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7.1 Introduction 

The increase in municipal solid waste (MSW) generation has resulted in a significant 
problem to the society due to the increased environmental risk during landfilling (Bai 
and Sutanto 2002; Chen et al. 2010; Luo et al. 2019a). Municipal landfilling is a 
widely used, inexpensive method for the management of MSW when compared to 
previously adopted technologies such as composting and incineration (Renou et al. 
2008; Luo et al. 2017). It is claimed that around 95% of the total global MSW 
generated is disposed off in landfills (Gao et al. 2014). Disposal of MSW over the 
land usually originates risk, due to the disposing of hazardous wastes which pose a 
significant risk to the environment. Although currently MSW disposal is carried out 
in highly engineered modern landfill facilities, the generation of landfill leachate 
(LL) is still a major problem for modern landfills, due to the significant risk of 
contaminating soil, surface, and groundwater (Kjeldsen et al. 2002; Yan et al. 2015; 
Luo et al. 2019b). The composition of leachate is highly dependent on the age of the 
landfill, as the leachate parameters (Ammoniacal nitrogen, BOD, BOD/COD ratio) 
significantly changes as the landfill tends to stabilize (Kjeldsen et al. 2002; 
Kulikowska and Klimiuk 2008). Various physicochemical and biological methods, 
as well as combination of both, have been adopted in order to fulfill the stringent 
discharge standards in different parts of the world (Wiszniowski et al. 2006; Silva
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et al. 2017; Torretta et al. 2017). Physicochemical methods have been used for the 
removal of refractory organics as well as a refining step for the biologically treated 
leachate (Kurniawan et al. 2006; Chys et al. 2015).
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Biological aerobic and anaerobic methods are considered to be simple, reliable, 
and highly cost-effective and are used for the treatment of bulk leachate containing a 
high concentration of organics (Miao et al. 2019). In the aerobic biological treat-
ment, microorganisms result in the breakdown of organic compounds to carbon 
dioxide and sludge and to biogas (carbon dioxide and methane) under anaerobic 
conditions. Furthermore, combination of physicochemical and biological treatments 
can accomplish acceptable treatment efficiencies of contaminants such as ammonia-
cal nitrogen, heavy metals, refractory organics, BOD, and COD (Hassan et al. 2017; 
Pastore et al. 2018; Gomes et al. 2019). Several studies, exercising the use of 
physicochemical, biological, and combined treatments for the treatment of landfill 
leachate have been studied worldwide in the last decades. However, not many 
endeavors have been made to acquire a detailed overview of all the treatment 
methods in terms of optimum conditions for the maximum removal of ammoniacal 
nitrogen and COD for the landfill leachate. This chapter covers the state-of-art 
treatment technologies, technical applicability, and efficiency of all available physi-
cochemical, biological, and combined treatments for the LL treatment. This chapter 
shall significantly contribute to the future sustainable treatment of landfill leachate. 

7.2 Landfill Leachate Treatment 

Treatment of LL in past has been carried out using three major groups: (1) physico-
chemical processes; (2) biological processes (aerobic and anaerobic), and (3) a 
combination of physicochemical and biological processes (Wiszniowski et al. 
2006; Torretta et al. 2017; Renou et al. 2008). 

7.2.1 Physicochemical Processes for LL Treatment 

Physicochemical treatments are considered to be the most appropriate for the 
removal of refractory compounds from the leachate. Various physicochemical 
processes are employed in the treatment of LL for the removal of COD, BOD, 
NH3-N, and/or heavy metals. In recent years, various studies have been carried out 
worldwide on the performance of different physicochemical methods for the treat-
ment of SL. Various physicochemical methods and their technical applicability, and 
performance are discussed below. The combined effect of different processes and 
their advantages and limitations are also discussed. 

7.2.1.1 Coagulation-Flocculation 
Coagulation-Flocculation is a two-step process employed for the removal of organic 
compounds present in LL that are usually nonbiodegradable (Amokrane et al. 1997; 
Diamadopoulos 1994; Urase et al. 1997). It is an ion-dependent process where the



colloidal particles are destabilized by the addition of a coagulant. The colloidal 
particles present in the leachate are negatively charged and thus remain suspended. 
Upon the addition of a positively charged coagulant, these suspended particles get 
attracted to the coagulant, forming clusters and this process is called coagulation 
(Fig. 7.1). In order to enlarge the size of those particles, coagulation is usually 
followed by flocculation where there is the formation of bulky floccules thus settling 
occurs more rapidly as represented in Fig. 7.2 (Cheng et al. 1994). This process can
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Fig 7.1 Schematic mechanism of coagulation process in landfill leachate treatment 

Fig 7.2 Schematic mechanism of flocculation process in landfill leachate treatment



be employed for heavy metal removal from LL and usually involves pH adjustment 
as the first step which is followed by the addition of a coagulant such as alum or 
ferric salts and then flocculating agent (Tatsi et al. 2003). Examples of coagulation-
flocculation process include the removal of heavy metals using FeCl3 and the 
removal rate was found to be more at pH 9.0 than pH 4.0 which was the actual pH 
of that leachate. Thus, it demonstrates that the removal of heavy metals by precipi-
tation is more effective in basic conditions than the actual pH condition (Urase et al. 
1997). A comparative study between the effectiveness of alum and FeCl3 was 
carried out and the results showed that ferric chloride gave a higher removal of 
organic compounds (55%) than alum (43%) thus proving that ferric chloride is more 
efficient than alum in the coagulation process (Amokrane et al. 1997).
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Overall, the coagulation-flocculation process is effective for the removal of heavy 
metals and organic compounds from the LL. Lime can also be used as a coagulant for 
better COD removal. High cost due to the consumption of chemicals, generation of 
sludge as a result of the settlement of suspended particles, and sensitivity to pH are 
the drawbacks associated with this technique. pH, velocity gradient, and settling 
time have to be noted carefully since they play key roles in the settlement of colloidal 
particles (Kurniawan et al. 2006). 

7.2.1.2 Ammonium Stripping 
It is the most extensively used technique for the removal of ammoniacal nitrogen 
(NH3-N) from LL (Calli et al. 2005; Cheung et al. 1997; Diamadopoulos 1994; 
Marttinen et al. 2002; Ozturk et al. 2003). Here, the leachate containing NH3-N is 
allowed to interact with the air phase in a counter-current flow in a stripping tower 
where the NH3-N from the leachate is transported into the air and is then adsorbed 
into a strong acid like H2SO4. It can also be directly fluxed into the ambient air 
(Bonmatí and Flotats 2003). Ammonium stripping is considered as the most effec-
tive technique for NH3-N removal. 

In a case study, nanofiltration and ammonium stripping were applied for the 
treatment of a YL from Finland (Bonmatí and Flotats 2003). When nanofiltration 
alone was applied, only 50% of NH3-N and 66% of COD were removed whose 
initial concentrations were 220 mg/L and 920 mg/L, respectively. But at pH 11, 89% 
of NH3-N and 21% of COD were removed by the application of ammonium 
stripping with the same initial concentrations and these results obtained agree with 
those obtained in another study where about 85% of NH3-N was removed by 
ammonium stripping from anaerobically pretreated leachate from Turkey (Oyaderi 
landfill) whose initial concentration was 1025 mg/L (Calli et al. 2005). 

Thus, ammonium stripping is an efficient technique for the removal of ammonia-
cal nitrogen from LL and this can be followed by biological treatment for better 
COD removal. To enhance the removal of NH3-N, the pH of the leachate can be 
adjusted to basic conditions before the treatment. Being able to meet the ammoniacal 
nitrogen discharge standard using ammonium stripping alone is another advantage 
of this process (Bae et al. 1997). It is also more economical when compared to other 
techniques like reverse osmosis and nanofiltration (Kurniawan et al. 2006). Despite 
all the advantages, this technique has a few drawbacks. The major problem



associated with this technique is the release of ammonia gas into the air and its 
impact on the environment. Thus, there is a requirement for additional treatment of 
the gas with acids like hydrochloric acid or sulphuric acid which in turn increases the 
operational cost of the treatment process. Other limitations include the requirement 
for pH adjustment of treated effluent before discharge since the operation occurs in 
basic conditions, CaCO3 scaling of stripping tower during pH adjustment using lime 
and the difficulty in removal of lesser concentration of NH3-N (<100 mg/L) (Li and 
Zhao 1999; Tanaka and Matsumura 2002). 
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7.2.1.3 Chemical Precipitation 
Chemical precipitation has been used for the exclusion of heavy metals, NH3-N, and 
nonbiodegradable organics from LL because of its simplicity and cost-effectiveness 
(Calli et al. 2005; Cecen and Gursoy 2000; Li  et al.  1999; Ozturk et al. 2003). During 
the process of chemical precipitation, the ions dissolved in the mixture get converted 
into insoluble ions by chemical reactions. Mostly, metal precipitates in the form of 
hydroxide from the solution. Depending on the target removal magnesium ammo-
nium phosphate (MAP), known as Struvite (for NH3-N) or lime (heavy metals) is 
used as the precipitant (Kurniawan et al. 2006). 

Chemical precipitation using struvite was applied for NH3-N removal from 
anaerobically pretreated leachate from the Oyaderi landfill (Turkey) (Ozturk et al. 
2003). Here, ammonia that was present in the leachate got converted into a nitrogen 
fertilizer such as urea (Eq. 7.1). Around 50% and 90% of COD and NH3-N have 
been removed whose initial concentrations were 4024 mg/L and 2240 mg/L, respec-
tively. These results indicate that struvite can efficiently remove NH3-N from 
leachate than organic compounds. This is in agreement with the results of another 
study where struvite was used to decrease the ammoniacal nitrogen concentration in 
the leachate (Calli et al. 2005). Around 98% of NH3-N was precipitated at pH 7.5 
along with 20% of COD removal. 

MgCl2�6H2O þ Na2HPO4 þ NH4
þ $ MgNH4PO4�6H2O 
# þ2NaClþ Hþ ð7:1Þ 

7.pKs = 12.6 (25 °C) 
The main advantage of using struvite as the precipitant is that if there is no 

presence of heavy metals in the leachate, the sludge produced from this process can 
be used as a fertilizer. However, biological treatment has to be carried out to lower 
the level of COD of the leachate (Li and Zhao 2001). In the case of the uptake of 
heavy metals like copper, nickel, manganese, lead, and iron, lime was found to be an 
effective precipitant (Cecen and Gursoy 2000). Besides the use of lime, adjusting the 
pH to basic conditions enhanced the level of metal precipitation. The limitations of 
this method include the requirement of high dose precipitant, sensitivity to pH and 
sludge generation, and further disposal of it (Kurniawan et al. 2006).
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7.2.1.4 Membrane Filtration Tecnologies 

Microfiltration (MF) 
It is employed in the removal of colloidal particles whose size ranges from 0.05 to 
1.0μm by a cross-flow at low pressure. Since the rate of retention was not significant 
and only 25–35% of the COD reduction was achieved, it is usually employed as a 
pretreatment for other membrane processes or in combination with chemical 
treatments (Fig. 7.3) (Abbas et al. 2009). 

Ultrafiltration (UF) 
In this process of selective fractionation using pressure of up to 10 bar, suspended 
solids and solutes weighing more than 1000 Da are concentrated. The infiltrate has 
salts and solutes of low molecular weight. Depending on the type of material used as 
a membrane, UF can be beneficial in the removal of molecules of macro size as 
represented in Fig. 7.3. It can be used employed to fractionate organic compounds 
and so can assess the molecular weight of those compounds present in the leachate. 
In addition, by analyzing the permeates of the membrane, knowledge about the 
nature and toxicity of the compound can be gained. It has also been stated that UF 
can be an effective pretreatment process for reverse osmosis. It can remove larger 
molecules that result to foul the membranes used in reverse osmosis. In combination

Fig 7.3 Schematic representation of membrane filtration process in landfill leachate treatment



with biological treatment, UF has been employed and successful treatment of 
leachate has been achieved (Abbas et al. 2009).
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Nanofiltration (NF) 
Nanofiltration has exceptional properties that ultrafiltration and reverse osmosis 
membranes do not have and thus have been employed in the treatment of LL 
(Linde and Jönsson 1995; Ozturk et al. 2003; Urase et al. 1997). Through the 
electrostatic interactions between the ions and the membranes, particles of molecular 
mass greater than 300 Da along with inorganic substances are removed in this 
process. The surface charges on the membrane reject the charged solutes smaller 
than the membrane pores along with bigger neutral solutes and salts which makes the 
process significant (Fig. 7.3) (Kurniawan et al. 2006). 

The use of NTR-7250 for the heavy metal removal achieved 99% of removal 
whose original metal concentrations were 0.69 mg/L and 0.23 mg/L of Cr3+ and 
Cu2+ , respectively (Urase et al. 1997). 

Nanofiltration was used for the treatment of anaerobically pretreated leachate 
(Oyaderi landfill) (Ozturk et al. 2003). Around 90% and 70% of COD and NH3-N 
have been removed whose initial COD concentrations were 3000 mg/L and 920 mg/ 
L, respectively. The total operational cost was US$ 0.8/m3 which made the process 
more efficient. 

Thus, NF has established a reasonable treatment performance in the reduction of 
organic load with COD concentrations ranging from 900 to 3000 mg/L. Due to the 
presence of negatively charged groups in its membrane, NF can also effectively 
remove heavy metals. Monovalent and divalent ions dissolved in the solution can 
also be separated by the application of NF, the materials dissolved in the solution can 
be separated into monovalent and divalent ions as represented in Fig. 7.3. Unlike 
RO, NF has a looser structure that enables higher fluxes and lowers operating 
pressure during the treatment process. 

Reverse Osmosis (RO) 
Reverse osmosis is another physicochemical method applied for the treatment of SL 
that has higher flexes and can operate over a wide temperature and pH range. In RO 
application, the metal concentration is reduced by controlling the flow of metal 
cation-containing solvent into the membrane (Jenkins et al. 2003). Organic 
compounds, dissolved solids, and suspended/colloidal particles can be removed by 
the application of RO with a 98–99% rejection rate of organic and inorganic 
contaminants (Fig. 7.3) (Kurniawan et al. 2006). 

Removal of dioxins like polychlorinated biphenyls (PCB), polychlorinated 
dibenzofurans (PCDF), and polychlorinated dibenzo-p-dioxins (PDPD) by the appli-
cation of RO was studied and results showed complete removal of dioxins whose 
initial concentration was 2.35 mg/L. COD was completely removed and 98% 
removal of NH3-N was also removed whose initial concentrations were 97.4 mg/L 
and 33.7 mg/L, respectively (Ushikoshi et al. 2002). 

The application of RO membrane during the treatment of YL from a landfill in 
South Korea, resulted in 96–97% COD and NH3-N removal whose initial



concentrations were 1500 mg/L and 1400 mg/L (Ahn et al. 2002). The results prove 
that RO can be used to enhance the treatment efficiency by the removal of nonbio-
degradable organic compounds from LL. 
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A comparative study between RO and NF for the treatment of SL revealed that 
RO (99%) was more efficient than UF (52%) in the removal of COD with an initial 
concentration of 1780 mg/L (Peters 1998a, b). However, due to varying 
compositions, a combination of biological treatment and RO has to be carried out 
for the effective treatment of leachate. 

There are various factors that govern the efficiency of the RO. The characteristic 
of the membrane used greatly affects the treatment performance on the basis of the 
removal of organic compounds and ammoniacal nitrogen. Charge, porosity, hydro-
philicity, thickness, roughness, and the material used are the factors that affect the 
water passage through the membrane. Higher removal of organic compounds and 
ammoniacal nitrogen can be obtained by the use of membranes made of cellulose 
acetate or polyamide which can also work in a wide range of temperatures (5–35 °C) 
when compared to membranes composed of PVC. 

It may be because of the high permeability and hydrophilicity of polyamide when 
compared to other materials like polyethylene-terephthalate and polysulphone. 
Other factors that have to be considered while choosing a membrane are the 
characteristics, pH, temperature of the leachate, nature, and concentration of 
components present in it (Alvarez-Vazquez et al. 2004). 

Overall, RO is an efficient technique for the removal of both COD and ammonia-
cal nitrogen from LL. However, the main disadvantage of RO is membrane fouling, 
where, suspended or dissolved substances get undesirably deposited on the outer 
surface of the membrane (Choo and Lee 1996). Another limitation of RO is those 
small molecules that pass through the membrane have low retention time and also 
there is high energy consumption. It is also reported that about 60–80% cost of RO 
treatment accounts for energy consumption (Peters 1998b). Therefore, during the 
selection of treatment, affordability has to be considered to justify it as the solution. 

7.2.1.5 Activated Carbon Adsorption (ACA) 
Of all the treatment technologies discussed, adsorption is the most broadly employed 
method for the removal of toxic contaminants from LL (Abdul Aziz et al. 2004; 
Babel and Kurniawan 2004, 2003; Fettig 1999; Heavey 2003; Imai et al. 1998; 
Morawe et al. 1995; Wasay et al. 1999). In general, during adsorption, by means of 
mass transfer, a substance is transferred from the liquid phase to the surface of the 
solid and becomes bound by physical and/or chemical interactions. Significant 
attention has been given in the past few years to adsorption using granular activated 
carbon (GAC) and/or powdered activated carbon (PAC) in the removal of 
contaminants from wastewater due to its large surface area, high adsorption capacity, 
inherent physical properties, microporous structure, and surface reactivity 
(Kurniawan et al. 2006). 

In a study, carried out in 1995, GAC was used for the removal of the level of COD 
and the results showed that 91% of COD was removed (Initial concentration: 
940 mg/L). It was also found that along with film diffusion, the rate of adsorption



and the internal surface diffusion on the solid surface of the adsorbent greatly 
affected the kinetic rate of adsorption (Morawe et al. 1995). 
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GAC, granular activated alumina (GAA), and/or ferric chloride were used sepa-
rately for the treatment of LL and of the three adsorbents examined, GAC was most 
effective in the heavy metal removal such as cadmium, chromium, manganese, lead, 
and zinc. About 80–96% of heavy metal at a pH range of 6–7.7 was removed with 
2 g/L of GAC. It was reported that GAC adsorption was represented by Freundlich 
isotherm (Wasay et al. 1999). 

A relative study for NH3-N removal from leachate with an initial ammoniacal 
nitrogen concentration of 1909 mg/L using GAC and/or lime was carried out (Abdul 
Aziz et al. 2004). About 40% removal was achieved using 42 g/L of GAC, whereas, 
with 52 g/L of lime, only 19% NH3-N was removed under the same concentration. 
Even though lime was less effective, it was more cost-effective when compared to 
GAC for the removal of NH3-N. 

By varying the concentration from 0.2 to 10 g/L of PAC for the treatment of SL, it 
was found that 95% of COD was removed using 6 g/L of PAC whose initial 
concentration was 5690 mg/L (Diamadopoulos 1994). Here, Freundlich isotherm 
was applicable for adsorption and thus indicating the occurrence of multilayer 
adsorption on the surface of PAC (Imai et al. 1998). 

Other than GAC and PAC, other locally available nonconventional materials such 
as industrial by-products or agricultural waste can be chemically altered and used as 
low-cost adsorbents (Babel and Kurniawan 2003; Kurniawan and Babel 2015). By 
converting waste into activated carbon which can be used in the treatment of 
wastewater there is an increase in the economic value. It also helps the industry in 
reducing the cost of waste disposal and also acts as a budget-friendly substitute for 
commercially available high-cost adsorbents (Babel and Kurniawan 2004; Heavey 
2003). Coconut shell (Kurniawan and Lo 2009) and zeolite (Kargi and Pamukoglu 
2004) are examples of low-cost adsorbents that are employed for the removal of 
COD from LL. 

Overall, the usage of activated carbon (GAC or PAC) as adsorbent is a virtuous 
technique for the removal of nonbiodegradable compounds from LL. However, this 
cannot be applied for NH3-N removal since it is less efficient when compared to 
other techniques. With concentrations ranging from 940–7000 mg/L, around 90% 
COD removal was achieved. In spite of this, recurrent regeneration of activated 
carbon and high cost of GAC act as limiting factors for the treatment of LL. 

7.2.2 Biological Processes for LL Treatment 

Biological treatment also known as bioremediation of municipal LL involves the use 
of microorganisms such as bacteria, fungi, and some protozoa to degrade the 
organics present in the LL. Biological treatment is one of the most economical, 
efficient, and reliable method for the removal of BOD as the microorganism uses the 
organic matter present in the leachate as their carbon source and converts them into 
simpler, less toxic substances (Di Iaconi et al. 2006). Due to their growth,



adaptability to the given environment, and pliability, municipal LL treatment depend 
on microbes to degrade the organic compounds and produce clear effluent water by 
utilizing the ability of microorganisms to challenge the source of larger issues like 
degrading odor (Luo et al. 2019). They offer major advantages over alternative 
treatment strategies. The biological treatment process can be broadly classified into 
aerobic and anaerobic based on the requirement of oxygen by the microorganism 
used for the treatment (Renou et al. 2008). 
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7.2.2.1 Aerobic Biological Treatment Processes 
The treatment of municipal LL under aerobic condition involves the use of aerobic 
microorganism that converts the complex organic substance into H2O and CO2 in 
the presence of O2. Aerobes use oxygen to oxidize the substrate, that is, the organic 
portion of the leachate to obtain the energy required for their metabolism. This 
process is known as cellular respiration in which oxygen acts as a terminal electron 
acceptor (Mohd-Salleh et al. 2020). 

Aerated Lagoon (AL) 
Aerated lagoons also known as aerated pond is an economical and simple leachate 
treatment system wherein the leachate is added to a basin and artificial aeration is 
provided to promote biological oxidation. It can be used for in situ treatment of the 
LL. In a study, it was found that the leachate with a low COD and high ammonium 
concentration of 1241 mg/L treated with four connected aerated lagoons lead to 75% 
and 80% removal of COD and Ammonium concentration, respectively (Mehmood 
et al. 2009). When a two-staged anaerobic/facultative lagoon system is used for 
leachate with COD of 5050 mg/L and 1670 mg/L of TN, removal efficiencies equal 
to COD 40%, BOD 64%, NH4 

+-N 77%, NO3--N 63%, TN 77%, P 42%, SO42– 

44%, Mn 44%, and Fe 30% was achieved (Frascari et al. 2004). In an aerated lagoon 
about 80–88% phenol can be removed (Orupõld et al. 2000). 

The process of lagooning is not a satisfactory operation for leachate treatment as it 
is unable to meet the environmental regulations. One of the significant limitations of 
the process is that it is temperature-dependent which may hinder microbial activity. 

Activated Sludge Process (ASP) 
Activated sludge is a concoction of bacterial biomass which can utilize the organic 
matters present in the leachate and convert them into H2O, CO2, and minerals along 
with the generation of new microbial biomass via the aerobic respiration process 
(Fig. 7.4) (Luo et al. 2014). 

Activated sludge process can be adapted for the co-treatment of municipal LL and 
sewage. When an anaerobically pretreated municipal LL with COD 270–1000 mg/L 
and NH4+-N 53–270 mg/L is subjected to an activated sludge process with the 
addition of plastic carrier material in a laboratory-scale reactor with temperatures 
varying from 5–10 °C, the COD reduced to 150–500 mg/L, less than 7 mg/L BOD, 
and less than 13 mg/L NH4+-N (Hoilijoki et al. 2000). In a research, the treatment 
efficiency of aerobic granular sludge and activated sludge systems for a young LL 
were compared and it was found that 99% of partial nitrification took place in



granular sludge and 77 ± 10% in activated sludge system. COD removal was also 
more efficient in granular sludge when compared to activated sludge. The removal of 
phosphorus was the same in both cases (Renou et al. 2008). Researches also show 
that the nitrification process during the activated sludge process can be improved 
with the mixing of powdered activated carbon into the activated sludge reactors 
(Özgür Akta 2001). 
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Fig. 7.4 Schematic diagram of activated sludge process in landfill leachate treatment 

Although the activated sludge system is effective in eliminating the organic load 
and ammonia content in the municipal LL, this method has several downsides like 
generation of a huge quantity of sludge leading to investments in sludge disposal, 
high energy consumption, longer aeration time and inhibition of microbial growth 
due to high ammoniacal nitrogen concentration (Renou et al. 2008; Torretta et al. 
2017). Hence, more efficient technologies should be developed for the removal of 
COD and nitrogen. 

Sequencing Batch Reactor (SBR) 
Sequencing batch reactor also known as a sequential batch reactor is a type of 
activated sludge system. The SBR is an array of tanks that operates based on a fill-
and-draw mechanism. The SBR is operated in four steps, that is, the tanks are filled, 
aerated for a specific period, contents can settle, and finally the supernatant is 
decanted (Liu et al. 2005). The municipal LL can be treated through concurrent 
oxidation of organic matter and nitrification. 

Researches show that the rate of removal of COD is reduced with an upsurge in 
the influent ammonium concentration when the leachate is treated with granular 
sludge SBR (Wei et al. 2012). In order to meliorate the performance of SBR for 
leachate treatment, ultrasonic pretreatment is carried out due to which 90% COD and 
70% ammonia are removed (Neczaj et al. 2005). To completely utilize the organic 
load present in the leachate (COD/TN ratio = 1–4, NH4+-N = 1000 ± 50 mg/L), a 
modified SBR that operates at anaerobic-aerobic-anoxic mode has been developed. 
When this was operated for 70 days, efficient nitrogen removal up to 10 mg/L was



achieved at a C/N ratio of 4 (Miao et al. 2015). When coagulation process, fenton 
system and SBR were combined, COD was removed up to 97.3% (100 mg/L), and 
99% (3 mg/L) ammonia was removed (Li et al. 2009). When a PAC-SBR was 
operated with optimum conditions like 1 L/min of aeration and 5.5 h of contact time, 
64.1% COD, 71.2% NH4+-N, and color has been removed (Aziz et al. 2011). 
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Therefore, when compared to other leachate treatment technologies SBR process 
is more flexible for municipal LL treatment because of its high degree of variability 
in terms of both quality and quantity (Kennedy and Lentz 2000). 

Rotating Biological Contractor (RBC) 
Rotating biological contractor, also known as rotating biological filters, is an alter-
nate to the traditional activated sludge process. They are made up of rotating discs 
that are fixed on a horizontal shaft (Fig. 7.5). A mechanical motor or a compressed 
air drive is used for the continuous rotation of the shaft. These are partially or 
completely submerged (Cortez et al. 2008), and it rotates as the wastewater flows 
through it. A biofilm is formed on the surface of the rotating disc by using biofilm-
forming microorganism which oxidizes the organic matter present in the wastewater. 
The revolution of the disc facilitates the transfer of O2 to maintain the biomass under 
aerobic conditions. It also offers turbulence in the mixed liquor surface and 
simplifies the elimination of extra solid from the media (Patwardhan 2003; Rodgers 
and Zhan 2004). 

A study investigated the feasibility of applying RBC system and anaerobic 
system for the treatment of municipal LL (Castillo et al. 2007) reported that about 
65% removal of COD for an influent leachate 2500–9000 mg/L can be achieved.

Media support 

Leachate level 

Raw leachate 

Media disc 
or panel 

Treated leachate 

35–45 % 
submerged 

Operational air 
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Fig. 7.5 Schematic diagram of rotating biological contractor in landfill leachate treatment



Aresearch which studied the efficiency of removal of nitrate from a mature landfill 
with nitrate load of 530 mg/L using the RBC system reported that nearly 100% 
nitrogen-nitrate removal could be achieved (Cortez et al. 2011). When the same was 
investigated for the removal of nitrite in the leachate, it was observed that the RBC 
system is insensitive to high nitrite load (up to 100 mg/L of NO2--N) which resulted 
in only a temporary decrease in the removal efficiency (Cema et al. 2007).
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The RBC system is suitable for the remediation of leachate with low organic 
content (Kurniawan et al. 2010). However, it is inefficient in treating the high-
strength leachate because of the clogging caused due to biomass deposition. The 
efficiency of the RBC system can be improved by coupling it with other technologies 
like biological treatment or physical-chemical processes (Castillo et al. 2007). 

Trickling Filter (TF) 
A trickling filter, also called as biofilter or biological filter is an aerobic treatment 
method which consists of a bed of rock or other coarse material through which the 
wastewater is trickled or sprayed that enables the microorganism present in the 
wastewater to attach themselves to the bed of rocks in the form of biofilm (Matthews 
et al. 2009). When the microorganism encounters wastewater, it utilizes the organic 
matter and converts it to CO2 and water. This process is facilitated by diffusing or 
forcing air through the bed (Torretta et al. 2017). A study reported that in a 
laboratory-constructed pilot-scale crushed brick trickling filter with loading rates 
of 100–130 mg/L/day at 25 °C and 50 mg/L/day at temperatures 5–10 °C was able to 
90% of nitrification (Jokela et al. 2002). Another study which used bench-scale TF 
and SBR processes for leachate treatment found that there was a decrease in 
suspended solids (73.17%), turbidity (71.96%), COD (49%), BOD (76.69%), and 
NH4+-N (59.50%) in TF process. This technology can be applied only for the 
treatment of mature leachates and not for young leachates due to high organic load 
in them (Aluko and Sridhar 2013). A different study that used pilot-scale submerged 
aerobic biofilter for co-treatment of sewage and municipal LL reported 98% BOD, 
80% COD, 90% suspended solids, and 90% NH4+-N removal (Ferraz et al. 2014). 

Moving-Bed Biofilm Reactor (MBBR) 
The moving-bed biofilm reactor system is a category of attached growth system that 
consists of an aeration tank in which the sludge is collected onto recyclable plastic 
carriers. These carriers have a huge internal surface area in which a biofilm can grow. 
The system is supplied with aeration to keep the carriers with biomass in motion to 
have enough interaction between the wastewater and aerobic microorganisms. The 
biomass consumes the organic matter in the wastewater and produces new biomass 
along with water and carbon dioxide. The excess sludge will come out from the 
carrier, flow with the treated water, and removed in the final separator as represented 
in Fig. 7.6. 

A research investigated the execution of MBBR system for the removal of COD 
and ammonium from a municipal LL with an organic loading rate of 
4.08–15.70 × 103 mg/L/day COD. It reported that 92–95% of COD and 97% of 
ammonium were removed (Chen et al. 2008). When granular activated carbon



MBBR system was used to treat a LL, 85–90% ammonia and 60–81% of COD were 
removed (Loukidou and Zouboulis 2001). In a study, the membrane bioreactor and 
MBBR process were combined to treat the LL. It resulted in 95% oxidation of total 
nitrogen with effluent ammonium nitrogen concentration less than 50 mg/L 
(Canziani et al. 2006). 
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Fig. 7.6 Schematic diagram 
of moving-bed biofilm reactor 
(MBBR) in landfill leachate 
treatment 

The advantages of MBBR process over traditional activated sludge process is that 
MBBR system has higher biomass concentration due to the large surface area 
provided by the carriers, they are less sensitive to toxic compounds, less sludge 
settling time, and removal of high ammonia concentration in a single process. 

Fluidized-Bed Biofilm Reactor (FBBR) 
In a fluidized-bed biofilm reactor, the reactor is packed with beads in which the 
microorganisms attach and grow as a biofilm on the surface. The fluidization of the 
beads in the column can be achieved by the recirculation of wastewater or sparging 
air from the bottom of the column (Fig. 7.7). When the air is sparged, the beads start 
to flow, and the microorganisms oxidize the organic matter when it encounters the 
wastewater (Bello et al. 2017). Depending on the treatment process the reactor can 
be run in a single or double column system. A study which evaluated the reliability 
and commercial viability of LL treatment using integrated liquid-solid circulating 
FBBR reported 85% removal of COD with loading rate of 2150 mg/L/day, 80% 
removal of nitrogen with loading rate of 700 mg/L/day, and 70% removal of



phosphorus at a loading rate of 14 mg/L/day, respectively (Eldyasti et al. 2010). 
Another study showed that, in the treatment of acid mine drainage using high rate 
FBBR, the LL can be used as an inexpensive soluble carbon source for sulfate-
reducing bacteria (Sahinkaya et al. 2013). In FBBR process, the biomass grown of 
the expanded bed can be easily harvested as there is no filtration of solids that are 
from the passing flow (Torretta et al. 2017). Hence, it is considered as a feasible 
system for the treatment of municipal LL. 
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Fig. 7.7 Schematic diagram of fluidized-bed biofilm reactor (FBBR) in landfill leachate treatment 

Membrane Bioreactor (MBR) 
Membrane bioreactor is a wastewater treatment technology which integrates the 
biological treatment process like conventional activated sludge system with a semi-
permeable membrane like microfiltration (Alvarez-Vazquez et al. 2004). The 
biological process helps in the oxidation of organic matter and the semipermeable 
membrane separates the biosolids/microorganisms from the treated effluent. Based 
on the position of the membrane, the membrane bioreactor can be classified into 
submerged membrane and outer membrane as represented in Fig. 7.8 (Xue et al. 
2015).
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Fig. 7.8 Schematic diagram of membrane bioreactor (MBR) (a) submerged membrane, (b) outer 
membrane MBR in landfill leachate treatment 

The mature LL is characterized by a small BOD/COD ratio contributing to the 
low biodegradability of the leachate (Saleem et al. 2018b) and hence MBR has a 
great potential in treating the mature LL. The MBR could remove 90% of BOD and 
ammonia and 75% of COD when compared to conventional treatment technologies, 
regardless of the landfill age (Ahmed and Lan 2012). When a lab-scale submerged 
pre-anoxic and post-aerobic bioreactor configuration like the dynamic membrane 
bioreactor is used for municipal LL treatment, it was observed that 98% of ammoni-
acal nitrogen and 90% of total nitrogen could be achieved (Saleem et al. 2018a). The 
combination of the MBR system with electrochemical oxidation is considered 
feasible for the treatment of LL as it is efficient in the reduction of several parameters 
such as COD (85%), TN (94%), and color (99%) with organic loading rates of 1900 
and 2700 mg/L/day COD (Feki et al. 2009). In a study when MBR alone is used for 
the treatment of mature LL with an organic load rate of 1200 mg/L/day COD 
resulted in 63, 35, 98, and 52% removal of COD, TOC, NH4+-N, and phosphorous 
(Zolfaghari et al. 2016). MBR is known as a versatile biological technology for the 
treatment of LL as it can be used to treat both young and mature LL. 

Constructed Wetlands 
Constructed wetlands are artificially constructed systems that include natural geo-
logical, chemical, and biological processes in the ecosystem for the remediation of 
wastewater. The constructed wetlands are mainly made of three components: an 
impervious layer which prevents the infiltration of wastewater into the groundwater, 
a grit layer where the biological treatment and denitrification occurs, and the 
above-ground vegetation layer that contains the plant species (Kivaisi 2001). For a 
municipal LL treatment, constructed wetlands have been developed in a lab-scale, 
pilot-scale, and full-scale system with greater removal efficiencies (Nivala et al. 
2007). The toxic contaminants like phenol, bisphenol A (BPA), and 4-tert-
butylphenol (4-t-BP) present in synthetic young and mature can be removed using 
a lab-scale vertical flow CWs. The percentage removal of phenolic compounds is in 
the following order: phenol (88–100%) > 4-t-BP (18–100%) ≥ BPA (9–99%) (Dan 
et al. 2017).
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A removal efficiency of 72% NH4+-N and 46% TN can be obtained by using 
pilot-scale vertical flow CWs planted with Canna indica (Camaño Silvestrini et al. 
2019). When a pilot-scale sub-surface flow CW system planted with Cyperus 
haspan was used, it was able to remove 39–86.6% of turbidity, 63.5–86.6% of 
color, 39.2–91.8% of COD, 60.8–78.7% of BOD, 29.8–53.8% of NH4+-N, and 
33.8–67.0% of TN (Akinbile et al. 2012). A research reported that full-scale hybrid 
CW system can remove >90% of PPCPs, EDCs, ARGs, and antibiotic-resistant 
genes from mature land (Yi et al. 2017). The same researchers also employed a full-
scale tropical CW system for the removal of perfluoroalkyl and polyfluoroalkyl 
substances (PFASs) from the leachate and observed that around 61% of total 
PFASs and 50–96% of individual PFASs can be removed (Yin et al. 2017). 

CWs can be low-cost, easy handling, and maintaining technology for the remedi-
ation of municipal LL, especially in developing countries but these are not being 
extensively applied in developed countries due to its poor performance in the winters 
and large area requirement (Kivaisi 2001). 

Myco-Remediation 
Myco-remediation is a fungal-based form of bioremediation that uses fungi and their 
extracellular enzymes for the degradation or sequestration of contaminants in waste-
water. Myco-remediation is beneficial for municipal LL treatment because the fungal 
mycelium is capable of secreting extracellular enzymes and acids that can degrade 
both non-stabilized organic matters like cellulose, hemicellulose, and lignin in 
young LL and stable refractory organic matters like humic and fulvic acids in mature 
LL (Ghosh and Thakur 2017; Zavarzina et al. 2004). Some fungi also act as hyper 
accumulators which are capable of absorbing and concentrating heavy metals on 
their fruiting bodies. The white-rot fungus Dichomitus squalens could grow on 
mature LL and consume the organic matter present in it as its carbon source. A 
study showed that the treatment of landfill leachate with the fungus Aliivibrio 
fischeri resulted in 60% removal of DOC and COD along with a reduction in the 
toxicity levels (Kalčíková et al. 2014). For a 50% diluted leachate with 
COD = 4500–45,000 mg /L and NH4+-N = 640–4990 mg/L, about 79% and 68% 
of COD removal was attained when two strains of white-rot fungi Trametes trogii 
and Phanerochaete chrysosporium was used. Another selected stain Bjerkandera 
adusta along with glucose and cellulose as co-substrates was used to treat a mature 
LL in which, 63% of COD was removed with glucose as co-substrate and 54% COD 
was removed with cellulose as co-substrate (Bardi et al. 2017). Hence, 
myco-remediation is an efficient technology for the treatment of municipal LL and 
its application should be further studied. 

Phytoremediation 
Phytoremediation is a type of bioremediation process which uses plants and its 
associated microorganisms to remediate contaminated wastewater (Lavagnolo 
et al. 2016). The different types of phytoremediation process include 
phytoextraction, phytostabilization, phytodegradation, phytostimulation, 
phytovolatilization, and rhizofiltration. These processes have the ability to degrade



and detoxify the potentially harmful compounds present in the municipal LL (Kim 
and Owens 2010). Irrigation of willow and short-rotation coppice are some of the 
popular phytoremediation techniques used for the treatment of LL (Aronsson et al. 
2010; Justin et al. 2010). When, 126 kg/ha/year of N, 6.7 kg/ha/year of P, and 
707 kg/ha/year of TOC were supplied to willows grown on clay, about 93.8% of N, 
99.8% of P, and 92.5% of TOC retention could be attained. Due to the irrigation 
properties of compounds present in LL, it had the ability to significantly improve the 
biomass production of Salix and Populus plants (Justin et al. 2010). 
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Phytoremediation is considered as a cost-effective, less harmful, and environ-
mentally acceptable method of leachate treatment when compared to other tradi-
tional biological treatment processes. Furthermore, researches and studies need to be 
established to completely understand the mechanisms of phytoremediation for 
municipal LL so that effective and efficient remediation models could be developed 
(Justin et al. 2010). 

7.2.2.2 Anaerobic Biological Treatment Processes 
Anaerobic treatment is a type of biological treatment which employs anaerobic 
microorganisms to degrade the organic load in the wastewater (Kurniawan et al. 
2010). The anaerobes consume the organic contaminants in the wastewater as their 
carbon source and convert them into carbon dioxide and methane gas as well as 
produce new biomass in the absence of oxygen (Smaoui et al. 2017). Anaerobic 
treatment occurs in four stages. The first stage is called hydrolysis in which the 
complex organic substances are hydrolyzed to simpler compounds by hydrolytic 
bacteria, the second stage is acidogenesis during which the simpler organic 
compounds are converted to acids which are then converted to acetic acid in the 
acetogenesis stage (Kurniawan et al. 2010). Finally, the acetic acids through the 
action of methanogenic bacteria are converted to CH4 and CO2 (Begum et al. 2018). 
When compared to aerobic process, anaerobic process is more beneficial due to 
lower sludge production, reduction of malodours, reduction in volatile content of 
sludge, and its ability to degrade recalcitrant compounds (Kheradmand et al. 2010; 
Smaoui et al. 2017). 

Anaerobic Filter (AF) 
An anaerobic filter is a fixed-bed biological reactor that consists of an array of 
filtration chamber. When the wastewater flows in the chamber, the particles greater 
than the size of pores in the filter get trapped and are used up by the microorganism 
that is grown on the filter membrane. To prevent the washout of the biomass, the 
anaerobic filter is usually operated in an up-flow mode with a hydraulic retention 
time (HTR) of 12–36 h. In a study, anaerobic filter made up of reticulated polyure-
thane foam was used to study the feasibility of treating alkaline sulfate-rich leachate. 
It reported that around 90% and 73% of COD could be removed from the influent 
leachate with a loading rate of 0.76 and 4.58 kg m3 /day COD, respectively (Wang 
and Banks 2007). Sulfate removal (88%) was also achieved when AF was used for 
the treatment of partially SL with COD 3750 mg/L and BOD/COD = 0.3 and from a 
relatively new LL with COD 14,000 mg/L and BOD/COD = 0.7, about 90% 
removal of COD could be achieved at room temperature with HRT of 24–96 h



(Torretta et al. 2017). Due to its high COD removal efficiencies at shorter HRTs for 
high organic loading rates, it is considered as a suitable technology for the treatment 
of highly polluted wastewater. 
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Up-Flow Anaerobic Sludge Blanket (UASB) Reactor 
Up-flow anaerobic sludge blanket reactor or UASB reactor is a type of anaerobic 
digester in which a layer or sheet of granular sludge is suspended in the reservoir. As 
the wastewater drifts upwards, the anaerobes utilize the organic matter as their 
carbon source and convert them into CH4 and CO2 as represented in Fig. 7.9. The 
up flow of the wastewater coupled with the effect of gravity, suspends the sludge 
blanket with the help of flocculants. 

When a sequential batch UASB reactor was used for the treatment of municipal 
LL at a loading rate of 0.6–19.7 g/L/day COD, 71–92% of removal efficiency was 
achieved whereas when a continuous flow USAB reactor was used, around 77–91% 
of COD was removed (Kennedy and Lentz 2000). At mesophilic conditions, 82.4% 
COD could be removed from influent leachate with COD 70,390–75,480 mg/L and 
loading rate of 12.5 kg m3 day1 (Ye et al. 2011). A study investigated the 
co-digestion of LL along with septage using UASB reactor and reported that 
68.2%, 73.4%, 44.3%, 47.8%, 53.7%, and 44.4% of total COD, soluble COD,
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Fig. 7.9 Schematic diagram of up-flow anaerobic sludge blanket reactor (UASB) in landfill 
leachate treatment
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total solids, volatile solids, total VFA, total phosphorus, NH4+-N, carbohydrate, and 
protein, respectively, could be removed at a hydraulic retention time of 1.5 days (Lin 
et al. 2000).
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UASB reactor is mostly used along with other technologies for the treatment of 
LL (Wu et al. 2015). For example, 98% of COD and 99.6% of NH4+-N can be 
removed by using a two-stage sequential UASB/aerobic completely stirred tank 
reactor (Aǧdaǧ and Sponza 2005). When a two-stage UASB-SBR system was used, 
around 96.7% of COD removal and 620 99.7% of NH4+-N removal at a low 
temperature of 14.9–10.9 °C was achieved (Sun et al. 2010). In order to remove 
COD, BOD, chloride, and NH4+ , the efficiency of the hybrid system UASB reactor-
RO was also investigated (Bohdziewicz and Kwarciak 2008). One of the major 
disadvantages of UASB reactor is that it is sensitive to the toxic substances present in 
the LL. 

Anaerobic Ammonium Oxidation (ANAMMOX) 
Anaerobic ammonium oxidation, also known as Anammox, is a part of the N2 cycle 
in which the anammox bacteria under anaerobic condition converts ammonium and 
nitrogen dioxide into nitrogen gas and water (Shalini and Joseph 2012; Wang et al. 
2016). The bacteria achieve the degradation by using ammonium as its electron 
donor and nitrite as its electron acceptor (Eqs. 7.2, 7.3, 7.4, and 7.5) (Gao et al. 2015; 
Renou et al. 2008). 

NH4þ þ NO2 =N2þ 2H2O ΔG ° = - 357 kJ mol
� ð7:2Þ 

NO2 þ 2Hþ þ e =NOþ H2O E ° = þ 0:38 Vð 7:3Þ 

NOþ NH4þ þ 2Hþ þ 3e =N2H4þ H2O E ° = þ 0:06 Vð 7:4Þ 

N2H4=N2þ 4Hþ þ 4e E ° = - 0:75 Vð Þ 7:5Þ 
When continuous flow nitration and anammox process were applied for the 

treatment of a mature LL, nearly 94% of total nitrogen and 62% COD removal 
was reported when the influent ammonia was 1330 mg/L and COD was 2250 mg/L 
(Wang et al. 2016). Another treatment process that used two-stage anammox system 
with a sequencing biofilm batch reactor reported that 95% of total nitrogen was 
removed with an influent ammonia concentration of 3000 ± 100 mg/L at 35 °C for 
107 days (Miao et al. 2016). A novel combined process which consists of a partial 
nitritation reactor, an anammox reactor, and two underground soil infiltration 
systems was used for the treatment of leachate with high 643 ammonium and organic 
matter concentration. About 97% NH4+-N, 87% TN, and 89% COD 644 removal 
was reported with influent leachate compositions of 1430–2720 mg/L NH4+-N, 
1524–2912 mg/L TN, and 1165–2599 mg/L COD (Liang and Liu 2008). Combined 
partial nitritation and anammox process can be used to achieve high nitrogen



removal up to 93 ± 1% and 81 ± 1.2% at nitrogen loading rates of 4.2 kg/m3 /day TN 
and 8.3 kg/m3 /day kg/m3 /day, respectively (Nhat et al. 2014). 
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Anammox is an efficient technology for the remediation of municipal LL with 
high ammonia concentrations as this does not require an organic carbon source for 
nitrification (Wu et al. 2018). It also produces less sludge, no aeration, and decreased 
carbon dioxide emission. Hence, Anammox is preferred for the treatment of 
leachates which contain nonbiodegradable COD and high nitrogen content. More-
over, in detail research on the complete Anammox process and its optimum 
conditions are required to develop new Anammox reactors for the treatment of LL. 

7.2.3 Combined Treatment Processes for LL Treatment 

7.2.3.1 Combination of Two or More Physicochemical Treatments 
Research was carried out to study the effect of coagulation-flocculation and Fenton 
oxidation in combination with GAC adsorption on SL treatment (Zamora et al. 
2000). The outcome showed that pretreatment with Fenton oxidation enhanced the 
GAC adsorption thus leading to improved COD removal at pH 4.0. This is because 
of the oxidation by-products formed by the conversion of organic compounds that 
had smaller molecules which made them enter the micropores of GAC easily. 

Photooxidation was carried out for the treatment of SL by UV-vis irradiation at 
the wavelength of 313 nm and by that, about 31% of COD was removed. But while 
using coagulation and photooxidation in combination, 64% of COD removal was 
achieved at the same concentration (Wang et al. 2002). This implies that the 
treatment can be effective when a combined technique is used rather than using 
individual processes. 

About 48% of COD was removed while using coagulation alone for the treatment 
of SL from a landfill in South Korea (Yoon et al. 1998). But it was increased to 73% 
when a coagulation-Fenton treatment was used. This indicates that the addition of 
the coagulation process improved the Fenton oxidation process thus helping in the 
increased removal of organic compounds. 

Ozonation-coagulation combination treatment was used for the removal of 
organic pollutants present in SL (Monje-Ramirez and de Velásquez 2004). 
Pretreatment using Fe (III) as a coagulant was found to be effective. The initial 
COD concentration was 5000 mg/L and about 78% of it was removed at pH 4–5 
using a two-step treatment using ozonation. 

NF and PAC adsorption were used in combination for the treatment of leachate 
that has been pretreated biologically and the results showed that combined 
treatments removed 97% COD whose initial concentration was 1450 mg/L (Meier 
et al. 2002). This recommends that combined treatments provide better treatment 
results than separate processes. 

An integration of biologically activated carbon and UF where the cross-flow 
filtration unit is integrated with the adsorption of organic matter was used for the 
treatment of YL from the landfill in the USA. With a COD initial concentration of



3050 mg/L, 97% of COD was removed. Permeate flux deterioration was mitigated 
by the addition of PAC due to membrane fouling (Pirbazari et al. 1996). 
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Coagulation, flocculation, and Fenton oxidation were employed in a sequence for 
the removal of colloidal particles from the leachate. Using 0.8 mg/L FeCl3 at pH 8.5, 
around 90% of COD was removed whose initial concentration was 7400 mg/L 
(Zamora et al. 2000). 

Overall, using different physicochemical techniques in combination improves the 
removal of recalcitrant compounds and enhances the treatment efficiency. However, 
the use of each technique and the order of operation have to be analyzed to justify the 
combined treatment technology. 

7.2.3.2 Combination of Physicochemical and Biological Treatment 
RO and Activated Sludge (AS) combination was adopted for the treatment of YL 
where COD and NH3-N were almost completely removed having initial 
concentrations of 6440 and 1153 mg/L, respectively, which suggests that using a 
physicochemical and biological treatment in combination was effective in the 
removal of organic compounds as well as ammoniacal nitrogen (Baumgarten and 
Seyfried 1996). 

For the treatment of SL with higher ammonia concentration, a combination of 
GAC and nitrification was carried out and about 93% of ammoniacal nitrogen and 
55% of COD were removed whose initial concentrations were 830 and 2450 mg/L 
which shows that the GAC-nitrification combination is not successful in the removal 
of organic load from the leachate (Horan et al. 1997). 

Up-flow anaerobic sludge blanket (UASB) reactors and reverse osmosis were 
used in combination for the treatment of SL from a landfill in the Netherlands. The 
pretreatment of leachate was done using UASB reactor and the effluent has been 
discharged to surface water since all of the recalcitrant compounds contributing to 
COD and ammoniacal nitrogen have been completely removed (Kurniawan et al. 
2006). 

With a combination of GAC adsorption and aerobic treatment, a comparative 
study was carried out which showed that about 65% of COD and 97% of NH3-N 
were removed whose initial concentrations were 1980 and 130 mg/L, respectively. 
The treatment process was capable of meeting the discharge standards and thus 
released into surface water (Schwarzenbeck et al. 2004). 

A dual-step process for the treatment of YL from Turkey was carried out using 
UASB and precipitation using struvite with the stoichiometric ratio of Mg: NH4: 
PO4 = 1:1:1 (Altinbaş et al. 2002). Around 83% of COD and 85% of ammoniacal 
nitrogen were removed at pH 9.2 whose initial concentrations were 8900 mg/L and 
2240 mg/L, respectively, with a total treatment cost of US$ 0.9/m3 . 

A three-step process constituting aerobic pretreatment, adsorption using GAC, 
and coagulation was explored for SL treatment from Germany and about 92% of 
COD was removed whose initial concentration was 1400 mg/L. Due to chemical 
consumption, the treatment cost was higher (US$ 2.3/m3 ) than other processes. 

Due to the synergistic effect of two individual processes, combined treatment 
technology was found to be more effective and efficient than individual process and



also helps in overcoming their limitations. Thus, combined treatment is undeniably 
effective in improving the quality of the wastewater with lower operational cost and 
minimal residue generation. 
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7.2.4 Miscellaneous Treatment Technologies 

7.2.4.1 Ion Exchange 
It is a reversible exchange between solid and liquid phases where there is no 
permanent change in the solid’s structure. This technique is successful in efficiently 
eliminating the traces of metal contaminants to meet more stringent discharge 
standards in certain countries. However, the leachate has to be subjected to 
biological treatment before ion exchange. Though the treatment of LL using ion 
exchange has not been extensively studied, it has got a fair interest in Germany for 
the removal of humic -ontaining nonbiodegradable compounds from leachate (Fettig 
1999). 

The results of the study on the treatment of SL using ion exchange resins like 
Amberlite XAD-8, XAD-4, and Amberlite IR-120 and/or granulated activated 
carbon adsorption was evaluated and it was shown that among all the adsorbents 
GAC was able to remove 93% COD followed by 53% and 46% removal of 
Amberlite XAD-8 and XAD-4, respectively (Kurniawan et al. 2006). Amberlite 
IR-120 showed the least removal (31%) at the initial COD concentration of 
5108 mg/L for all adsorbents. There is a competition with the heavy metals in 
leachate for the binding site and the effect of this competition made GAC more 
effective in COD removal than other synthetic resins. 

A study comparing the effect of ion exchange and ozonation on the removal of 
ammonium from LL was carried out (Lin and Wu 1996). Ozonation can convert 
nitrite into nitrate, but it is not very effective in converting ammonia into nitrate. On 
the other hand, ion exchange is capable of reducing the concentrations of both nitrate 
and ammonium ions to the preferred level and it was stated that at the pH range of 
7–9, 500 bed volume (BV) of ammonia was removed whose initial concentration 
was 20 mg/L using ion exchange alone. In the case of ozonation, only 250 BV of 
ammonia was removed at the expense of 0.29 mg of NH4+ /mg of ozone at the same 
pH range (Lin and Wu 1996). 

Other than the removal of ammonia and organic compounds, adsorption using 
kaolinite was also been used for the removal of heavy metals like Ni (II) and Cd 
(II) from leachate (Majone et al. 1998). Ninety-nine percent of Ni (II) and 90% of Cd 
(II) were removed whose initial concentrations were 0.94 mg/L and 0.002 mg/L, 
respectively, and it was found that the two metals were removed when came in 
contact with kaolinite. The ion exchange technique is effective in the removal of 
heavy metals based on the type of the prevailing contaminant and the resin that has 
been employed for ion exchange. Ion exchange can achieve excellent metal removal 
from effluent after a proper aerobic pretreatment. However, the main limitation is the 
requirement of suitable pretreatment processes like the removal of suspended solids 
present in the leachate prior to ion exchange.
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7.2.4.2 Electrochemical Treatment 
Treatment using an electrochemical technique like electrodialysis has been 
employed in environmental protection. In Brazil, electro degradation by the applica-
tion of a flow electrochemical reactor of SL was investigated and the highest COD 
and NH3-N removal of 73% and 49%, respectively, were obtained using a flow rate 
of 2000 L/h for 180 min and a current density of 1160 A/m2 . Thus, electro-
degradation was found to be an alternate for the treatment of LL. However, this 
technology has not been widely explored for the treatment of leachate because of its 
high cost and energy consumption (Moraes and Bertazzoli 2005). 

7.3 Conclusion 

Municipal landfill leachate poses a substantial risk to the environment due to the 
occurrence of toxic substances such as refractory organic compounds, ammonia 
nitrogen, and heavy metals. To meet stringent discharge standards for release into 
water bodies, various individual and/or combined sustainable technologies have 
been recommended and evaluated for their efficiency in leachate treatment. 
Depending on various factors like location of the landfill, composition of the 
leachate, and the concentration of various components (COD, BOD, and NH3-N), 
different physicochemical, biological, and combined treatment technologies have 
been adopted. This comprehensive chapter summarizes the recent advancement in 
understanding the role of treatment technologies in leachate treatment. It was 
concluded that though various physicochemical and biological technologies have 
been used for the removal of heavy metals, refractory organic and inorganic 
compounds from landfill leachate, a combination of technologies has been found 
to be more effective than individual techniques. Combining two or more physico-
chemical processes or physicochemical and biological treatments is necessary for 
more effective removal of toxic contaminants from leachate. Typically, a 
pretreatment of leachate by physicochemical processes best complements the 
biological treatment. Of all the physicochemical and biological processes discussed, 
chemical precipitation, membrane filtration, adsorption, and up-flow anaerobic 
sludge blanket (UASB) reactor are most commonly used and applied worldwide 
for the removal of refractory organic compounds present in the landfill leachate. 
Over 95% of COD removal is achieved through both nanofiltration and activated 
carbon with an initial concentration ranging from 5000–17,000 mg/L and about 98% 
of NH3-N with an initial concentration varying from 3300–5618 mg/L was removed 
through chemical precipitation using struvite. A combined physicochemical and 
biological treatment is required for the effectual removal of both COD and NH3-N 
from landfill leachate. 
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