
Chapter 5
Environmental Impact of Landfill
Leachate and Its Remediation Using
Advanced Biological Methods

Isha Burman

Abstract This paper presents recent developments in advanced biological treat-
ment technologies for landfill leachate (LFL) treatment that are attracting increas-
ing attention and have a high treatment potential in the near future. Landfills are
designed to dispose high quantities of waste at economical costs with potentially
less environmental effects; however, improper landfill management may pose seri-
ous environmental threats through discharge of high-strength polluted wastewater
also known as leachate. The generated leachate must be appropriately treated before
being discharged into the environment. LFL, is very difficult to treat using conven-
tional biological processes. This paper focused on achievements on landfill leachate
treatment by different advanced biological treatment technology. Study also explores
the fundamental principles as well as the applicability of the advanced biological
treatment technologies which are finding increasing application worldwide for their
compactness, low footprint, and high efficiency.

Keywords Landfill leachate · Conventional treatment · Biological treatment ·
Membrane bioreactors ·Wastewater

5.1 Introduction

Landfilling ofmunicipalwaste is still a very important issue of thewastemanagement
system in all over theworld. Some alternativemethods such as recycling, composting,
and incineration are nowadays very much encouraged but even incinerations create
residue of approximately 10–20% that must be ultimately landfilled (Wiszniowski
et al. 2006). As the developing countries are beginning to adopt modern solid waste
management practices with the up-gradation of the existing dumpsites and unsani-
tary landfills, leachate management would require a highly specialized approach in
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dealing with the constituent pollutants in it. Landfill leachate treatment is an inte-
gral part of municipal solid waste (MSW) management that in turn has a skin-blood
relationship with urban infrastructure. To ensure the protection of our ecosystem,
environmental health, and foster sustainable development, the waste generated by
the increasing urban population requires treatment and disposal in an environmen-
tally sound manner. MSW from the urban habitat is disposed off in dumpsites (a
crude form of disposal) or in sanitary or engineered landfills. The constituents of
the MSW undergo biological and chemical degradation after disposal resulting in
emissions of landfill gas and discharge of leachate, which is a highly polluted form
of wastewater when discharged into the environment, and would cause potential
damages to environmental health and the ecosystem (Visvanathan et al. 2004).

Landfill leachate is the dark colored liquid with strong smell produced by natural
humidity and water present in the residue of organic matter. It released as a result
of the biological degradation of organic matter present and by water infiltration in
the covering and inner layers of landfill cells, supplementing dissolved or suspended
material originating from the residue mass (Yao 2017). Leachate is considered a
very complex wastewater containing mixture of different heavy metals, organics,
refractory organics, toxic, color, and odor. One of its characteristic features is an
aqueous solution in which four groups of pollutant are present: dissolved organic
matter (volatile fatty acid and more refractory organic matter such as humic sub-
stances), macro inorganic compounds (Ca2+, Mg2+, Na+, K+, NH4+, Fe2+, Mn2+,
HCO−3), heavy metals (Cd2+, Cr3+, Cu2+, Pb2+, Ni2+, Zn2+), and xenobiotic organic
compounds originating fromchemical and domestic residue present at lowconcentra-
tions (aromatic hydrocarbons, phenols, pesticides, etc.) (Christensen and Kjeldsen
1989), and microorganisms that indicate, predominantly total and thermotolerant
coliform (Moravia et al. 2013).

As time proceeds, LFL goes through the successive aerobic, acetogenic,
methanogenic, and stabilization stages of organic waste degradation, in which its
properties such as the chemical oxygen demand (COD), biological oxygen demand
(BOD), BOD/COD ratio, ammonium nitrogen (NH3–N), and pH vary widely (Kjeld-
sen et al. 2002). Table 5.1 summarizes the classification of landfill leachate accord-
ing to the composition changes with age. As shown in Table 5.1, the parameters
have their typical ranges in association with the age of LFL, which is commonly
classified into three stages: young (<5 years), medium (5–10 years), and stabilized
(>10 years). Among the different LFL properties, the ratio BOD/COD is commonly
recognized to be the most representative of LFL age because it is directly related to
the biodegradability of LFL. Young LFL is characterized by high concentrations of
biodegradable organic matters such as volatile fatty acids (VFAs) and as a result, it
has a high BOD/COD ratio. Most of the BOD, which is the biodegradable portion of
the COD, would have been decomposed in the stabilization process. Therefore, the
BOD/COD ratio decreases with time because the non-biodegradable portion of COD
will largely stay unchanged in this process. The BOD/COD ratios of young, medium,
and old LFL are in the ranges of 0.5–1.0, 0.1–0.5, and less than 0.1, respectively. It
is, however, worth mentioning that there is not a clear cut off between the medium
and old LFLs and BOD/COD ratios less than 0.2 may also be treated as old LFL
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Table 5.1 Landfill leachate classification according to age

Young Medium Stabilized

Age (years) <5 5–10 >10

pH 6.5 6.5–7.5 >7.5

COD (mg/L) >10,000 4000–10,000 <4000

BOD5/COD >0.3 0.1–0.3 <0.1

TOC/COD <0.3 0.3–0.5 >0.5

Organic compounds 80% volatile fatty
acids (VFA)

5–30% VFA +
humic and fulvic
acids

Humic and fulvic
acids

Ammonia nitrogen
(mg/L)

<400 – >400

Heavy metals Low–medium Low Low

Biodegradability Important Medium Low

Source Renou et al. (2008), Yao (2017)

by some researchers (Bohdziewicz and Kwarciak 2008). Stabilized leachate is also
characterized by high concentrations of NH3–N and recalcitrant matter (e.g. humic
acids), which has profound implications to the effectiveness of different biological
treatment technologies.

It is, therefore, important to apply reliable and effective treatment technology
for leachate treatment (Chaudhari and Murthy 2010). There are several methods for
leachate treatment such as precipitation, electrocoagulation, membrane processes,
adsorption, and biosorption or combination of the above (Gotvajn et al. 2009; Laiti-
nen et al. 2006; Mohan and Gandhimathi 2009). Increasing pressure to meet more
stringent discharge standards or not being allowed to discharge treated effluent has
led to implementation of a variety of advanced biological treatment processes in
recent years (Mittal 2011).

The principal biological process (activated sludge and biological filter) has been
known quite well and is successfully applied for domestic wastewater. However,
for leachate, the conventional approach for treatment requires some modifications.
Depending on the wastewater and the standards which they have to meet, different
process design and/or operational control parameters must be considered. At first,
the laboratory-scale approach is needed.

Today, the strictness of landfill regulations, controls and managements hamper
efficient conventional treatmentswhich appears under-dimensioned or does not allow
to reach the specifications required by the legislator. So that, advanced biological
processes offers the best solution, and have been proved to be the more efficient,
adaptable such as up-flow sludge blanket reactor (USBR), rotating biological con-
tractor (RBC), membrane bioreactors (MBR) (aerobic/anaerobic), sequencing batch
reactors (SBR), moving bed biofilm reactor (MBBR), and other emerging biological
processes.
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5.2 Evolution of Landfill Leachate Treatments

Conventional landfill leachate treatments can be classified into five major groups:
(a) natural treatment system (b) leachate transfer: recycling and combined treat-
ment with domestic sewage, (c) biological treatment: biodegradation by aerobic and
anaerobic processes, and (d) chemical and (e) physical methods: chemical oxidation,
adsorption, chemical precipitation, coagulation/flocculation, sedimentation/flotation
and air stripping (Renou et al. 2008; Yu 2007) (Table 5.2).

Table 5.2 Overview of leachate treatment technologies

Technology Operation Application

Natural treatment
systems

Assimilation/Infiltration Irrigation

Overland flow

Constructed wetlands

Aquatic systems

Leachate transfer Recycling

Combined treatment with domestic
sewage

Physical treatment Adsorption Activated carbon

Ion exchange Peat filter

Membrane filtration MF and UF

Reverse osmosis

Evaporation

Stripping Ammonia stripping

Chemical treatment Precipitation/Flocculation/Sedimentation
chemical oxidation/Reduction

Biological treatment Aerobic process Activated sludge

SBR

Aerated lagoon

RBC

Suspended biofilm

Trickling filter

Anaerobic process Anaerobic filter

Up-flow Anaerobic
Sludge Bed Reactor
(UASB)

Recirculation

Biological nitrogen reduction Nitrification

Denitrification

Source Renou et al. (2008), Yao (2017)
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Fig. 5.1 Selection of the appropriate treatment techniques for leachate. Adapted from Renou et al.
(2008), Costa et al. (2019)

Few years ago, a common solution was to treat the leachate together with munic-
ipal sewage in the municipal sewage treatment plant. It was preferred for its easy
maintenance and low operating costs (Ahn et al. 2002). However, this option has
been increasingly questioned due to the presence of organic inhibitory compounds
in the leachate with low biodegradability and heavymetals that may reduce treatment
efficiency and increase the effluent concentrations (Cecen and Aktas 2004). Recy-
cling leachate back through the tip has been largely used in the past decade because
it was one of the least expensive options available (Lema et al. 1988).

The schematic in Fig. 5.1 shows which parameters should be evaluated in the
choice of a treatment for a landfill leachate. According to Fig. 5.1, for a leachate
containing a high concentration of organic material (>10,000 mg L−1), the most
appropriate approach is biological treatment. However, for leachates with a high
concentration of ammoniacal nitrogen and a low biodegradability, the most suitable
approach is a physical–chemical process, possibly in combination with biological
treatment.

5.2.1 Biological Treatment Systems

Amongst the treatment classifications, biological treatment is worldwide and the
most common practice for leachate treatment because of its reliability, simplicity
and high cost-effectiveness. Biological treatment is commonly used for the removal
of the bulk of leachate containing high concentrations of BOD. Biological systems
can be divided in anaerobic and aerobic treatment processes. Both can be realized
by using different plant concepts (Kumar et al. 2013). Biodegradation is carried out
by microorganisms, which can degrade organics compounds to carbon dioxide and
sludge under aerobic conditions and to biogas (a mixture comprising chiefly CO2

and CH4) under anaerobic conditions (Lema et al. 1988). Biological processes have
been shown to be very effective in removing organic and nitrogenous matter from
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immature leachates when the BOD/COD ratio has a high value (>0.5). Biological
processes are the most cost-effective means for reducing the organic content of
leachate, particularly when complete onsite treatment is required.

5.2.1.1 Conventional Biological Treatment Processes

AConventional aerobic treatment should allow a partial abatement of biodegradable
organic pollutants and should also achieve the ammonium nitrogen nitrification.
Aerobic biological processes based on suspended-growth biomass, such as aerated
lagoons, conventional activated sludge processes (ASP) and SBR, have been widely
studied and adopted (Abbas et al. 2009). However, this method has been shown in the
more recent decades to be inadequate for handling landfill leachate treatment (Lin
et al. 2000). Attached-growth systems have recently attracted major interest: MBBR
and biofilters. The combination of membrane separation technology and aerobic–
anaerobic bioreactors, most commonly called membrane bioreactor, has also led to a
new focus on leachate treatment. Even if processes were proved to be effective for the
removal of organic carbon, nutrients and ammonia content, too much disadvantages
tend to focus on others technologies: inadequate sludge settleability and the need for
longer aeration times, high energy demand and excess sludge production, microbial
inhibition due to high ammonium nitrogen strength.

Anaerobic treatment is the biological treatment without use of air or elemental
oxygen. Many applications are directed toward the removal of organic pollution
in wastewater, leachate (containing high concentrations of organic acids), slurries,
and sludge. An anaerobic digestion treatment of leachates allows to end the process
initiated in the tip, being thus particularly suitable for dealing with high-strength
organic effluents, such as leachate streams from young tips. Contrary to aerobic
processes, anaerobic digestion conserves energy and produces very few solids, but
suffers from low reaction rates. Moreover, it is possible to use the CH4 produced to
warm the digester that usually works at 35 °C and, under favorable conditions, for
external purposes. The main advantage of the anaerobic treatment processes is the
low energy requirement, because no oxygen has to be supplied. Technical anaerobic
processes need adequate temperatures of 35–55 °C (Kumar et al. 2013).

5.2.1.2 ASP

The activated sludge process is a suspended-growth and biological treatment process
that uses aerobic microorganisms to biodegrade organic contaminants in leachate.
With conventional activated sludge treatment, the leachate is aerated in an open tank
basin with diffusers or mechanical aerators.

After the aeration phase, the mixed liquor (the mixture of microorganisms and
the treated water) is pumped to a gravity clarifier to settle out the microorganisms. A
high percentage of the settled biomass is recycled to the aeration tank to maintain the
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design mixed liquor suspended solids level, and the excess sludge is wasted. Vari-
ations in the conventional activated sludge process have been developed to provide
greater tolerance for shock loadings, to improve sludge-settling characteristics, and
to achieve higher BOD removals. Process modifications include complete mixing,
step aeration, modified aeration, extended aeration, contact stabilization, and the use
of pure oxygen (EPA 1982).

5.2.1.3 Trickling Filters

This method has been investigated for the biological nitrogen lowering from munic-
ipal landfill leachate. The trickling filter is an attached-growth; aerobic biological
treatment process in which leachate is continuously distributed over a bed of rocks or
plastic medium that supports the growth of microorganisms. The wastewater trickles
through the filter bed, contacts the slime layer formed on themedium, and is collected
by an under-drain system. The microorganisms assimilate and oxidize substances in
the leachate; as the microorganisms grow, the slime layer increases. Periodic slough-
ing of the slime layer into the under-rain system results from organic and hydraulic
loadings on the filter, and a new slime layer begins to grow. Sloughed solids are
separated from the treated effluent by settling.

Trickling filters operate under short hydraulic retention times that do not allow
for complete biodegradation of organics; as a result, effluent recirculation is required
to increase the net contact time of the leachate with the biomass and achieve high
organic removal efficiency. Recirculation also provides a constant hydraulic loading
and dilutes high-strength leachates (EPA 1982). Effluent recirculation is essential
for trickling filters constructed with plastic medium, which has a high percentage of
void space, to ensure that themedium is thoroughly wetted andwill sustainmicrobial
growth and promote effective sloughing.

5.2.2 Advanced Biological Treatment Techniques

Due to main problems of sludge bulking or inadequate separability in conventional
aerobic systems, a number of innovative treatment processes, called attached-growth
biomass systems, using biofilm, have been recently developed. These systems present
the advantage of not suffer from loss of active biomass (Renou et al. 2008).

5.2.2.1 Rotating Biological Contractor (RBC)

The RBC is an attached-growth, aerobic biological treatment process which consists
of a series of closely spaced plastic disks on a horizontal shaft. The assemblage is
mounted in a contoured-bottom tank containing the water to be treated so that the
disks are partially (about 40%) immersed. The disks, which eventually develop a
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slime layer 2–4 mm thick over the entire wetted surface, rotate slowly through the
water and alternately contact the biomass with the organic matter in the wastewater
and then with the atmosphere for adsorption of oxygen. Excess biomass on the media
is stripped off by rotational shear forces, and the stripped solids are held in suspension
with the wastewater by themixing action of the disks. The sloughed solids are carried
with the effluent to a clarifier, where they are settled and separated from the treated
waste (Abbas et al. 2009). ACOD removal of about 52% is obtained at anHRTof 24 h
and a rotational speed of 6 rpm. Even it is cheaper in operating it, so it is suitable for
a developing country like India. However, it requires infinitesimal amount of energy
for running the operation (Kumar et al. 2013).

5.2.2.2 SBR

The SBR is an activated sludge, biological nutrient removal (nitrifica-
tion/denitrification) process, based on a cycle of operation. Unlike conventional,
continuous-flow, activated sludge systems, which have separate tanks for equaliza-
tion, aeration, and clarification, the SBR performs all operations in a single tank.
According to E.P.A (1992), SBR process has widespread application where mechan-
ical treatment of small wastewater flows is desired. Because it provides batch treat-
ment, it is ideally suited for wide variations in flow rates operation in the “fill
and draw” mode prevents the “washout” of biological solids that often occurs with
extended aeration system.Another advantage of SBR systems is that they require less
operator attention yet produce a very high quality effluent. SBR is ideally suited to
nitrification–denitrification processes since it provides an operation regime compat-
ible with concurrent organic carbon oxidation and nitrification. The greater process
flexibility of SBR is particularly important when considering landfill leachate treat-
ment, which has a high degree of variability in quality and quantity (Kennedy and
Lentz 2000).

5.2.2.3 Moving Bed Biofilm Reactor (MBBR)

MBBR process is based on the use of suspended porous polymeric carriers, kept
in continuous movement in the aeration tank, while the active biomass grows as
a biofilm on the surfaces of them. During the operation process, characteristics of
attached-growth media play a key role in MBBR performance. In recent years, dif-
ferent kinds of media have been employed in MBBRs for wastewater treatment,
including plastic media, polyurethane foam, activated carbon (granular and pow-
dered), natural occurring materials (e.g. sand, zeolite, earth, light expended clay
aggregate, etc.), non-woven carriers, ceramic carriers, modified carriers (e.g. BIO-
CONS carrier), bioplastic-based moving bed biofilm carriers, and wood chips (Deng
et al. 2016). MBBR provides a long biomass retention time and accommodates high
loading rates without any problems of clogging. In a MBBR, the bacteria are fixed in
a biofilm on a carrier. The carrier is suspended and moves freely in the reactor. The
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MBBR has been applied for organic matter removal, for nitrification, and for nutrient
(N and P) removal (Tawfik et al. 2010). Mains advantages of this method compared
to conventional suspended-growth processes seems to be: higher biomass concentra-
tions, no long sludge-settling periods, lower sensitivity to toxic compounds, and both
organic and high ammonia removals in a single process (Loukidou and Zouboulis
2001).

5.2.2.4 Up-Flow Anaerobic Sludge Blanket (UASB) Reactor

The UASB reactor technology is considered a breakthrough in the development
and application of anaerobic high-rate technology for wastewater treatment UASB
process is a modern anaerobic treatment that can have high treatment efficiency and
a short hydraulic retention time. UASB reactors, when they are submitted to high
volumetric organic loading rate values have exhibited higher performances compared
to other kinds of anaerobic reactors. In addition, the UASB lends itself to a design
where liquid, gas, and solid phases can be separated within the one vessel. The
process temperatures reported have generally been 20–35 °C for anaerobic treatment
with UASB reactors. These promising results show that high-rate treatment at low
temperaturemayminimize the need for heating the leachate prior to treatment, which
may thus provide an interesting cost-effective option. Themain disadvantages of such
a treatment stay sensitivity to toxic substances (Renou et al. 2008).

5.2.2.5 Membrane Bioreactors

Recently, membrane bioreactor (MBR) technology, an advanced biological treat-
ment process that replaces the traditional secondary clarifier of an activated sludge
process with a membrane separation unit, has emerged as a promising alternative.
The combination of membranes to biological processes for treatment has led to the
emergence of membrane bioreactors for the separation and retention of solids, for
bubble-less aeration within the bioreactor, and for extraction of priority organic pol-
lutants from industrial contaminatedwater (Stephenson et al. 2000).MBRs have been
demonstrated to be particularly advantageous in treating old leachate. The advan-
tages of MBRs over conventional biological processes are well known and include
better effluent quality, process stability, smaller footprint, increased biomass ormixed
liquor suspended solids (MLSS) retention, and low sludge production (Ahmed and
Lan 2012). Several early research efforts investigated the potential of using MBRs
for leachate treatment (Costa et al. 2019; Deng et al. 2016; Eldyasti et al. 2011; EPA
Manual 1992). Recently, more research studies are being conducted on the feasibility
and performance of MBRs for LFL treatment.

As shown in Table 5.3, high COD removals between 60 and 99% were achieved,
regardless of the leachate age or the operating conditions used. Such high removal
of the biodegradable organic matter is in accordance with most biological treatments
of LFL.
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Table 5.3 Performance of MBR in COD removal from landfill leachate in different scale

Scale Landfill
location

Reactor type Leachate
characteristics
COD
(mg L−1)

Membrane
configuration

COD
(%)

References

Pilot Thailand Two-stage
MBR(anoxic
tank +
aerobic
MBR)

2605–7318 Sub (HF) 60–78 Chiemchaisri
et al. (2011)

Laboratory Tychy
(Poland)

Mixture of
10% LFL +
synthetic
WW/SBR

3000–3500 Sub
(MF/Cap)

>98–89 Puszczało
et al. (2010)

Bench Diyarbakir
(Turkey)

Mixture of
LFL +
domestic
WW

8500–14,200 Sub (HF) 72–99 Hasar et al.
(2009)

Full Dorset
(United
Kingdom)

Three
aerobic
biological

5000 Ext
(UF/Tub)

>96 Robinson
(2007)

LFL landfill leachate,WW wastewater, SBR sequencing batch reactors, Ext external, Sub submerged, UF
ultrafiltration,MF microfiltration, HF hollow fiber, Tub tubular, Cap capillary.
Source Ahmed and Lan (2012)

5.2.2.6 Circulating Integrated Fluidized Bed Bioreactor (CFBBR)

Compared to conventional physical, chemical, and biological treatment processes
for industrial wastewater, the CFBBR system has numerous advantages including
small footprint with elimination of clarifiers, high biomass retention resulting in long
solid residence times (SRTs) and relatively short hydraulic retention times (HRTs),
enhanced mass transfer, and lower sludge production rate (Eldyasti et al. 2011). An
extensive pilot-scale investigation of the patented CFBBR for biological nutrient
removal (BNR) from municipal wastewater and landfill leachate has been reported
byNakhla et al. (2005). TheCFBBR employs attachedmicrobial films resulting from
biodegradation of both organics and nutrientswithin an integrated system comprising
an anoxic column in a fast fluidization regime and an aerobic column in a conven-
tional fluidization regime. This new promising patented technology combines the
compactness and efficiency of a fixed-film process with excellent organics, nitrogen,
and phosphorus removal efficiencies of 85%, 80%, and 70%, respectively.

5.3 Conclusions

Optimal leachate treatment, in order to fully reduce the negative impact on the envi-
ronment, is today’s challenge. But, the complexity of the leachate compositionmakes
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it very difficult to formulate general recommendations. Variations in leachates, in
particular their variation both over time and from site to site, means that the most
appropriate treatment should be simple, universal and adaptable. The various meth-
ods presented in the current study, offer their treatment technique with respect to
certain facets of the problem. There has been a steady progress of new and advanced
sustainable landfill leachate treatment which proven to be a promising alternative.
Utilization of advanced biological treatment technologies may be suitable tomitigate
the hazard created by landfill leachate. Though there are still uncertainties whether
these techniques could enhance environmental sustainability and safety of human
being, more efforts should be carried out to ensure a livelihood of human being and
earth coexistence. Therefore, a holistic approach is essential for finding a suitable
leachate treatment opportunity in order to safeguard environmental and human being
livelihood, as a whole.
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