frequency=350 days year-1; BW=body weight of the
target=70 kg (adult); AT=exposure average time: 30 years for non-carcinogenic compounds, 70
years (lifetime) for carcinogenic compounds.
The hazard index (HI) was calculated for each compound in order to estimate possible toxic
effects on humans due to the ingestion of leachate-contaminated water, using the formula:
(10)

HI=CDI/RfD

where HI is the hazard index, CDI the calculated chronic daily intake, RfD the reference dose for
the selected compounds (mg kg-1 day). The RfD is a numerical estimate of a daily oral exposure
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to the human population, including sensitive subgroups such as children, that is not likely to
cause harmful effects during a lifetime (USEPA, 2006).
The assessment of carcinogenic effects was calculated using the cancer risk equation:
(11)

CR = CDI×SF
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where CR is the cancer risk, SF the slope factors (kg day mg−1): an upper-bound estimate of risk
per increment of dose that can be used to estimate risk probabilities for different exposure levels
(USEPA, 2005).
The ecological risk assessment was based on the dilution scenario used for human risk
assessment. For risk analysis we used traditional risk procedures focused on the Hazard Quotient
defined as follows:
(12)

HQ=PEC/PNEC

where PEC is the predicted environmental concentration (resulting from chemical analysis) and
PNEC the predicted no-effect concentration. The evidences from in vitro studies on HepG2
suggested that leachate inhibited cell proliferation at low doses probably inducing a reversible
cell-cycle arrest that becomes irreversible at high doses. This study confirmed the hypothesis that
cells that survive the initial insult from leachate constituents maintains the potential to proliferate
until the effects on cell metabolism lead to death (Baderna et al., 2011).
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4.2.2 Deterministic and stochastic models for monitoring environmental impact of landfill
leachate
Mathematical models are powerful predictive tools to address issues related to landfill leachate
management. However, inadequate and wrong field data and insufficient understanding of the
complex physico-chemical and biochemical reactions going on in the landfill limit the predictive
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capabilities of these mathematical models. So, these models are advised to use for an educated
guesswork and to evaluate the relative importance of selected variables for management purpose.
Numerous mathematical models have been developed since 1980s to simulate the generation and
transport of leachate in landfills (El-Fadel et al., 1996, 1997; Suk et al., 2000). A detailed review
on pre-1995 models was done by El-Fadel et al. (1997). However, these models have their own
disadvantages as a whole (Scott et al., 2005).
4.2.2.1 Assessing the reduction in hydraulic conductivity
Islam and Singhal (2004) came up with a simple mathematical model to assess the total
reduction in hydraulic conductivity in a landfill. It was expressed in terms of the fractional
reduction due to biomass accumulation, metal precipitation, and gas formation, as follows:
Total reduction = 1 - k(t)/k0 = 1 - (1 - (f(x) + g(m)))(1 - h(g))

(13)

where, f(x), g(m), and h(g) are functions for fractional reduction in hydraulic conductivity due to
bioaccumulation, metal precipitation, and gas formation, respectively, k0 is the initial soil
permeability (L2), and k(t) is the soil permeability at time t. The term (1−(f(x)+g(m))) represents
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the fraction of the initial intrinsic permeability remaining, and (1−h(g)) acts similarly to the
relative permeability function in representing the effect of gas flow on soil permeability.
The impact of biomass accumulation on the permeability was described using a simple
permeability reduction model proposed by Clement et al. (1996), as follows
(14)

f(x) = 1 - (1 - ns/n0)19/6
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where ns (=Xsρk/ρs) is the volume fraction of the soil-attached biomass (L3 biomass L3

total), n0 is the initial soil porosity, Xs is the microbial mass per unit mass of aquifer solids (M

M-1), ρkis the bulk density of aquifer solids (M L-3), and ρs is the biomass density (M L-3). The
biomass density was estimated as 70 mg-volatile solids cm-1 (Cooke et al., 1999). Assuming that
approximately 50% of the cellular carbon is protein the biomass density is estimated as 35 mgprotein cm-3. The study suggested that stimulation of anaerobic activity at the base of landfills
might lead to creation of impermeable barriers and pore clogging of leachate collection systems
(Islam and Singhal, 2004).
Yıldız et al. (2004) developed a mathematical model to simulate landfill leachate behavior and
its distribution throughout the landfill, taking into consideration the hydraulic characteristics of
waste and composition of leachate. The model incorporated governing equations describing
processes taking place during the stabilization of wastes, including leachate flow, dissolution,
acidogenesis and methanogenesis. To model the hydraulic property changes occurring during the
development stage of the landfills, a conceptual modeling approach was proposed. This approach
considered the landfill to consist of columns of cells having several layers. Each layer was
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assumed to be a completely mixed reactor containing uniformly distributed solid waste,
moisture, gases and micro-organisms.
4.2.2.2 Assessment of degradation products of landfill leachate components
Butt et al. (2008) reviewed the advantages and shortcomings of various risk assessment
techniques related to landfill leachate contamination. Also, Butt and Oduyemi (2003) briefly
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outlined a holistic procedure for the concentration assessment of the contaminants and a
computer model for the risk assessment of landfill leachate (Butt et al., 2008; Butt and Oduyemi,
2003). Reinhart et al. (1991) used a mathematical mass transport model, the Vadose Zone
Interactive Processes model to describe the fate of organic compounds in sanitary landfills. The
model was used to solve a convective-dispersive equation incorporating the transport and
transformation processes of dispersion, advection, chemical and biological transformation, and
sorption in unsaturated porous media. The model was optimized using input data from laboratory
column operations and the physical/chemical phenomena from the field and it predicted low
mobility of hydrophobic compounds and high mobility of more hydrophilic compounds in the
landfill. Gau and Chow (1998) investigated the characteristics of landfills using different kinds
of waste combinations. COD concentrations of leachate from semiaerobic and anaerobic landfills
were processed by using a numerical method to get a simulation model for the estimation of
variations in the organic pollutants in the leachate. The degradation of the leachate quality was
approximately similar for both types of landfills .
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4.2.2.3 Mathematical simulation and long-term monitoring of leachate components
Ozkaya et al. (2006) simulated the refuse age and leachate components spread out using a
mathematical formula in cells with and without leachate recirculation (C1 & C2 respectively).
The leachate from Odayeri Sanitary Landfill, Istanbul, Turkey was monitored for 920 days by for
the sulfate (SO42−), chloride (Cl−), COD and BOD. The relationship between these parameters
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and refuse age was simulated by a non-linear exponential function:
(15)

y=a0+a1e-t+a2te-t

where a0, a1 and a2 are unknown constants of the function, the a0 constant is residual
concentration and y is pollutant concentration at time t as g L-1 and t is refuse age as months.
This model could predict reaching rate to the peak value of pollutant concentration to ensure
optimization of leachate treatment. Constants in the non-linear equation were solved by the least
squares method, minimizing the total square deviations from the model of the experimental data,
using a MATLAB 7.0 computer program. A good fit was obtained between the measured data
and model simulations. The results showed that there appeared to be little improvement in
leachate quality by leachate recirculation in terms of COD and BOD values, however, it was
determined that the pollution loads more rapidly reached minimum values within the C2 test cell
(Ozkaya et al., 2006)
4.2.2.4 Reliability assessment of groundwater monitoring networks at landfill sites
Monitoring well networks at the landfill sites can be used for detecting leakage plumes. Yenigül
et al. assessed the reliability of groundwater monitoring systems at landfill sites through a
hypothetical problem where the detection probability of several monitoring systems was
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compared by a simulation-based model. A Monte–Carlo approach was used to simulate a large
number of contaminant plumes resulting from the failure of the landfill. A single Monte–Carlo
realization consists of the following five steps, namely, (i) Generation of a realization of a
random hydraulic conductivity field, (ii) Solution of the steady state groundwater flow model to
determine the velocity field, (iii) Generation of a random leak location, (iv) Solution of the
random walk transport model to determine the concentration field of the contaminant plume until
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it reaches the compliance boundary, (v) Check whether the concentration value at a given
monitoring well location exceeds a given threshold concentration (detection limit), to determine
whether a plume is detected or not detected by the monitoring system.
The movement of contaminants in the subsurface was represented by the advection–dispersion
equation (Bear, 1972). The contaminant was assumed to be conservative and to have no
interaction with the solid matrix. The two-dimensional advection–dispersion equation for this
case can be written as:
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where C is the concentration of the contaminant at time t at location (x,y), νx and νy and are
average groundwater flow velocity components in the x and y-directions, respectively, and Dxx,
Dxy, Dyx, Dyy are the components of the hydrodynamic dispersion tensor (Bear, 1972). The
analysis revealed the lateral dispersivity of the medium as one of the most significant factor
affecting the efficiency of the systems, since it is the primary parameter controlling the size of
the plume. It was also concluded that the reliability of the common practice of three down-
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gradient monitoring wells is inadequate for prevention of groundwater contamination due to
landfills (Yenigül et al., 2005).
4.2.2.5 Computer aided modeling for risk assessment
Hazards can be quantified, simulated and accurate risk analysis can be undertaken by using
computational methods and modelling precise systems, leading to a more effective risk
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management. Butt et al. (2008) discussed about some techniques used in landfill risk assessment.
Some computer models and software programme have been described in the Table 5 and their
shortcomings have been pointed out.

5

Recent technological developments for landfill leachate treatment and
remediation

The knowledge of the impact of landfill leachate on the environment has forced authorities to
apply more and more stringent standards for pollution control. In addition, the ever increasing
toxic load in MSW has caused the leachate generated in landfills to become more varied and
complex in composition and thus difficult to treat. For many years, simple biological and
physico-chemical treatments such as aerated lagoons, simple aerobic and anaerobic digesters,
advanced oxidation treatments using ozone or Fenton reagents, adsorption using GAC or PAC,
chemical and electrical coagulation etc., were considered sufficient for treatment and
management of highly concentrated effluents such as landfill leachates. However, it was found
that the simple treatments were insufficient to meet the present stricter effluent disposal
standards targeted towards complete reduction of the negative impact of landfill leachate on the
environment. This implies that new treatment alternatives must be developed. Therefore, in the
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last two decades, a host of new technologies based on membrane filtration, electrochemical
oxidation and combination of different reagents or technologies have been developed as viable
treatment alternative. It was found that integration of age old technologies with advanced
treatment processes yielded excellent treatment efficiency in terms of COD, NH4-N, heavy
metals, TOC, DOM etc., removal (Kjeldsen et al., 2002).
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Treatment techniques vary depending on the age of the leachate and on the leachate disposal
standards set by the local authorities (Castrillón et al., 2010; Ozturk et al., 2003; Renou et al.,
2008a). Reasonable treatment efficiency can be achieved by using biological treatments for the
removal of COD, NH3-N and heavy metals in case of young leachates. However, for treating old
stabilized leachate having low biodegradability, physico-chemical treatments have been found to
be suitable as a refining step for biologically treated leachate. Integrated chemical–physical–
biological processes, in any order, negates the drawbacks of individual processes contributing to
a higher efficacy of the overall treatment (Bohdziewicz et al., 2001; Lin and Chang, 2000).
Due to the climatic conditions and a combination of various physical, chemical and biological
processes occurring in the landfill, the leachate composition can fluctuate over both short and
long periods of time. According to Scott et al. (2005) the variation is particularly pronounced in
an active landfill. Therefore the leachate treatment system must be flexible enough to produce
the same quality effluent despite all the variations (Kochany and Lipczynska-Kochany, 2009). In
spite of different views on the leachate treatment, many experts agree that on-site treatment
facilities are more suitable both in terms of cost and in terms of efficiency.
Many good reviews on leachate treatment technologies have been published over the years
(Alvarez-Vazquez et al., 2004; Deng and Englehardt, 2006; Foo and Hameed, 2009; Kim and
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Owens, 2010; Kurniawan et al., 2006b; Laner et al., 2012; Renou et al., 2008a; Wiszniowski et
al., 2006). So, this section concentrates only on the recent developments in this area post 2005.
Different leachate treatment techniques have been classified as illustrated in Figure 7.

5.1 Application of natural attenuation for leachate remediation
According to USEPA (1999), the amalgamation of different physical, chemical and biological
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processes occurring in nature, which can efficiently reduce concentration, toxicity, and/or
mobility of contaminants can be defined as natural attenuation. The application of constructed
wetlands (CW) for natural treatment of leachate has been practised for many years in different
countries with varying degrees of success (Pendleton et al., 2005; Vrhovˇsek et al., 2000). CWs
are mainly of two types, free surface water system and subsurface flow system depending on the
nature of wastewater flow. The treatment of wastewater in CWs involves a combination of
biological and biochemical processes (Yalcuk and Ugurlu, 2009). The wetlands provide suitable
milieu for rapid natural attenuation of organic contaminants due to the presence of large variety
of microorganisms, nutrients in the discharging groundwater and a wide range of redox
conditions in the surrounding groundwater or surface water interfaces (Lorah et al., 2009; Tobias
et al., 2001). Microbial communities present in CWs can break down the complex organic
compounds in wastewaters and with age as the microbial population increases in a CW the rate
of organic removal increases (Calli et al., 2006). Fluorescence results reveal the predominance of
bacteria in CWs, including heterotrophic and autotrophic, which are responsible for BOD5
removal (Sawaittayothin and Polprasert, 2007). However, different treatment plants support
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different bacterial populations and even within a given treatment plant significant variations in
community profile has been observed.
Phytoremediation is an attractive technology for landfill remediation and according to Kim and
Owens (2010), it can stabilize soil while simultaneously remediating landfill leachate. Figure 8
illustrates the interaction between the soil and plant systems for leachate remediation in a CW.
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Plants influence the redox potential in planted CWs by supplying oxygen to the soil in the root
rhizospheric zone. Enhanced nitrification by nitrifying bacteria takes place in this zone, thereby
reducing the NH4-N concentration in the landfill leachate (Białowiec et al., 2012b). The amount
of oxygen in the rhizosphere shows diurnal and seasonal fluctuations depending upon various
factors like photosynthesis, light intensity, stomatal aperture, and temperature (Białowiec et al.,
2012a). The plants that are commonly used in CWs are cattail (Typha latifolia L.), willowcoppice (Salix sp.), poplars, reed (Phragmites australis Trin ex Steudel), rush (Juncus effusus
L.), yellow flag (Iris pseudacorus L.), and mannagrass (Glyceria maxima) (Białowiec et al.,
2007; Duggan, 2005; Rosenqvist and Ness, 2004; Wojciechowska et al., 2009; Wojciechowska
and Obarska-Pempkowiak, 2008; Yalcuk and Ugurlu, 2009; Zalesny et al., 2008).
The HM content in leachates from old landfill sites are usually low and do not represent much
difficulty in purification procedures (Christensen et al., 2001; Kjeldsen et al., 2002; Long et al.,
2009). Different biotic and abiotic processes such as complexation, precipitation, flocculation,
adsorption, cation and anion exchange, oxidation and reduction, adsorption, microbial activity
and plant uptake are responsible for heavy metal removal in a CW (Kosopolov et al., 2004; Sinan
Bilgili et al., 2007; Ujang et al., 2005). The mobility and eco-toxicity of HMs depends on the
metal speciation and the fraction of DOM to which it is bound.
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CWs show high BOD5, TN and fecal coliforms (FC) removal efficiency of 91%, 96% and more
than 99%, respectively (Bulc, 2006; Mehmood et al., 2009; Sawaittayothin and Polprasert, 2007;
Yalcuk and Ugurlu, 2009). Examples of leachate treatment in CWs and the achieved efficiency is
tabulated in Table 6. According to Picard et al. (2005) about 98–99% of nitrogen and phosphorus
removal may be achived in a constructed wetland. Irrespective of the microorganism density and
the type of plants used, the prevailing weather conditions have significant influence on the
Downloaded by [The Library at Queens] at 02:58 28 May 2014

treatment capacity of a CW (Akratos and Tsihrintzis, 2007). There are certain drawbacks
associated with the land application of leachate as a phytoirrigant, the most important being high
nitrogen and salinity loadings. Salinity loading due to leachate irrigation can be managed, by
judiciously controlling the leachate application rate and by providing intermittent fresh water
irrigation. According to Smesrud et al. (2011) fresh water irrigation can be 30% of the total
irrigation water supplied.

5.2 Application of biological and biochemical techniques in reactors
Traditionally, landfill leachates have been treated along with sewage in sewage treatment plants.
According to Robinson and Barr (1999), combinations of different biological and physicochemical treatment methods for landfill leachate treatment, is more efficient than using any
single treatment system such as Sequential Batch Reactors (SBR), Upflow Anaerobic Sludge
Blanket Reactor (UASB), Anaerobic Digesters, and others. Leachate contains high COD and
NH4-N content and some other noxious substances such as heavy metals which are difficult to be
remediated by biological treatments alone (Uygur and Kargi, 2004; Xu et al., 2008).
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In the SBR systems, reaction and sludge settling are completed in the same reactor, sequentially
(Aziz et al., 2011b). The time dependent character of the process facilitates the alteration of SBR
operation cycles in response to variation in waste, which occurs frequently in case of landfill
leachate (Laitinen et al., 2006; Trois et al., 2010). According to Klimiuk and Kulikowska (2006),
the treatment strategy in SBRs maybe designed as follows: dump filling of wastewater into the
SBR over a relatively short period of time, elimination or reduction of aeration and mixing
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during filling stage and increasing the volumetric exchange ratio. A long sludge age allows the
growth of slow growing microorganisms in mixed culture of the activated sludge, which
eventually participate in the removal of slow biodegradable substrates. However, for SBRs
operated under aerobic conditions short hydraulic retention time is more favourable as long
hydraulic retention time can cause reduction in biomass concentration due to cell decay (Klimiuk
and Kulikowska, 2006). Many researchers found that the addition of activated carbons like PAC,
GAC and biometric fat cells increased the efficiency of SBRs by effectively removing stable
hydrophobic organic chemical species from biologically treated landfill leachate (Aziz et al.,
2011c; Kargi and Pamukoglu, 2004; Liyan et al., 2009). Neczaj et al. (2007) found that a
pretreatment of landfill leachate by sonication increased COD and nitrogen removal efficiency in
a SBR.
Di Iaconi et al. (2006) proposed an aerobic Sequencing Batch Biofilter Granular Reactor having
high organic removal efficiency of about 80% in terms of COD. Systems with granuar biomass
are known to have up to 15g L-1 biomass concentrations and conversion capacities of 6-7 kg of
COD m-3 and relatively low sludge production rates (Di Iaconi et al., 2005). This tretment
technique was further modified by addition of a pre-treatment step for nitrogen removal by
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struvite precipitation, and subsequent biological degradation by ozone which increased nitrogen
removal efficiency (Di Iaconi et al., 2011). Gálvez et al. (2012) and Gálvez et al. (2006) used
submerged biofilter under aerobic and anaerobic conditions for leachate treatment.
Anaerobic digestion is a simple and effective biotechnological process that has been used
extensively to treat organic wastes. Anaerobic processes involve the sequential breakdown of
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complex organic compounds by several effectively interacting metabolic groups of
microorganisms (Huang et al., 2003). According to Erses et al. (2008) and Mertoglu et al.
(2006), better organics, nitrogen, phosphorous and alkali metal removal is achieved under
aerobic condition as compared to anaerobic conditions . Co-digestion of sewage and leachate is
an effective leachate treatment option if the leachate is young and the sewage treatment facility
is located near the landﬁll site (Garg and Mishra, 2010). Mixing of leachate and sewage
increases the total organic carbon and causes the biogas yield to increase. The biogas yield from
the co-fermentation of sewage sludge and intermediate leachate mixture at the ratio of 20:1 is
13% higher than the biogas yield using sludge alone (Montusiewicz and Lebiocka, 2011).
Single-stage mesophilic mixed anaerobic digestion rector is extensively used for reduction of
organic sludge volume from wastewater treatment processes (Song et al., 2004). Kheradmand et
al. (2010) combined anaerobic digester under meshophilic condition with an activated sludge
unit and achieved 94% and 93% COD reduction at a loading rate of 2.25 g COD L-1d-1 and 3.37
g COD L-1d-1 respectively. The system also achieved heavy metal removal, however ammonia
was not removed by the combined system. A schematic diagram of the laboratory scale
combined anaerobic and aerobic leachate treatment system is shown in Figure 9.
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The Upflow Anaerobic Sludge Blanket (UASB) reactor has been combined with many physical
and chemical treatment techniques for obtaining higher removal efficiencies (Bohdziewicz and
Kwarciak, 2008; Marañón et al., 2006). Bohdziewicz and Kwarciak (2008) combined UASB
with RO while Marañón et al.(2006) effectively combined nitrification–denitrification treatment
with UASB reactors to obtain the desired removal standards. The moving-bed biofilm reactor
(MBBR) is an effective biological treatment process, which was developed by combining
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conventional activated sludge process and fluidized-bed reactor (Chen et al., 2008; Loukidou and
Zouboulis, 2001). Chen et al. (2008) was able to achieve 92-95% COD removal due to
methanogenesis along with 97% NH4 -N removal in an anaerobic MBBR.
Lab-scale anoxic rotating biological contactor is highly effective for the removal of nitrate from
a mature landfill leachate and is an example of biological attached growth filter technology
(Teixeira and Oliveira, 2000; Wiszniowski et al., 2006). Cortez et al. (2011) was able to achieve
almost 100% nitrate nitrogen removal efficiencies without nitrite or nitrous oxide accumulation,
however the reactor could not achieve the desired carbon removal standards. In this reactor
ammonium is partly converted to nitrite by ammonium oxidizing bacteria and subsequently the
heterotrophic denitrifying bacteria uses nitrite as the final electron acceptor and nitrogen gas is
released as shown in Equation 17 (Hellinga et al., 1999). In some instances Anammox bacteria
converts ammonium and nitrite directly to nitrogen gas as given in Equation 18 (Strous et al.,
1998; van Dongen et al., 2001).
2NO2-+ 6H+ + 6e-  N2 + 2OH- + 2H2O

(17)

NH4+ + 1.31 NO2- + 0.066HCO3- + 0.13H+  1.02N2 + 0.26NO3- + 0.0066CH2O0.5N0.15 + 2.03 H2O
(18)
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Kim et al. (2006) noted that nitrification treatment in a leachate treatment plant was severely
affected due to high free ammonia content of leachate. At high pH the free ammonia
concentration increases which inhibited nitrite oxidizing and ammonia oxidizing bacteria
especially under high NH4-N condition.
The coupling of partial nitration process with Anammox is a very economical process, however
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Anammox is not suitable for wastewater with COD and NH4-N ratio greater than one (van
Dongen et al., 2001; Xu et al., 2010). Berge et al. (2006) experimented with a completely aerobic
nitrification– denitrification bioreactor for NH4-N removal from landfill leachate and found that
nitrification- denitrification could occur simultaneously in an aerobic landfill cell, without having
two separate anoxic and aerobic cells.
Liang and Liu (2008) combined a partial nitration reactor, Anammox reactor and two
underground soil infiltration systems. The combined system was effective for leachate treatment
and worked stably over a long period of time under the experimental conditions. The
underground soil infiltration system has low construction and operation expenditure. Due to
complex interplay between hydraulic flow and purification processes of filtration, sorption,
chemical reactions, biotransformation, predation and plant uptake, significantly higher
purification can be attained by the underground soil infiltration systems (Van Cuyk et al., 2001).
Underground soil infiltration system is a promising option for advanced treatment of landfill
leachate.
Puig et al. (2011) used microbial fuel cells to treat landfill leachate containing 6033 mg L−1 of
nitrogen and a conductivity of 73,588 μS cm−1, for production of electricity. The microbial fuel
cell had an air-cathode and was run over a period of 155 days. The system was able to remove up
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to 8.5 kg m−3 d−1 of biodegradable organic matter and generated 344 mW m−3 of electrical
energy.
MSW degradation inside a landfill can be enhanced by leachate recirculation as observed by a
number of researchers who used recirculation bioreactors for the purpose of leachate treatment
(Iglesias et al., 2000; Jiang et al., 2007; Jun et al., 2007; Li et al., 2010a). Jiang et al (2007) made
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recirculation reactors by packing landfill waste in anaerobic columns, the schematic diagram of
which is as shown in Figure 10. In another experiment Li et al., (2010) used eight years old aged
refuse excavated from Shanghai Refuse Landfill for leachate treatment. In both the cases
excellent organic removal was observed as discussed in Table 7. Han et al. (2011) modified the
aged refuse biofilter by making it semi-aerobic. This new semi-aerobic aged refuse biofilter
reactor showed superior efficacy for nitrogen removal as compared to other aged refuse biofilter
systems. Sometimes the landfills are engineered to act as bioreactor landfills so as to provide a
more controlled means of reduction in greenhouse gases and methane migration (Warith, 2002).
In bioreactor landfills the stabilization and settlement process of MSW is accelerated by
optimizing the conditions for microbial degradation of MSW, this also allows for additional
MSW disposal or faster land reuse (Kelly, 2002). In both aerobic and anaerobic bioreactors,
leachate recirculation increases the moisture content, distributes nutrients and enzymes
between bacteria and the waste, causes pH buffering, dilutes inhibitory compounds, and
distributes methanogens (Bilgili et al., 2007; Sponza and Agdag, 2004). However, there are
certain disadvantages associated with leachate recirculation such as, too much leachate
recirculation can cause ponding, saturation, accumulation of ammonia nitrogen, development of
acidic conditions and/or the inhibition of methanogenesis due to the accumulation of volatile
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fatty acids (Ledakowicz and Kaczarek, 2002; Reinhart and Al-Yousfi, 1996; San and Onay,
2001; Sponza and Agdag, 2004). Hence, internal leachate characteristic in the solid waste landfill
site during recirculation needs to be done by the introduction of monitoring wells (Sormunen et
al., 2008). In bioreactor landfills clog formation during leachate recirculation can be effectively
controlled by methanogenesis of leachate prior to recirculation (Lozecznik et al., 2010). Khire
and Mukherjee (2007) identified the key design variables for leachate recirculation system in a
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landfill consisting of vertical wells using the finite-element model HYDRUS-2D numerical
model.

5.3 Application of physical and chemical processes for leachate treatment
5.3.1 Advance Oxidation Treatments
Advanced oxidation processes (AOPs) is used to enhance the bio-treatability of recalcitrant
and/or non-biodegradable organic substances, through the generation of highly reactive chemical
species, such as hydroxyl radicals (•OH) (de Morais and Zamora, 2005; Deng and Englehardt,
2008; Doocey and Sharratt, 2004; Kurniawan and Lo, 2009; Parsons and M.Williams, 2004;
Wang et al., 2006; Wiszniowski et al., 2004; Yu et al., 1998). The •OH breaks the organic
molecules by abstracting a hydrogen atom or by introducing double bonds in the molecule
(Sarria et al., 2002). The •OH decompose even the most recalcitrant molecules into biodegradable
compounds such as, CO2, H2O and inorganic ions (Bauer et al., 1999; Gogate and Pandit, 2004a,
b). There are different ways of producing hydroxyl radicals, which enhances the versatility of
AOPs. Some of the methods by which hydroxyl radicals can be generated are: TiO2/UV,
H2O2/UV, Fenton (Fe2+/H2O2), photo-Fenton (Fe2+/H2O2/ UV), electro-Fenton, electro-photo-
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Fenton and ozone (O3, O3/UV, and O3/H2O2) (Altin, 2008; Atmaca, 2009; Cho et al., 2002;
Frontistis et al., 2008; Hermosilla et al., 2009; Jia et al., 2011; Kurniawan et al., 2006c; Poznyak
et al., 2008; Tizaoui et al., 2007). A disadvantage of some of the AOPs is the high demand for
electric power, which increases the operational cost of the process (Lopez et al., 2004). However,
the introduction of renewable solar energy as the UV photon source has lowered the demand of
electric power (Rocha et al., 2011). This technique is also known as solar photocatalysis. A
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combination of AOP and other treatment process, has been found to be an economical as well as
efficient (Kurniawan et al., 2006c).
Meeroff et al. (2012) experimented with a new technique, photochemical iron mediated aeration
(PIMA) process and compared its efficiency with TiO2 photoctalysis for both real and simulated
leachate. Table 8 illustrates the efficiency of the technique for real landfill leachate. In another
novel approach, Galeano et al. (2011) experimented the applicability of catalytic wet peroxide
oxidation (CWPO) for leachate treatment. It was found that CWPO treatment in the presence of
Al/Fe-pillared clay catalyst was able to remove 50% COD and simultaneously enhance the
biodegradability of the leachate from 0.135 to 0.321 in 4 h of reaction at 18 °C and 72 kPa.
Among the individual AOPs discussed herein, ozonation and/or Fenton oxidation are the most
commonly applied techniques for leachate treatment. Selection of suitable AOP depends on the
leachate characteristics, technical applicability and other parameters such as, effluent discharge
standards, cost-efficiency, regulatory requirements and long-term environmental impacts.
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5.3.1.1 Ozonation
Ozone is known to degrade organic compounds and is effective for the removal of nitrogen,
color and odour (Haapea et al., 2002; Poznyak et al., 2008; Wang et al., 2002). Ozone has a high
oxidation potential (E0) of 2.07V as shown in Equation 19, and can be used for the treatment of
contaminated wastewater of high strength (Al-Kdasi et al., 2004; Camel and Bermond, 1998):
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O3+2H+ + 2e-  O2 +H2O, Eo = 2.07 V

(19)

However, ozonation alone can remove only 35% COD and 50% NH4-N from leachate
(Kurniawan et al., 2006a). So, it is applied in conjunction with other treatment techniques for
better efficiency (Kerc et al., 2003). Application of GAC to ozone treatment improved the
process efficiency by accelerating the kinetic rate of the ozone decomposition through the
formation of nascent •OH radicals which have higher oxidation potential of 2.80V as seen in
Equation 20. It can easily oxidize the organic matter present in leachate (Wang et al., 2004).
.OH+H+ + e-  H20, E°= 2.80 V

(20)

Ozone is incapable of degrading humic substances (Wang et al., 2004). However, it is highly
suited for ammonia removal as shown in Equation 21 (Kurniawan et al., 2006a):
NH3 + 4O3-  NO3- + 4O2 +H2O + H+

(21)

Ntampou et al. (2006) found that ozonation followed by coagulation-flocculation was less
efficient in COD removal as compared to coagulation-flocculation followed by ozonation, which
could reduce COD from an initial value of 1010 mg L-1 to less than 180 mg L-1.
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5.3.1.2 Fenton Oxidation
Treatment of landfill leachate using Fenton process has been widely reported in recent years (de
Morais and Zamora, 2005; Deng and Englehardt, 2006; Gotvajn et al., 2009; Kang and Hwang,
2000; Kim et al., 2001; Pala and Erden, 2004; Stuber et al., 2005; Sun et al., 2009; Zhang et al.,
2005). The mechanism of free radical generation in a Fenton oxidation reaction involves the
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following key steps as illustrated in Equations 22 through 27:
Fe2+ + H2O2  ●OH + OH-

(22)

Fe3+ + H2O2  Fe2+ +●OOH + H+

(23)

Fe3+ +●OOH  Fe2+ + H+ +O2

(24)

●OH + Fe2+  Fe3+ +OH-

(25)

●OH +●OH  H2O2

(26)

●OH + H2O2  ●OOH + H2O

(27)

The •OH radical can attack and initiate a series of oxidation reactions leading to the degradation
of the organic pollutant as seen in Equation 28:

●OH + RH  H2O + R●  further oxidation

(28)

The primary processes involved for leachate treatment by Fenton Reagent are pH adjustment,
oxidation, neutralization, coagulation and precipitation (Kang and Hwang, 2000). According to
Wu et al. (2010) Fenton treatment is highly effective in removal of about 95.8% HS in 24h
period. The photo-Fenton process is much more efficient than heterogeneous TiO2,
TiO2/H2O2/UV or homogeneous H2O2/UV photocatalysis. The initial reaction rate of photo
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Fenton is 20 times higher and leads to almost complete mineralization of the wastewater (Moraes
and Bertazzoli, 2005; Vilar et al., 2011). The H2O2 molecule is cleaved with a quantum yield of
two •OH radicals per quanta of absorbed radiation, as shown in Equation 29 (Esplugas et al.,
2002):

H2O2 +hυ  2●OH

(29)
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The •OH radicals significantly improve the biodegradability. The BOD5/COD ratio improves
from 0.13 to 0.37 or 0.42, which is seen to result in an almost total COD and color removal (de
Morais and amora, 2005; Malato Rodrıguez et al., 2004).

5.3.2 Adsorption
Adsorption is recognized as one of the most efficient and extensively used fundamental approach
in wastewater treatment processes (Daifullah et al., 2004; Kurniawan et al., 2006b). Traditionally
activated carbon has been used for leachate treatment due to its large porous surface area,
controllable pore structure, thermal stability and low acid/base reactivity (Li et al., 2008;
Méndez-Díaz et al., 2012). Activated carbon has a superior ability to remove a wide variety of
organic and inorganic pollutants dissolved in aqueous and gaseous environments (Chingombe et
al., 2005; Singh et al., 2012).
Activated carbon adsorption was effective for ammonium nitrogen removal from landfill
leachate samples (Foo and Hameed, 2009). The addition of powdered activated carbon (PAC)
improved the performance of biological treatment of leachate (Kargi and Pamukoglu, 2003a, b).
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Lim et al. (2010) used EDTA modified rice husk in a SBR and achieved better COD and
nitrogen removal efficiency as compared to commercially available PAC.
Activated carbons can be prepared from a large variety of carbon-containing materials through
pyrolysis. Large number of agricultural by-products such as sugarcane bagasse, rice straw,
soybean hulls, rice hulls, peat moss, nutshells and other lignocellulosic wastes has been used to
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prepare inexpensive and renewable additional source of activated carbons (Ahmedna et al., 2000;
Kadirvelu et al., 2003; Sahu et al., 2010). Activated carbon made from tamarind wood and
chemically activated by zinc chloride was used for the removal of lead and chromium from
wastewater with significant success (Dwivedi et al., 2008; Sahu et al., 2009a; Singh et al., 2008).
Other low cost adsorbents that has been successfully used for heavy metal removal are peat and
rubber wood ash (Hasan et al., 2000; Sen Gupta et al., 2009). These adsorbent may also be used
for the treatment of leachate. A basic two stage process consisting of carbonization followed by
activation is followed for the production of activated carbons. In the first step the carbon content
is enriched for the creation of an initial porosity and second activation stage helps in enhancing
the pore structure (Acharya et al., 2009a; Acharya et al., 2009b). Some reviews have been
published on the preparation of activated carbon, which can be subsequently utilized for leachate
treatment (Demirbas, 2009; Dias et al., 2007).
In addition to activated carbon other materials like clinoptilolite, Zeolite (CV-Z) synthesized
from coal fly ash , limestone, peat, blast furnace slag and pine bark have been utilized for
leachate treatment with good results (Aziz et al., 2004b; Heavey, 2003; Karadag et al., 2008;
Luna et al., 2007; Nehrenheim et al., 2008; Orescanin et al., 2011; Sõukand et al., 2010).
Clinoptilolite has a high NH4-N removal efficiency (Hankins et al., 2005). Li et al. (2011b) used
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coal flyash, treated with initiator C for landfill leachate treatment. The efficiency of the above
mentioned adsorbents is discussed in Table 9. Oti et al. (2011) used an iron oxide based
adsorbent Kemiron for the removal of As(V) and As(III) from leachate. Fuller earth beads and
cylinders containing chitosan and sodium silicate as binders was used successfully by Hasan et
al. (2007) for the removal of cesium from wastewater. This can also be replicated for leachate
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treatment.
Composite adsorbent media made by combining different materials like zeolite and activated
carbon, carbon and low-cost materials such as limestone or rice husk, carbon waste with Portland
cement as a binder and so on (Azhar et al., 2006; Gao et al., 2005). The combinations of
hydrophilic and hydrophobic groups in the adsorbents make an excellent adsorption system
which can remove both metallic ions and organic substances (Okolo et al., 2000). Studies show
that ammoniacal nitrogen was better adsorbed by composite adsorbents towards than zeolite and
activated carbon (Halim et al., 2010a). Halim et al. (2010b) studied the performance of such
composite adsorbent media via a lab-scale column study which is shown schematically in Figure
11.
Studies have shown that the combination of activated carbon and ozone is a suitable and feasible
option for the treatment of landfill leachate (Fettig et al., 1996; Rivas et al., 2003). Addition of
PAC to activated sludge reactors has shown to enhance the biological treatability of leachate
(Aktaş and Çeçen, 2001). Sahu et al. (2009b) used activated rice husk in a three phase modified
multi-stage bubble column reactor and achieved 77.15% and 19.05% lead and BOD5 reduction
respectively, under optimum conditions. This technique can also be used for leachate treatment,
specifically for the removal of HMs. Li et al. (2010b) applied coagulation flocculation followed
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by adsorption using PAC and obtained 86%, 97.6%, 99.7% and 78%, removal of COD, Pb, Fe
and toxicity respectively under optimum operating conditions.
5.3.3 Coagulation-flocculation
Coagulation and flocculation have been used successfully in treating stabilized and old landfill
leachates and is most effective for colour removal (Kang and Hwang, 2000; Manu and
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Chaudhari, 2002; Monje-Ramirez and Velásquez, 2004; Silva et al., 2004). The different types
of coagulation processes include classical chemical coagulation using salts of iron and
aluminium, electrocuagulation and biocoagulation. Four major types of chemical coagulants are
aluminium (III) sulfate (alum), ferric (III) chloride, ferrous (II) sulfate and ferric (III) sulfate.
Studies have shown that ferric (III) sulfate has the highest coagulation efficiency followed by
aluminium (III) sulfate and ferric (III) chloride (Comstock et al., 2010). Tatsi et al. (2003)
worked with three conventional coagulants viz., ferric chloride, aluminium sulfate and lime and
four commercial polyelectrolytes among whom one was anionic, two cationic and another was
non-ionic polymer. He found that although ferric chloride removed 80% COD from partially
stabilized leachate, the removal decreased below 35% when coagulants were added to raw
leachate.
Zouboulis et al. (2004) experimented with bioflocculants produced by the
bacterium Rhizomonas sp. The application of bioflocculant was efficient for the removal of
humic acids from synthetic solutions and reducing COD content from real landfill leachates.
More than 85% humic acid removal was observed at 20 mg L-1 bioflocculant dose and at pH 77.5.
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Electrocoagulation is a simple and efficient electrochemical method used for the purification of
many types of water and wastewaters and is able to remove large variety of pollutants (Adhoum
and Monser, 2004; Alinsafi et al., 2005; Bayramoglu et al., 2006; Can et al., 2006; Daneshvar et
al., 2006; Ilhan et al., 2008; Kobya et al., 2006; Li et al., 2011a). In electrocoagulation, electric
current destabilizes the suspended, emulsified, or dissolved contaminants in the wastewater
(Emamjomeh and Sivakumar, 2009). Mariam and Nghiem (2010) achieved about 67% TOC and
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80% turbidity removals by the electrocoagulation while the removal percent by chemical
coagulation was only 10% TOC and 65% turbidity. The treatment of leachate is easier due to
their high conductivity and chloride content (Labanowski et al., 2010). Several materials have
been used as anode such as Pt, TiO2, SnO2, Al and Fe. Among them, Al and Fe are most
frequently used (Top et al., 2011). The COD removal for Fe and Al electrodes were 35% and
56% respectively, in 30 min contact time as discussed in Table 11. Fe electrodes transfer higher
numbers of Fe ions into solution leading to higher rate of electrode dissolution, formation of
more sludge with less COD removal. Since, the costs of both Al and Fe electrodes are
comparable, Al electrodes will be a better choice due to its higher efficiency (Ilhan et al., 2008).
However, Bouhezila et al. (2011) estimated a higher operational cost for Al electrode, thus
preferring Fe electrode material.
Coagulation is also used as a pre and post treatment technique for membrane filtration to achieve
higher removal efficiency (Mariam and Nghiem, 2010; Theepharaksapan et al., 2011; Top et al.,
2011). Vedrenne et al. (2012) used chemical coagulation-flocculation with ferric (III) chloride in
conjunction with photo Fenton oxidation and was successful in removing about 56% of COD,
95% TC, 64% NH4 –N, 46% As, 9% Hg and 85% Pb from an aged leachate sample.
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Dissolved air flotation (DAF) technique is used in conjugation with various coagulationflocculation techniques to separate the flocculated particles from the wastewater, by bringing the
particles to the surface of the liquid. DAF is also helpful in reduction of BOD5, COD and
turbidity (Al-Shamrani et al., 2002a, b; Palaniandy et al., 2010). Studies show that separation by
flotation presents some advantages compared to separation by settling (Pouet and Grasmick,
1995). Adlan et al. (2011) combined chemical coagulation by ferric (III) chloride and DAF for
Downloaded by [The Library at Queens] at 02:58 28 May 2014

the treatment of semi-aerobic leachate.
5.3.4 Electrochemical treatment
Stabilized or methanogenic leachates are alkaline and have less than 1% of biodegradable
organic matter as evident by BOD/COD value of 0.004, making electrochemical treatment
techniques more feasible (Tauchert et al., 2006). According to a number of researchers,
electrochemical oxidation of leachate is superior to light-enhanced oxidation, Fenton treatment,
combined UV and O3/H2O2, ultrasound and other physico-chemical processes since it can
efficiently reduce concentrations of organic contaminants, ammonia, and color in leachate
(Gonze et al., 2003; Ince, 1998). Pretreatment techniques, anode materials, pH, current density,
chloride concentration, and additional electrolytes significantly influence the performance of
electrochemical oxidation. During electro-oxidation treatment of leachate, COD reduction can
range from 70% up to >90% and the achieved NH3–N removal efficiency is almost 100%, under
optimum conditions (Chiang et al., 2001; Ihara et al., 2004).
According toFeng et al. (2003) direct oxidation of organic matter at the anode surface is also
possible. Several anode materials have been used for electrocoagulation, such as boron- doped
diamond binary Ru–Ti oxide-coated titanium anode also called the Dimensional Stable Anode
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(DSA) , Ti/SnO2 and Ti/PbO2 , Ti/Pt, graphite and PbO2 and Sn–Pd–Ru oxide coated titanium
(SPR), graphite and DSA (Anglada et al., 2011; Cabeza et al., 2007b; Chiang et al., 1995; Cossu
et al., 1998; Feki et al., 2009; Feng et al., 2003; Moraes and Bertazzoli, 2005; Pérez et al., 2010;
Tauchert et al., 2006).
During the electrolysis, the pollutants are degraded either by direct or indirect oxidation
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processes as shown in Figure 12 (Chen, 2004; Deng and Englehardt, 2007; Szpyrkowicz et al.,
2001). Deng and Englehardt (2007) found that NH4-N removal is higher than COD removal,
indicating the dominance of indirect oxidation during electrolysis reaction. The hypochlorite ion
or hypochlorous acid generated during electrochemical oxidation is the main oxidizing agents:

2Cl-  Cl2 + 2e-

(30)

2Cl- + H2O  HClO+ H+ + Cl-

(31)

HClO  H+ +ClO-

(32)

The chlorine and hypochlorite oxidize NH4+ and are reduced to chloride ions in the process as
given in Equation 33 (Cabeza et al., 2007a; Chen, 2004)
2NH+4 + HClO  N2 +2H2O+6H+ +2Cl-

(33)

Schoeman et al. (2005) experimented with electrodialysis to desalinate/concentrate the leachate
to effectively reduce the volume pollution control. However, there are two basic drawbacks of
electro-oxidation viz., high energy consumption and possible formation of chlorinated organics
(Deng and Englehardt, 2007). For treating old stabilized landfill leachate, Orescanin et al. (2012)
pre-treated extremely low biodegradable leachate with ozone, followed by simultaneous
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ozonation and electro-oxidation and it was finally subjected to microwave treatment. The
removal percentages obtained were 98.43% colour, 99.48% turbidity, 98.96% suspended solids,
98.80% ammonia, 94.17% COD and 98.56% iron. However, this process uses complex treatment
schedule, high energy and much resource.
5.3.5 Filtration and membrane bioreactors
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In recent years advance treatment techniques like, membrane filtrations which were originally
used for of drinking water purification are being applied for leachate treatment. Nanofiltration,
ultrafiltration and reverse osmosis are the major membrane filtration techniques that applied for
leachate treatment. Among them, reverse osmosis is considered to be the most promising
treatment technique available in recent years due to its high removal pollutant efficiency (Chan
et al., 2007; Jenkins et al., 2003; Renou et al., 2008a; Renou et al., 2008b; Ushikoshi et al.,
2002). However, lecahte treatment by involves high pre and post treatment cost and frequent
membrane fouling also affects its performance (Trebouet et al., 2001). It was found that
membrane fouling is increased if the humic acid concentration in the leachate increases (Šír et
al., 2012). Frequent membrane fouling in reverse osmosis can be overcome by the application of
vibratory shear-enhanced processing reverse osmosis (VSEPRO) system for treating stabilized
leachate. Leachate containing recalcitrant organics can be effectively treated in a VSEPRO
system due to the shearing force (Chan et al., 2007).
Nanofiltration exhibits treatment characteristics between reverse osmosis and ultrafiltration
(Zouboulis and Petala, 2008). Studies have shown that nanofiltration is highly efficient in
removal of metals like K+ and Na+ and boron from landfill leachate (Dydo et al., 2005; Ortega et
al., 2007). Zouboulis and Petala (2008), found that the application of vibratory shear enhanced

73

ACCEPTED MANUSCRIPT

unit (VSEP) on nanofiltration membranes enhanced the treatment efficiency of raw stabilized
leachate. The humic acid removal efficiency was about 97%. The VSEP unit also prevented
membrane fouling by creating shear waves (Zouboulis and Petala, 2008). Xu et al. (2006) found
that Humic substances (HS) in mature leachate from inorganic components could be effectively
removed by ultrafultration.
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The addition of successive membrane operations to biological treatments offered new advantage
in the field of landfill leachate treatment (Bodzek et al., 2006) and the combination is called
Membrane Bioreactors (MBR) (Tarnacki et al., 2005). A MBR thus combines the goodness of a
biological reactor and membrane filtration system. The presence of the membrane allows for
long sludge retention time with high organic loading rate and low hydraulic retention time.
According to Robinson (2007) landfill leachate treatment can be highly challenging for MBRs as
high chloride content of the leachate may corrode the membrane system. However Ahmed and
Lan (2012) reported that excellent organics (BOD) and ammonia removal capacity up to 90% or
more can be achieved by MBRs even when dealing with mature or stabilized landfill leachate. In
recent years much attention has been given to MBRs for landfill leachate treatments owing to
their efficiency and small foot-print (Ahn et al., 2002; Alvarez-Vazquez et al., 2004;
Chaturapruek et al., 2005; Melin et al., 2006; Robinson, 2005; Setiadi and Fairus, 2003; Vasel et
al., 2004). Various authors have worked with MBRs obtaining high removal efficiency as cited
in Table 12.
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6

Summary and Discussion

Landfill leachate is extremely toxic due to high concentration of recalcitrant organics and
ammonia nitrogen along with variable quantities of other phosphorus, chlorides, calcium,
magnesium, sulfate, dissolved solids, heavy metals, BTEX and other xenobiotic compounds. In
view of the grave impact of landfill leachate on environment, the regulatory authorities have
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been forced to fix increasingly stringent discharge water standards. In developed countries,
directives regarding prevention of leachate seepage into groundwater and soil, collection,
treatment and its disposal exist to some extent. A discussion is provided in Table 3 regarding the
maximum limit of contaminants in treated leachate prior to its disposal into the surrounding
environment. However, due to extreme variation of leachate composition and operating
conditions in different landfills, no guideline or standard operating procedures for leachate
treatment and disposal can be effectively chalked out. While most of the old landfills do not
contain adequate pollution containment mechanisms, these safety considerations are being
integrated into the new landfills during the design phase. So management of old and new
landfills and their troubleshooting should follow different approaches which have been shown in
the Figure 9.
1. Leachate plumes have a widely varying characteristic and composition. Both vertical and
horizontal gradient in redox potential and contaminant concentration dictates the transformation
of nitrogenous, sulfurous, carbonaceous and heavy metal species along the leachate plume.
While amoonium compounds undergo aerobic nitrification, nitrate reduction, anoxic
denitrification and anaerobic ammonium oxidation processes to form harmless nitrogen gas
under fluctuating redox conditions, the sulfate reduction depends on available organic electron
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donors and sulfate electron acceptors. Carbonaceous compounds or organics in the leachate
plume is reflected by the COD which keeps on decreasing over age of the landfill due to natural
anaerobic methane oxidation and natural attenuation. The HMs are found to undergo very less
mobilization as they became stabilized by complexing with DOM, HA and FA.
2. The leachate plume migration can be monitored by using a large number of techniques and
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methods. The monitoring techniques are site specific and each landfill site should be carefully
studied before the application of any specific monitoring technique. Construction of monitoring
wells or insertion of hollow stem augers are very common and essential for sampling purposes
and for inserting various probes and electrodes for geo-chemical and electrical monitoring
techniques. Hydro-geological equipment such as piezometers and various samplers are
historically the most used instruments. Isotope mapping and electrical monitoring such as
tomography, ERI, VLF-EM, electrode grid, etc are comparatively new, but very convenient field
techniques. The electromagnetic methods such as GPR, RCPT and TDR can be performed
without monitoring wells and permanent facilities. Sometimes, two or more of these techniques
can be used to complement each other and obtain a clearer picture regarding leachate plume
migration. Bacteriological monitoring can also point out the fringe of the leachate plume by
distinct degradation potentials inside and outside of leachate plume. The suitability of these
different monitoring methods will vary from site to site depending upon groundwater flow, soil
porosity, pore water content, electrical conductivity of soil matrix, soil texture, and logistic
issues.
3. Landfill leachates pose significant risk towards the soil and groundwater environment. It is
well established fact that small amount of leachate can pollute a large volume of groundwater
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once it infiltrates an aquifer by changing its pH and Eh and introducing toxic chemicals. Soil
texture, porosity, permeability and HRT changes mostly due to bioclogging from biomass and
biofilm produced by microbes, gas pocket formation and metal precipitation. Additionally, water
bodies present near landfills may experience higher organic load, inorganic nitrogen content, and
heavy metal concentration.
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4. In order to assess the extent of impact of landfill leachate on environment, both qualitative and
quantitative methods are available. However, none of them guarantees an exact assessment of the
actual scenario due to extreme complexity of the leachate plume and soil environment. Relative
hazard assessment systems rank a number of landfills by a comparative rating system to
prioritize the treatment efforts. Around 22 hazard-rating systems have been cited in section 4.2
and four systems have been discussed in details, viz. LPI, E-LI, hazard rating by Singh et al.
(2009) and a toxicity index. All of them stress upon different factors. While some concentrates
on the environment as a whole, some other specializes on the toxic effect of leachate on human
beings. Necessity would decide which hazard rating system is to be used. However, the
subjectivity associated with the scoring system of these hazard rating systems is their main
drawback. In most of the systems, site ranking is based either on the combined score for various
routes under migration mode or the score for the dominant route i.e. the route returning highest
score.
5. Numerous mathematical models that have been developed for different issues related to risk
assessment of landfill leachate are completely dependent on the data input. The results can be
misleading if any input is wrong and the complex chemical and biochemical processes
undergoing in the landfill is predicted wrongly. In this paper, we have reviewed few

77

ACCEPTED MANUSCRIPT

mathematical models for assessing permittivity reduction of soil, degradation of leachate
pollutants, long term fate of leachate components, reliability of groundwater monitoring systems
and also softwares used for modeling purpose. The use of softwares is supposed to be a very
good option. However, in spite of presence of a number of softwares in the market, none is
exactly suitable for leachate plume modeling and a lots of adjustment is required to work with
these generic softwares. These stochastic models should be used for guesswork in case the
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leachate composition and biogeochemical and bacteriological processes are fully understood.
Otherwise, the management decisions taken based on the wrong predictions may cost dear.
6. Leachate control systems may include installation of geo-synthetic or other liners at the
bottom of the landfill and leachate collection systems. Treatment of leachate prior to discharge to
surface water is also an integral part of that system (Damgaard et al., 2011). According to the
Department of Environment Food and Rural Affairs (UK) landfills both hazardous and nonhazardous should have a bottom liner in addition to the geological barrier (DEFRA, 2009). The
danger of leachate infiltration in groundwater is great considering that even the best liner and
leachate collection systems will ultimately fail due to natural deterioration. Nooten et al. (2008)
proposed a semi-passive treatment of leachate during post closure remediation of old landfills,
thereby replacing conventional energy consuming wastewater treatment systems. The system can
also be installed along the gradient of leaking landfills for mitigation of contaminated
groundwater plumes. In another novel approach Ziyang et al. (2011) proposed the introduction of
functional layers embedded in landfill so that leachate strength may be reduced source, thereby
reducing the cost of leachate treatment. Leachate treatment techniques differ depending on the
nature and age of leachate. Biological treatments are most suitable for treatment of young
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leachate while physico chemical treatments like membrane filtration, electrochemical and
advanced oxidation treatments are suitable for stabilized acidogenic leachate. Membrane
filtration in combination with biological treatment was found to be extremely effective.
However, installation of membrane treatment facilities is much expensive than other treatment
techniques. The treatment costs of landfill leachate will vary depending on its capacity and the
composition of waste it has to deal with. Other factors that will contribute towards determining
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the treatment cost include the technology employed, the local condition of the site, and the
disposal standards it has to comply with. The total treatment cost will take into account the
construction as well as operational and maintenance costs. While the construction cost usually
depends on the capacity of the landfill and target quality of the effluent, the operation and
maintenance cost will cover manpower, energy, chemicals and maintenance over its lifetime and
even after its closure.
Acknowledgements
The authors are grateful to University of Malaya, Malaysia (Project No:
UMC/HIR/MOHE/ENG/13 and UM-QUB6A-2011) for providing the financial support to carry
out the work.

79

ACCEPTED MANUSCRIPT

References
Abu-Rukah, Y.and Al-Kofahi, O. 2001. The assessment of the effect of landfill leachate on
ground-water quality--a case study. El-Akader landfill site--north Jordan. Journal of Arid
Environments, 49: 615-630.
Achankeng, E., 2004. Sustainability in municipal solid waste management in Bamenda and

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Yaounde, Cameroon, Geographical and Environmental Studies. University of Adelaide,
Australia.
Acharya, J., Sahu, J. N., Mohanty, C. R.and Meikap, B. C. 2009a. Removal of lead(II) from
wastewater by activated carbon developed from Tamarind wood by zinc chloride activation.
Chemical Engineering Journal, 149: 249-262.
Acharya, J., Sahu, J. N., Sahoo, B. K., Mohanty, C. R.and Meikap, B. C. 2009b. Removal of
chromium(VI) from wastewater by activated carbon developed from Tamarind wood activated
with zinc chloride. Chemical Engineering Journal, 150: 25-39.
Acworth, R. I.and Jorstad, L. B. 2006. Integration of multi-channel piezometry and electrical
tomography to better define chemical heterogeneity in a landfill leachate plume within a sand
aquifer. Journal of Contaminant Hydrology, 83: 200-220.
Adhoum, N.and Monser, L. 2004. Decolourization and removal of phenolic compounds from
olive mill wastewater by electrocoagulation. Chemical Engineering and Processing: Process
Intensification, 43: 1281-1287.

80

Adlan, M. N., Palaniandy, P.and Aziz, H. A. 2011. Optimization of coagulation and dissolved air
flotation (DAF) treatment of semi-aerobic landfill leachate using response surface methodology
(RSM). Desalination, 277: 74-82.
Ahmed, F. N.and Lan, C. Q. 2012. Treatment of landfill leachate using membrane bioreactors: A
review. Desalination, 287: 41-54.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Ahmedna, M., Marshall, W. E.and Rao, R. M. 2000. Production of granular activated carbons
from select agricultural by-products and evaluation of their physical, chemical and adsorption
properties. Bioresource Technology, 71: 113-123.
Ahn, W.-Y., Kang, M.-S., Yim, S.-K.and Choi, K.-H. 2002. Advanced landfill leachate treatment
using an integrated membrane process. Desalination, 149: 109-114.
Akratos, C. S.and Tsihrintzis, V. A. 2007. Effect of temperature, HRT, vegetation and porous
media on removal efficiency of pilot-scale horizontal subsurface flow constructed wetlands.
Ecological Engineering, 29: 173-191.
Aktaş, Ö.and Çeçen, F. 2001. Addition of activated carbon to batch activated sludge reactors in
the treatment of landfill leachate and domestic wastewater. Journal of Chemical Technology &
Biotechnology, 76: 793-802.
Al-Kdasi, A., Idris, A., Saed, K.and Guan, C. T. 2004. Treatment of textile wastewater by
advanced oxidation processes-a review. Global NEST: the International Journal, 6: 226-234.
Al-Shamrani, A. A., James, A.and Xiao, H. 2002a. Destabilisation of oil–water emulsions and
separation by dissolved air flotation. Water Research, 36: 1503-1512.

81

Al-Shamrani, A. A., James, A.and Xiao, H. 2002b. Separation of oil from water by dissolved air
flotation. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 209: 15-26.
Al-Tarazi, E., Abu Rajab, J., Al-Naqa, A.and El-Waheidi, M. 2008. Detecting leachate plumes
and groundwater pollution at Ruseifa municipal landfill utilizing VLF-EM method. Journal of
Applied Geophysics, 65: 121-131.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Alinsafi, A., Khemis, M., Pons, M. N., Leclerc, J. P., Yaacoubi, A., Benhammou, A.and
Nejmeddine, A. 2005. Electro-coagulation of reactive textile dyes and textile wastewater.
Chemical Engineering and Processing: Process Intensification, 44: 461-470.
Altin, A. 2008. An alternative type of photoelectro-Fenton process for the treatment of landfill
leachate. Separation and Purification Technology, 61: 391-397.
Alvarez-Vazquez, H., Jefferson, B.and Judd, S. J. 2004. Membrane bioreactors vs conventional
biological treatment of landfill leachate: a brief review. Journal of Chemical Technology &
Biotechnology, 79: 1043-1049.
Anglada, Á., Urtiaga, A., Ortiz, I., Mantzavinos, D.and Diamadopoulos, E. 2011. Boron-doped
diamond anodic treatment of landfill leachate: Evaluation of operating variables and formation of
oxidation by-products. Water Research, 45: 828-838.
Atekwana, E. A.and Krishnamurthy, R. V. 2004. Investigating landfill-impacted groundwater
seepage into headwater streams using stable carbon isotopes. Hydrological Processes, 18: 19151926.
Atekwana, E. A., Sauck, W. A.and Werkema Jr, D. D. 2000. Investigations of geoelectrical
signatures at a hydrocarbon contaminated site. Journal of Applied Geophysics, 44: 167-180.
82

Atmaca, E. 2009. Treatment of landfill leachate by using electro-Fenton method. Journal of
Hazardous Materials, 163: 109-114.
Attenborough, G. M., Hall, D. H., Gregory, R. G.and McGoochan, L., 2002. Development of a
landfill gas risk assessment model: GasSim, 25 Annual Landfill Gas Symposium, Monterey, CA,
USA, pp. 25-28.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Azhar, A. H., Hamidi, A. A., Azmi, M. J. M.and Shah, A. K., 2006. Landfill leachate treatment
using combination of hydrophobic–hydrophilic and low cost adsorption materials as a single
media, 1st Civil Engineering Colloquium (CEC’06). School of Civil Engineering, USM, Nibong
Tebal, Penang, Malaysia.
Aziz, H. A., Adlan, M. N., Zahari, M. S. M.and Alias, S. 2004a. Removal of ammoniacal
nitrogen (N-NH3) from municipal solid waste leachate by using activated carbon and limestone.
Waste Management and Research, 22: 371-375.
Aziz, H. A., Alias, S., Adlan, M. N., Faridah, Asaari, A. H.and Zahari, M. S. 2007. Colour
removal from landfill leachate by coagulation and flocculation processes. Bioresource
Technology, 98: 218-220.
Aziz, H. A., Ling, T. J., Haque, A. A. M., Umar, M.and Adlan, M. N. 2011a. Leachate treatment
by swim-bed bio fringe technology. Desalination, 276: 278-286.
Aziz, H. A., Yusoff, M. S., Adlan, M. N., Adnan, N. H.and Alias, S. 2004b. Physico-chemical
removal of iron from semi-aerobic landfill leachate by limestone filter. Waste Management, 24:
353-358.

83

Aziz, S. Q., Aziz, H. A.and Yusoff, M. S. 2011b. Powdered activated carbon augmented double
react-settle sequencing batch reactor process for treatment of landfill leachate. Desalination, 277:
313-320.
Aziz, S. Q., Aziz, H. A., Yusoff, M. S.and Bashir, M. J. K. 2011c. Landfill leachate treatment
using powdered activated carbon augmented sequencing batch reactor (SBR) process:

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Optimization by response surface methodology. Journal of Hazardous Materials, 189: 404-413.
Baderna, D., Maggioni, S., Boriani, E., Gemma, S., Molteni, M., Lombardo, A., Colombo, A.,
Bordonali, S., Rotella, G., Lodi, M.and Benfenati, E. 2011. A combined approach to investigate
the toxicity of an industrial landfill's leachate: Chemical analyses, risk assessment and in vitro
assays. Environmental Research, 111: 603-613.
Baig, S., Coulomb, I., Courant, P.and Liechti, P. 1999. Treatment of landfill leachates:
Lapeyrouse and Satrod case studies. Ozone: Science & Engineering, 21: 1-22.
Bakare, A. A., Mosuro, A. A.and Osibanjo, O. 2005. An in vivo evaluation of induction of
abnormal sperm morphology in mice by landfil leachates. Mutation Research, 582: 28-34.
Bakare, A. A., Pandey, A. K., Bajpayee, M., Bhargav, D., Chowdhuri, D. K., Singh, K. P.,
Murthy, R. C.and Dhawan, A. 2007. DNA damage induced in human peripheral blood
lymphocytes by industrial solid waste and municipal sludge leachates. Environmental and
Molecular Mutagenesis, 48: 30-37.
Bardos, P., Nathanail, P.and Nathanail, J. 2003. How do you treat contaminated sites? Wastes
Management (September) 20-23.

84

Barona, A., Aranguiz, I.and Elias, A. 2001. Metal associations in soils before and after EDTA
extractive decontamination: implications for the effectiveness of further clean-up procedure.
Environmental Pollution, 113: 79-85.
Bashir, M. J. K., Aziz, H. A.and Yusoff, M. S. 2011. New sequential treatment for mature
landfill leachate by cationic/anionic and anionic/cationic processes: Optimization and

Downloaded by [The Library at Queens] at 02:58 28 May 2014

comparative study. Journal of Hazardous Materials, 186: 92-102.
Bashir, M. J. K., Aziz, H. A., Yusoff, M. S., Aziz, S. Q.and Mohajeri, S. 2010. Stabilized
sanitary landfill leachate treatment using anionic resin: Treatment optimization by response
surface methodology. Journal of Hazardous Materials, 182: 115-122.
Bauer, R., Waldner, G., Fallmann, H., Hager, S., Klare, M., Krutzler, T., Malato, S.and
Maletzky, P. 1999. The photo-fenton reaction and the TiO2/UV process for waste water
treatment − novel developments. Catalysis Today, 53: 131-144.
Baumann, T., Fruhstorfer, P., Klein, T.and Niessner, R. 2006. Colloid and heavy metal transport
at landfill sites in direct contact with groundwater. Water Research, 40: 2776-2786.
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.
Water Research, 38: 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). Journal of
Contaminant Hydrology, 65 269-291.

85

Baun, D. L.and Christensen, T. H. 2004. Speciation of heavy metals in landfill leachate: A
review. Waste Management and Research, 22: 3-23.
Bayramoglu, M., Kobya, M., Eyvaz, M.and Senturk, E. 2006. Technical and economic analysis
of electrocoagulation for the treatment of poultry slaughterhouse wastewater. Separation and
Purification Technology, 51: 404-408.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Bear, J., 1972. Dynamics of Fluid in Porous Media. American Elsevier, New York.
Beaven, R. P.and Knox, K. 2000. The use of a nitrogen tax as a driver towards more sustainable
landfills. Wastes Management: 18-20.
Bekins, B. A., Cozzarelli, I. M., Godsy, E. M., Warren, E., Essaid, H. I.and Tuccillo, M. E. 2001.
Progression of natural attenuation processes at a crude oil spill site: II. Controls on spatial
distribution of microbial populations. Journal of Contaminant Hydrology, 53: 387-406.
Benson, A. K., Payne, K. L.and Stubben, M. A. 1997. Mapping groundwater contamination
using DC resistivity and VLF geophysical methods-a case study. Geophysics, 62: 80-86.
Berge, N. D., Reinhart, D. R., Dietz, J.and Townsend, T. 2006. In situ ammonia removal in
bioreactor landfill leachate. Waste Management, 26: 334-343.
Białowiec, A., Davies, L., Albuquerque, A.and Randerson, P. F. 2012a. The influence of plants
on nitrogen removal from landfill leachate in discontinuous batch shallow constructed wetland
with recirculating subsurface horizontal flow. Ecological Engineering, 40: 44-52.

86

Białowiec, A., Davies, L., Albuquerque, A.and Randerson, P. F. 2012b. Nitrogen removal from
landfill leachate in constructed wetlands with reed and willow: Redox potential in the root zone.
Journal of Environmental Management, 97: 22-27.
Białowiec, A., Wojnowska-Baryła, I.and Agopsowicz, M. 2007. The efficiency of
evapotranspiration of landfill leachate in the soil–plant system with willow Salix amygdalina L.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Ecological Engineering, 30: 356-361.
Bilgili, M. S., Demir, A.and Özkaya, B. 2007. Influence of leachate recirculation on aerobic and
anaerobic decomposition of solid wastes. Journal of Hazardous Materials, 143: 177-183.
Bjerg, P. L., Albrechtsen, H.-J., Kjeldsen, P., Christensen, T. H.and Cozzarelli, I. 2003. The
groundwater geochemistry of waste disposal facilities, in: Lollar, B.S. (Ed.), Environmental
Geochemistry, Treatise on Geochemistry. Elsevier-Pergamon, Oxford, pp. 579-612.
Bloor, M. C., Banks, C. J.and Krivtsov, V. 2005. Acute and sublethal toxicity tests to monitor the
impact of leachate on an aquatic environment. Environment International 31: 269-273.
Bodzek, M., Lobos-Moysa, E.and Zamorowska, M. 2006. Removal of organic compounds from
municipal landfill leachate in a membrane bioreactor. Desalination, 198: 16-23.
Bohdziewicz, J., Bodzek, M.and Górska, J. 2001. Application of pressure-driven membrane
techniques to biological treatment of landfill leachate. Process Biochemistry, 36: 641-646.
Bohdziewicz, J.and Kwarciak, A. 2008. The application of hybrid system UASB reactor-RO in
landfill leachate treatment. Desalination, 222: 128-134.

87

Börner, F., Gruhne, M.and Schön, J. 1993. Contamination indications derived from electrical
properties in the low frequency range. Geophysical Prospecting, 41: 83-98.
Boudreault, J.-P., Dubé, J.-S., Chouteau, M., Winiarski, T.and Hardy, É. 2010. Geophysical
characterization of contaminated urban fills. Engineering Geology, 116: 196-206.
Bouhezila, F., Hariti, M., Lounici, H.and Mameri, N. 2011. Treatment of the OUED SMAR

Downloaded by [The Library at Queens] at 02:58 28 May 2014

town landfill leachate by an electrochemical reactor. Desalination, 280: 347-353.
Brune, M., Ramke, H. G., Collins, H. J.and Hanert, H. H. 1994. Incrustation problems in landfill
drainage systems, in: Christensen, T.H., Cossu, R., Stegmann, R. (Eds.), Landfilling of waste:
barriers. E & FN Spon, London, pp. 569-605.
Bulc, T. G. 2006. Long term performance of a constructed wetland for landfill leachate
treatment. Ecological Engineering, 26: 365-374.
Burton, S. A. Q.and Watson-Craik, I. A. 1998. Ammonia and nitrogen fluxes in landfill sites:
applicability to sustainable landfilling. Waste Management and Research, 16: 41-53.
Butt, T. E., Lockley, E.and Oduyemi, K. O. K. 2008. Risk assessment of landfill disposal sites –
State of the art. Waste Management, 28: 952-964.
Butt, T. E.and Oduyemi, K. O. K. 2003. A holistic approach to Concentration Assessment of
hazards in the risk assessment of landfill leachate. Environment International, 28: 597-608.
Cabeza, A., Urtiaga, A., Rivero, M.-J.and Ortiz, I. 2007a. Ammonium removal from landfill
leachate by anodic oxidation. Journal of Hazardous Materials, 144: 715-719.

88

Cabeza, A., Urtiaga, A. M.and Ortiz, I. 2007b. Electrochemical Treatment of Landfill Leachates
Using a Boron-Doped Diamond Anode. Industrial & Engineering Chemistry Research, 46:
1439-1446.
Calace, N., Liberatori, A., Petronio, B. M.and Pietroletti, M. 2001. Characteristics of different
molecular weight fractions of organic matter in landfill leachate and their role in soil sorption of

Downloaded by [The Library at Queens] at 02:58 28 May 2014

heavy metals. Environmental Pollution, 113: 331-339.
Calli, B., Mertoglu, B.and Inanc, B. 2005. Landfill leachate management in Istanbul:
applications and alternatives. Chemosphere, 59: 819-829.
Calli, B., Mertoglu, N., Roest, K.and Inanc, B. 2006. Comparison of long-term performances and
final microbial compositions of anaerobic reactors treating landfill leachate. Bioresource
Technology, 97: 641-647.
Calvo, F., 2003. Metodología de diagnóstico y caracterización ambiental de vertederos de
residuos sólidos urbanos para su control, cierre, sellado y reinserción (Methodology for
environmental diagnosis and characterization of munipical waste landfill for its control, closure,
sealing and rehabilitation). Universidad de Granada.
Calvo, F., Moreno, B., Zamorano, M.and Szanto, M. 2005. Environmental diagnosis
methodology for municipal waste landfills. Waste Management, 25: 768-779.
Camel, V.and Bermond, A. 1998. The use of ozone and associated oxidation processes in
drinking water treatment. Water Research, 32: 3208-3222.
Campanella, R. G.and Weemees, I. 1990. Development and use of an electrical resistivity cone
for groundwater contamination studies. Canadian Geotechnical Journal, 27: 557-567.
89

Can, O. T., Kobya, M., Demirbas, E.and Bayramoglu, M. 2006. Treatment of the textile
wastewater by combined electrocoagulation. Chemosphere, 62: 181-187.
Canadian Council of Ministers for the Environment, 1992. National Classification System for
Contaminated Sites, Report CCME EPC-CS39E, March 1992, Winnipeg, Canada.
Canter, L. W., 1996. Environmental Impact Assessment. McGraw-Hill, Inc.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Canter, L. W., Knox, R. C.and Fairchild, D. M., 1988. Groundwater Quality Protection. Lewis
Publishers, Chelsea, MI.
Cartwright, K., Griffin, R. A.and Gilkeson, R. H. 1977. Migration of landfill leachate through
glacial tills. Ground Water, 15: 294-305.
Castañeda, S. S., Sucgang, R. J., Almoneda, R. V., Mendoza, N. D. S.and David, C. P. C. 2012.
Environmental isotopes and major ions for tracing leachate contamination from a municipal
landfill in Metro Manila, Philippines. Journal of Environmental Radioactivity, 110: 30-37.
Castrillón, L., Fernández-Nava, Y., Ulmanu, M., Anger, I.and Marañón, E. 2010. Physicochemical and biological treatment of MSW landfill leachate. Waste Management, 30: 228-235.
Chai, X., Liu, G., Zhao, X., Hao, Y.and Zhao, Y. 2012. Complexion between mercury and humic
substances from different landfill stabilization processes and its implication for the environment.
Journal of Hazardous Materials, 209–210: 59-66.
Chalermtanant, T., Arrykul, S.and Charoenthaisong, N. 2009. Potential use of lateritic and
marine soils as landfill liners to retain heavy metals. Waste Management, 29: 117-127.

90

Chan, G. Y. S., Chang, J., Kurniawan, T. A., Fu, C.-X., Jiang, H.and Je, Y. 2007. Removal of
non-biodegradable compounds from stabilized leachate using VSEPRO membrane filtration.
Desalination, 202: 310-317.
Chattopadhyay, S., Dutta, A.and Ray, S. 2009. Municipal solid waste management in Kolkata,
India – A review. Waste Management, 29: 1449-1458.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Chaturapruek, A., Visvanathan, C.and Ahn, K. H. 2005. Ozonation of Membrane Bioreactor
Effluent for Landfill Leachate Treatment. Environmental Technology, 26: 65-73.
Chen, G. 2004. Electrochemical technologies in wastewater treatment. Separation and
Purification Technology, 38: 11-41.
Chen, S., Sun, D.and Chung, J.-S. 2008. Simultaneous removal of COD and ammonium from
landfill leachate using an anaerobic-aerobic moving-bed biofilm reactor system. Waste
Management, 28: 339-346.
Chen, T.-h.and Chynoweth, D. P. 1995. Hydraulic conductivity of compacted municipal solid
waste. Bioresource Technology, 51: 205-212.
Cherry, J. A., Gillham, R. W., Anderson, E. G.and Johnson, P. E. 1983. Migration of
contaminants in groundwater at a landfill: A case study : 2. Groundwater monitoring devices.
Journal of Hydrology, 63: 31-49.
Chiang, L.-C., Chang, J.-E.and Chung, C.-T. 2001. Electrochemical Oxidation Combined with
Physical–Chemical Pretreatment Processes for the Treatment of Refractory Landfill Leachate.
Environmental Engineering Science, 18: 369-379.

91

Chiang, L.-C., Chang, J.-E.and Wen, T.-C. 1995. Indirect oxidation effect in electrochemical
oxidation treatment of landfill leachate. Water Research, 29: 671-678.
Chingombe, P., Saha, B.and Wakeman, R. J. 2005. Surface modification and characterisation of
a coal-based activated carbon. Carbon, 43: 3132-3143.
Cho, S. P., Hong, S. C.and Hong, S.-I. 2002. Photocatalytic degradation of the landfill leachate

Downloaded by [The Library at Queens] at 02:58 28 May 2014

containing refractory matters and nitrogen compounds. Applied Catalysis B: Environmental, 39:
125-133.
Chofqi, A., Younsi, A., Lhadi, E. K., Mania, J., Mudry, J.and Veron, A. 2004. Environmental
impact of an urban landfill on a coastal aquifer (El Jadida, Morocco). Journal of African Earth
Sciences, 39: 509-516.
Christensen, J. B., Botma, J. J.and Christensen, T. H. 1999. Complexation of Cu and Pb by DOC
in polluted groundwater: A comparison of experimental data and predictions by computer
speciation models (WHAM and MINTEQA2). Water Research, 33: 3231-3238.
Christensen, J. B.and Christensen, T. H. 2000. The effect of pH on the complexation of Cd, Ni
and Zn by dissolved organic carbon from leachate-polluted groundwater. Water Research, 34:
3743-3754.
Christensen, J. B., Jensen, D. L.and Christensen, T. H. 1996. Effect of dissolved organic carbon
on the mobility of cadmium, nickel and zinc in leachate polluted groundwater. Water Research,
30: 3037-3049.

92

Christensen, T. H., Bjerg, P. L., Banwart, S. A., Jakobsen, R., Heron, G.and Albrechtsen, H.-J.
2000. Characterization of redox conditions in groundwater contaminant plumes. Journal of
Contaminant Hydrology, 45: 165-241.
Christensen, T. H., Kjeldsen, P., Bjerg, P. L., Jensen, D. L., Christensen, J. B., Baun, A.,
Albrechtsen, H.-J.and Heron, G. 2001. Biogeochemistry of landfill leachate plumes. Applied

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Geochemistry, 16: 659-718.
Clement, T. P., Hooker, B. S.and Skeen, R. S. 1996. Macroscopic models for predicting changes
in saturated porous media properties caused by microbial growth. Ground Water, 34: 934-942.
Comstock, S. E. H., Boyer, T. H., Graf, K. C.and Townsend, T. G. 2010. Effect of landfill
characteristics on leachate organic matter properties and coagulation treatability. Chemosphere,
81: 976-983.
Construction Industry Research and Information Association (CIRIA), 2001. Remedial
Engineering for Closed Landfill Sites C 557. CIRIA, London.
Cooke, A. J., Rowe, R. K., Rittmann, B. E.and Fleming, I. R. 1999. Modeling biochemically
driven mineral precipitation in anaerobic biofilms. Water Science Technology, 39: 57-64.
Cortez, S., Teixeira, P., Oliveira, R.and Mota, M. 2011. Mature landfill leachate treatment by
denitrification and ozonation. Process Biochemistry, 46: 148-153.
Cossu, R., Polcaro, A. M., Lavagnolo, M. C., Mascia, M., Palmas, S.and Renoldi, F. 1998.
Electrochemical Treatment of Landfill Leachate: Oxidation at Ti/PbO2 and Ti/SnO2 Anodes.
Environmental Science & Technology, 32: 3570-3573.

93

Crane, S. R.and Moore, J. A. 1984. Bacterial pollution of groundwater: A review. Water, Air, &
Soil Pollution, 22: 67-83.
Daifullah, A. A. M., Girgis, B. S.and Gad, H. M. H. 2004. A study of the factors affecting the
removal of humic acid by activated carbon prepared from biomass material. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 235: 1-10.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Dalkey, N. C., 1969. The Delphi Method: An Experimental Study of Group Opinion (RM-5888PR). The Rand Corporation, Santa Monica.
Damgaard, A., Manfredi, S., Merrild, H., Stensøe, S.and Christensen, T. H. 2011. LCA and
economic evaluation of landfill leachate and gas technologies. Waste Management, 31: 15321541.
Daneshvar, N., Oladegaragoze, A.and Djafarzadeh, N. 2006. Decolorization of basic dye
solutions by electrocoagulation: An investigation of the effect of operational parameters. Journal
of Hazardous Materials, 129: 116-122.
de Morais, J. L.and Zamora, P. P. 2005. Use of advanced oxidation processes to improve the
biodegradability of mature landfill leachates. Journal of Hazardous Materials, 123: 181-186.
Decision Mapping System (DMS), 2006. DMS Glossary.
<nalu.geog.washington.edu/dms/glossary_content.html>.
DEFRA, 2009. Environmental Permitting Guidance The Landfill Directive in: affairs, d.o.e.f.a.r.
(Ed.).

94

deLozada, D. S., Vandevivere, P., Baveye, P.and Zinder, S. 1994. Decrease of the hydraulic
conductivity of sand columns by methanosarcina barkeri. World Journal of Microbiology and
Biotechnology, 10: 325-333.
Demirbas, A. 2009. Agricultural based activated carbons for the removal of dyes from aqueous
solutions: A review. Journal of Hazardous Materials, 167: 1-9.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Deng, Y.and Englehardt, J. D. 2006. Treatment of landfill leachate by the Fenton process. Water
Research, 40: 3683-3694.
Deng, Y.and Englehardt, J. D. 2007. Electrochemical oxidation for landfill leachate treatment.
Waste Management, 27: 380-388.
Deng, Y.and Englehardt, J. D. 2008. Hydrogen peroxide-enhanced iron-mediated aeration for the
treatment of mature landfill leachate. Journal of Hazardous Materials, 153: 293-299.
Di Iaconi, C., Ramadori, R.and Lopez, A. 2006. Combined biological and chemical degradation
for treating a mature municipal landfill leachate. Biochemical Engineering Journal, 31: 118-124.
Di Iaconi, C., Ramadori, R., Lopez, A.and Passino, R. 2005. Hydraulic shear stress calculation in
a sequencing batch biofilm reactor with granular biomass. Environmental Science & Technology,
39: 889-894.
Di Iaconi, C., Rossetti, S., Lopez, A.and Ried, A. 2011. Effective treatment of stabilized
municipal landfill leachates. Chemical Engineering Journal, 168: 1085-1092.
Di Palma, L.and Mecozzi, R. 2010. Batch and column tests of metal mobilization in soil
impacted by landfill leachate. Waste Management, 30: 1594-1599.

95

Dias, J. M., Alvim-Ferraz, M. C. M., Almeida, M. F., Rivera-Utrilla, J.and Sánchez-Polo, M.
2007. Waste materials for activated carbon preparation and its use in aqueous-phase treatment: A
review. Journal of Environmental Management, 85: 833-846.
DOE, 1996. National Corrective Action Prioritization System (NCAPS). US Department of
Energy, Office of Pollution Prevention and Resource Conservation Policy and Guidance.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Doocey, D. J.and Sharratt, P. N. 2004. Zeolite-Mediated Advanced Oxidation of Model
Chlorinated Phenolic Aqueous Waste: Part 1: Aqueous Phase Fenton Catalysis. Process Safety
and Environmental Protection, 82: 352-358.
Duggan, J. 2005. The potential for landfill leachate treatment using willows in the UK--A critical
review. Resources, Conservation and Recycling, 45: 97-113.
Dwivedi, C. P., Sahu, J. N., Mohanty, C. R., Mohan, B. R.and Meikap, B. C. 2008. Column
performance of granular activated carbon packed bed for Pb(II) removal. Journal of Hazardous
Materials, 156: 596-603.
Dydo, P., Turek, M., Ciba, J., Trojanowska, J.and Kluczka, J. 2005. Boron removal from landfill
leachate by means of nanofiltration and reverse osmosis. Desalination, 185: 131-137.
EA, 2003. Hydrogeological Risk Assessment for Landfills and the Derivation of Control and
Trigger Levels, Report LFTGN01. Environment Agency, Bristol, England.
Edil, T. B. 2003. A review of aqueous-phase VOC transport in modern landfill liners. Waste
Management, 23: 561-571.

96

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. Waste
Management, 22: 269-282.
El-Fadel, M., Findikakis, A. N.and Leckie, J. O. 1996. Numerical modeling of generation and
transport of gas and heat in landfills: I Model formulation. Waste Management and Research, 14:

Downloaded by [The Library at Queens] at 02:58 28 May 2014

483-503.
El-Fadel, M., Findikakis, A. N.and Leckie, J. O. 1997. Modeling leachate generation and
transport in solid waste landfill. Environmental Technology, 18: 669-686.
Emamjomeh, M. M.and Sivakumar, M. 2009. Review of pollutants removed by
electrocoagulation and electrocoagulation/flotation processes. Journal of Environmental
Management, 90: 1663-1679.
Engelen, S., Frosch, S.and Jørgensen, B. M. 2009. A fully robust PARAFAC method for
analyzing fluorescence data. Journal of Chemometrics, 23: 124-131.
Engineer Research and Development Center (ERDC), 2012. ARAMS, an adaptable risk
assessment modelling system. . US Army Corps of Engineers.
Environment Agency, 1996. LandSim Performance Simulation by Monte Carlo Method (a
LandSim Software Manual). Golder Associates Ltd.
Environment Agency, 2001. LandSim, Release 2 (V.2.02) - Landfill Performance Simulation by
Monte Carlo Method, p. 120.
Environment Agency, 2002. GasSimLite User Manual. Golder Associates (UK) Ltd.

97

Environment Agency, 2003a. Contaminant impact on groundwater: simulation by Monte Carlo
method, ConSim Version 2. Golder Associates (UK) Ltd., Bristol, England.
Environment Agency, 2003b. Contaminated land exposure assessment (CLEA), , Bristol,
England.
Environment Agency, 2003c. LandSim 2.5 - Groundwater risk assessment tool for landfill

Downloaded by [The Library at Queens] at 02:58 28 May 2014

design, Bristol, England.
Environment Agency, Department for Environment, Food and Rural Affairs (DEFRA)and
Scottish Environment Protection Agency (SEPA), 2002. Contaminated Land Exposure
Assessment (CLEA) Model, CLEA 2002 - Version 1.3, User Manual, Bristol, England.
Environment Protection Agency (EPA), 2004. PA’s Multimedia, Multipathway, and
Multireceptor Risk Assessment (3MRA) Modeling System - A review by the 3MRA review
panel of the EPA science advisory board, EPA-SAB-05-003.
Environmental Assessment Division (EAD) 2012. RESRAD Program. Argonne National
Laboratory. .
Environmental Protection Agency (EPA), 1992. US, Guidelines for Exposure Assessment,
Federal Register No. 104, vol. 57.
Erses, A. S., Onay, T. T.and Yenigun, O. 2008. Comparison of aerobic and anaerobic
degradation of municipal solid waste in bioreactor landfills. Bioresource Technology, 99: 54185426.

98

Esplugas, S., Giménez, ., Contreras, S., Pascual, E.and Rodrıguez, M. 2002. Comparison of
different advanced oxidation processes for phenol degradation. Water Research, 36: 1034-1042.
Evangelidis, A. 2003. FRAMES - a risk assessment framework for e-services. Electronic Journal
of e-Government, 2: 21-30.
Fan, H.-J., Chen, I.-W., Lee, M.-H.and Chiu, T. 2007. Using FeGAC/H2O2 process for landfill

Downloaded by [The Library at Queens] at 02:58 28 May 2014

leachate treatment. Chemosphere, 67: 1647-1652.
Fan, H. J., Shu, H. Y., Yang, H. S.and Chen, W. C. 2006. Characteristics of landfill leachates in
Central Taiwan. Science of The Total Environment, 361: 25-37.
Fatta, D., Papadopoulos, A.and Loizidou, M. 1999. A study on the landfill leachate and its
impact on the groundwater quality of the greater area. Environmental Geochemistry and Health,
21: 175-190.
Feki, F., Aloui, F., Feki, M.and Sayadi, S. 2009. Electrochemical oxidation post-treatment of
landfill leachates treated with membrane bioreactor. Chemosphere, 75: 256-260.
Feng, C., Sugiura, N., Shimada, S.and Maekawa, T. 2003. Development of a high performance
electrochemical wastewater treatment system. Journal of Hazardous Materials, 103: 65-78.
Fettig, J., Stapel, H., Steinert, C.and Geiger, M. 1996. Treatment of landfill leachate by
preozonation and adsorption in activated carbon columns. Water Science and Technology, 34:
33-40.
Flyhammar, P.and Ha˚kansson, K. 1999. The release of heavy metals in stabilised MSW by
oxidation. Science of The Total Environment: 291-303.

99

Foo, K. Y.and Hameed, B. H. 2009. An overview of landfill leachate treatment via activated
carbon adsorption process. Journal of Hazardous Materials, 171: 54-60.
Foose, G. J., Benson, C. H.and Edil, T. B. 2002. Comparison of solute transport in three
composite liners. Journal of Geotechnical & Geoenvironmental Engineering, 128: 391-403.
Francisca, F. M.and Glatstein, D. A. 2010. Long term hydraulic conductivity of compacted soils

Downloaded by [The Library at Queens] at 02:58 28 May 2014

permeated with landfill leachate. Applied Clay Science, 49: 187-193.
Frangos, W. 1997. Electrical detection of leaks in lined waste disposal ponds. Geophysics, 62:
1737-1744.
Frontistis, Z., Xekoukoulotakis, N. P., Diamadopoulos, E.and Mantzavinos, D. 2008. Ozonation
of Landfill Leachates: Treatment Optimization by Factorial Design. Journal of Advanced
Oxidation Technologies, 11: 370-376.
Fukue, M., Minato, T., Matsumoto, M., Horibe, H.and Taya, N. 2001. Use of a resistivity cone
for detecting contaminated soil layers. Engineering Geology, 60: 361-369.
Fux, C., Boehler, M., Huber, P., Brunner, I.and Siegrist, H. 2002. Biological treatment of
ammonium-rich wastewater by partial nitritation and subsequent anaerobic ammonium oxidation
(ANAMMOX) in pilot plant. Journal of Biotechnology, 99: 295-306.
Gajski, G., Oreščanin, V.and Garaj-Vrhovac, V. 2011. Cytogenotoxicity of sewage sludge
leachate before and after calcium oxide-based solidification in human lymphocytes.
Ecotoxicology and Environmental Safety, 74: 1408-1415.

100

Gajski, G., Oreščanin, V.and Garaj-Vrhovac, V. 2012. Chemical composition and genotoxicity
assessment of sanitary landfill leachate from Rovinj, Croatia. Ecotoxicology and Environmental
Safety, 78: 253-259.
Galeano, L. A., Vicente, M. Á.and Gil, A. 2011. Treatment of municipal leachate of landfill by
Fenton-like heterogeneous catalytic wet peroxide oxidation using an Al/Fe-pillared

Downloaded by [The Library at Queens] at 02:58 28 May 2014

montmorillonite as active catalyst. Chemical Engineering Journal, 178: 146-153.
Gálvez, A., Zamorano, M., Hontoria, E.and Ramos, A. 2006. Treatment of Landfill Leachate
with Aerated and Non-Aerated Submerged Biofilters. Journal of Environmental Science and
Health, Part A, 41: 1129-1144.
Gálvez, A., Zamorano, M.and Ramos-Ridao, A. F. 2012. Efficiency of a biological aerated filter
for the treatment of leachate produced at a landfill receiving non-recyclable waste. Journal of
Environmental Science and Health, Part A, 47: 54-59.
Gao, N. F., Kume, S.and Watari, K. 2005. Zeolite–carbon composites prepared from industrial
wastes: (II) evaluation of the adaptability as environmental materials. Materials Science and
Engineering: A, 404: 274-280.
Garaj-Vrhovac, V., Oreščanin, V., Ruk, D.and Gajski, G. 2009. In vitro assessment of genotoxic
effects of electric arc furnace dust on human lymphocytes using the alkaline comet assay.
Journal of Environmental Science & Health, Part A Toxic / Hazardous Substances &
Environmental Engineering, 44: 279-287.

101

Garg, A.and Mishra, A. 2010. Wet Oxidation—An Option for Enhancing Biodegradability of
Leachate Derived From Municipal Solid Waste (MSW) Landfill. Industrial & Engineering
Chemistry Research, 49: 5575-5582.
Gau, S. H.and Chow, J. D. 1998. Landfil leachate characteristics and modeling of municipal
solid wastes combined with incinerated residuals. Journal of Hazardous Materials, 58: 249-259.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Giannis, A., Makripodis, G., Simantiraki, F., Somara, M.and Gidarakos, E. 2008. Monitoring
operational and leachate characteristics of an aerobic simulated landfill bioreactor. Waste
Management, 28: 1346-1354.
Godson, R. H.and Moore, J., 1995. Subtitle D Groundwater monitoring statistics at a Greenfield
Landfill Site in Alabama, International Environmental Conference, pp. 909-915.
Gogate, P. R.and Pandit, A. B. 2004a. A review of imperative technologies for wastewater
treatment I: oxidation technologies at ambient conditions. Advances in Environmental Research,
8: 501-551.
Gogate, P. R.and Pandit, A. B. 2004b. A review of imperative technologies for wastewater
treatment II: hybrid methods. Advances in Environmental Research, 8: 553-597.
Golder Associates, 2003. GasSim - landfill gas risk assessment tool, GasSim Technical
Summary (PDF Format). .
Golder Associates (NZ) Ltd, 2002. Risk Assessment for Small Closed Landfills, Report for the
Ministry for Environment under the Sustainable Management Fund, New Zealand.

102

GolderAssociates, 1996. LandSim-groundwater risk assessment tool for landfill design,
http://www.landsim.com (accessed on 26.11.07).
Gonze, E., Commenges, N., Gonthier, Y.and Bernis, A. 2003. High frequency ultrasound as a
pre- or a post-oxidation for paper mill wastewaters and landfill leachate treatment. Chemical
Engineering Journal, 92: 215-225.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Gotvajn, A. Ž., Tišler, T.and agorc-Končan, . 2009. Comparison of different treatment
strategies for industrial landfill leachate. Journal of Hazardous Materials, 162: 1446-1456.
Grisey, E., Belle, E., Dat, J., Mudry, J.and Aleya, L. 2010. Survival of pathogenic and indicator
organisms in groundwater and landfill leachate through coupling bacterial enumeration with
tracer tests. Desalination, 261: 162-168.
Grossman, E. L. 2002. Stable carbon isotopes as indicators of microbial activity in aquifers, in:
Hurst, C.J. (Ed.), Manual of Environmental Microbiology (2nd ed.). American Society for
Microbiology, Washington, DC, pp. 728-742.
Grossman, E. L., Cifuentes, L. A.and Cozzarelli, I. M. 2002. Anaerobic methane oxidation in a
landfill-leachate plume. Environmental Science and Technology, 36: 2436-2442.
Guérin, R., Pannissod, C., Thiry, M., Benderitter, Y., Tabbagh, A.and Huet-Tailanter, S. 2002.
La friche industrielle de Mortagne-du-Nord (59) - III - Approche méthodologique d’étude
géophysique non-destructive des sites pollués par des eaux fortement minéralisées. Le Bulletin
de la Société géologique de France, 173: 471-477.
Haapea, P., Korhonen, S.and Tuhkanen, T. 2002. Treatment of Industrial Landfill Leachates By
Chemical And Biological Methods: Ozonation, Ozonation + Hydrogen Peroxide, Hydrogen
103

Peroxide And Biological Post-Treatment For Ozonated Water. Ozone: Science & Engineering,
24: 369-378.
Hackley, K. C., Liu, C. L.and Coleman, D. D. 1996. Environmental Isotope Characteristics of
Landfill Leachates and Gases. Ground Water, 34: 827-836.
Hagemeister, M. E., Jones, D. D.and Woldt, W. E. 1996. Hazard ranking of landfills using fuzzy

Downloaded by [The Library at Queens] at 02:58 28 May 2014

composite programming. Journal of Environmental Engineering and Science, 122: 248-258.
Haijian, X., Yunmin, C., Han, K., Xiaowu, T.and Renpeng, C. 2009. Analysis of diffusionadsorption equivalency of landfill liner systems for organic contaminants. Journal of
Environmental Science, 21: 552-560.
Halim, A. A., Aziz, H. A., Johari, M. A. M.and Ariffin, K. S. 2010a. Comparison study of
ammonia and COD adsorption on zeolite, activated carbon and composite materials in landfill
leachate treatment. Desalination, 262: 31-35.
Halim, A. A., Aziz, H. A., Johari, M. A. M., Ariffin, K. S.and Adlan, M. N. 2010b. Ammoniacal
nitrogen and COD removal from semi-aerobic landfill leachate using a composite adsorbent:
Fixed bed column adsorption performance. Journal of Hazardous Materials, 175: 960-964.
Halim, C. E., Amal, R., Beydoun, D., Scott, J. A.and Low, G. 2005. Evaluating the applicability
of regulatory leaching tests for assessing the hazards of Pb-contaminated soils. Journal of
Hazardous Materials, 120: 101-111.
Han, Z.-Y., Liu, D., Li, Q.-B., Li, G.-Z., Yin, Z.-Y., Chen, X.and Chen, J.-N. 2011. A novel
technique of semi-aerobic aged refuse biofilter for leachate treatment. Waste Management, 31:
1827-1832.
104

Hankins, N. P., Pliankarom, S.and Hilal, N. 2005. An Equilibrium Ion‐Exchange Study on the
Removal of NH4 + Ion from Aqueous Effluent Using Clinoptilolite. Separation Science and
Technology, 39: 3639-3663.
Harmsen, K. 1983. Theories of cation adsorption by soil constitutes: discrete-site models, in:
Bolt, G.H. (Ed.), Soil Chemistry, B, Physico-chemical models. Elsevier, Amsterdam, pp. 77-139.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Hasan, S., Ghosh, T. K., Viswanath, D. S., Loyalka, S. K.and Sengupta, B. 2007. Preparation and
Evaluation of Fullers Earth Beads for Removal of Cesium from Waste Streams. Separation
Science and Technology, 42: 717-738.
Hasan, S., Hashim, M. A.and Gupta, B. S. 2000. Adsorption of Ni(SO4) on Malaysian rubberwood ash. Bioresource Technology, 72: 153-158.
He, P. J., Xiao, Z., Shao, L. M., Yu, J. Y.and Lee, D. J. 2006. In-situ distributions and
characteristics of heavy metals in full-scale landﬁll layers. Journal of Hazardous Materials, 137:
1385-1394.
Heaton, T. H. E., Trick, J. K.and Williams, G. M. 2005. Isotope and dissolved gas evidence for
nitrogen attenuation in landfill leachate dispersing into a chalk aquifer. Applied Geochemistry,
20: 933-945.
Heavey, M. 2003. Low-cost treatment of landfill leachate using peat. Waste Management, 23:
447-454.
Hellinga, C., van Loosdrecht, M. C. M.and Heijnen, J. J. 1999. Model Based Design of a Novel
Process for Nitrogen Removal from Concentrated Flows. Mathematical and Computer
Modelling of Dynamical Systems, 5: 351-371.
105

Henderson, R. K., Baker, A., Murphy, K. R., Hambly, A., Stuetz, R. M.and Khan, S. J. 2009.
Fluorescence as a potential monitoring tool for recycled water systems: A review. Water
Research, 43: 863-881.
Hermosilla, D., Cortijo, M.and Huang, C. P. 2009. Optimizing the treatment of landfill leachate
by conventional Fenton and photo-Fenton processes. Science of The Total Environment, 407:

Downloaded by [The Library at Queens] at 02:58 28 May 2014

3473-3481.
Hermozilha, H., Grangeia, C.and Matias, M. S. 2010. An integrated 3D constant offset GPR and
resistivity survey on a sealed landfill — Ilhavo, NW Portugal. Journal of Applied Geophysics,
70: 58-71.
Hernández, D., Plaza, C., Senesi, N.and Polo, A. 2006. Detection of Copper(II) and zinc(II)
binding to humic acids from pig slurry and amended soils by fluorescence spectroscopy.
Environmental Pollution, 143: 212-220.
Heron, G., Bjerg, P. L., Gravesen, P., Ludvigsen, L.and Christensen, T. H. 1998. Geology and
sediment geochemistry of a landfill leachate contaminated aquifer (Grindsted, Denmark).
Journal of Contaminant Hydrology, 29: 301-317.
Huang, L.-N., Chen, Y.-Q., Zhou, H., Luo, S., Lan, C.-Y.and Qu, L.-H. 2003. Characterization
of methanogenic Archaea in the leachate of a closed municipal solid waste landfill. FEMS
Microbiology Ecology, 46: 171-177.
Iglesias, J. R., Pelaez, L. C., Maison, E. M.and Andres, H. S. 2000. Biomethanization of
municipal solid waste in a pilot plant. Water Research, 34: 447-454.

106

Ihara, I., Kanamura, K., Shimada, E.and Watanabe, T. 2004. High gradient magnetic separation
combined with electrocoagulation and electrochemical oxidation for the treatment of landfill
leachate. Applied Superconductivity, IEEE Transactions on, 14: 1558-1560.
Ilhan, F., Kurt, U., Apaydin, O.and Gonullu, M. T. 2008. Treatment of leachate by
electrocoagulation using aluminum and iron electrodes. Journal of Hazardous Materials, 154:

Downloaded by [The Library at Queens] at 02:58 28 May 2014

381-389.
Ince, N. H. 1998. Light-Enhanced Chemical Oxidation for Tertiary Treatment of Municipal
Landfill Leachate. Water Environment Research, 70: 1161-1169.
IoWM, 1999. The role and operation of the flushing bioreactor, Report of the Chartered
Institution of Wastes Management, Sustainable Landfill Working Group. Institution of Wastes
Management, Northampton.
Isidori, M., Lavorgna, M., Nardelli, A.and Parrella, A. 2003. Toxicity identification evaluation of
leachates from municipal solid waste landfills: a multispecies approach. Chemosphere, 52: 8594.
Islam, J.and Singhal, N. 2004. A laboratory study of landfill-leachate transport in soils. Water
Research, 38: 2035-2042.
Ismail, T.and Toshihiko, M. 2012. Bio-treatment of landfill leachate having low Carbon–
Nitrogen ratio in a bio-film reactor packed with granular activated carbon under control of
oxygen gas concentration. Desalination and Water Treatment, 37: 55-61.
Jenkins, B. M., Mannapperuma, J. D.and Bakker, R. R. 2003. Biomass leachate treatment by
reverse osmosis. Fuel Processing Technology, 81: 223-246.
107

Jensen, D. L., Ledin, A.and Christensen, T. H. 1999. Speciation of heavy metals in landfillleachate polluted groundwater. Water Research, 33: 2642-2650.
Jia, C., Wang, Y., Zhang, C.and Qin, Q. 2011. UV-TiO&lt;sub&gt;2&lt;/sub&gt; Photocatalytic
Degradation of Landfill Leachate. Water, Air, & Soil Pollution, 217: 375-385.
Jiang, J., Yang, G., Deng, Z., Huang, Y., Huang, Z., Feng, X., Zhou, S.and Zhang, C. 2007.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Pilot-scale experiment on anaerobic bioreactor landfills in China. Waste Management, 27: 893901.
Jokella, J. P., Kettunen, R. H., Sormunen, K. M.and Rintala, J. A. 2002. Biological nitrogen
removal from municipal landfill leachate: low-cost nitrification in biofilters and laboratory scale
in situ denitrification. Water Research, 36: 4079-4087.
Jones, D. L., Williamson, K. L.and Owen, A. G. 2006. Phytoremediation of landfill leachate.
Waste Management, 26: 825-837.
Joseph, K., Esakku, S., Nagendran, R.and Vishwanathan, C., 2005. A decision making tool for
dumpsite rehabilitation in developing countries, Sardinia 2005, Tenth International Waste
Management and Landfill Symposium, Cagliari, Italy.
Jun, D., Yongsheng, Z., Henry, R. K.and Mei, H. 2007. Impacts of aeration and active sludge
addition on leachate recirculation bioreactor. Journal of Hazardous Materials, 147: 240-248.
Justin, M. Z.and Zupancic, M. 2009. Combined purification and reuse of landfill leachate by
constructed wetland and irrigation of grass and willows. Desalination, 246: 157-168.

108

Kadirvelu, K., Kavipriya, M., Karthika, C., Radhika, M., Vennilamani, N.and Pattabhi, S. 2003.
Utilization of various agricultural wastes for activated carbon preparation and application for the
removal of dyes and metal ions from aqueous solutions. Bioresource Technology, 87: 129-132.
Kang, Y. W.and Hwang, K.-Y. 2000. Effects of reaction conditions on the oxidation efficiency
in the Fenton process. Water Research, 34: 2786-2790.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Karadag, D., Tok, S., Akgul, E., Turan, M., Ozturk, M.and Demir, A. 2008. Ammonium removal
from sanitary landfill leachate using natural Gördes clinoptilolite. Journal of Hazardous
Materials, 153: 60-66.
Kargi, F.and Pamukoglu, M. Y. 2003a. Powdered activated carbon added biological treatment of
pre-treated landfill leachate in a fed-batch reactor. Biotechnology Letters, 25: 695-699.
Kargi, F.and Pamukoglu, M. Y. 2003b. Simultaneous adsorption and biological treatment of pretreated landfill leachate by fed-batch operation. Process Biochemistry, 38: 1413-1420.
Kargi, F.and Pamukoglu, M. Y. 2004. Repeated fed-batch biological treatment of pre-treated
landfill leachate by powdered activated carbon addition. Enzyme and Microbial Technology, 34:
422-428.
Karlık, G.and Kaya, M. A. 2001. Investigation of groundwater contamination using electric and
electromagnetic methods at an open waste-disposal site: a case study from Isparta, Turkey.
Environmental Geology, 40: 725-731.
Katsumi, T., Benson, C. H., Foose, G. J.and Kamon, M. 2001. Performance-based design of
landfill liners. Engineering Geology, 60: 139-148.

109

Kearey, P., Brooks, M.and Hill, I., 2002. An introduction to geophysical exploration. Blackwell
Science.
Kelly, R. J., 2002. Solid waste biodegradation enhancements and the evaluation of analytical
methods used to predict waste stability. Faculty of Virginia Polytechnic Institute and State
University, Virginia.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Kerc, A., Bekbolet, M.and Saatci, A. M. 2003. Sequential Oxidation of Humic Acids by
Ozonation and Photocatalysis. Ozone: Science & Engineering, 25: 497-504.
Kerndorff, H., Schleyer, R., Milde, G.and Plumb, R. H. 1992. Geochemistry of groundwater
pollutants at German waste disposal sites, in: Lesage, S., Jackson, R.E. (Eds.), Groundwater
Contamination and Analysis at Hazardous Waste Sites. Marcel Dekker, New York, pp. 245-272.
Khanbilvardi, R. M., Ahmed, S.and Gleason, P. L. 1995. Flow investigation for landfill leachate
(FILL). Journal of Environmental Engineering, 121: 45-57.
Kheradmand, S., Karimi-Jashni, A.and Sartaj, M. 2010. Treatment of municipal landfill leachate
using a combined anaerobic digester and activated sludge system. Waste Management, 30: 10251031.
Khire, M. V.and Mukherjee, M. 2007. Leachate injection using vertical wells in bioreactor
landfills. Waste Management, 27: 1233-1247.
Kim, D.-J., Lee, D.-I.and Keller, J. 2006. Effect of temperature and free ammonia on nitrification
and nitrite accumulation in landfill leachate and analysis of its nitrifying bacterial community by
FISH. Bioresource Technology, 97: 459-468.

110

Kim, J. S., Kim, H. Y., Won, C. H.and Kim, J. G. 2001. Treatment of leachate produced in
stabilized landfills by coagulation and Fenton oxidation process. Journal of the Chinese Institute
of Chemical Engineers, 32: 425-429.
Kim, K.-R.and Owens, G. 2010. Potential for enhanced phytoremediation of landfills using
biosolids - a review. Journal of Environmental Management, 91: 791-797.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Kjeldsen, P. 1993. Groundwater pollution source characterization of an old landfill. Journal of
Hydrology, 142: 349-371.
Kjeldsen, P., Barlaz, M. A., Rooker, A. P., Baun, A., Ledin, A.and Christensen, T. H. 2002.
Present and long-term composition of MSW landfill leachate: a review. Critical Reviews in
Environmental Science and Technology, 32: 297-336.
Klimiuk, E.and Kulikowska, D. 2006. Organics removal from landfill leachate and activated
sludge production in SBR reactors. Waste Management, 26: 1140-1147.
Kobya, M., Senturk, E.and Bayramoglu, M. 2006. Treatment of poultry slaughterhouse
wastewaters by electrocoagulation. Journal of Hazardous Materials, 133: 172-176.
Kochany, J.and Lipczynska-Kochany, E. 2009. Utilization of landfill leachate parameters for
pretreatment by Fenton reaction and struvite precipitation--A comparative study. Journal of
Hazardous Materials, 166: 248-254.
Koshi, L., Paris, E., Ling, S., Jones, T.and Berube, K. 2007. Bioreactivity of leachate from
municipal solid waste landfills-assessment of toxicity. Science of The Total Environment, 384:
171-181.

111

Kosopolov, V. D., Kuschk, P., Vainsthein, M. B., Vatsourina, A. V., Wiebner, M., Kastner,
M.and Muller, R. A. 2004. Microbial processes of heavy metal removal from carbondeficit
effluents in constructed wetlands. Engineering in Life Sciences, 4: 403-411.
Krumholz, L. R., McKinley, J. P., Ulrich, G. A.and Suflita, J. M. 1997. Confined subsurface
microbial communities in Cretaceous rock. Nature, 386: 64-66.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Kulikowska, D.and Klimiuk, E. 2008. The effect of landfill age on municipal leachate
composition. Bioresource Technology, 99: 5891-5895.
Kumar, D.and Alappat, B. J. 2005. Evaluating leachate contamination potential of landfill sites
using leachate pollution index. Clean Technology Environmental Policy, 7: 190-197.
Kurniawan, T. A.and Lo, W.-h. 2009. Removal of refractory compounds from stabilized landfill
leachate using an integrated H2O2 oxidation and granular activated carbon (GAC) adsorption
treatment. Water Research, 43: 4079-4091.
Kurniawan, T. A., Lo, W.-H.and Chan, G. Y. S. 2006a. Degradation of recalcitrant compounds
from stabilized landfill leachate using a combination of ozone-GAC adsorption treatment.
Journal of Hazardous Materials, 137: 443-455.
Kurniawan, T. A., Lo, W.-h.and Chan, G. Y. S. 2006b. Physico-chemical treatments for removal
of recalcitrant contaminants from landfill leachate. Journal of Hazardous Materials, 129: 80100.
Kurniawan, T. A., Lo, W.-h.and Chan, G. Y. S. 2006c. Radicals-catalyzed oxidation reactions
for degradation of recalcitrant compounds from landfill leachate. Chemical Engineering Journal,
125: 35-57.
112

Labanowski, J., Pallier, V.and Feuillade-Cathalifaud, G. 2010. Study of organic matter during
coagulation and electrocoagulation processes: Application to a stabilized landfill leachate.
Journal of Hazardous Materials, 179: 166-172.
Laine, D. L.and Darilek, G. T., 1993. Locating Leaks In Geomembrane Liners of Landfills
Covered With a Protective Soil, Proceedings Sardinia 93, International Landfill Symposium

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Geosynthetics, Vancouver, Canada, pp. 1403-1412.
Laitinen, N., Luonsi, A.and Vilen, J. 2006. Landfill leachate treatment with sequencing batch
reactor and membrane bioreactor. Desalination, 191: 86-91.
Landcare Research, 2003. Risk assessment model reviews. . Manaaki Whenua Landcare
Research - a New Zealand Crown Research Institute.
Laner, D., Crest, M., Scharff, H., Morris, J. W. F.and Barlaz, M. A. 2012. A review of
approaches for the long-term management of municipal solid waste landfills. Waste
Management, 32: 498-512.
Leavesley, G. H.and Nicholson, T. J., 2005. Interagency steering committee on multimedia
environmental models (ISCMEM) .
Ledakowicz, S.and Kaczarek, K., 2002. Laboratory simulation of anaerobic digestion of
municipal solid waste, ISWA 2002 World Environmental Congress: Appropriate Environmental
and Solid Waste Management and Technologies for Developing Countries, Istanbul, Turkey, pp.
1139-1146.
Lee, G. F.and Jones-Lee, A. 1993. A groundwater protection strategy for lined landfills.
Environmental Science and Technology, 28: 584A-585A.
113

Lee, G. F.and Jones, A. R. 1991. Landfills and Groundwater Quality. Groundwater 29: 482-486.
LeGrand, H. E. 1964. System for evaluation of contamination potential of some waste disposal
sites. Journal of American Water Works Association, 56: 959-974.
Lema, J. M., Mendez, R.and Blazquez, R. 1988. Characteristics of landfill leachates and
alternatives for their treatment: a review. Water Air Soil Pollution, 40: 223-250.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Lerner, D. N., Thornton, S. F., Spence, M. J., Banwart, S. A., Bottrell, S. H., Higgo, J. J.,
Mallinson, H. E. H., Pickup, R. W.and Williams, G. W. 2000. Ineffective natural attenuation of
degradable organic compounds in a phenol-contaminated aquifer. Ground Water 2000: 922-928.
Li, H., Gu, Y., Zhao, Y.and Wen, Z. 2010a. Leachate treatment using a demonstration aged
refuse biofilter. Journal of Environmental Sciences, 22: 1116-1122.
Li, R., Yue, D., Liu, J.and Nie, Y. 2009. Size fractionation of organic matter and heavy metals in
raw and treated leachate. Waste Management, 29: 2527-2533.
Li, W., Hua, T., Zhou, Q., Zhang, S.and Li, F. 2010b. Treatment of stabilized landfill leachate by
the combined process of coagulation/flocculation and powder activated carbon adsorption.
Desalination, 264: 56-62.
Li, W., Zhang, L.-b., Peng, J.-h., Li, N.and Zhu, X.-y. 2008. Preparation of high surface area
activated carbons from tobacco stems with K2CO3 activation using microwave radiation.
Industrial Crops and Products, 27: 341-347.
Li, X., Song, J., Guo, J., Wang, Z.and Feng, Q. 2011a. Landfill leachate treatment using
electrocoagulation. Procedia Environmental Sciences, 10, Part B: 1159-1164.

114

Li, Y., Lie-Shan, W., Ying, L., Shi-Zhen, G., Min-Juan, M.and Min-Li, W., 2011b. Capacity of
Modified Fly Ash in Advanced Treatment of Landfill Leachate: Determined of Equilibrium and
Kinetic Model Parameters, Bioinformatics and Biomedical Engineering, (iCBBE) 2011 5th
International Conference on, pp. 1-6.
Liang, Z.and Liu, J. 2008. Landfill leachate treatment with a novel process: Anaerobic

Downloaded by [The Library at Queens] at 02:58 28 May 2014

ammonium oxidation (Anammox) combined with soil infiltration system. Journal of Hazardous
Materials, 151: 202-212.
Lim, P.-E., Lim, S.-P., Seng, C.-E.and Noor, A. M. 2010. Treatment of landfill leachate in
sequencing batch reactor supplemented with activated rice husk as adsorbent. Chemical
Engineering Journal, 159: 123-128.
Lin, S. H.and Chang, C. C. 2000. Treatment of landfill leachate by combined electro-Fenton
oxidation and sequencing batch reactor method. Water Research, 34: 4243-4249.
Lindsay, J. B., Shang, J. Q.and Rowe, R. K. 2002. Using complex permittivity and artificial
neural networks for contaminant prediction. Journal of Environmental Engineering and Science,
128: 740-747.
Liyan, S., Youcai, Z., Weimin, S.and Ziyang, L. 2009. Hydrophobic organic chemicals (HOCs)
removal from biologically treated landfill leachate by powder-activated carbon (PAC), granularactivated carbon (GAC) and biomimetic fat cell (BFC). Journal of Hazardous Materials, 163:
1084-1089.
Long, Y.-Y., Hu, L.-F., Fang, C.-R., He, R.and Shen, D.-S. 2009. Releasing behavior of zinc in
recirculated bioreactor landfill. Science of The Total Environment, 407: 4110-4116.

115

Lopez, A., Pagano, M., Volpe, A.and Claudio Di Pinto, A. 2004. Fenton's pre-treatment of
mature landfill leachate. Chemosphere, 54: 1005-1010.
Lorah, M. M., Cozzarelli, I. M.and Böhlke, J. K. 2009. Biogeochemistry at a wetland sediment–
alluvial aquifer interface in a landfill leachate plume. Journal of Contaminant Hydrology, 105:
99-117.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Lou, Z. Y., Zhao, Y. C., Yuan, T., Song, Y., Chen, H. L.and Zhu, N. W. 2009. Natural
attenuation and characterization of contaminants composition in landfill leachate under different
disposing ages. Science of The Total Environment, 407: 3385-3391.
Loukidou, M. X.and Zouboulis, A. I. 2001. Comparison of two biological treatment processes
using attached-growth biomass for sanitary landfill leachate treatment. Environmental Pollution,
111: 273-281.
Lovley, D. R. 1997. Potential for anaerobic bioremediation of BTEX in petroleum-contaminated
aquifers. Journal of Industrial Microbiology & Biotechnology, 18: 75-81.
Lozecznik, S., Sparling, R., Oleszkiewicz, J. A., Clark, S.and VanGulck, J. F. 2010. Leachate
treatment before injection into a bioreactor landfill: Clogging potential reduction and benefits of
using methanogenesis. Waste Management, 30: 2030-2036.
Lu, H. J., Luan, M. T.and Zhang, J. L. 2011. Study on transport of Cr(IV) through the landfill
liner composed of two layer soils. Desalination, 266: 87-92.
Ludvigsen, L., Albrechtsen, H.-J., Ringelberg, D. B., Ekelund, F.and Christensen, T. H. 1999.
Distribution and composition of microbial populations in a landfill leachate contaminated aquifer
(Grindsted, Denmark). Microbial Ecology, 37: 197-207.
116

Ludvigsen, L., Albrechtsen, H. J., Heron, G., Bjerg, P. L.and Christensen, T. H. 1998. Anaerobic
microbial redox processes in a landfill leachate contaminated aquifer (Grindsted, Denmark).
Journal of Contaminant Hydrology, 33: 273-291.
Luna, Y., Otal, E., Vilches, L. F., Vale, J., Querol, X.and Fernández Pereira, C. 2007. Use of
zeolitised coal fly ash for landfill leachate treatment: A pilot plant study. Waste Management, 27:

Downloaded by [The Library at Queens] at 02:58 28 May 2014

1877-1883.
Ma˚rtensson, A. M., Aulin, C., Wahlberg, O.and A˚gren, S. 1999. Eﬀect of humic substances on
the mobility of toxic metals in a mature landﬁll. Waste Management & Research, 17: 296-304.
MacFarlane, D. S., Cherry, J. A., Gillham, R. W.and Sudicky, E. A. 1983. Migration of
contaminants in groundwater at a landfill: A case study : 1. Groundwater flow and plume
delineation. Journal of Hydrology, 63: 1-29.
Mahmud, K., Hossain, M. D.and Shams, S. Different treatment strategies for highly polluted
landfill leachate in developing countries. Waste Management.
Malato Rodrıguez, S., Blanco G lvez, ., Maldonado Rubio, M. I., Fern ndez Ib ez, P., Alarc n
Padilla, D., Collares Pereira, M., Farinha Mendes, J.and Correia de Oliveira, J. 2004.
Engineering of solar photocatalytic collectors. Solar Energy, 77: 513-524.
Manu, B.and Chaudhari, S. 2002. Anaerobic decolorisation of simulated textile wastewater
containing azo dyes. Bioresource Technology, 82: 225-231.
Marañón, E., Castrillón, L., Fernández, Y.and Fernández, E. 2006. Anaerobic treatment of
sludge from a nitrification-denitrification landfill leachate plant. Waste Management, 26: 869874.
117

Mariam, T.and Nghiem, L. D. 2010. Landfill leachate treatment using hybrid coagulationnanofiltration processes. Desalination, 250: 677-681.
Marsh, G. M.and Day, R. 1991. A model standardized risk assessment protocol for use with
hazardous waste sites. Environment Health Perspective, 90: 199-208.
Martinez, C. E. 2000. Solubility of lead, zinc and copper added to mineral soils. Environmental

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Pollution, 107: 153-158.
Martino, D. P., Grossman, E. L., Ulrich, G. A., Burger, K. C., Schlichenmeyer, J. L., Suflita, J.
M.and Ammerman, J. W. 1998. Microbial Abundance and Activity in a Low-Conductivity
Aquifer System in East-Central Texas. Microbial Ecology, 35: 224-234.
Massing, H. 1994. Impacts of leakage from urban solid waste deposits on groundwater quality.
Water Sciences Technology, 29: 239-244.
Matejczyk, M., PŁaza, G. A., NaŁęcz-Jawecki, G., Ulfig, K.and Markowska-Szczupak, A. 2011.
Estimation of the environmental risk posed by landfills using chemical, microbiological and
ecotoxicological testing of leachates. Chemosphere, 82: 1017-1023.
Mato, R. R. A. M. 1999. Environmental implications involving the establishment of sanitary
landfills in five municipalities in Tanzania: the case of Tanga municipality, Roirces. Journal of
Conservation and Recycling, 25: 1-16.
McMahon, P. B.and Chapelle, F. H. 1991. Microbial production of organic acids in aquitard
sediments and its role in aquifer geochemistry. Nature, 349: 233-235.

118

McMahon, P. B., Vroblesky, D. A., Bradley, P. M., Chapelle, F. H.and Guller, C. D. 1995.
Evidence of enhanced mineral dissolution in organic acid-rich shallow ground water. Ground
Water, 33: 207-216.
Meeroff, D. E., Bloetscher, F., Reddy, D. V., Gasnier, F., Jain, S., McBarnette, A.and
Hamaguchi, H. 2012. Application of photochemical technologies for treatment of landfill

Downloaded by [The Library at Queens] at 02:58 28 May 2014

leachate. Journal of Hazardous Materials, 209–210: 299-307.
Mehmood, M. K., Adetutu, E., Nedwell, D. B.and Ball, A. S. 2009. In situ microbial treatment of
landfill leachate using aerated lagoons. Bioresource Technology, 100: 2741-2744.
Melin, T., Jefferson, B., Bixio, D., Thoeye, C., De Wilde, W., De Koning, J., van der Graaf,
J.and Wintgens, T. 2006. Membrane bioreactor technology for wastewater treatment and reuse.
Desalination, 187: 271-282.
Méndez-Díaz, J. D., Abdel daiem, M. M., Rivera-Utrilla, J., Sánchez-Polo, M.and BautistaToledo, I. 2012. Adsorption/bioadsorption of phthalic acid, an organic micropollutant present in
landfill leachates, on activated carbons. Journal of Colloid and Interface Science, 369: 358-365.
Mertoglu, B., Calli, B., Inanc, B.and Ozturk, I. 2006. Evaluation of in situ ammonia removal in
an aerated landfill bioreactor. Process Biochemistry, 41: 2359-2366.
Mikac, N., Cosovic, B., Ahel, M., Andreis, S.and Toncic, Z. 1998. Assessment of groundwater
contamination in the vicinity of a municipal solid waste landfill (Zagreb, Croatia). Water Science
and Technology, 37: 37-44.
Ministry for the Environment, 2004. Risk Screening System, Contaminated Land Management
Guidelines No.3 www.mfe.govt.nz (08.02.06), Wellington, New Zealand.
119

Miyajima, T., Wada, E., Hanba, T. Y.and Vijarnsorn, P. 1997. Anaerobic mineralization of
indigenous organic matters and methanogenesis in tropical wetland soils. Geochemical et
Cosmochimica Acta, 61: 2739-3751.
MoEF, 2000. Municipal Solid Wastes (Management and Handling) Rules, in: India, G.o. (Ed.),
S.O. 908(E). Ministry of Environment and Forest, New Delhi.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Mohammadzadeh, H., Clark, I., Marschner, M.and St-Jean, G. 2005. Compound Specific Isotope
Analysis (CSIA) of landfill leachate DOC components. Chemical Geology, 218: 3-13.
Monje-Ramirez, I.and Velásquez, M. T. O. d. 2004. Removal and transformation of recalcitrant
organic matter from stabilized saline landfill leachates by coagulation-ozonation coupling
processes. Water Research, 38: 2359-2367.
Montusiewicz, A.and Lebiocka, M. 2011. Co-digestion of intermediate landfill leachate and
sewage sludge as a method of leachate utilization. Bioresource Technology, 102: 2563-2571.
Mor, S., Ravindra, K., Dahiya, R.and Chandra, A. 2006. Leachate Characterization and
Assessment of Groundwater Pollution Near Municipal Solid Waste Landfill Site. Environmental
Monitoring and Assessment, 118: 435-456.
Mora, D. A., Arrojo, B., Campos, L. J., Corral, M. A.and Méndez, R. 2004. Improvements
settling properties of Anammox sludge in an SBR. Journal of Chemical Technology and
Biotechnology, 79: 1417-1420.
Moraes, P. B.and Bertazzoli, R. 2005. Electrodegradation of landfill leachate in a flow
electrochemical reactor. Chemosphere, 58: 41-46.

120

Nanny, M. A.and Ratasuk, N. 2002. Characterization and comparison of hydrophobic neutral and
hydrophobic acid dissolved organic carbon isolated from three municipal landfill leachates.
Water Research, 36: 1572-1584.
National Productivity Council, 2003. Hazard Potential Rating of Existing Municipal Solid Waste
Dump Sites. Report submitted to Central Pollution Control Board, New Delhi, India.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

National Research Council, 1994. Ranking Hazardous-Waste Sites for Remedial Action
http://www.edu/books0309050928/html/index.html. National Academic Press.
Neczaj, E., Kacprzak, M., Lach, J.and Okoniewska, E. 2007. Effect of sonication on combined
treatment of landfill leachate and domestic sewage in SBR reactor. Desalination, 204: 227-233.
Needham, A. D., Smith, J. W. N.and Gallagher, E. M. G. 2006. The service life of polyethylene
geomembranes barriers. Engineering Geology, 85: 82-90.
Nehrenheim, E., Waara, S.and Johansson Westholm, L. 2008. Metal retention on pine bark and
blast furnace slag - On-site experiment for treatment of low strength landfill leachate.
Bioresource Technology, 99: 998-1005.
Nelson, A., 1995. Landfill leakage and biofilms-can we rely on self clogging mechanisms,
Proceedings of the 7th Annual Conference of the Waste Management Institute NZ Inc,
Auckland, New Zealand, pp. 431-442.
Ngo, H. H., Guo, W.and W.Xing, 2008. Applied Technologies in Municipal Solid Waste landfill
Leachate Treatment, Encyclopedia of Life Support System (EOLSS). UNESCO.

121

Nicholson, R. V., Cherry, J. A.and Reardon, E. J. 1983. Migration of contaminants in
groundwater at a landfill: A case study : 6. Hydrogeochemistry. Journal of Hydrology, 63: 131176.
Nooten, T. V., Diels, L.and Bastiaens, L. 2008. Design of a Multifunctional Permeable Reactive
Barrier for the Treatment of Landfill Leachate Contamination: Laboratory Column Evaluation.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Environmental Science & Technology, 42: 8890-8895.
North, J. C., Frew, R. D.and Hale, R. V. 2006. Can stable isotopes be used to monitor landfill
leachate impact on surface waters? Journal of Geochemical Exploration, 88: 49-53.
Ntampou, X., Zouboulis, A. I.and Samaras, P. 2006. Appropriate combination of physicochemical methods (coagulation/flocculation and ozonation) for the efficient treatment of landfill
leachates. Chemosphere, 62: 722-730.
Oh, M., Seo, M. W., Lee, S.and Park, J. 2008. Applicability of grid-net detection system for
landfill leachate and diesel fuel release in the subsurface. Journal of Contaminant Hydrology, 96:
69-82.
Okolo, B., Park, C.and Keane, M. A. 2000. Interaction of Phenol and Chlorophenols with
Activated Carbon and Synthetic Zeolites in Aqueous Media. Journal of Colloid and Interface
Science, 226: 308-317.
Orescanin, V., Kollar, R., Ruk, D.and Nad, K. 2012. Characterization and electrochemical
treatment of landfill leachate. Journal of Environmental Science and Health, Part A, 47: 462469.

122

Orescanin, V., Ruk, D., Kollar, R., Mikelic, I. L., Nad, K.and Mikulic, N. 2011. A combined
treatment of landfill leachate using calcium oxide, ferric chloride and clinoptilolite. Journal of
Environmental Science and Health, Part A, 46: 323-328.
Ortega, L. M., Lebrun, R., Blais, J.-F.and Hausler, R. 2007. Treatment of an acidic leachate
containing metal ions by nanofiltration membranes. Separation and Purification Technology, 54:

Downloaded by [The Library at Queens] at 02:58 28 May 2014

306-314.
Oti, D., Thomas, K., Omisca, E., Howard, J.and Trotz, M. 2011. Adsorption of arsenic onto
Kemiron in a landfill leachate. Toxicological & Environmental Chemistry, 94: 239-251.
Ouhaldi, V. R., Yong, R. N.and Sedighi, M. 2006a. Desorption response and degradation of
buffering capability of benthonite, subjected to heavy metal contaminants. Engineering Geology,
85: 102-110.
Ouhaldi, V. R., Yong, R. N.and Sedighi, M. 2006b. Influence of heavy metal contaminants at
variable pH regimes on rheological behaviour of benthonite. Applied Clay Science, 32: 217-231.
Øygard, J. K., Gjengedal, E.and Røyset, O. 2007. Size charge fractionation of metals in
municipal solid waste landfill leachate. Water Research, 41: 47-54.
Ozkaya, B., Demir, A.and Bilgili, M. S. 2006. Mathematical simulation and long-term
monitoring of leachate components from two different landfill cells. Journal of Hazardous
Materials, 135: 32-39.
Ozturk, I., Altinbas, M., Koyuncu, I., Arikan, O.and Gomec-Yangin, C. 2003. Advanced
physico-chemical treatment experiences on young municipal landfill leachates. Waste
Management, 23: 441-446.
123

Pacific Northwest National Laboratory (PNNL), 2012a. Framework for Risk Analysis
Multimedia Environmental Systems (FRAMES), PNL. .
Pacific Northwest National Laboratory (PNNL), 2012b. Introduction to MEPAS (Multimedia
Environmental Pollutant Assessment System), PNL. .
Pala, A.and Erden, G. 2004. Chemical Pretreatment of Landfill Leachate Discharged into

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Municipal Biological Treatment Systems. Environmental Engineering Science, 21: 549-557.
Palaniandy, P., Adlan, M. N., Aziz, H. A.and Murshed, M. F. 2010. Application of dissolved air
flotation (DAF) in semi-aerobic leachate treatment. Chemical Engineering Journal, 157: 316322.
Park, J. Y.and Batchelor, B. 2002. A multi-component numerical leach model coupled with a
general chemical speciation code. Water Research, 36: 156-166.
Parsons, S. A.and M.Williams 2004. Introduction, in: Parsons, S.A. (Ed.), Advanced Oxidation
Processes for Water and Wastewater Treatment. IWA Publishing, London, pp. 1-6.
Pelkonen, M., Kotro, M.and Rintala, J. 1999. Biological nitrogen removal from landfill leachate:
a pilot-scale study. Waste Management and Research, 17: 493-497.
Pendleton, C. H., Morris, J. W. F., Goldemund, H., Rozema, L. R., Mallamo, M.and Agricola, S.
L., 2005. Leachate treatment using vertical subsurface flow wetland system-findings from two
pilot studies., in: Cossu, R., Stegmann, R. (Eds.), 10th International Waste Management and
Landfill Symposium, Environmental Sanitary Engineering Centre, Sardinia, Italy, pp. 727-728.

124

Pérez, G., Fernández-Alba, A. R., Urtiaga, A. M.and Ortiz, I. 2010. Electro-oxidation of reverse
osmosis concentrates generated in tertiary water treatment. Water Research, 44: 2763-2772.
Persson, L., Alsberg, T., Ledin, A.and Odham, G. 2006. Transformations of dissolved organic
matter in a landfill leachate--A size exclusion chromatography/mass spectrometric approach.
Chemosphere, 64: 1093-1099.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Peters, R. W. 1999. Chelant extraction of heavy metals from contaminated soils. Journal of
Hazardous Materials, 66: 151-210.
Pettersson, J. K.and Nobes, D. C. 2003. Environmental geophysics at Scott Base: ground
penetrating radar and electromagnetic induction as tools for mapping contaminated ground at
Antarctic research bases. Cold Regions Science and Technology, 37: 187-195.
Phillips, C. R.and Nathwani, J. S. 1977. Development of a soil-waste interaction matrix for
assessing land disposal of industrial wastes. Water Research, 11: 859-868.
Picard, C., Fraser, H. L.and Steer, D. 2005. The interacting effects of temperature and plant
community type on nutrient removal in wetland microcosms. Bioresource Technology, 96: 10391047.
Plaza, C., Brunetti, G., Senesi, N.and Polo, A. 2006a. Fluorescence characterization of metal ionhumic acid interactions in soils amended with composted municipal solid wastes. Analytical and
Bioanalytical Chemistry, 386: 2133-2140.
Plaza, C., Brunetti, G., Senesi, N.and Polo, A. 2006b. Molecular and quantitative analysis of
metal ion binding to humic acids from sewage sludge and sludge-amended soils by fluorescence
spectroscopy. Environmental Science and Technology, 40: 917-923.
125

Poblete, R., Otal, E., Vilches, L. F., Vale, J.and Fernández-Pereira, C. 2011. Photocatalytic
degradation of humic acids and landfill leachate using a solid industrial by-product containing
TiO2 and Fe. Applied Catalysis B: Environmental, 102: 172-179.
Pouet, M. F.and Grasmick, A. 1995. Urban wastewater treatment by electrocoagulation and
flotation. Water Science and Technology, 31: 275-283.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Poznyak, T., Bautista, G. L., Chaírez, I., Córdova, R. I.and Ríos, L. E. 2008. Decomposition of
toxic pollutants in landfill leachate by ozone after coagulation treatment. Journal of Hazardous
Materials, 152: 1108-1114.
Prechtai, T., Parkpian, P.and Visvanathan, C. 2008. Assessment of heavy metal contamination
and its mobilization from municipal solid waste open dumping site. Journal of Hazardous
Materials, 156: 86-94.
Puig, S., Serra, M., Coma, M., Cabré, M., Dolors Balaguer, M.and Colprim, J. 2011. Microbial
fuel cell application in landfill leachate treatment. Journal of Hazardous Materials, 185: 763767.
Qu, X., He, P.-J., Shao, L.-M.and Lee, D.-J. 2008. Heavy metals mobility in full-scale bioreactor
landfill: Initial stage. Chemosphere, 70: 769-777.
Rafizul, I. M.and Alamgir, M. 2012. Characterization and tropical seasonal variation of leachate:
Results from landfill lysimeter studied. Waste Management, In Press.
Rank, D., Papesch, W.and Rajner, V., 1995. Environmental isotopes study at a research landfill
(Breitnau, Lower Austria), International Symposium on Isotopes in Water Resources
Management. International Atomic Energy Agency, Austria, Vienna, Vienna.
126

Rapti-Caputo, D.and Vaccaro, C. 2006. Geochemical evidences of landfill leachate in
groundwater. Engineering Geology, 85: 111-121.
Redman, J. D. 2009. Chapter 8 - Contaminant Mapping, in: Harry, M.J. (Ed.), Ground
Penetrating Radar Theory and Applications. Elsevier, Amsterdam, pp. 247-269.
Reinhart, D. R.and Al-Yousfi, A. B. 1996. The impact of leachate recirculation on municipal

Downloaded by [The Library at Queens] at 02:58 28 May 2014

solid waste landfill operating characteristics. Waste Management & Research, 14: 337-346.
Reinhart, D. R., Pohland, F. G.and Stevens, D. K. 1991. Mathematical fate modeling of
hazardous organic pollutants during codisposal with municipal refuse. Hazardous Waste and
Hazardous Materials, 8: 85-97.
Renou, S., Givaudan, J. G., Poulain, S., Dirassouyan, F.and Moulin, P. 2008a. Landfill leachate
treatment: Review and opportunity. Journal of Hazardous Materials, 150: 468-493.
Renou, S., Poulain, S., Givaudan, J. G.and Moulin, P. 2008b. Treatment process adapted to
stabilized leachates: Lime precipitation-prefiltration-reverse osmosis. Journal of Membrane
Science, 313: 9-22.
Riediker, S., Suter, J. F. M.and Giger, W. 2000. Benzene and naphthalenesulfonates in leachates
and plumes of landfills. Water Resources, 34: 2069-2079.
Rivas, F. J., Beltrán, F., Gimeno, O., Acedo, B.and Carvalho, F. 2003. Stabilized leachates:
ozone-activated carbon treatment and kinetics. Water Research, 37: 4823-4834.
Robinson, A. H. 2005. Landfill leachate treatment. Membrane Technology, 2005: 6-12.

127

Robinson, H. D.and Barr, M. J. 1999. Aerobic biological treatment of landfill leachates. Waste
Management and Research, 17: 478-486.
Robinson, T. 2007. Membrane bioreactors: Nanotechnology improves landfill leachate quality.
Filtration & Separation, 44: 38-39.
Rocha, E. M. R., Vilar, V. J. P., Fonseca, A., Saraiva, I.and Boaventura, R. A. R. 2011. Landfill

Downloaded by [The Library at Queens] at 02:58 28 May 2014

leachate treatment by solar-driven AOPs. Solar Energy, 85: 46-56.
Rodríguez, J., Castrillón, L., Marañón, E., Sastre, H.and Fernández, E. 2004. Removal of nonbiodegradable organic matter from landfill leachates by adsorption. Water Research, 38: 32973303.
Rosenqvist, H.and Ness, B. 2004. An economic analysis of leachate purification through willowcoppice vegetation filters. Bioresource Technology, 94: 321-329.
Routh, J., Grossman, E. L., Ulrich, G. A.and Suflita, J. M. 2001. Volatile organic acids and
microbial processes in the Yegua formation, east-central Texas. Applied Geochemistry, 16: 183195.
Rowe, R., Fleming, I., Armstrong, M., Cooke, A., Cullimore, D., Rittmann, B., Bennestt, P.and
Longstaffe, F., 1997. Recent advances in understanding the clogging of leachate collection
systems, Proceedings Sardinia 97, Sixth International Landfill Symposium, Cagliari, Italy, pp.
383-390.
Sahu, J. N., Acharya, J.and Meikap, B. C. 2009a. Response surface modeling and optimization of
chromium(VI) removal from aqueous solution using Tamarind wood activated carbon in batch
process. Journal of Hazardous Materials, 172: 818-825.
128

Sahu, J. N., Acharya, J.and Meikap, B. C. 2010. Optimization of production conditions for
activated carbons from Tamarind wood by zinc chloride using response surface methodology.
Bioresource Technology, 101: 1974-1982.
Sahu, J. N., Agarwal, S., Meikap, B. C.and Biswas, M. N. 2009b. Performance of a modified
multi-stage bubble column reactor for lead(II) and biological oxygen demand removal from

Downloaded by [The Library at Queens] at 02:58 28 May 2014

wastewater using activated rice husk. Journal of Hazardous Materials, 161: 317-324.
Samouëlian, A., Cousin, I., Tabbagh, A., Bruand, A.and Richard, G. 2005. Electrical resistivity
survey in soil science: a review. Soil and Tillage Research, 83: 173-193.
San, I.and Onay, T. T. 2001. Impact of various leachate recirculation regimes on municipal solid
waste degradation. Journal of Hazardous Materials, 87: 259-271.
Sarria, V., Parra, S., Adler, N., Péringer, P., Benitez, N.and Pulgarin, C. 2002. Recent
developments in the coupling of photoassisted and aerobic biological processes for the treatment
of biorecalcitrant compounds. Catalysis Today, 76: 301-315.
Sawaittayothin, V.and Polprasert, C. 2007. Nitrogen mass balance and microbial analysis of
constructed wetlands treating municipal landfill leachate. Bioresource Technology, 98: 565-570.
Schoeman, J. J., Steyn, A.and Makgae, M. 2005. Evaluation of electrodialysis for the treatment
of an industrial solid waste leachate. Desalination, 186: 273-289.
Schroeder, P. R., Aziz, N. M., Lloyd, C. M.and Zappi, P. A., 1994.
TheHydrologicEvaluationofLandfillPerformance(HELP)Model: User’sGuideforVersion3,
EPA/600/R-94/168a, September1994, U.S. Environmental Protection Agency Office of Research
and Development, Washington, DC.
129

Science Applications International Corporation, 1990. Washington Ranking Method Scoring
Manual prepared for Washington State Department of Ecology, Olympia, Washington.
Scientific Software Group, 1998. Environmental Software and Publications Washington, DC.
Scott, D.and Stone, C., 2004. Clinical governance and risk management. Second Annual Report
2003-2004, East Sussex Hospitals, NHS Trust.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Scott, J., Beydoun, D., Amal, R., Low, G.and Cattle, J. 2005. Landfill Management, Leachate
Generation, and Leach Testing of Solid Wastes in Australia and Overseas. Critical Reviews in
Environmental Science and Technology, 35: 239-332.
Sen Gupta, B., Curran, M., Hasan, S.and Ghosh, T. K. 2009. Adsorption characteristics of Cu
and Ni on Irish peat moss. Journal of Environmental Management, 90: 954-960.
Setiadi, T.and Fairus, S. 2003. Hazardous waste landfill leachate treatment using an activated
sludge-membrane system. Water Sci Technol, 48: 111-117.
Shu, H.-Y., Fan, H.-J., Chang, M.-C.and Hsieh, W.-P. 2006. Treatment of MSW landfill leachate
by a thin gap annular UV/H2O2 photoreactor with multi-UV lamps. Journal of Hazardous
Materials, 129: 73-79.
Silva, A. C., Dezotti, M.and Sant'Anna, G. L. 2004. Treatment and detoxification of a sanitary
landfill leachate. Chemosphere, 55: 207-214.
Sinan Bilgili, M., Demir, A., Ince, M.and Özkaya, B. 2007. Metal concentrations of simulated
aerobic and anaerobic pilot scale landfill reactors. Journal of Hazardous Materials, 145: 186194.

130

Singh, C. K., Sahu, J. N., Mahalik, K. K., Mohanty, C. R., Mohan, B. R.and Meikap, B. C. 2008.
Studies on the removal of Pb(II) from wastewater by activated carbon developed from Tamarind
wood activated with sulphuric acid. Journal of Hazardous Materials, 153: 221-228.
Singh, R. K., Datta, M.and Nema, A. K. 2009. A new system for groundwater contamination
hazard rating of landfills. Journal of Environmental Management, 91: 344-357.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Singh, S. K., Townsend, T. G., Mazyck, D.and Boyer, T. H. 2012. Equilibrium and intra-particle
diffusion of stabilized landfill leachate onto micro- and meso-porous activated carbon. Water
Research, 46: 491-499.
Singhal, N.and Islam, J. 2008. One-dimensional model for biogeochemical interactions and
permeability reduction in soils during leachate permeation. Journal of Contaminant Hydrology,
96: 32-47.
Sinton, L. W. 1982. A groundwater quality survey of an unsewered, semi-rural area. New
Zealand Journal of Marine & Freshwater Research, 16: 317-326.
Šír, M., Podhola, M., Patočka, T., Honzajkov , ., Kocurek, P., Kubal, M.and Kuraš, M. 2012.
The effect of humic acids on the reverse osmosis treatment of hazardous landfill leachate.
Journal of Hazardous Materials, 207–208: 86-90.
Slack, R. J., Gronow, J. R., Hall, D. H.and Voulvoulis, N. 2007. Household hazardous waste
disposal to landfill: Using LandSim to model leachate migration. Environmental Pollution, 146:
501-509.
Slack, R. J., Gronow, J. R.and Voulvoulis, N. 2005. Household hazardous waste in municipal
landfills: contaminants in leachate. Science of The Total Environment, 337: 119-137.
131

Smesrud, J. K., Duvendack, G. D., Obereiner, J. M., Jordahl, J. L.and Madison, M. F. 2011.
Practical Salinity Management for Leachate Irrigation to Poplar Trees. International Journal of
Phytoremediation, 14: 26-46.
Solid Waste Management Board, 2001. Indiana Scoring Model, Indiana Administrative Code
(Solid Waste Management; 329 IAC 7-1-1, readopted filed 2001: 24 IR 1535).

Downloaded by [The Library at Queens] at 02:58 28 May 2014

http://www.in.gov/legislative/iac/T03290/A00070
Song, Y.-C., Kwon, S.-J.and Woo, J.-H. 2004. Mesophilic and thermophilic temperature cophase anaerobic digestion compared with single-stage mesophilic and thermophilic digestion of
sewage sludge. Water Research, 38: 1653-1662.
Sormunen, K., Ettala, M.and Rintala, J. 2008. Internal leachate quality in a municipal solid waste
landfill: Vertical, horizontal and temporal variation and impacts of leachate recirculation.
Journal of Hazardous Materials, 160: 601-607.
Sõukand, Ü., Kängsepp, P., Kakum, R., Tenno, T., Mathiasson, L.and Hogland, W. 2010.
Selection of adsorbents for treatment of leachate: batch studies of simultaneous adsorption of
heavy metals. Journal of Material Cycles and Waste Management, 12: 57-65.
Splajt, T., Ferrier, G.and Frostick, L. E. 2003. Monitoring of Landfill Leachate Dispersion Using
Reflectance Spectroscopy and Ground-Penetrating Radar. Environmental Science & Technology,
37: 4293-4298.
Sponza, D. T.and Agdag, O. N. 2004. Impact of leachate recirculation and recirculation volume
on stabilization of municipal solid wastes in simulated anaerobic bioreactors. Process
Biochemistry, 39: 2157-2165.

132

Stegman, R.and Ehrisg, H. J., 1989. Leachate production and quality: results of landfill processes
and operation, International Landfill Symposium, Cagliari, Italy.
Stegmann, R., K.-U., H.and R., C., 2005. Leachate Treatment, Tenth International Waste
Management and Landfill Symposium, Italy.
Strous, M., Heijnen, J. J., Kuenen, J. G.and Jetten, M. S. M. 1998. The sequencing batch reactor

Downloaded by [The Library at Queens] at 02:58 28 May 2014

as a powerful tool for the study of slowly growing anaerobic ammonium-oxidizing
microorganisms. Applied Microbiology and Biotechnology, 50: 589-596.
Stuber, F., Font, J., Eftaxias, A., Paradowska, M., Suarez, M. E., Fortuny, A., Bengoa, C.and
Fabregat, A. 2005. Chemical wet oxidation for the abatement of refractory non-biodegradable
organic wastewater pollutants. Process Safety and Environmental Protection, 83: 371-380.
Suk, H., Lee, K. K.and Lee, C. H. 2000. Biologically reactive multispecies transport in sanitary
landfill. Journal of Environmental Engineering, 126: 419-427.
Sun, J., Li, X., Feng, J.and Tian, X. 2009. Oxone/Co2+ oxidation as an advanced oxidation
process: Comparison with traditional Fenton oxidation for treatment of landfill leachate. Water
Research, 43: 4363-4369.
Szpyrkowicz, L., Juzzolino, C.and Kaul, S. N. 2001. A Comparative study on oxidation of
disperse dyes by electrochemical process, ozone, hypochlorite and fenton reagent. Water
Research, 35: 2129-2136.
Tarnacki, K., Lyko, S., Wintgens, T., Melin, T.and Natau, F. 2005. Impact of extra-cellular
polymeric substances on the filterability of activated sludge in membrane bioreactors for landfill
leachate treatment. Desalination, 179: 181-190.
133

Tatsi, A. A., Zouboulis, A. I., Matis, K. A.and Samaras, P. 2003. Coagulation-flocculation
pretreatment of sanitary landfill leachates. Chemosphere, 53: 737-744.
Tauchert, E., Schneider, S., de Morais, J. L.and Peralta-Zamora, P. 2006. Photochemicallyassisted electrochemical degradation of landfill leachate. Chemosphere, 64: 1458-1463.
Taulis, M. E. 2005. Metal contaminants in leachate from sanitary landfills, in: Moore, T.A.,

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Black, A., Centeno, J.A., Harding, J.S., Trumm, D.A. (Eds.), Metal Contaminants in New
Zealand. Resolutionz Press, Christchurch, New Zealand, pp. 173-190.
Taylor, S. W.and Jaffé, P. R. 1990. Substrate and biomass transport in a porous medium. Water
Resource Research, 26: 2181-2194.
Teixeira, P.and Oliveira, R. 2000. Denitrification by Alcaligenes denitrificans in a closed
rotating biological contactor. Biotechnology Letters, 22: 1789-1792.
Terbouche, A., Djebbar, S., Benali-Baitich, O.and Bouet, G. 2010. Characterization and
complexing capacity of humic acid extracted from yakouren soil with heavy metals by
conductimetry and quenching of fluorescence. Soil and Sediment Contamination, 19: 21-41.
The Institute of Environmental Modelling (TIEM), 2012. Spatial Analysis and Decision
Assistance (SADA), , . University of Tennessee Research Corporation.
The World Bank, 1999. Observations of Solid Waste Landfills in Developing Countries: Africa,
Asia, and Latin America. The International Bank for Reconstruction and Development/THE
WORLD BANK, United States of America.

134

Theepharaksapan, S., Chiemchaisri, C., Chiemchaisri, W.and Yamamoto, K. 2011. Removal of
pollutants and reduction of bio-toxicity in a full scale chemical coagulation and reverse osmosis
leachate treatment system. Bioresource Technology, 102: 5381-5388.
Thornton, S. F., Lerner, D. N.and Banwart, S. A. 2001. Assessing the natural attenuation of
organic contaminants in aquifers using plume-scale electron and carbon balances: model

Downloaded by [The Library at Queens] at 02:58 28 May 2014

development with analysis of uncertainty and parameter sensitivity. Journal of Contaminant
Hydrology, 53: 199-232.
Tizaoui, C., Bouselmi, L., Mansouri, L.and Ghrabi, A. 2007. Landfill leachate treatment with
ozone and ozone/hydrogen peroxide systems. Journal of Hazardous Materials, 140: 316-324.
Tobias, C. R., Macko, S. A., Anderson, I. C., Canuel, E. A.and Harvey, J. W. 2001. Tracking the
fate of a high concentration groundwater nitrate plume through a fringing marsh: a combined
groundwater tracer and in situ isotope enrichment study. Limnology and Oceanography, 46:
1977-1989.
Top, S., Sekman, E., Hosver, S.and Bilgili, M. S. 2011. Characterization and electrocaogulative
treatment of nanofiltration concentrate of a full-scale landfill leachate treatment plant.
Desalination, 268: 158-162.
Trebouet, D., Schlumpf, J. P., Jaouen, P.and Quemeneur, F. 2001. Stabilized landfill leachate
treatment by combined physicochemical-nanofiltration processes. Water Research, 35: 29352942.

135

Trois, C., Coulon, F., de Combret, C. P., Martins, J. M. F.and Oxarango, L. 2010. Effect of pine
bark and compost on the biological denitrification process of non-hazardous landfill leachate:
Focus on the microbiology. Journal of Hazardous Materials, 181: 1163-1169.
Tsilogeorgis, J., Zouboulis, A., Samaras, P.and Zamboulis, D. 2008. Application of a membrane
sequencing batch reactor for landfill leachate treatment. Desalination, 221: 483-493.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Turro, E., Giannis, A., Cossu, R., Gidarakos, E., Mantzavinos, D.and Katsaounis, A. 2012.
Reprint of: Electrochemical oxidation of stabilized landfill leachate on DSA electrodes. Journal
of Hazardous Materials, 207–208: 73-78.
Tuxen, N., Albrechtsen, H.-J.and Bjerg, P. L. 2006. Identification of a reactive degradation zone
at a landfill leachate plume fringe using high resolution sampling and incubation techniques.
Journal of Contaminant Hydrology, 85: 179-194.
Ujang, Z., Soedjono, E., Salim, M. R.and Shutes, R. B. 2005. Landfill leachate treatment by an
experimental subsurface flow constructed wetland in tropical climate countries. Water Sci.
Technol, 52.
Ulrich, G. A., Breit, G. N., Cozzarelli, I. M.and Suflita, J. M. 2003. Sources of Sulfate
Supporting Anaerobic Metabolism in a Contaminated Aquifer. Environmental Science &
Technology, 37: 1093-1099.
Ulrich, G. A., Martino, D., Burger, K., Routh, J., Grossman, E. L., Ammerman, J. W.and Suflita,
J. M. 1998. Sulfur Cycling in the Terrestrial Subsurface: Commensal Interactions, Spatial Scales,
and Microbial Heterogeneity. Microbial Ecology, 36: 141-151.

136

USEPA, 1990. Hazard Ranking System, Final Rule December 14, 1990,
http://www.epa.gov/superfund/sites/npl/hrsres/index.htm#HRS%20Rule.
USEPA, 1999. Use of monitored natural attenuation at Superfund, RCRA corrective action, and
underground storage tank sites. U.S. Environmental Protection Agency, Office of Solid Waste
and Emergency Response, Directive 9200.4-17P, Washington, D.C., p. 41.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

USEPA, 2003. EPA's Composite Model for Leachate Migration with Transformation Products
(EPACMTP) Technical Background Document, in: Waste, O.o.S. (Ed.), Washington, DC.
20460.
USEPA, 2004. Survey of Technologies for Monitoring Containment Liners and Covers, Solid
Waste and Emergency Response (5102G). Office of Solid Waste and Emergency Response and
Office of Superfund Remediation and Technology Innovation Washington, DC 20460.
USEPA, 2005. EPA/630/P-03/001F Guidelines for Carcinogen Risk Assessment, in: Agency,
R.A.F.U.S.E.P. (Ed.), Washington, DC.
USEPA, 2006. Terms of Environment: Glossary, Abbreviations and Acronyms, Available at:
〈http://www.epa.gov/OCEPAterms/rterms.html〉.
Ushikoshi, K., Kobayashi, T., Uematsu, K., Toji, A., Kojima, D.and Matsumoto, K. 2002.
Leachate treatment by the reverse osmosis system. Desalination, 150: 121-129.
Uygur, A.and Kargi, F. 2004. Biological nutrient removal from pre-treated landfill leachate in a
sequencing batch reactor. Journal of Environmental Management, 71: 9-14.

137

Vadillo, I., Andreo, B.and Carrasco, F. 2005. Groundwater contamination by landfill leachates in
a karstic aquifer. Water, Air, and Soil Pollution, 162: 143-169.
van Breukelen, B. M.and Griffioen, J. 2004. Biogeochemical processes at the fringe of a landfill
leachate pollution plume: potential for dissolved organic carbon, Fe(II), Mn(II), NH4, and CH4
oxidation. Journal of Contaminant Hydrology, 73: 181-205.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

van Breukelen, B. M., Röling, W. F. M., Groen, J., Griffioen, J.and van Verseveld, H. W. 2003.
Biogeochemistry and isotope geochemistry of a landfill leachate plume. Journal of Contaminant
Hydrology, 65: 245-268.
Van Cuyk, S., Siegrist, R., Logan, A., Masson, S., Fischer, E.and Figueroa, L. 2001. Hydraulic
and purification behaviors and their interactions during wastewater treatment in soil infiltration
systems. Water Research, 35: 953-964.
van Dongen, U., Jetten, M. S.and van Loosdrecht, M. C. 2001. The SHARON-Anammox
process for treatment of ammonium rich wastewater. Water science and technology : a journal of
the International Association on Water Pollution Research, 44: 153-160.
Van Duijvenbooden, W.and Kooper, W. F. 1981. Effects on Groundwater Flow and
Groundwater Quality of a Waste Disposal Site in Noordwijk, the Netherlands, in: W. van
Duijvenbooden, P.G., Lelyveld, H.v. (Eds.), Studies in Environmental Science. Elsevier, pp.
253-260.
Vandevivere, P.and Baveye, P. 1992. Saturated hydraulic conductivity reduction caused by
aerobic bacteria in sand columns. Soil Science Society of America Journal, 56: 1-13.

138

Varank, G., Demir, A., Top, S., Sekman, E., Akkaya, E., Yetilmezsoy, K.and Bilgili, M. S. 2011.
Migration behavior of landfill leachate contaminants through alternative composite liners.
Science of The Total Environment, 409: 3183-3196.
Vasel, J. L., Jupsin, H.and Annachhatre, A. P. 2004. Nitrogen removal during leachate treatment:
comparison of simple and sophisticated systems. Water Science and Technology, 50: 45―52.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Vedrenne, M., Vasquez-Medrano, R., Prato-Garcia, D., Frontana-Uribe, B. A.and Ibanez, J. G.
2012. Characterization and detoxification of a mature landfill leachate using a combined
coagulation–flocculation/photo Fenton treatment. Journal of Hazardous Materials, 205–206:
208-215.
Vilar, V. J. P., Rocha, E. M. R., Mota, F. S., Fonseca, A., Saraiva, I.and Boaventura, R. A. R.
2011. Treatment of a sanitary landfill leachate using combined solar photo-Fenton and biological
immobilized biomass reactor at a pilot scale. Water Research, 45: 2647-2658.
Vilomet, J. D., Angeletti, B., Moustier, S., Ambrosi, J. P., Wiesner, M., Bottero, J. Y.and
Chatelet-Snidaro, L. 2001. Application of Strontium Isotopes for Tracing Landfill Leachate
Plumes in Groundwater. Environmental Science & Technology, 35: 4675-4679.
Vilomet, J. D., Veron, A., Ambrosi, J. P., Moustier, S., Bottero, J. Y.and Chatelet-Snidaro, L.
2003. Isotopic Tracing of Landfill Leachates and Pollutant Lead Mobility in Soil and
Groundwater. Environmental Science & Technology, 37: 4586-4591.
Visvanathan, C., Choudhary, M. K., Montalbo, M. T.and Jegatheesan, V. 2007. Landfill leachate
treatment using thermophilic membrane bioreactor. Desalination, 204: 8-16.

139

Voegelin, A., Barmettler, K.and Kretzschmar, R. 2003. Heavy metal release from contaminated
soils: comparison of column leaching and batch extraction results. Journal of Environmental
Quality, 32: 865-875.
Vrhovˇsek, D., Bulc, T.and upancic, M., 2000. Four years experiences of constructed wetland
(CW) performance treating landfill leachate., Proceedings of the Seventh International

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Conference on Wetland Systems for Water Pollution Control, University of Florida, Grosvenor
Resort, Lake Buena Vista, Florida, USA.
Walsh, D. C., LaFleur, R. G.and Bopp, R. F. 1993. Stable carbon isotopes in dissolved inorganic
carbon of landfill leachate. Ground Water Management, 16: 153-167.
Wang, F., El-Din, M. G.and Smith, D. W. 2004. Oxidation of Aged Raw Landfill Leachate with
O3 Only and O3/H2O2: Treatment Efficiency and Molecular Size Distribution Analysis. Ozone:
Science & Engineering, 26: 287-298.
Wang, F., Smith, D. W.and El-Din, M. G. 2003. Application of advanced oxidation methods for
landfill leachate treatment. Journal of Environmental Engineering and Science, 2: 413-427.
Wang, F., Smith, D. W.and Gamal El-Din, M. 2006. Aged raw landfill leachate: Membrane
fractionation, O3 only and O3/H2O2 oxidation, and molecular size distribution analysis. Water
Research, 40: 463-474.
Wang, Z.-p., Zhang, Z., Lin, Y.-j., Deng, N.-s., Tao, T.and Zhuo, K. 2002. Landfill leachate
treatment by a coagulation–photooxidation process. Journal of Hazardous Materials, 95: 153159.

140

Ward, M. L., Bitton, G.and Townsend, T. 2005. Heavy metal binding capacity (HMBC) of
municipal solid waste landfill leachates. Chemosphere, 60: 206-215.
Warith, M. 2002. Bioreactor landfills: Experimental and field results. Waste Management, 22: 717.
Weinberg, N., Henning, M., Kladias, M.and Killingstad, M. 2003. Technical critique of the

Downloaded by [The Library at Queens] at 02:58 28 May 2014

multimedia, multipathway, multireceptor risk assessment model. Human and Ecological Risk
Assessment, 9: 1679-1700.
Welander, U., Henryson, T.and Welander, T. 1997. Nitrification of landfill leachate using
suspended-carrier biofilm technology. Water Research, 31: 2351-2355.
White, C.and Barker, R. 1997. Electrical leak detection system for landfill liners: a case history.
Ground Water Monitoring and Remediation, 17: 153-159.
Whittaker, J. J., Buss, S. R., Herbert, A. W.and Fermor, M., 2001. Benchmarking and guidance
on the comparison of selected groundwater risk assessment models, National Groundwater &
Contaminated Land Centre (NGACLC) Report NC/00/14. Environment Agency.
Wisconsin Department of Natural Resources, 2001. Site discovery, screening and ranking
chapter NR 710, Wisconsin Administrative Code, Unofficial Text, Register, February, 2001, No.
542. http://www.legis.state.wi.us/rsb/code/nr/nr710.pdf
Wiszniowski, J., Robert, D., Surmacz-Gorska, J., Miksch, K., Malato, S.and Weber, J.-V. 2004.
Solar photocatalytic degradation of humic acids as a model of organic compounds of landfill
leachate in pilot-plant experiments: influence of inorganic salts. Applied Catalysis B:
Environmental, 53: 127-137.
141

Wiszniowski, J., Robert, D., Surmacz-Gorska, J., Miksch, K.and Weber, J. 2006. Landfill
leachate treatment methods: A review. Environmental Chemistry Letters, 4: 51-61.
Wojciechowska, E., M.Gajewska, Waara, S., Obarska-Pempkowiak, H., Kowali, K. A.,
Albuquerque, A.and Randerson, P., 2009. Leachate from sanitary landfills treated by constructed
wetlands. , 12th International Waste Management and Landfill Symposium,, Sardinia, Italy,.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Wojciechowska, E.and Obarska-Pempkowiak, H. 2008. Performance of Reed Beds Supplied
with Municipal Landfill Leachate
Wastewater Treatment, Plant Dynamics and Management in Constructed and Natural Wetlands,
in: Vymazal, J. (Ed.). Springer Netherlands, pp. 251-265.
Wu, H., Wang, H., Zhao, Y., Chen, T.and Lu, W. 2012. Evolution of unsaturated hydraulic
properties of municipal solid waste with landfill depth and age. Waste Management, 32: 463470.
Wu, J., Zhang, H., He, P.-J.and Shao, L.-M. 2011. Insight into the heavy metal binding potential
of dissolved organic matter in MSW leachate using EEM quenching combined with PARAFAC
analysis. Water Research, 45: 1711-1719.
Wu, J. S.and Hilger, H. 1984. Evaluation of EPA's hazard ranking system. Journal of
Environmental Engineering and Science, 110: 797-807.
Wu, Y., Zhou, S., Qin, F., Peng, H., Lai, Y.and Lin, Y. 2010. Removal of humic substances from
landfill leachate by Fenton oxidation and coagulation. Process Safety and Environmental
Protection, 88: 276-284.

142

Xiaoli, C., Shimaoka, T., Xianyan, C., Qiang, G.and Youcai, Z. 2007. Characteristics and
mobility of heavy metals in an MSW landfill: Implications in risk assessment and reclamation.
Journal of Hazardous Materials, 144: 485-491.
Xu, Y.-D., Yue, D.-B., Zhu, Y.and Nie, Y.-F. 2006. Fractionation of dissolved organic matter in
mature landfill leachate and its recycling by ultrafiltration and evaporation combined processes.

Downloaded by [The Library at Queens] at 02:58 28 May 2014

Chemosphere, 64: 903-911.
Xu, Y., Zhou, Y., Wang, D., Chen, S., Liu, J.and Wang, Z. 2008. Occurrence and removal of
organic micropollutants in the treatment of landfill leachate by combined anaerobic-membrane
bioreactor technology. Journal of Environmental Sciences, 20: 1281-1287.
Xu, Z.-Y., Zeng, G.-M., Yang, Z.-H., Xiao, Y., Cao, M., Sun, H.-S., Ji, L.-L.and Chen, Y. 2010.
Biological treatment of landfill leachate with the integration of partial nitrification, anaerobic
ammonium oxidation and heterotrophic denitrification. Bioresource Technology, 101: 79-86.
Yalcuk, A.and Ugurlu, A. 2009. Comparison of horizontal and vertical constructed wetland
systems for landfill leachate treatment. Bioresource Technology, 100: 2521-2526.
Yanful, E. K., Quigley, R. M.and Nesbitt, H. W. 1988. Heavy metal migration at a landfill site,
Sarnia, Ontario, Canada-2: metal partitioning and geotechnical implications. Applied
Geochemistry, 3: 623-629.
Yang, Z.and Zhou, S. 2008. The biological treatment of landfill leachate using a simultaneous
aerobic and anaerobic (SAA) bio-reactor system. Chemosphere, 72: 1751-1756.

143

Yenigül, N. B., Elfeki, A. M. M., Gehrels, J. C., van den Akker, C., Hensbergen, A. T.and
Dekking, F. M. 2005. Reliability assessment of groundwater monitoring networks at landfill
sites. Journal of Hydrology, 308: 1-17.
Yidong, G., Xin, C., Shuai, Z.and Ancheng, L. 2012. Performance of multi-soil-layering system
(MSL) treating leachate from rural unsanitary landfills. Science of The Total Environment, 420:

Downloaded by [The Library at Queens] at 02:58 28 May 2014

183-190.
Yıldız, E. D., Ünlü, K.and Rowe, R. K. 2004. Modelling leachate quality and quantity in
municipal solid waste landfills. Waste Management and Research, 22: 78-92.
Yu, G., Zhu, W.and Yang, Z. 1998. Pretreatment and biodegradability enhancement of DSD acid
manufacturing wastewater. Chemosphere, 37: 487-494.
Yu, J., Zhou, S.and Wang, W. 2010. Combined treatment of domestic wastewater with landfill
leachate by using A2/O process. Journal of Hazardous Materials, 178: 81-88.
Yusof, N., Haraguchi, A., Hassan, M. A., Othman, M. R., Wakisaka, M.and Shirai, Y. 2009.
Measuring organic carbon, nutrients and heavy metals in rivers receiving leachate from
controlled and uncontrolled municipal solid waste (MSW) landfills. Waste Management, 29:
2666-2680.
Zalesny, J. A., Zalesny Jr, R. S., Wiese, A. H., Sexton, B.and Hall, R. B. 2008. Sodium and
chloride accumulation in leaf, woody, and root tissue of Populus after irrigation with landfill
leachate. Environmental Pollution, 155: 72-80.
Zhang, H., Choi, H. J.and Huang, C.-P. 2005. Optimization of Fenton process for the treatment
of landfill leachate. Journal of Hazardous Materials, 125: 166-174.
144

Ziyang, L., Junheng, F., Shenghao, Z., Jiwen, X., Haiping, Y.and Nanwen, Z. 2011. Source
reduction of the landfill leachate strength in a functional layer embedded landfill (FLEL).
Bioresource Technology, 102: 5574-5579.
Ziyang, L., Youcai, Z., Tao, Y., Yu, S., Huili, C., Nanwen, Z.and Renhua, H. 2009. Natural
attenuation and characterization of contaminants composition in landfill leachate under different

Downloaded by [The Library at Queens] at 02:58 28 May 2014

disposing ages. Science of The Total Environment, 407: 3385-3391.
Zouboulis, A. I.and Petala, M. D. 2008. Performance of VSEP vibratory membrane filtration
system during the treatment of landfill leachates. Desalination, 222: 165-175.
Zouboulis, A. I., Xiao-Li, C.and Katsoyiannis, I. A. 2004. The application of bioflocculant for
the removal of humic acids from stabilized landfill leachates. Journal of Environmental
Management, 70: 35-41.

145

Table 1: Typical range of leachate composition in municipal waste (Excludes volatile and semivolatile organic compounds) (Canter et al., 1988; Lee and Jones-Lee, 1993; Lee and Jones, 1991)
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Parameter

Total Alkalinity (as
CaCO 3 )
Calcium
Chloride
Magnesium
Sodium
Sulfate
Specific Conductance
TDS
COD
BOD
Iron
Total Nitrogen
Potassium
Chromium
Manganese
Copper
Lead
Nickel

Typical Range (milligrams
per liter, unless otherwise
noted)
730–15,050

Upper Limit (milligrams
per liter, unless otherwise
noted)
20,850

240–2,330
47–2,400
4–780
85–3,800
20–730
2,000–8,000 μmhos cm-1
1,000–20,000
100–51,000
1,000–30,300
0.1–1,700
2.6–945
28–1,700
0.5–1.0
Below detection level – 400
0.1–9.0
Below detection level – 1.0
0.1–1.0

4,080
11,375
1,400
7,700
1,826
9,000 μmhos cm-1
55,000
99,000
195,000
5,500
1,416
3,770
5.6
1,400
9.9
14.2
7.5
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Table 2: Physicochemical parameters of leachate of different age
Parameters

Landfill age (years)
Young (0-5)
Intermediate
(5-10)
<6.5
6.5–7.5

Stabilized
(10-20)
>7.5

Old
(>20)
-

3-6

6-7

7-7.5

7.5

TDS (mg L-1)

10,000-25,000

5000-10,000

2000-5000

<1000

BOD5 (mg L-1)

10,000-25,000

1000-4000

50-1000

<50

COD (mg L-1)

>10,000

<4000

-

1000-5000

<1000

0.5–1.0

4,000–
10,000
10,00020,000
0.1–0.5

<0.1

-

0.66-0.625

0.1-0.2

0.05-0.2

<0.05

Organic
compounds

80% volatile
fatty acids
(VFA)

Humic and
fulvic acids

-

Ammonia
nitrogen (mg L-1)

<400

5–30%
VFA+ humic
and fulvic
acids
N.A

(El-Fadel et al., 1997;
Scott et al., 2005)
(Foo and Hameed, 2009)

>400

-

(Foo and Hameed, 2009)

500-1500

300-500

50-200

<30

<0.3
100-200

0.3–0.5
N.A

>0.5
N.A

-

(El-Fadel et al., 1997;
Scott et al., 2005)
(Foo and Hameed, 2009)
(Foo and Hameed, 2009)

1000-3000

400-600

75-300

<50

Low to medium

Low

Low

-

2000-4000
2000-4000
500-1500
100-200
1000-3000
500-2000
100-300

500-2000
500-1500
500-1000
50-100
500-2000
200-1000
10-100

300-500
100-500
100-500
10-50
100-500
50-200
-

<300
<100
<100
<10
<100
<50
<10
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pH

15,000-40,000
BOD5/COD

TOC/COD
Kjeldahl nitrogen
(mg L-1)

Heavy metals
(mg L-1)
Ca (mg L-1)
Na, K (mg L-1)
Mg, Fe (mg L-1)
Zn, Al (mg L-1)
Cl- (mg L-1)
Sulfate (mg L-1)
P (mg L-1)
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Reference

(Foo and Hameed, 2009)
(El-Fadel et al., 1997;
Scott et al., 2005)
(El-Fadel et al., 1997;
Scott et al., 2005)
(El-Fadel et al., 1997;
Scott et al., 2005)
(Foo and Hameed, 2009)
(El-Fadel et al., 1997;
Scott et al., 2005)
(Foo and Hameed, 2009)

(El-Fadel et al., 1997;
Scott et al., 2005)
(Foo and Hameed, 2009)
(El-Fadel et al., 1997;
Scott et al., 2005)

Table 3: Regulatory limits of leachate contaminants
Parameter
→
Country ↓
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UK
Hong
Kong
Vietnam
France
South
Korea
Taiwan
Poland

C
O
D
(m
g
L1
)
20
0
10
0
12
0

N
H4
-N
(m
g
L1
)
-

P
O4
-P
(m
g
L1
)
-

S
S
(
m
g
L1
)
-

Total
nitrog
en
(mg
L-1)

800 -

5

25

-

100

50

-

-

6

-

60

30

-

5

25

-

30

-

50

-

-

150

-

-

-

50 -

30

-

10

-

-

10

15

0.5

20

-

-

60

50
20
0
12
5

Australia
Germany

BO
D5
(m
g
L-1)

20
0

T
O
C
(m
g
L1
)
-

0.
1
3

Disso
lved
Solids
(mg
L-1)

-

50

-

-

40
0

-

-

50

1.
0
(T
P)
-

Malaysia

10
0

50

-

-

-

-

China

10
0

-

-

15

0.
5
(T
P)

-

Turkey

10
0

South
Korea

Phenoli Hg
c
(mg
Compo L-1)
unds
(mg L1
)

A
s
(
m
g
L1
)

Pb
(m
g
L1
)

(Ngo
et al.,
2008)

-

-

20 5

0.05

-

-

70

0.0
001
0.0
5

0.
05
-

0.0
05
0.5

10
0
-

-

150
(inorg
anic
N)
10 0

-

-

-

-

-

-

-

-

-

-

-

-

-
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Refere
nces

(Steg
mann
et al.,
2005)
(Oztur
k et
al.,
2003)
(Ahn
et al.,
2002)
(Aziz
et al.,
2007)
(Yido
ng et
al.,
2012)
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Banglades
h

20
0

50

-

50

-

2100

15 0

-

-

-

-

Inlan
d
surfa
ce
wate
r
In
Publ
dia
ic
sewe
rs
Land
disp
osal

25
0

30

-

50

-

2100

10 100
0

1.0

0.0
1

0.
2

0.1

-

350 -

50

-

2100

60 0

5.0

0.0
1

0.
2

1

-

100 -

-

-

2100

20 0

-

-

0.
2

-
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(Mah
mud et
al.)
(MoE
F,
2000)

Table 4 : Monitoring of plume formation & migration: techniques & methodology

Techniques
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Hydrogeological
techniques for
monitoring and
sampling of
water for geochemical
analysis

Devices or analytical
process used
Standpipe piezometers
Water-table standpipes
Auger-head sampler
Suction-type multilevel
point-samplers

Positive-displacement-type
multilevel point-samplers
Bundle-piezometers

Isotopic
techniques

Measurements of δ13C–
DIC, δD–H2O, and δ18O–
H2O from leachate

Measurement of isotopic
ratios of 15N/14N, 13C/12C
and 34S/32S and dissolved
gas (N2, Ar, O2 and CH4)
concentrations in leachate
plume
Electromagnetic Direct current (DC)
methods
resistivity geo-electrical
sounding survey
Ground Penetrating Radar
(GPR)

Electrical
Methods

Very-low-frequency
electromagnetic (VLF-EM)
survey

Purpose

References

To monitor piezometric water
levels
To measure water level in aquifer.
Provides samples from relatively
undisturbed aquifer zones.
Collects groundwater samples
from different depth of the aquifer
up to 8 or 9 m when suction is
applied.
Collects groundwater samples
from different aquifer depth more
than 9 m.
Collects groundwater samples
from different depth of the aquifer
through a bunch of dedicated
piezometer tubes up to 8 or 9 m
when suction is applied.
All these isotopes have elevated
levels in leachate plume.
Monitoring of these isotopes gives
some indication of its migration
To identify the zones of
methanogenesis, nitrificationdenitrification and
SO4= reduction.

(Cherry et al.,
1983;
MacFarlane et
al., 1983)

To identify a low resistivity zone
signifying the presence of
leachate plume
To identify the change in
dielectric permittivity across the
soil profile to indicate the
boundary of leachate plume

(Atekwana et al.,
2000;
Hermozilha et
al., 2010; Karlık
and Kaya, 2001;
Pettersson and
Nobes, 2003;
Redman, 2009)
(Al-Tarazi et al.,
2008; Benson et
al., 1997; Karlık
and Kaya, 2001)

Near-surface bodies of leachate
plume responds galvanically
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(Atekwana and
Krishnamurthy,
2004; North et
al., 2006)
(Heaton et al.,
2005)

Cross-borehole tomography
and depth-discrete
groundwater electrical
conductivity
Electrode Grids
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Bacteriological
Experiments

High resolution microcosm
experiments
Pore water extraction
Sediment analyses
Determination of MPN
Solid organic matter (TOC)
Grain size distribution
Characterization Molecular weight
of DOM
distribution by electrospray
ionization mass
spectrometry and size
exclusion chromatography
Aromaticity measured with
UV-vis spectrophotometer
at 280 nm and 254 nm
wavelength
Fluorescence excitationemission matrix (EEM)
quenching combined with
parallel factor (PARAFAC)
analysis

To create a continuous, highresolution image of the
distribution of the leachate plume

(Acworth and
Jorstad, 2006)

To detect the location of
contaminant release or leakage
from the landfill containment
system
It can measure the variation in
phenoxy acid herbicide
degradation across a landfill
leachate plume fringe, indicating
spread of plume.

(Frangos, 1997;
Oh et al., 2008;
White and
Barker, 1997)
(Tuxen et al.,
2006)

At the middle of the leachate
plume, molecular weight of DOM
decreases, polydispersity
increases.

(Persson et al.,
2006)

Aromaticity increases at the
fringes of leachate plume.

Molecular structure and binding
property of DOM with MSW.
PARAFAC analysis was used for
decomposing fluorescence EEMs
into different independent groups
for reducing interference for more
accurate quantification.
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(Wu et al., 2011)
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Table 5: Summary of various existing hazard-rating systems adopted from Singh et al. (2009)

Hazard Rating
System

Hazard
migratio
n routes

LeGrand Meth
od

G

Soil–waste
Interaction
Matrix

G

DRASTIC

G

HRS: Hazard
Ranking
System 1982
HRS: Hazard
Ranking
System 1990
(USEPA)

G, SW,
A, F, D
G, SW,
A, S

DPM: Defense
Priority Model

G, SW,
A/S

WARM:
Washington
Ranking
Method
NCAPS:
National
Corrective
Action
Prioritization
System
ISM: Indiana
Scoring Model

Evaluatio
n of
site hazard
for
groundwat
er route
alone

multiple
hazard
migration
routes,
each one
separately
producing
separate
scores for
all the
routes

Parameters to be
measured
Algorith
Simpl Comple Tota m used
e
x
l
2

3

5

Ad

7

9

16

Ad-M

5

3

8

Ad

11

3

14

Ad-M

13

5

18

Ad-M

Reference
(LeGrand,
1964)
(Phillips
and
Nathwani,
1977)
(Canter,
1996)
(Wu and
Hilger,
1984)
(USEPA,
1990)
(National
Research
Council,
1994)
(Science
Application
s
Internationa
l
Corporation
, 1990)

11

2

13

Ad-M

G, SW,
A, MS

13

3

16

Ad-M

G, SW,
A

10

2

12

Ad-M

(DOE,
1996)

Ad-M

(Solid
Waste
Managemen
t Board,
2001)

G, SW,
A, F, D

11
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3

14
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ERPHRS:
Environmental
RepA Program
Hazard
Ranking
System

G, SW,
A, F, D

RSS: Risk
Screening
System

G, SW,
D

6

2

8

M

RASCL: Risk
Assessment for
Small & Closed
Landfills

G, SW,
A, D

11

1

12

M

Toxicity Index

H, E

Concentration of 24
toxic chemicals were
measured

HR-FCP:
Hazard
Ranking using
Fuzzy
Composite
Programming
SRAP:
Standardized
Risk
Assessment
Protocol

G, SW,
A

G, SW,
A, S

14

various
routes
concurrentl
13
y and
produce a
composite
score for
all the
routes
11

4

18

Ad-M

(Ministry
for the
Environmen
t, 2004)
(Golder
Associates
(NZ) Ltd,
2002)

M

(Baderna et
al., 2011)

4

17

FL

(Hagemeist
er et al.,
1996)

4

15

B

(Marsh and
Day, 1991)

NCS: National
Classification
System

G, SW,
D

12

2

14

Ad

NPC: National
Productivity
Council

G, SW,
A

12

2

14

Ad

JENV system

G, SW,
A

11

3

14

Ad

LPI: Leachate
Pollution Index

L, S, G

0

18

18

Ad
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(Wisconsin
Department
of Natural
Resources,
2001)

(Canadian
Council of
Ministers
for the
Environmen
t, 1992)
(National
Productivity
Council,
2003)
(Joseph et
al., 2005)
(Kumar and
Alappat,
2005)
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61 variables under 5
E-LI: Global
L, G,
parameters are assigned
Environment–
(Calvo et
SW, A,
different grades
Ad-M
Landfill
al., 2005)
S, H
depending on their
Interaction
numerical values
Index
Hazard rating
Source(Singh et
system by
pathway15
Ad-M
al., 2009)
Singh et al.
receptor
(2009)
G - Groundwater; S - soil; SW - surface water; L - leachate ; A - air/atmosphere; E Environment; H - health; F - fire and explosion; D - direct contact; MS - marine sediment; V volatiles; Ad - additive model; Ad-M - additive-multiplicative model; M - multiplicative model;
B - binary approach; FL - fuzzy logic
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Table 6: Softwares for landfill risk assessment
Softwares

Description

Shortcomings

References

LandSim

Used for landfill risk assessment
allowing for temporal and spatial
variations. It estimates the
probable boundary of migration
of leachate plume & it's
concentrations a given point in
the ground (e.g., groundwater
abstraction point) in a certain
time, in terms of years.
Biodegradation and longitudinal
dispersion can be modeled in all
pathways, retardation in both the
unsaturated zone and the aquifer,
and attenuation in the mineral
component of liners taking
account of loss of membrane
liner and cap degradation and of
active operational/institutional
control.

(Environment
Agency, 1996,
2001, 2003c;
Slack et al.,
2007)

Hydrogeological
Evaluation of
Landfill
Performance
(HELP)

It's a quasi-two-dimensional
hydrologic model that can
calculate water balance of
landfills and other solid waste
containment facilities using soil,
weather and design data. It can
also estimate effects of
snowmelt, surface runoff, evapotranspiration, infiltration,
vegetative growth, soil moisture
storage, leachate recirculation,
lateral subsurface drainage,
unsaturated vertical drainage, and
leakage through geo-membrane,
soil or composite liners.
GasSim is principally designed
for assessing landfill gas and
deals with some risk assessment
modules relevant to landfill gas
generation, migration, impact and

Exposure analysis is not
quantified, e.g. the amount
of exposure for people (or
livestock) if they consume
the contaminated
groundwater.
It mainly focuses on
groundwater as a receptor
and not particularly other
environmental receptors
such as human population,
livestock, and crops.
No allowance for the
categorization of hazards
into toxic, non-toxic,
carcinogenic, and noncarcinogenic groups.
LandSim is a part of the
total risk assessment not
the total system itself.
It does not address many
risk assessment modules
and sub-modules such as
toxicity, chemical
reactions, soil features,
etc.

Not suitable for leachate
risk assessment
Not a complete risk
assessment models in a
categorical and

(Attenborough
et al., 2002;
Golder
Associates,
2003)

GasSim
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(Schroeder et
al., 1994;
Scientific
Software
Group, 1998)

GasSimLite
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Repository
Integration
Programme
(RIP)

GoldSim

ConSim

Contaminated
Land
Exposure
Assessment
(CLEA)

Multimedia,
Multipathway,
and
Multireceptor
Risk
Assessment
(3MRA), EPA

exposure.

algorithmic manner

Similar to GasSim and developed
for calculating landfill gas
emissions.
It is an integrated probabilistic
simulator for environmental
systems having any potential
pollutant source in the ground.
RIP has to be adapted
accordingly in landfill scenario
by risk assessors.

-do-

Not specifically developed
for landfill risk
assessment. So adaptation
is time consuming and
difficult task.
RIP may be applied to
landfills for contaminant
release and transport, but it
does not readily provide a
straightforward total risk
assessment procedure for
landfill leachate in a
sequential and systematic
way.
It is a general-purpose simulation Not specifically developed
software to support
for landfill risk
environmental systems modeling, assessment. So adaptation
business and economic modeling, is time consuming and
and engineered system modeling difficult task.
It is a tool for risk assessment
This was not been
associated with groundwater
specifically designed for
pollution originating from
use with landfills having a
contaminated land
leachate head and/or liners
as in the modern
engineered landfills.
It considers only human health
Designed for use with
hazards from landfills. Other
contaminated land and not
environmental receptors such as
specifically for landfills.
plants, animals, buildings and
Pathways are considered
controlled waters are not taken
only from the perspective
into account.
of soil as an exposure
medium and not leachate.
It evaluates five waste
The model does not
management unit types, viz waste include a complete set of
pile, landfill, aerated tank,
exposure routes e.g., some
surface impoundment and land
human exposure pathways
application unit. The model is
such as dermal exposure
generalized towards considering
are not included.
all of these types of units.
Simultaneous exposures

156

(Environment
Agency, 2002)
(Environment
Agency, 2002;
Landcare
Research,
2003)

(Golder
Associates,
2003)

(Environment
Agency,
2003a;
Whittaker et
al., 2001)
(Environment
Agency,
2003b;
Environment
Agency et al.,
2002)
(Bardos et al.,
2003;
Environment
Protection
Agency
(EPA), 2004;
Leavesley and
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Hazardous
Waste
Identification
Rule (HWIR)
modeling
technology

It represents the methodology
followed in United States
national-scale assessment to
determine human and ecological
risks. It is appropriate for
establishing contaminant-specific
exemption levels from different
industrial waste streams. The
HIWR modeling technology has
been developed to automate the
risk assessment methodology and
to avoid the possible over
regulation.

Spatial
Analysis and
Decision
Assistance
(SADA)

It is a free software incorporating
tools from environmental
assessment fields such as
integrated modules for
visualization, geospatial analysis,
statistical analysis, human health
risk assessment, ecological risk
assessment, cost/benefit analysis,
sampling design, and decision
analysis to form an integrated
environment. The integration of
the human health risk capabilities
of SADA with modules for
ecological risk assessment can
help accomplish various Govt
agencies' guidelines.
It is a modeling and database
driven analysis system developed
for the US Army for estimating
the human and ecological health

Adaptable risk
assessment
modeling
system

157

towards multiple
contaminants are not
considered.
Living receptors are taken
into account but does not
include non-living items
as standalone receptors.
Living receptors are taken
into account but does not
include non-living items
as standalone receptors.
It focuses on the wastes
rather than a given landfill
scenario.

SADA is one of the
softwares addressing
different scenarios and
right combinations of
these different software
programmes have to be
selected each time while
carrying out a landfill risk
analysis
The focus of the SADA
appears to be more spatial
than temporal in approach.

It is a difficult task to
adapt ARAMS into a
landfill leachate scenario.
ARAMS appears to

Nicholson,
2005;
Weinberg et
al., 2003)

(Construction
Industry
Research and
Information
Association
(CIRIA),
2001;
Environment
Agency,
2003c;
Environment
Agency et al.,
2002;
Environmental
Protection
Agency
(EPA), 1992)
(The Institute
of
Environmental
Modelling
(TIEM), 2012)

(Engineer
Research and
Development
Center
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(ARAMS)

impacts and risk associated with
military relevant compounds
(MRCs) and other constituents.
Users can select particular model
and/or existing database for
calculating exposure,
intake/update, and effects (health
impacts) and incorporate them
into conceptual site-models.

Multimedia
Environmental
Pollutant
Assessment
System
(MEPAS)

It is a suite of environmental
models developed to assess
environmental problems by
integrating transport and
exposure pathways for chemical
and radioactive releases to
determine their potential impact
on the surrounding environment,
individuals, and populations.
MEPAS modules have been
integrated in the FRAMES
software platform to allow
MEPAS models to be used with
other environmental models to
accomplish the desired analysis.
Framework
It is a software platform for
for Risk
selecting as well as implementing
Analysis
environmental risk assessment
Multimedia
software models by assisting
Environmental users in developing
Systems
environmental scenarios and by
(FRAMES)
providing options for selecting
the most appropriate computer
codes for conducting human and
environmental risk management
analyses. It incorporates models
that integrate across scientific
disciplines, allowing for tailored
solutions to specific activities.
RESRAD
RESRAD is an acronym for
Residual Radiation
environmental analysis. It is a
family of computer codes to
provide useful tools for
158

concentrate mostly on the
exposure assessment facet
of a risk analysis, but does
not include a baseline
study section comprising,
for instance, geology,
hydrology, hydrogeology,
topography, etc. that are
necessarily required in a
landfill risk analysis.
In the context of landfills,
it does not present an
overall risk assessment
methodology of landfill
leachate.

(ERDC),
2012)

FRAMES is a generic
programme. It does not
contain software
especially for landfill
leachate, which could
guide a landfill assessor to
perform a landfill risk
analysis.

(Evangelidis,
2003; Pacific
Northwest
National
Laboratory
(PNNL),
2012a)

None of the RESRAD
family softwares is
specifically for landfill
leachate. These members
in combination are not

(Decision
Mapping
System
(DMS), 2006;
Environmental

(Pacific
Northwest
National
Laboratory
(PNNL),
2012b)
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RISCHUMAN 3.1,
RUM, Vlier–
Humaan

evaluating human health risk
from residual contamination. The
family consists of the following:
RESRAD for soil contaminated
with radio-nuclides;
RESRADBUILD for buildings
contaminated with radionuclides;
RESRAD-CHEM for soil
contaminated with hazardous
chemicals;
RESRADBASELINE for risk
assessments against measured
(baseline) concentrations of both
radio-nuclides and chemicals in
environmental media;
RESRAD-ECORISK for
ecological risk assessments;
RESRAD-RECYCLE for recycle
and reuse of radio-logically
contaminated metals and
equipment; and
RESRAD-OFFSITE for off-site
receptor dose/risk assessment.
These software packages deal
with risk analysis with a main
emphasis on exposure assessment

159

able to address all factors
and aspects of risk
analysis of landfill
leachate and to combine
these would be a
cumbersome task to
execute each time a
landfill risk assessment is
performed for different
landfill scenarios.

Assessment
Division
(EAD), 2012)

These are designed for use
with contaminated land
and not specifically for
landfills

(Scott and
Stone, 2004)

Table 7: Overview of leachate treatment techniques involving Natural processes
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Technol
ogy

Construc
ted
Wetland
s

Mechanism &
Process
Phytoremediation
by cattail and
insitu
microorganisms

Scope

Efficie
ncy
91%
96%
>99%
98-99%
99.7%

Count
ry
Thaila
nd

Phytoremediation BOD5
by reeds and
COD
cattail
NH3N
Total
P
Fe
Chlori
de
Phytoremediation COD
by cattail
NH4–
(Typhalatifolia)
N
PO4-P
Fe
(III)

50%
59%
51%
53%
84%
35%

Sloven Low
ia
operation
and
maintena
nce
cost

27.3%
62.3%
52.6%
21%

Turke
y

Phytoremediation
by
Phragmitesaustra
lisand Salix
purpurea

83.7%
65.5%
41.9%
38.4%
61.7%

BOD5
TN
FC
Total
P
Cd

SS
BOD5
NH4–
N
Total
P
Pheno
ls

160

Advanta
ge
Low
operation
and
maintena
nce
cost

Low
operation
and
maintena
nce
cost

Disadvant
age
Buildup of
excessive
salts in
soil due to
poor
understan
ding of
soil plant
system
and
improper
manageme
nt
Slow
operation
in the
initial
phase

Low
removal in
the initial
phase
Long
stabilizati
on period
Sloven Leachate Large
ia
reuse as
amount of
fertilizer elements
for the
percolate
growth of back into
energy
the
crops
waste
layers
after
irrigation

Selected
References
(Sawaittay
othin and
Polprasert,
2007)

(Bulc,
2006)

(Yalcuk
and
Ugurlu,
2009)

(Justin and
Zupancic,
2009)

Microbial
oxidation, plant
uptake

COD
TN

75%
80%

United
Kingd
om
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Aerated
Lagoons

161

Low
operation
and
maintaine
nce cost.
Suitable
for the
removal
of N

Long
Hydrollic
Retention
Time

(Mehmood
et al.,
2009)

Table 8: Application of biological processes in reactors for leachate treatment
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Technolo
gy

Mechanis
m&
Process
Anaerobic
digestion

Scope

Efficien Count
cy
ry

Advantage Disadvant
age

COD

96.9%

China

Anaerobic
digestion
with
intermittent
aeration for
phase
separation

COD
BOD5
NH4-N
Total N

80%
81%
75%
74%

China

Anaerobic
degradatio
n

COD
NH4–N
BOD5
Total N

93%
96.999.8%
95.899.8%

China

Increased
methane
production
Increased
landfill
capacity
due to
increased
air space
Acceleratio
n of refuse
decomposit
ion
Accelerate
d
conversion
and
stabilizatio
n of solidwaste by
promoting
rapid
developme
nt of
desired
microbial
population
of
denitrifiers,
nitrifiers
and
methanoge
ns
The
landfilling
after
excavation
may be

Recirculat
ion
Bioreactor

Two stage
bioreactor
with aged
refuse
(AR)

162

Selected
References

Full scale
(Jiang et
landfill
al., 2007)
operation
may cause
ponding,
flodding or
clogging
especially
in areas
with
increased
precipitatio
n
(Jun et al.,
2007)

Blockage
of the AR
biofilter

(Li et al.,
2010a)
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biofilter
media

49-63%

Combined
Sequencin
g Batch
Biofilter
Granular
Reactor
(SBBGR)

Aerobic
COD
decomposit
ion by
submerged
biofilter
with
aerobic
granular
biomass

Sequential
Batch
Bioreactor
s

COD

Anaerobic
–anoxic–
aerobic
(A2/O)
bioreactor
Simultane
ous
aerobic
and
anaerobic
(SAA)
bio-

80%

Italy

97.5%

Poland

Anaerobic NH4–N
fermentatio COD
n
Total N

96.5
81.7%
61%

China

Combined COD
aerobic and NH4–N
anaerobic
digestion

94%
95%

China
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used for relandfilling,
leading to
longer
service life
of landfills
High
conversion
capacity
Low
sludge
production
High
compactne
ss

Low
ammonia
removal
due to high
salinity
and
presence
of
inhibitory
compound
s
--

(Di Iaconi
et al.,
2006)

Time
oriented
nature of
operation
in SBR
facilitates
the
alteration
of
operating
cycle
depending
on the
variation in
leachate
Suitable
Only
for N
diluted
removal
leachate is
treated

(Klimiuk
and
Kulikowsk
a, 2006)

The system
of SAA
bioreactor
is very
simple
Requires
few

(Yang and
Zhou,
2008)

Long
stabilizatio
n period

(Yu et al.,
2010)
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reactor

Aerobic
bioreactor

Aerobic
degradatio
n

COD
BOD5

Simultane
ous
Leachate
and
Sludge
Digester

CoBiogas
fermentatio generati
n of
on
leachate
and sludge

Combined
anaerobic
digester
and
activated
sludge
system

Anaerobic
digestion

COD
Ammon
ia
Alkalini
ty
Zinc
Fe, Cu,
Mn, Ni
Methan
e

90%
99.6%

1.30 m3
kg-1 of
remova
ble
volatile
solids
(sludge:
leachate
ratio of
20:1)
94%
48.664.7%
49-60%
50%

specialized
skills for
operation
Low
energy
consumptio
n
Chemicals
rarely
applied
Greece Aerobic
bioreactor
enhance
removal
process
Achieveme
nt of
optimum
waste
stabilizatio
n
Reduce
methane
production
Poland Enhanced
biogas and
methane
generation

Iran

88.899.9%
0.020.04L g164

Reduced
sludge
production
Effective
HM
removal

-

(Giannis et
al., 2008)

Small
quantity of
leachate
being
treated

(Montusie
wicz and
Lebiocka,
2011)

Excessive (Kheradma
inorganic
nd et al.,
scale
2010)
deposition
in the
interior of
the reactor
leading to
operational
problems
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Swim-bed
bio fringe
reactor

Fixed bed
biofilm
reactor
(microorganisms
developed
on GAC
bed)

producti
on rate
Combined COD
aerobic and BOD
anaerobic
Total N
treatment
NH4-N
Nitrite
Nitrate
Phospha
te
Colour
SS

1

Aerobic
degradatio
n
(controlled
aeration)

95%

Dissolv
ed
Organic
Carbon
NH4-N

CODrem
82.6%
90.7%
21.8%
53.2%
36.4%
52.4%
86.3%
63.2%
3.5%

90%

Malay
sia

Swim-bed
BF
achieved
higher
performanc
e for
nitrite,
nitrate and
phosphorus
removal
due to its
aerobic and
anaerobic
phase
structure
The
technique
is less
sensitive to
adverse
environme
ntal
conditions
Less
sludge
production
Tested Denitrificat
on
ion
artifici occurred
al
even in the
leachat absence of
e
external
carbon
supply due
to partial
bio-mass
decay
No excess
sludge
formation
Can be
operated as
165

Humic
acids were
not treated
adequately
as a result
colour
removal
was very
low

(Aziz et al.,
2011a)

Tested
only on
artificial
leachate

(Ismail and
Toshihiko,
2012)
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an
automated
system for
leachate
treatment
Cost
effective

166
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Table 9: Application of advanced oxidation processes for leachate treatment

Technology

Scope

Efficiency

Countr
y

Advantage

Disadvanta
ge

Ozonation

Organics
(Simple acids,
Fulvic acids,
humic acids)

-

Mexico

Pretreatment
with
coagulation
required

PhotoFenton
Oxidation

Improvement
of
biodegradabili
ty

64%

Brazil

Complete
removal of
colour
Significant
removal of
organics
Suitable for
treatment of
stabilized
leachate.

Fenton
Oxidation

HS
COD
TOC

95.8%
65%
55%

China

Oxone/Co2+
Oxidation

COD
SS
Colour

57.5%
53.3%
83.3%

China

PIMA

COD BOD5
Pb
Ammonia

<50%
<50%
>90%
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Other
subsequent
treatment
techniques
required for
effective
removal of
organics
Effective
Large
removal of
reaction
humic
tanks
substances
required due
to foaming
during
mixing and
oxidation
More
Longer
suitable for
reaction time
large scale
for higher
application
degradation
than Fenton More
treatment
number of
stepwise
addition of
reagent as
compared to
Fenton
treatment
Effective for Presence of
removal of
colour and
certain metal turbidity

Selected
Reference
s
(Poznyak
et al.,
2008)

(de
Morais
and
Zamora,
2005)

(Wu et al.,
2010)

(Sun et
al., 2009)

(Meeroff
et al.,
2012)

Colour

21%
>90%

COD

Ammonia
Colour

86%
(BOD/CO
D ratio
increase
from 0.09
to 0.14)
71%
90%

UV/TiO2
and Fe(III)
as catalyst

TOC

95%

Spain

Thin gap
annular
UV/H2O2
photo
reactor

Colour
COD

91%
87%

Taiwan

FeGAC/H2
O2 system

HA
FA

83%
86%

Taiwan
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UV/TiO2

USA
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oxyanions
(arsenite,
arsenate,
vanadate
and
chromate)
and HMs
Effective for
colour
removal
The
photocatalyt
ic particles
may be used
more than 4
times with
no loss in
removal
efficiency
Effective
degradation
of HA
Utilization
of the waste
TiO2
Good
removal of
colour and
COD

Efficient for
treating
stabilized
landfill
leachate

lowers the
photocatalyti
c degrartion

-

Treatment
tested only
for diluted
leachate

(Poblete
et al.,
2011)

Effective
removal
exhibited
only under
diluted
conditions
Not suitable
for treatment
of raw
landfill
leachate
Pretreatment of
leachate with
other
techniques
required

(Shu et
al., 2006)

(Fan et al.,
2007)
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Table 10: Application adsorbents for leachate treatment

Adsorbents

Scope

Efficiency Country Advantage

Disadvantage

Zeolotised
coal fly ash

COD
NH4–N
SS

43%
53%
82%

Spain

Pine Bark

Metal
removal

-

Sweden

For effective
waste removal
process needs
to be
combined
with other
treatment
techniques
No colour
removal

NH3-N
COD

90%
93.7%

Blast
Furance Slag
Composite
ZeoliteCarbon

Clinoptilolite NH4-N

-

Ozone
modified
GAC

86%
92%

COD
NH3-N

Utilization
of fly ash in
leachate
treatment

Pine very
effective in
metal
retention
Malaysia Combined
adsorption
properties of
zeolite and
carbon
Low cost
adsorbents
Turkey
Regeneration
of adsorbent
after
exhaustion
lead to
higher
removal
efficiency,
so the same
column can
be used
repeatedly
China
System
robust
enough to
handle large
variations in

169

Selected
References
(Luna et al.,
2007)

(Nehrenheim
et al., 2008)

-

(Halim et al.,
2010b)

Competitive
ions decrease
efficiency

(Karadag et
al., 2008)

The process
needs to be
combined
with other
treatment

(Kurniawan
et al., 2006a)

leachate
composition
and strength
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Anion
Exchange
Resins

Colour
COD
SS
Turbidity

91.5%
70.3%
93.1%
92.4%

Malaysia Good
removal
efficiency
Ease in
operation
Low running
cost
Low energy
consumption

170

techniques to
achieve
desired
effluent
standards
Overall
treatment cost
needed to
cover the total
resins
required,
Inability of
anionic resin
to exchange
the positive
ion substances
such as NH3–
N due to its
mobile ion
charge
Not suitable
for young
leachate
treatment
since
biological
treatment
could be
effectively
used prior to
an ion
exchange.
The process
needs to be
combined
with other
treatment
techniques to
achieve
desired
effluent
standards

(Bashir et
al., 2010)

Colour
COD
NH3-N

96.8%
87.9%
93%

Malaysia Good
removal
efficiency
Low energy
consumption
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Sequential
application
of anion and
cation
exchange
resin

171

Not suitable
for young
leachate
treatment
since
biological
treatment
could be
effectively
used prior to
an ion
exchange.

(Bashir et
al., 2011)

Table 11: Application of Chemical and Electrical coagulation techniques for leachate treatments

Technology
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Chemical
Coagulation

Electrocoagul
ation

Materi
als
Used
Ferric
chlorid
e
(FeCl3)

Scope

Efficie
ncy

Count Advanta
ry
ge

Colour
Turbidity
SS
COD

92%
95%
94%
51%

Malay
sia

Ferric
chlorid
e
(FeCl3)

Di-(2ethylhex
yl)
phthalate
(DEHP)
Di-butyl
phthalate
(DBP)
Bispheno
lA

100%

Thaila
nd

Al
Electro
de

Sulfate
COD

Fe

Sulfate

67%
56%
(after
30min
treatme
nt)
65%

99.6%
98%

Turke
y
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Effective
colour
removal

Disadvant Selected
age
References

Excessive
chemical
coagulant
addition
for
treatment
will result
in adverse
effect on
the
receiving
environme
nt
The
The
treatment chemical
helped to coagulatio
reduce
n had to
biobe
toxicity of followed
leachate
by sand
to nonfiltration
mortality and
Degree of Reverse
DNA
Osmosis
damage
to achieve
was
the
similar to standards
nonexposure
level
Effective High
sulfate
operationa
removal
l cost due
is
to
accomplis electrical
hed
current
requireme

(Aziz et al.,
2007)

(Theepharaks
apan et al.,
2011)

(Ilhan et al.,
2008)

Electro
de

COD

Al
Electro
de

COD
Colour
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Phosphor
ous

Al
Electro
de
Fe
Electro
de

COD
TN
Colour
Turbidity
COD
TN
Colour
Turbidity

35%
(after
30min
treatme
nt)
45%
(after
30min
treatme
nt)
60%
(after
30min
treatme
nt)
91.8 %
(after
30min
treatme
nt)
70%
24%
56%
60%
68%
15%
28%
16%

nt.

Turke
y

Effective
for
treatment
of
nanofiltra
tion
concentra
te

High
operationa
l cost due
to current
requireme
nt.

(Top et al.,
2011)

Algeri
a

-

Higher
operating
cost

(Bouhezila et
al., 2011)

Energetic
ally more
efficient

-
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Table 12: Application of Electrochemical techniques for leachate treatment
Materials
Used

Scope

Efficienc
y

Country

Advantage

Disadvantage

Dimensiona
l Stable
Anode
(DSA)

Colou
r
COD

90%
60%

Brazil

The overall
process is
effective for
treatment of
recalcitrant
leachates

Oxidecoated
Titanium
anode

COD
TOC
Colou
r
NH4–
N
BOD
COD
TC

73%
57%
86%
49%
71%

Brazil

Effective for
treatment of
low
biodegradabilit
y leachates

High
operational
cost
Photoelectrochemica
l process can
be improved by
previous
clarification
process to
reduce colour
since, dark
colour of
leachate has
negative
impact on
photochemical
reaction
High
(Moraes
operational
and
costs
Bertazzoli,
2005)

90%
65%

Stabilized
leachate
obtained
from lab
scale
bioreacto
r landfill
used

Effective for
treatment of
stabilized
leachate

Ti/IrO2–
RuO2
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Selected
Reference
s
(Tauchert
et al.,
2006)

High electricity (Turro et
consumption
al., 2012)
for 90%COD
removal,
removal
decreases to
75% even after
the addition of
NaCl for the
decrease of
resistance
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Table 13: Leachate treatment by membrane filtration

Technology

Scope

Nanofiltratio
n

Al3+
Ca2+
Mg2+
Mn2+

Nanofiltratio
n with
vibration
shear
enhanced
filtration

Efficienc
y

Countr
y

84-100%

Canada

COD
Humic
Acid

60%
97%

Greece

Reverse
Osmosis
with
vibration
shear
enhanced
filtration

COD
NH3-N

96%
98%

Hong
Kong

Combined
UASB
reactor

COD
(UASB
reactor)

76%

Poland

175

Advantage

Disadvantage

Nanofiltratio
n can be run
at lower
pressure as
compared to
reverse
osmosis
Has lower
operating
cost
System was
able to
handle large
fluctuations
in leachate
composition

High capital
cost and
frequent
membrane
fouling

The
vibratory
shear
enhanced
reverse
osmosis
could handle
large
variation in
leachate
composition
Limited
membrane
fouling
Suitable for
concentrated
leachate

Selected
References
(Ortega et
al., 2007)

The desired
effluent
standards were
achieved only
when applied
in combination
with
microfiltration
or ultra
filtration
High capital
and
maintenance
cost

(Zouboulis
and Petala,
2008)

The startup of
UASB reactor
is difficult due

(Bohdziewic
z and
Kwarciak,

(Chan et al.,
2007)
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and
RO
treatment

COD
BOD
Chloride
NH4–N

95.4%
90.2%
85.4%
88.7%

Aerobic
thermophilic
membrane
bioreactor

COD
BOD
NH3-N

79%
97-99%
60%

Thailan
d

Membrane
sequencing
batch reactor

COD
TN
Phosphat
e

<60%
88%
35-45%

Greece

Composite
PNR and
Anammox
reactor

NH4–N
TN
COD

97%
87%
89%

China
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Production
of biogas
Low sludge
production
Low
operating
cost
Thermophili
c system is
highly
suitable for
COD and
BOD
removal
especially at
elevated
organic
loading
A high
nitrification
and
denitrificatio
n was
achieved
resulting in
negligible
ammonia
nitrogen
concentratio
n and low
nitrate
nitrogen
concentratio
n
Compared to
the
conventional
biological
treatment
technologies,
the
composite
PNR and
Anammox

to low
biodegradabilit
y of leachate
and presence
of toxic
compound

2008)

The system is
unable to treat
high nitrogen
content
wastewater
High operation
and capital
cost

(Visvanatha
n et al.,
2007)

High capital
and operating
cost
determined by
the cost of the
membrane
Very low COD
removal due to
high solids
retention time
(SRT)
Frequent
membrane
fouling

(Tsilogeorgi
s et al.,
2008)

-

(Liang and
Liu, 2008)
(Liang and
Liu, 2008)
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reactor
promising
technical and
economic
advantages
as it involves
less oxygen
consumption
,
no organic
source
addition and
low sludge
production
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.
Figure 1: COD balance of the organic fraction in a sanitary landfill (Lema et al., 1988)
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Figure 2: Fractions of COD in leachate during the stabilization phase of landfill (Ziyang et al.,
2009)
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Figure 3: a. Cross section of a monitoring well; b. positioning of monitoring wells around a
landfill.
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Figure 4: (a, b) Basic principles of GPR, adapted from Redman (2009)

Figure 5: Distribution of the current flow in a homogeneous soil (Kearey et al., 2002)
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Figure 6: A conceptual diagram of the framework of the proposed system (Singh et al., 2009)

Figure 7: Classification of leachate treatment technologies
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Figure 8: Representation of soil plant system in a CW adapted from Jones et al. (2006)

Figure 9: Laboratory scale combined Anaerobic- aerobic leachate treatment system adapted
from Kheradmand et al. (2010)
183
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Figure 10: Pilot Scale recirculation bioreactor system adapted from Jiang et al (2007)
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Figure 11: Schematic diagram of lab-scale column study adapted from Halim et al (2010b)
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Figure 12: Pollutant removal pathways in electrochemical oxidation adapted from Deng and
Englehardt (2007)

Figure 13: Management approaches towards old and new landfills
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